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Abstract

Extraction of bioactive compounds from Withania somnifera roots was studied using sodium acetate-glycerol deep eu-
tectic solvent (DES) and two techniques of extraction: ultrasound-assisted extraction (UAE) and heat-assisted extraction
(HAE) under response surface methodology (RSM). For UAE and HAE, total phenolic content (TPC, mg gallic acid
equivalents per g dry weight (mg GAE g~! DW)), total flavonoid content (TFC, mg rutin equivalents g"! DW (mg RE g™!
DW)), radical scavenging activity (RSA, mg AAE (ascorbic acid equivalents) g~ DW), and iron chelating activity (ICA,
mg EDTAE (ethylenediaminetetraacetate equivalents) g~! DW) were 6.51, 6.08, 12.56, and 3.57, respectively, and 3.33,
3.98, 6.57, and 2.48, respectively. For UAE, the optimal conditions were a DES concentration of 50%, temperature of 60
°C, and time of 20 min, and for HAE, a DES concentration of 60%, temperature of 60 °C, and time of 75 min. The discov-
ered models were strongly supported by the validation experiments. UAE was more efficient and less time-consuming
for extracting phytoconstituents of the W. somnifera than HAE.

Keywords: Withania somnifera, phenols and flavonoids, antioxidant activity, deep eutectic solvent, ultrasound-assisted
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1. Introduction

Withania somnifera is a shrub belonging to the fam-
ily Solanaceae. It is locally known as “Ashwagandha” (lit.,
horse smell) in South Asia due to the horse-like smell of its
root powder.! Other names include “Asghand” in Urdu
and “Winter Cherry” in English.? It is found in drier parts
of Pakistan, the Middle East, South Asia, and Europe.> W.
somnifera is said to promote male fertility, reduce stress
levels, and increase overall health.* W. somnifera is rich in
natural products which include phenolics, flavonoids, and
steroidal lactones.” It has many therapeutic properties in-
cluding antioxidant and anti-inflammatory effects.®* Com-
mercially, W. somnifera is also used as a dietary supple-
ment and is available on the market as tablets, capsules,
and syrups. Due to its high demand, there is a need to find
a green extraction technique that can reduce manufactur-
ing costs and waste and give a high yield.”?

Commonly, natural products are extracted using or-
ganic solvents including methanol, ethanol, and acetone.’
However, their use has several drawbacks such as high tox-

icity, volatility, and poor biodegradability. It is, therefore,
important to find safer and more sustainable extractants.!”
One possible solution is the use of deep eutectic solvents
(DESs) for the extraction of bioactive natural products
from plants. The efficacy of the DESs for this purpose is
demonstrated by a rapidly growing number of studies. For
instance, recently, tartaric acid-glycerol and tartaric ac-
id-ethylene glycol have been shown very effective solvents
to extract antioxidant compounds from Rosa canina L.!! In
several studies, glycerol-based DES exhibited higher effi-
ciency in extracting phenolics and antioxidants as com-
pared to organic solvents.!> DESs can be easily tailored for
extracting the compound of interest from the plant mate-
rial. Sodium acetate-glycerol DES proved to be a promis-
ing solvent for the extraction of polyphenols from the
plant matrices.!? It is prepared by the interaction of sodi-
um acetate as hydrogen bond acceptor (HBA) and glycerol
as hydrogen bond donor (HBD).!* Recently, the sodium
acetate-glycerol DES at a molar ratio of 1:3 has been prov-
en to be more efficient to extract polyphenols from raw
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mango peels than any other DESs.?> It is also effective in
extracting antioxidants from the agri-food waste bio-
mass.!6

Extraction techniques are generally classified into
two broad categories, namely, conventional techniques
and modern techniques. Conventional techniques in-
clude maceration, percolation, infusion, and refluxing
which are solvent specific and require prolonged extrac-
tion time. On the other hand, modern techniques include
supercritical fluid extraction (SFE), microwave-assisted
extraction (MAE), and ultrasound-assisted extraction
which are less time consuming and, generally, require
lesser amounts of solvents.!” Heat-assisted extraction
(HAE) is commonly employed due to the ease of its use
and availability. It, however, also has certain disadvantag-
es including a long extraction period and high energy
consumption. Prolonged extraction at a certain tempera-
ture can also cause thermal degradation of bioactive com-
pounds.'® On the other hand, ultrasound-assisted extrac-
tion (UAE), can show a better extraction efficiency as
compared to conventional extraction techniques (macer-
ation, stirring-assisted extraction, refluxing).!” The mech-
anism behind ultrasound-assisted extraction involves
acoustic cavitation. When ultrasound waves pass through
a solvent, the compression and rarefaction in the solvent
medium form a vacuum that produces cavitation bubbles.
When the cavitation bubbles collide with the plant sur-
face, produce the shear effect and break the plant cell
wall.?% The interaction between the two phases increases
and bioactive constituents are transferred into the ex-
tracting medium. The phenomenon is known as mass
transfer. In UAE, several parameters influence the extrac-
tion process which includes ultrasound frequency, power,
treatment time, temperature, solvent-to-solid ratio, and
type of solvent used.?!

The current research aimed to find the efficiency of
UAE to recover bioactive compounds from W. somnifera
dried roots in comparison to HAE. For this purpose, pre-
liminary single-factor extractions were carried out to find
out the most effective levels of the independent factors
both for UAE and HAE. Based on the results of the prelim-
inary study, extraction optimization of both techniques
was done according to the Box-Behnken design (BBD) of
response surface methodology. The results of this study
will contribute to the advancement of extraction technolo-
gy and provide valuable insights for the nutraceutical in-
dustries, leading to the development of standardized ex-
tracts from W. somnifera for therapeutic applications. To
the best of our knowledge, optimization of the extraction
of bioactive compounds from W. somnifera using DES has
not been performed so far. With the growing realization of
environmental safety, exploring green industrial processes
is highly desirable. The industrial process must be envi-
ronmentally sustainable. In this context, the research em-
bodied in the article is an important contribution to the
field.

2. Materials and Methods
2. 1. Plant Material

A sample of Withania somnifera roots was collected
from the Akbari market, Lahore. The roots were converted in-
to fine powder in a high-speed multi-function comminutor
(RRH-250A). The pulverized powder went through an
80-sized mesh sieve. The plant powder was then placed in a
polyethylene zip-locked bag and then refrigerated at 5 °C until
further use.

2. 2. Chemicals

Sodium acetate trihydrate and glycerol were ac-
quired from Duksan (Seoul, Korea). Folin-Ciocalteu rea-
gent was from Scharlab (Spain). Sodium carbonate and
aluminum chloride were obtained from Merck (Darmstadt,
Germany). Sodium nitrite was from Honeywell (Char-
lotte, USA). Sodium hydroxide, ferrozine, methanol,
DPPH, gallic acid, rutin, ascorbic acid, and EDTA were
obtained from Sigma-Aldrich (Steinheim, Germany).

2. 3. Extraction Procedure

HAE was carried out in a shaking incubator (Vision
Scientific-VS-8480SN, Korea) at the constant shaking
speed of 200 rpm and the solvent-to-solid ratio was also
kept constant (30 mL g!). A measured amount (1 g) of
dried plant material was mixed with 30 mL of solvent in a
100 mL Erlenmeyer flask. The temperature was varied
from 40-60 °C, DES concentration varied from 30-70
(%v/v), and extraction time varied from 30-150 min. The
extract was filtered through Whatman filter paper no. 42
and stored in a refrigerator in a glass vial at 5 °C.

UAE was conducted in a sonication bath (Fischer
Scientific-FS60, Mexico) at the frequency of 42 kHz and
power of 110 W. One gram (1 g) of dried plant material
was mixed with 30 mL of solvent in a 100 mL Erlenmeyer
flask. The temperature was varied from 30-70 °C, DES
concentration varied from 30-70 (%v/v), and extraction
time varied from 10-50 min. The extract was filtered
through Whatman filter paper no. 42 and stored in the re-
frigerator in a glass vial at 5 °C.

2. 4. Single-factor Experiments

The preliminary single-factor experiments were car-
ried out before the HAE and UAE- optimization study to
find the factor levels. The effect of DES concentration,
temperature, and extraction time on total phenolic content
(TPC) from the W. somnifera roots was investigated. The
single-factor results are shown in Figure 1 and 2.

2. 5. Total Phenolic Content (TPC)

TPC was assessed using a previously stated method
with some slight modifications.?? The assay was based on
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Folin-Ciocéalteu reagent (FC reagent). Briefly, test tubes
were covered from the sides with aluminum foil, 100 pL
extract of W. somnifera roots was taken and diluted with 8
mL of DI water. Afterward, 300 pL of FC reagent was add-
ed and incubated for 8 min. Afterward, 1.5 mL of 20% Na-
,COj5 solution was added. The mixture was heated in the
dark at 40 °C for 1 hour in an oven. The absorbance was
recorded at 765 nm. A calibration curve of gallic acid was
drawn at different concentrations (50-400 mg L}, R? =
0.9982) and TPC was estimated in terms of its equivalents.

2. 6. Total Flavonoid Content (TFC)

A reported method was used to estimate the TFC
with some slight modifications.?® The assay is based on the
complexation of flavonoids with aluminum. In a test tube,
300 mL extract of W. somnifera roots was pipetted out.
Then, 3 mL of aqueous methanol (70% DI water: 30%
methanol) was added. Afterward, 150 uL of NaNO, solu-
tion and then 150 uL of AICl; solution were added to the
solution, which was then left to rest for 5 min. Then, 1 mL
of NaOH solution was added. The absorption was record-
ed at 506 nm wavelength. A calibration curve of rutin was
obtained with different concentrations (50-400 mg L~!, R?
=0.9987) and TFC was calculated as its equivalents.

2. 7. Radical Scavenging Activity (RSA)

RSA was estimated as per a previously reported
method based on DPPH radical assay.?* Test tubes were
covered with aluminium foil and 500 pL of the root extract
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was put in them. Then, 1 mL of DPPH solution which was
prepared earlier was added and then 5 mL of DI water was
added. The test tubes were incubated at 37 °C for the com-
pletion of the reaction in the oven. After incubation, ab-
sorbance was taken at 517 nm wavelength. A calibration
curve of ascorbic acid was obtained with different concen-
trations (10-50 mg L', R? = 0.9975) and antioxidant activ-
ity was measured in terms of ascorbic acid equivalents.

2. 8. Iron Chelating Activity (ICA)

With some slight modifications, the ICA was estimat-
edasperareported protocol.?> In an aluminum foil-wrapped
test tube, 100 pL plant extract was taken in test tubes. 3 mL
of DI water was added, then, 100 uL of FeSO, solution was
added. After that, 50 pL of ferrozine was added and incubat-
ed for 15 min in the dark. Then, absorbance was taken at 562
nm wavelength. A calibration curve of EDTA was obtained
with different concentrations (10-50 mg L1, R? = 0.9839)
and ICA was expressed as EDTA equivalents.

2. 9. Experimental Design

The optimization parameters for both HAE and UAE
were kept the same to the sake of comparison of the two
techniques. Three-factor-three-level BBD was used for
modelling and optimization. The coded levels of each fac-
tor were -1, 0, +1 (lower, middle, high). The designs of ex-
periments for HAE and UAE are shown in Table 1 along
with the experimental results. Each design had 15 runs
including 3 central points.
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Figure 1. Single-factor experiments showing the effect of HAE parameters on TPC.
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The analysis of variance (ANOVA) was performed to
determine the interaction between the independent varia-
bles and their influence on the observed responses. Co-ef-
ficient of determination (R?) was used to determine the
adequacy of the model, and p-values determined the signi-
ficance of the model. The p-values < 0.05 were considered
significant statistically. Lack of fit represents the failure of
the model to describe the relationship between variables
and the responses.

3. Results and Discussion
3. 1. HAE Single-factor Experiments

The single-factor experiments were conducted to
discover the effective factors and their levels on the extrac-
tion of phenolics. The outcomes of these experiments are
shown in Figure 1. Shaking speed (200 rpm) and sol-
vent-to-solid ratio (30 mg L!) were kept constant.

Figure 1a shows that as the concentration of the DES
increased from 30% to 50%, there was a corresponding in-
crease in TPC. A further increase in DES concentration,
however, resulted in a decrease of TPC. Figure 1b displays
the effect of temperature on TPC while keeping the other
factors (DES concentration and time) constant. There was
an increase in TPC as the temperature increased from 40
°C to 60 °C. Figure 1c exhibits the effect of time on TPC
while keeping all other factors constant. As the time in-
creased to 120 min, there was a corresponding increase in
TPC.
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The single-factor experiments were very useful for
designing the optimization experiments for HAE as well
as UAE. Figure 1a shows the increase in TPC was due to
the decrease in polarity with the increasing DES concen-
tration, which enabled moderately polar polyphenols to
be extracted into the solvent.?¢ However, as the DES con-
centration increased beyond 50%, TPC started to decrea-
se. This may be because of the increased viscosity of the
solvent, which made the solvent less able to penetrate
into the plant biomass.?” Figure 1b shows an increase in
TPC can be attributed to the mass transfer. Kinetic ener-
gy of the system increases with the increase in tempera-
ture resulting in a stronger interaction between the sol-
vent and the plant biomass. Moreover, increase in
temperature also results in a decrease in the solvent vis-
cosity. As a result, the solvent penetrates more effectively
into the plant biomass extracting a higher amount of
phenolics.?® Figure 1c shows an increase in TPC with sol-
vent, it can be attributed to an effective exposure of the
plant biomass to the solvent, allowing the release of phe-
nolic compounds from the biomass. However, an extend-
ed exposure of the plant material to the solvent can cause
a breakdown of the phenolic compounds. That may lead
to a decrease in TPC.?

3. 2. UAE Single-factor Experiments

The results of the UAE single-factor experiments are
shown in Figure 2. Power (110 W), frequency (42 kHz),
and solvent-to-solid ratio (30 mg L™!) were kept constant.
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Figure 2. Single-factor experiments showing the effect of UAE parameters on TPC.
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Figure 2a shows that there is a considerable effect of
DES concentration on TPC. It was noted that as the DES
concentration increased from 30% to 60%, TPC also in-
creased. However, after reaching 60% concentration, the
TPC started decreasing with any further increase in the
DES concentration. Figure 2b demonstrates that TPC in-
creases with the temperature until 60 °C, however, beyond
that it starts decreasing. Figure 2¢ displays the effect of ul-
trasound treatment time on TPC. With time TPC shows
an increase and reaches a maximum at 30 min after which
TPC decreases.

Figure 2a shows that, due to the DES being more vis-
cous than water, increased DES concentration led to a cor-
responding increase in the viscosity of the solution. With
the high viscosity of the solvent, it was difficult for it to
penetrate the plant biomass. This effect might be responsi-

ble for the decrease in TPC at higher DES concentration.?
Figure 2b shows that the high temperature might be dam-
aging heat-sensitive phenolics that undergo chemical deg-
radation at elevated temperatures.® Figure 2c¢ shows that
cavitation effect produced through various mechanisms
causes ultrasound waves to promote release of chemical
compounds from the cell matrix. However, ultrasound
treatment for a certain threshold duration of time may
cause breakdown of the chemicals and thus show a lower
TPC. Many studies have shown this trend.’!

3. 3. HAE Optimization

The results of HAE optimization experiments as per
the Box-Behnken design of experiment are shown in Ta-
ble 1.

Table 1. Box-Behnken designs of experiments for HAE and UAE and results.

Heat-assisted extraction (HAE)

Independent variables Responses
Run A: B: C: TFC TPC RSA ICA
order DES concentration  Temperature  Time mg RE mg GAE mg AAE mg EDTAE
(%v/v) (°C) (min) g1 DW g1 DW g1 DW g1 DW
1 40 50 75 3.10 2.81 5.38 2.20
2 50 50 120 3.75 3.16 5.89 2.47
3 30 50 120 2.96 2.71 5.32 1.33
4 50 40 75 2.88 2.76 5.56 2.66
5 40 60 120 3.81 3.23 6.35 1.83
6 40 50 75 3.55 2.87 5.88 1.78
7 30 60 75 3.72 2.64 6.45 1.51
8 40 40 30 2.65 2.79 5.15 2.25
9 50 50 30 3.19 3.22 5.95 2.36
10 50 60 75 3.81 3.23 6.72 2.70
11 30 50 30 2.58 2.55 5.52 1.63
12 40 60 30 3.50 3.13 6.36 1.95
13 40 50 75 3.66 2.77 5.64 1.99
14 40 40 120 3.04 2.74 5.26 2.04
15 30 40 75 2.25 2.32 5.16 1.53
Ultrasound-assisted extraction (UAE)
1 30 30 20 3.38 4.86 10.18 2.16
2 45 45 20 4.05 5.72 11.81 2.88
3 45 30 30 4.95 5.42 10.63 2.78
4 60 45 10 5.20 6.34 12.35 3.35
5 45 60 30 5.53 5.61 10.95 3.04
6 45 45 20 4.39 5.33 11.25 3.19
7 30 45 30 5.02 5.48 10.24 2.35
8 45 60 10 4.03 6.32 11.50 3.06
9 45 45 20 4.57 5.67 11.83 2.87
10 45 30 10 3.73 5.35 10.97 2.98
11 60 45 30 6.57 6.27 11.87 3.45
12 60 30 20 4.75 5.68 12.15 3.53
13 60 60 20 6.66 6.70 13.10 3.47
14 30 60 20 4.70 5.30 10.56 2.55
15 30 45 10 3.61 5.41 10.97 2.21
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Table 2. Predicted models and their regression equations based on significant terms.

Heat-assisted extraction (HAE)

Response Model Model equation Eq. No.
TPC Linear HAE-TPC =2.86 + 0.2687A + 0.2025B Eq.1
TFC Linear HAE-TFC = 3.23 + 0.2650A + 0.5025B + 0.2050C Eq.2
RSA Linear HAE-RSA =5.77 + 0.2087A + 0.5937B Eq.3
ICA Linear HAE-ICA =2.92 + 0.5238A Eq. 4
Ultrasound-assisted extraction (UAE)
TPC Linear UAE-TPC =5.70 + 0.3275A + 0.4925B Eq.5
TFC Linear UAE-TFC=4.74 + 0.5137A + 0.8087B + 0.6875C Eq.6
RSA Linear UAE-RSA =11.36 + 0.2725A + 0.9400B Eq.7
ICA Linear UAE-ICA =2.92 + 0.5662B Eq. 8

The data was fitted in the 2"¢ order polynomial equa-
tion to obtain mathematical models for the responses.
ANOVA was carried out to determine the significance of
the predicted model and the terms. The model equations
including only the significant terms are shown in Table 2.

For each response, a linear model was predicted.
Based on the p-values and lack of fit p-values of the mod-
els, the significance of the predicted models was deter-
mined. The models were regarded significant if their p-val-
ues were less than 0.050 and lack of fit p-values were
higher than 0.050. Similarly, the terms of a model were
considered as significant if their p-values were less than
0.050. The ANOVA details are given in Table 3 while the
coefficients are shown in Table 4. The predicted models
were further supported by R?, adjusted R? and predicted R?
values (Tables 3 and 4).

3. 3. 1. Effects of HAE Parameters on Responses

In HAE, the term A (DES concentration) has a significant
positive effect on all the responses. Term B (temperature) also
significantly affected all the responses, except ICA. Term C (time)
has significant effect only on TFC.

All the factors affected the responses positively. It means
that within the experimental ranges of the factors, an increase in
them resulted in an increase in the responses. Figures 3a and 3b
show that for HAE, DES concentration affects the responses pos-
itively. The DES as such is a viscous liquid. Water as a diluent
lowers the DES viscosity and, therefore, increases its ability to
diffuse into the plant biomass and extract its chemical constitu-
ents more effectively.3?

Figure 3a shows that the temperature has been demonstrated
in studies to facilitate the extraction of phenolics from plant roots. It
increases the kinetic energy of the system creating strong interaction
between the solvent and the plant biomass being extracted. Temper-
ature also decreases the viscosity of the solvent enabling it to pene-
trate the plant biomass more effectively. Both these effects result in
an enhanced extraction of chemical constituents of the biomass.

Figures 3¢ and 3d show that temperature is more signifi-
cant as compared to the other factors. An elevated temperature

lowered the viscosity of the extracting solvent, resulting in in-
creased movement of phytochemicals from the plant cell wall
into the solvent. As a result, more flavonoids were extracted from
the plant material.

Interestingly, time was not a significant factor in TPC,
RSA, and ICA. This may be because the extraction rate is initially
high and becomes gradually slower as time passes, resulting in
little change in the overall extraction efficiency over time.>* How-
ever, time was a significant factor in TFC indicating that a change
in time significantly affects the extraction of TFC.

Furthermore, the dilution of DES also played a role in
TFC extraction. As the ratio of the DES concentration in-
creases, the extracting solvent becomes less polar. This
change in polarity allowed flavonoids with moderate polarity
to be extracted more efficiently into the extracting solvent.>*

Figures 3e and 3f show a drastic increase in RSA with
increasing temperature demonstrating that tempera-
ture-tolerant phytochemicals are extracted into the solvent
which is responsible for the radical scavenging activity. A
slight increase of RSA with an increase in DES concentra-
tion shows to reduce the polarity of DES which makes it
possible for moderately polar phytochemicals to transfer
into the extracting solvent. Longer exposure may adversely
affect the antioxidant activity of the extracted polyphenols.
This may be due to the degradation of the extracted anti-
oxidants over time.?

In the current study, temperature and time did not
have significant effect on ICA as shown in Figures 3f and
3g. Elevated temperatures for longer extraction time can
cause the degradation of the phytochemicals which shows
the iron chelating activity. On the other hand, the DES
concentration had a significant effect on the ICA. As the
DES concentration increases the extracting medium be-
comes less polar, resulting in better extraction of natural
products having similar polarity, such as vitamins, pro-
teins, and carbohydrates that can influence the metal
chelating activity. Polyphenols are not the only bioactive
compounds that show ICA. Other compounds, such as vi-
tamins and proteins, can also contribute to the overall
metal-chelating activity of the extracted compounds.3®

Sohail and Ahmed: Comparison of Deep Eutectic Solvent-based Ultrasound- and ...



Acta Chim. Slov. 2023, 70, 533-544

(A) 3D Surface

34

[Factor Coding: Actual 32
3

IPE 28
232 I ;23 _—

£

X1 =A 24
X2 B 22

55 50
50 45

B: Temperature (“C) 45 A0

35

40 A DES concentration (%v/v)

3D Surface

(€)

4

Factor Coding: Actual SRS ST SIS S AT
35| (SISO SISO SOS S SSoSes

SIS S SOSIRSOSIT SOt
TFC SISO SIS SORI SR SOSSS
3 ST

225 N ;=1
25

X1 = A

X2 =B

Actual Factor

c=75 0
50
50
B: Temperature (°C) 48 40
a0 30 A DES concentration (%wv/v)
(E) 3D Surface
7
Factor Coding: Actual &5
6 \a8
RSA
s.1s [ 572 p 55
E A as
X2 =B
Actual Factor 60
R 55
50
50
B: Te it
emperature (*C) " a0
35
40 30 A DES concentration (%v/v)

3D Surface
(G)

Factor Coding: Actual

IcA
133 [ =7

X1 =A
X2 =8B

ICA

Actual Factor
C=73

40
B: Temperature ("C) as 35
A: DES concentration (%w/v)

40 30

3D Surface

(B)

[Factor Coding: Actual

32 e
s s
TPC Sesesuaante
o

232 [ ;23 28

g 26
X1=C 24
X2 =A 22
Actual Factor

B =50 s0

A: DES concentration (%wv/v) 35

3D Surface

(D)

|Factor Coding: Actual

TFC

|z2s I =21

40

A: DES concentration (%v/v)

3D Surface

(F)

VEador Eu;ng'. R:luaT ]

65

RSA
s.15 [ .72 9

ﬁ 55
X1=C
X2 = A
Actual Factor
B =50

40

35
A: DES concentration (%v/v) 30

(H)

Factor Coding: Actual

IcA
133 =7

X1=C
X2 =A

ICA

Actual Factor
B =50

40

A: DES concentration (%v/v)

Figure 3. HAE-3D surface plots show combined effect of any two factors on the responses.
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Table 3. HAE ANOVA table for all responses.

Source TPC TFC RSA ICA
(mg GAE g"! DW) (mg RE g! DW) (mg AAE g1 DW) (mg EDTAE g'! DW)
p-value F-value p-value  F-value p-value F-value p-value F-value
Model <0.0001 21.34 0.0001 17.99 <0.0001 27 <0.0001 33.79
A <0.0001 40.7 0.0081 10.39 0.0124 8.9 <0.0001 98.51
B 0.0005 23.11 <0.0001 37.36 <0.0001 72.02 0.2703 1.35
C 0.6649 0.1981 0.0298 0.7803 0.0817 0.2473 1.52
Lack of fit 0.1379 6.63 0.7939 0.5284 0.7863 0.5432 0.8657 0.3952
R? 0.8533 0.8307 0.8804 0.9021
Adjusted R? 0.8133 0.7845 0.8478 0.8761
Predicted R2 0.6964 0.7235 0.7945 0.8261

Table 4. Coefficient table for HAE and UAE.

Heat-assisted extraction (HAE)

TPC TFC DPPH ICA
Model Linear Linear Linear Linear
Intercept 2.86 3.23 5.75 2.02
A 0.2687 0.2650 0.2085 0.5238
B 0.2025 0.5025 0.5937 -0.0613
C 0.0188 0.2050 -0.0200 -0.0650
p-value <0.0001 0.0001 <0.0001 <0.0001
Lack of fit p-value 0.1379 0.7939 0.7863 0.8657
R? 0.8533 0.8307 0.8804 0.9021
Adjusted R? 0.8133 0.7845 0.8478 0.8754
Predicted R? 0.6964 0.7235 0.7945 0.8261

Ultrasound-assisted extraction (UAE)

Model Linear Linear Linear Linear
Intercept 5.70 4.74 11.36 2.92
A 0.3275 0.5137 0.2725 0.0837
B 0.4925 0.8087 0.9400 0.5662
C -0.0800 0.6975 -0.2625 0.0025
p-value 0.0002 0.0001 <0.0001 <0.0001
Lack of fit p-value 0.5097 0.2607 0.5242 0.8426
R? 0.8225 0.8382 0.8522 0.9303
Adjusted R? 0.7741 0.7940 0.8119 09112
Predicted R? 0.6590 0.7009 0.7288 0.8772

3. 4. UAE Optimization

The UAE results are shown in Table 1 and regression
equations based on only significant terms are given in Ta-
ble 2. The coefficients are given in Table 3 while ANOVA
details are given in Table 5.

For all the responses, linear models were predicted
which were well fitted based on the significant p-values and
nonsignificant lack of fit p-values. The models were further
supported by R?, adjusted R?and predicted R? values.

3. 4. 1. Effects of UAE Parameters on Responses

Like in HAE, TPC and RSA in UAE were affected by
the terms A and B, and TFC was affected by A, B and C.

However, in UAE, ICA was not affected by A or C, but only
by B. All the factors affected the responses positively. It
means that within the experimental ranges of the factors,
an increase in them resulted in an increase in the responses.

For UAE, temperature imparts a crucial role in ex-
tracting phenolics from plant biomass. The effect can be
seen in Figures 4a and 4b. This is because higher tempera-
tures lower the viscosity of the liquids, which in turn
speeds up the transfer of the bioactive molecules into the
solvent. Thus, the polyphenols can be extracted efficiently
by increasing the temperature. DES was diluted with water
to lower the viscosity of the DES, making it easier for the
extracting medium to penetrate plant tissues and extract
the desired phenolic compounds. This method is benefi-
cial in increasing the phenolic content extracted. However,
it is important to note that an increase in water content in
DES increases the solvent polarity resulting in poor phe-
nolics. Therefore, a balance must be maintained between
the water content and the DES for optimal extraction. Pro-
longed exposure to elevated temperatures can cause phe-
nolic compounds to decompose, reducing their concentra-
tion and bioactivity. Therefore, optimization helps to
achieve maximum extraction efficiency while preserving
the integrity of the polyphenols extracted.>”

Interestingly, both TPC and TFC have similar R? val-
ues. Since the R? value represents a goodness of fit of a re-
gression model, it indicates how well the data points fit the
regression line. A similar R? value for TPC and TFC sug-
gests that the relationship between the two variables is
similar in strength and direction.

Figures 4c and 4d show that temperature, DES con-
centration, and time have a considerable impact on TFC.
However, when comparing these three factors, it becomes
obvious that temperature imparts a less crucial role in the
TFC. The probable reason behind this is that as the tem-
perature increases, the vapor pressure difference between
the inside and outside of the collapsing bubbles decreases,
leading to a decrease in the intensity of the collapsing bub-
bles. As we know, the collapse of bubbles produced by cav-
itation is responsible for the extraction process. The force
created by these collapsing bubbles damages the plant cell,
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Figure 4. UAE-3D surface plots show combined effect of any two factors on the responses.
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Table 5. UAE ANOVA for all responses.

Source TPC TFC RSA ICA
(mg GAE g"! DW) (mg RE g1 DW) (mg AAE g'1 DW) (mg EDTAE g DW)
p-value F-value p-value  F-value p-value F-value p-value F-value
Model 0.0002 17 0.0001 18.99 <0.0001 21.14 <0.0001 48.91
A 0.0024 15.35 0.0072 10.81 0.0555 4.59 0.1040 3.14
B 0.0001 34.72 0.0003 26.8 <0.0001 54.57 <0.0001 143.6
C 0.3591 0.9161 0.0011 19.36 0.0635 4.26 0.9588 0.0028
Lack of fit 0.5097 1.29 0.2607 3.20 0.5242 1.24 0.8426 0.4374
R? 0.8225 0.8382 0.8522 0.9303
Adjusted R? 0.7741 0.7940 0.8119 0.9112
Predicted R? 0.6590 0.7009 0.7288 0.8772

thereby releasing the phytochemicals into the extracting
solvent. On the other hand, time plays a crucial part in the
extraction process. A longer extraction period can in-
crease the chance of the collapsing bubbles produced by
cavitation. These collapsing bubbles can then disrupt the
plant cell wall, causing the phytochemicals to diffuse into
the extracting solvent more efficiently.®®

Figures 4e and 4f show the slight increases in RSA
observed with increasing temperature suggesting that an-
tioxidants are more easily hydrolysed at elevated tempera-
tures. As the concentration of DES increases, more antiox-
idants are solubilized in the solvent, leading to an increase
in radical scavenging activity. This finding highlights the
advantages of utilizing DESs as solvents in the extraction
of antioxidants. Prolonged exposure to high temperature
does not impact the extraction of antioxidants, likely due
to the decomposition over time.*

Figures 4f and 4g show that the ICA is favoured by
an increase in DES concentration, but not by the tempera-

ture or longer extraction process. Specifically, the results
suggest that the solvent's polarity decreases as DES con-
centration is increased, which facilitates the extraction of
moderately polar bioactive substances responsible for the
iron chelating activity. However, elevated temperatures
and prolonged exposure to solvents do not have a signifi-
cant effect on iron chelating activity which can lead to the
degradation of heat-sensitive iron chelating agents.

3. 5. Process Optimization and Experimental
Verification

Numerical optimization was conducted to discover a
single model of all the responses. For HAE and UAE, nu-
merical optimization was done by keeping the independ-
ent factors at ‘in range’ option while the responses at ‘max-
imize’ Under these constraints, the desirability factors for
HAE and UAE were 0.935 and 0.882, respectively, which
were close to 1 and, thus, a strong indication of the signif-

Table 6. HAE and UAE predicted and experimental values of the responses obtained at optimal condi-

tions.

Heat-assisted extraction (HAE)

Input and output parameters Goal Predicted Experimental  Percentage
values values error %

DES concentration (%v/v) in range

Temperature (°C) in range

Time (min) in range

TPC (mg GAE g'! DW) Maximize 3.33 3.24+0.14 -2.70
TFC (mg RE g"! DW) Maximize 3.98 3.81+0.10 -4.27
RSA (mg AAE g1 DW) Maximize 6.57 6.38+0.19 -2.89
ICA (mg EDTAE g"! DW) Maximize 2.48 2.61 £0.08 5.24

Ultrasound-assisted extraction (UAE)

DES concentration (%v/v) in range

Temperature (°C) in range

Time (min) in range

TPC (mg GAE g'! DW) Maximize 6.51 6.34+0.17 -2.61
TFC (mg RE g"! DW) Maximize 6.08 5.78 +0.17 -4.93
RSA (mg AAE g1 DW) Maximize 12.56 12.78 £0.16 1.75
ICA (mg EDTAE g"! DW) Maximize 3.57 3.64 £0.04 -2.24
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icance of the models. For HAE, the optimal conditions
were DES concentration 50%, temperature 60 °C, and time
75 min, and for UAE, DES concentration 60%, tempera-
ture 60 °C, and time 20 min. Validation experiments were
performed under these conditions and the predicted and
experimental values of the responses are given in Table 6.

The minimal percentage errors ranging from 1.75 to
5.24% given in Table 6 indicate a good correlation between
the predicted and experimental values of the given re-
sponses and fitted well. This leads to the conclusion that
within the experimental domain under study, polynomial
equations are valid, and they may be employed for point
prediction.

The efficacy of both HAE and UAE were tested in
terms of response TPC, TFC, RSA, and ICA for both tech-
niques. As Table 6 shows, UAE was more effective than
HAE in all the responses at the optimum conditions. UAE
also required much less time (only 20 min) as compared to
75 min of HAE. This is an important advantage of UAE
over HAE. Many studies have shown similar results when
compared to conventional technologies for extraction. Ex-
traction of antioxidants from Limonium sinuatum was car-
ried out by UAE at the optimal extraction time 9.8 min
showing higher antioxidant activity as compared to mac-
eration and Soxhlet extraction. UAE remarkably reduces
the extraction period while enhancing the extraction yield
and antioxidant activity.?* In another study, polyphenolics
extraction was carried out using UAE from Thymus serpy-
llum. L. herb compared to HAE and maceration was found
to be more effective in all responses, while HAE and mac-
eration do not have a significant difference among re-
sponses.>® Finally, UAE has also been shown to be very ef-
ficient in extracting polyphenolics from Adansonia digitata
which proved to be significant in terms of TPC, TFC, and
antioxidant activity, when compared to HAE and macera-
tion at the optimal time of 20 min.*!

4. Conclusions

Extraction optimization of phenolics including fla-
vonoids, radical scavengers, and iron-chelators from W.
somnifera roots was successfully done using UAE and HAE
and glycerol-sodium acetate DES. Well-fitted linear mod-
els were obtained for all the responses in both techniques.
DES concentration and temperature were the most influ-
ential factors in both of the techniques. Optimum condi-
tions suggested by numerical optimization for UAE and
HAE were almost the same, except time which was much
less in the case of UAE as compared to HAE. Response val-
ues were also much higher in UAE than in HAE. TPC,
TFC, RSA and ICA of UAE were 6.51, 6.08, 12.56, and
3.57, respectively, which were much higher than for HAE
being 3.33, 3.98, 6.57, and 2.48, respectively.

Thus, UAE was not only more efficient but also less
time demanding. The optimized models were strongly

supported by the validation study with minimal % errors.
The current study can be used for the development of pro-
cesses that can be applied on an industrial scale for the ex-
traction of bioactive compounds from W. somnifera.
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Raziskovali smo ekstrakcijo bioaktivnih spojin iz korenin rastline Withania somnifera pod vplivom ultrazvoka (UAE)
ali pa ob uporabi segrevanja (HAE), kjer smo kot topilo uporabili evtekticno zmes (DES) natrijevega acetata in glicerola.
Ekstrakcije smo $tudirali s pomocjo metodologije povrsin odgovora (RSM). Dolocali smo celokupno vsebnost fenolov
(TPC) v mg galne kisline (in njej ekvivalentnih snovi) na g suhe snovi (mg GAE g~! DW), celokupno vsebnost flavonoi-
dov (TFC) v mg rutina (in njemu ekvivalentnih snovi) na g suhe snovi (mg RE g-! DW), aktivnost lovljenja radikalov
(RSA) v mg askorbinske kisline (in njej ekvivalentnih snovi) na g suhe snovi (mg AAE g™' DW) ter aktivnost keliranja
zelezovih ionov (ICA) v mg etilendiamintetraacetatnih ekvivalentov na g suhe snovi (mg EDTAE g-! DW). Ce smo
ekstrakcijo izvedli ob uporabi ultrazvoka, smo dobili naslednje vrednosti: 6,51 za TPC, 6,08 za TFC, 12,56 za RSA in
3,57 za ICA; v primeru termicne ekstrakcije pa so bile vrednosti sledece: 3,33 za TPC, 3,98 za TFC, 6,57 za RSA in 2,48
za ICA. Za izvedbo ekstrakcije pod vplivom ultrazvoka so bili optimalni naslednji parametri: koncentracija DES 50 %,
temperatura 60 °C in ¢as 20 min; za termi¢no ekstrakcijo pa se je najbolje izkazala koncentracija DES 60 %, temperatura
60 °C in ¢as 75 min. Razviti modeli so bili temeljito potrjeni z validacijskimi eksperimenti. Izkazalo se je, da je ekstrakcija
rastlinskih snovi iz W. somnifera pod vplivom ultrazvoka bolj u¢inkovita in ¢asovno hitrejsa kot pa pri uporabi termi¢ne

ekstrakcije.
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