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Abstract

Background: The jujube is mainly grown in the subtropical and tropical regions of Asia. Due to owning bioactive
compounds such as polyphenols, it was considered as medicinal and nutritional plant in traditional medicine. This
study aimed to extract phenolic compounds from Ziziphus jujuba using subcritical water (SCW) process. The possible
combinations of temperature, time, and fruit-to-solvent ratio were investigated using response surface methodology.

Results: The total phenolic compounds (TPC) and radical scavenging capacity (RSC) of 975.94 mg/g and 53.98%,
respectively, were recovered at optimum extraction conditions (170 °C, 74.49 min, and fruit-to-solvent ratio of 1:5.29).
The extract obtained in SCW optimum conditions was put under thermal treatments including low temperature long
time, high temperature short time, cooking, baking, and sterilization. The results showed after baking, the amount of
TPC, RSC, and absorbance at 420 nm increased. The quantity of gallic acid, chlorogenic acid, p-coumaric acid, ferulic

mal stability for using in food or drug industries.

acid, and rutin increased significantly. The efficiency of SCW extract in retarding lipid oxidation in bulk oil and O/W
emulsion model was investigated at 50 °C for 10 days. After 10 days, the peroxide value of bulk oil (1.1 meq O,/kg)
containing SCW extract was lower than O/W emulsion model (2.2 meg O,/kg).

Conclusion: The subcritical extracted phenolic compounds seem to have good antioxidant activity as well as ther-
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Background

Adding antioxidants to foods is a technique to reduce
lipid oxidation. Antioxidants scavenge free radicals
and then inhibit or delay the oxidation of lipid or other
molecules [1]. Recently, there has been a consider-
able interest in removal of synthetic antioxidant and
replacing naturally occurring ones due to consumer
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preference for natural and safe products. Natural anti-
oxidants should satisfy several requirements before
being accepted for application in food industries. The
antioxidant should be resistant to heat processing and
effective at a temperature between 25 and 30 °C for
more than a year in order to protect the finished prod-
uct. Many factors like food moisture, atmospheric
oxygen, and high temperatures could create various
chemical changes and loss of antioxidants [2]. Polyphe-
nols are one of the widely naturally occurring groups
of antioxidants that benefit human health. These com-
pounds act as anti-inflammatory agent, antifeedant,
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phytoalexin and prevent the agent against ultraviolet
and inhibit the progression of atherosclerosis and can-
cer [1, 3, 4].

Jujube (Ziziphus spp.), also called Rhamnus, has long
been cultivated in Iran. It belongs to Rhamnaceae fam-
ily and contains 40 species. The jujube fruit is considered
because of its nutritional and medicinal value. Choi et al.
[5] observed a 1.2-2.4 g/100 g dry weight of total phe-
nolic compounds in the pulp of Korean jujube. Seven
phenolic compounds including catechin, caffeic acid, epi-
catechin, ferulic acid, rutin, p-hydroxybenzoic acid, and
chlorogenic acid were isolated from the jujube fruit by
San and Yildirim [6].

The common methods of phenolic compounds extrac-
tion are based on solid-liquid extraction by organic
solvents. However, these techniques are time-consum-
ing and result in low yields of extraction and use large
amounts of organic solvents and solvent residues in
the extract [7]. In order to overcome these advantages
and access to high-quality extracts, new methods have
been developed. Subcritical water (SCW) extraction
has been considered for phenolic compounds extrac-
tion as a potentially attractive and environmentally
friendly method [8, 9]. SCW uses hot water under pres-
sure enough to retain water in a liquid state. The criti-
cal temperature and pressure of water are 374 °C and
22.1 mPa, respectively [9, 10]. Under subcritical con-
ditions, the hydrogen and hydroxide ions change due
to breakdown of intermolecular hydrogen bonds, and
dielectric constant of water decreases from 80 to 27 at
room temperature and 250 °C, respectively [8, 9], mak-
ing a desirable medium for the extraction of different
natural and bioactive compounds. Several studies have
reported utilizing SCW for natural antioxidant extrac-
tion from various plants like Moringa oleifera leaf [11],
Physalis angulata leaf [12], Bilberry [13], turmeric [14],
coriander [15], Crocus sativus petals of saffron industry
residues [10], olive fruit dreg [16], marigold flower resi-
dues [17], onion [18], and sea buckthorn leaves [19].

To the best of our knowledge, no study has been con-
ducted on SCW extraction of polyphenol from jujube
(Ziziphus Jujuba Miller) fruit. Therefore, the present
work was conducted to extract phenolic compounds
from Iranian jujube by SCW under various operation
parameters and optimizing them by response surface
methodology (RSM) models. Also, the study was set to
investigate the ability of extract obtained in optimized
SCW conditions in food industry applications. For this
purpose, we evaluate the thermal stability of phenolic
compounds after common food heating treatments.
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Materials and methods

Materials

Ripe jujube fruits (initial moisture content: 3.78 +0.36%,
protein:  2.13+£0.09%, sugar: 20.68+1.72%, fat:
0.1940.08%, ash: 15.19+5.80%) were collected from a
research orchard in Birjand (Southern Khorasan, Iran).
They were washed, depitted, and placed in plastic bags
and stored in a freezer (— 20 °C) until analyses. Chlo-
roform was purchased from Samchun CO. (Korea) and
isooctane was obtained from Lobal Chemie (India).
All other chemicals and solvents (analytical and HPLC
grades) were purchased from Sigma Aldrich (Gillingham,
Dorset, U.K.) and Merck companies.

SCW extraction

SCW extraction was carried out in a batch-type reac-
tor (model 2009, Research Institute of Food Science and
Technology, Mashhad, Iran). The reactor is composed of
a stainless steel cylindrical extraction cell with an internal
diameter of 32.34 mm, the length of 117.84 mm, and a
capacity of 140 ml. This apparatus consists of a deionized
water feed tank, a high-pressure metering pump (Comet
type: MTP AX 2/70m) to deliver water through the sys-
tem, a pre-heater, a ferro-nickel heating coil wrapped
around the extraction cell to provide the required tem-
perature, a pressure gauge (DPI #104, Groby, Leicester-
shire, UK), a digital temperature controller (Abtin Mfg
Eng CO, Iran), and a cooling system made of stainless
steel tubing and chilled with water.

Milled jujube fruits with mean particle size of
0.552 mm (5 g) were placed in the pressure-tight cell and
distilled water (15, 22.5, and 30 ml for fruit-to-solvent
ratios of 1:3, 1:4.5, and 1:6 W/V, respectively) was added.
To preclude plugging, glass wool was put at both ends of
the extraction cell. Before each experiment, an extrac-
tion cell heat-up was performed for the given times of
5,9, and 14 min to attain temperatures of 110, 140, and
170 °C, respectively. The reactor was tightly closed under
nitrogen gas and placed in a heating mantle. The pressure
of the system was adjusted to the desired operating con-
dition (60 bar) using the back-pressure regulator. After
extraction, the reactor was removed from the mantle
and put in a cool water bath (25 °C). SCW extracts were
filtered (by Whatman paper no. 1) and dried at 35 °C
under vacuum and stored in a freezer (— 18 °C) for fur-
ther experiments [10]. Milled jujube fruit-to-the solvent
ratio (1:3, 1:4.5, and 1:6 W/V), extraction time (15, 45,
and 75 min) and temperature (110, 140, and 170 °C) were
investigated according to the variables predicted from
the RSM design (Table 1).
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Total phenolic content (TPC)

TPC was determined by the Folin—Ciocalteu method as
described by Ahmadian et al. [20] with slight modifica-
tions. The extracts were diluted tenfold with distilled
water. Then, 40 pl of dilution was mixed with 3.16 ml
of distilled water, 200 pl of Folin—Ciocalteu reagent,
and 600 pl of 25% Na,COj,. After 30 min of incubation
at room temperature in the dark, the absorbance of the
mixture was determined at 763 nm by UV-Vis spectro-
photometer (Shimadzu UV160A, Japan). The calibration
curve was plotted with different gallic acid concentra-
tions. TPC was expressed as milligram gallic acid equiva-
lents (GAE) per gram dried extract.

DPPH radical scavenging capacity (RSCpppy)

The DPPH radical scavenging of extracts was evaluated
according to Mousavi and Niazmand [21, 22] with a little
modification. 500 pl of SCW extracts was added to 4 ml
DPPH methanol solution (0.06 mmol/l) and allowed to
react for 30 min at room temperature. The absorbance
of the solution was determined at 517 nm. RSCppp was
calculated according to the Eq. 1:

AC - AS
RSC(%) = ——— x

100, (1)
where AC and AS are absorbance of the control (metha-
nol) and sample, respectively.

Total flavonoid content (TFC)

Evaluation of TFC was performed based on the calori-
metric method [23, 24]. So, 0.5 ml of extract was mixed
with 2.5 ml distilled water and 150 pl of a 5% NaNO.,,.
After standing for 6 min, 300 pl of 10% AICI; was added
to the mixture. The mixture was allowed to stand for
5 min and then 1 ml of NaOH (1 mol/l) and then 550 pl
distilled water was added to it. After 5 min standing,
the absorbance of the mixture was measured at 430 nm.
Quercetin was used as the standard compound. All val-
ues were expressed as milligram of quercetin equivalents
per gram of extract.

Thermal stability determination

Five common thermal treatments were utilized as Davi-
dov-Pardo et al. [3] to simulate food industry heating
processes. The extracts obtained in SCW optimized
conditions were put in hermetically closed glass bottles
to be subjected to different heating treatments. After
heating, the samples were placed in an ice bath and
their volumes were restored to initial to compensate the
solvent loss. The conditions of heating treatments were
as follows:
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Low-temperature long time (LTLT) and high-tempera-
ture short time (HTST) pasteurizations: the extracts were
kept in a water bath at 6542 °C for 30 min and 75+1 °C
for the 20 s, respectively.

Cooking: the extracts were put in a water bath at
93 £2 °C for 30 min.

Baking: the extracts were put in hermetic closed
stainless steel cell with 3.46 mm internal diameter and
14.20 cm length and then baked in the oven (Behdad CO.
Iran) at 180 °C for 90 min.

Sterilization: the extracts sterilized in water bath pres-
sure autoclave (RT-2 model, Reyhan Teb, Iran) at 120 °C
for 20 min.

Peroxide value (PV)

PV was measured according to the spectrophotometric
method [25]. The absorbance of the sample was deter-
mined at 500 nm against a blank that contained all the
reagents except the sample. The iron (III) chloride solu-
tion was used as the standard curve. The PV, expressed as
milli-equivalents of peroxide per kilogram (meq O,/kg)
of sample.

Absorbance at 420 nm (A420)

The browning of extracts after submitting to heating con-
ditions was expressed by measuring the absorbance at
420 nm using UV-Vis spectrophotometer [3].

Quantitative analysis of phenolic compounds

The identification and quantification of phenolic com-
pounds were performed by HPLC analysis. At first, the
extracts were filtered and then were directly injected
with 20 ul syringe filter into chromatography apparatus
(KNAUER smartLine, Germany) equipped with a UV
detector set at 280 nm. The separation was made at 27 °C
in a Eurosphere 100 C18, 5 pum, 4.6 x 250 mm column
protected with a guard column of the same material. The
temperature of both columns was kept at 27 °C. Eluents
A and B were 6 ml/l of aqueous perchloric acid (70%)
and methanol, respectively. The flow rate was 1 ml/min
throughout the analysis. The elution program was as fol-
lows: from 100% A to 78% A in 55 min, from 78% A to
0% A in 10 min, and finally isocratic for another 10 min.
To quantify the observed value, the calibration curves for
each compound were plotted using the standards.

Statistical analysis

Operation conditions of subcritical extraction were opti-
mized using RSM according to the Face Central Compos-
ite Design (FCCD). Second-order polynomial equations
were used to assess the empirical relationship between
independent variables (temperature (x 1), time (x2), and
the fruit-to-solvent ratio (x3)) as Eq. 2:
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Table 1 Coded and un-coded values of independent variables and the responses of the dependent variables utilized
in the face central composite design (FCCD) of the SCW extraction process

Run Independent variables Response
R (solvent-to-fruit ratio, t (time, min) T (temperature, °C) TPC (mg/g) RSC (%)
V/W)

1 0(4.5) 1(75) 0 (140) 574.67 22.39
2 0(4.5) 0 (45) 0(140) 563.67 31.16
3 0(4.5) 0(45) 0 (140) 470.33 3144
4 -103) 1(75) —1(110) 29867 2898
5 1(6) 1(75) —1(110) 476.33 32.65
6 0(4.5) 0 (45) 0(140) 470.67 3535
7 0(4.5) 0 (45) 0 (140) 499.8 3203
8 1(6) 0(45) 0 (140) 486.67 2397
9 1(6) 1(75) 1(170) 999.9 48.63
10 1(6) 1(15) —1(110) 350.67 26.12
11 0(4.5) —1(15) 0(140) 380.67 3153
12 0(4.5) 0 (45) 0(140) 506.67 34.79
13 0(4.5) 0(45) 1(170) 999 528
14 1(6) —1(15) 1(170) 999 2491
15 —1(3) 1(15) —1(110) 299.67 23.69
16 -1 0 45) 0(140) 507.67 21.27
17 - 1) 1(75) 1(170) 999.5 53.98
18 -1 —1(15) 1(170) 967.67 25.19
19 0(4.5) 0 (45) —1(110) 31867 29.66
20 0(4.5) 0(45) 0(140) 462.67 31.81

Y = bg + b1x1 + baxy + b11x12 + baoxoo + b3zxo3
+ b1ax1x9 + b13x1x3 + bozxoxs + €.

2)

The range and center point values of independent

variables are shown in Table 1. Experimental were ana-

lyzed by multiple regression to fit the second-order

models to the responses. The design expert software

version 7 was used to perform regression analysis and

data fitting. The counter plots obtained for TPC and

RSCpppy Were superimposed to estimate the operating
conditions.

Results and discussion

Experimental design

The RSM was applied to optimize the operating vari-
ables in subcritical extraction based on TPC and
RSCpppyq as responses. The experimental data were fit-
ted into second-order polynomial equations. The fitted
models for expressing TPC and RSCpyppyy of extracts as
a function of actual independent variables are given in
Egs. 3 and 4:

TPC = —1021.06778 + 10.73689T + 1.17133t 4 15.96000R,

(3)

RSCpppH = 178.27345 — 3.40272T — 0.26043¢ + 34.56571R
+ 5.65306E — 0037t — 0.032561TR — 0.010628¢R (4)

+0.012534T2 — 3.32434E — 003¢> — 3.25752R?,

Data of thermal treatments and oven test were sub-
jected to analysis of variance (ANOVA) performed using
Minitab version 16.2. Significant differences among the
means were determined via Tukey’s range test (P<0.05).
All experiments were carried out in triplicate.

where T, t, and R imply the temperature, time, and
solvent-to-fruit ratio, respectively. The ANOVA for
TPC and RSCypppy of the predicted model is presented
in Table 2.

In statistically significant models (P<0.05), high
regression coefficient demonstrates the substantial
effect of independent variables on the corresponding
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responses. The quality and validity of the predicted
models can be confirmed by the coefficient of deter-
mination (R?) and F-value (F), respectively. The R>
value closer to 1 indicates a higher correlation between
experimental and predicted values. The reproducibility
of the model is expressed by the coefficient of varia-
tion (CV). Lack of fit (LOF) indicates the error of the
obtained results. The P-value implied that the LOF,
relative to the pure error, was not significant (P> 0.05).
The results of P-value and LOF confirmed that the pre-
dicted models are not statistically significant and it is
adequate for prediction the amount of extracted phe-
nolic compounds and their oxidative activity under the
combination of variables value of the operation.

Total phenolic compounds (TPC)

The results of response surface analysis for the effect of
temperature and time of extraction on TPC are shown
in Fig. 1a. Increasing the temperature from 110 to 170 °C
at 1:4.5 ratio of fruit:solvent sharply increased the TPC
(P<0.05). Our results are in agreement with Zakaria et al.
[26]. They obtained maximum phenolic extraction from
chlorella sp. Microalgae at 175 °C.

Heating can destroy the cell wall of plants and then
facilitate the secretion of compounds [27]. We could
not apply temperatures beyond 170 °C because of limi-
tations in our subcritical apparatus. However, the TPC
extraction might begin to decrease due to some phe-
nolic compounds denaturation and degradation. To
obtain the highest phenolic content, evaluating appro-
priate operating conditions is important. Temperature
showed a large effect on TPC extracted from jujube.
The temperature shows dual impacts on solvent as well
as solutes. The temperature impacts on the physical
properties of solvent such as viscosity, surface tension
and dielectric constant [7].

The solubility of phenolic compounds is affected by
their chemical nature as well as the polarity of used sol-
vent [28]. At higher temperatures, the water polarity and
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thus dielectric constant decreases. The dielectric con-
stant of water at ambient conditions is 80; however, it can
be decreased to 56 and 27 at a temperature higher than
100 °C and high enough pressure to maintain the liquid
state. Superior mass transfer properties of SCW lead to
a high diffusivity and hence higher extraction efficiency.
Therefore, the solubility and diffusivity of water are
comparable with those of organic solvents without any
environmental negative impact. Thus, SCW is a suitable
method for extracting various phenolic compounds at a
high quantity [29, 30]. Sasaki et al. [31] showed that the
lignin in the cell wall of plants decomposed to phenolic
compounds at the sub- and super-critical conditions.

The effect of extraction time on TPC is depicted in
Fig. 1a. Results revealed that prolonging extraction time
up to 15 min favors the extraction of phenolic com-
pounds, but it was not significant at 170 °C so that the
amount of TPC at extraction times of 45 min and 75 min
was approximately 999 mg/g. This was almost true of
other temperatures as well. Increasing extraction time
increases exposure of target compounds to the effective
extraction medium which is followed by more penetra-
tion of solvent into material and consequently leading to
more dissolution and diffusion of solute from the mate-
rial. Extraction time mostly depends on the extraction
temperature and target compounds. Long heating extrac-
tion may induce bioactive degradation. Furthermore, it
can increase the operational costs of process and energy
consumption. Therefore, determining the appropriate
extraction time is important [26].

The maximum TPC content was obtained at 170 °C
(>999 mg/g) in all studied extraction times. The surface
tension and viscosity of the water decreased at a higher
temperature, making water penetrate faster to plant
matrix pores. Meanwhile, it contributed to the disrup-
tion of the analyte—matrix interactions caused by Vander
Waals forces, hydrogen bonding, and dipole attraction,
and as a result easier diffusion to liquid phase [32]. Budrat
and Shotiprak [33] demonstrated similar findings. They

Table 2 Results of ANOVA for the total phenolic compounds (TPC) and radical scavenging capacity (RSC) of the extract

Parameter TPC RSC
Model* 1021.06778 4 10.73689T+1.17133t 178.27345-3.40272T — 0.26043t 4 34.56571R 4+ 5.65306F — 0037t — 0.0325617R
+ 15.96000R — 0.010628tR+0.012534T? — 3.32434F — 003t — 3.25752R?
R? 0.863 0.7819
CV% 468 18.96
Lack of fit
P value 0.96 093
Fvalue 03 21.26

*R: solvent-to-fruit ratio, T: extraction temperature, t: extraction time
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reported that temperatures higher than 150 °C increased
water ionization due to hydrolysis reaction at subcritical
conditions leads to the more extraction of phenolic com-
pounds from bitter melon.

In accordance with the concept of SCW, extractions
should be performed at the highest temperature, which
does not cause degradation of the target compounds. As
no loss of TPC was observed at the range of studied tem-
peratures, the optimal temperature for TPC extraction of
jujube would be somewhere near 170 °C and even higher.
An increasing trend in TPC was observed with increasing
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of extraction time (Fig. 1a); however, this increase was
insignificant (P>0.05); i.e., the effect of temperature was
stronger in phenolic compounds extraction compared to
extraction time.

Zekovi‘c et al. [15] reported that low temperature
(100 °C) for polyphenol extraction of coriander (Cori-
andrum sativum L.) by SCW caused good extraction on
shorter extraction time (10-20 min). Also, they assumed
the better polyphenols content obtained at an increased
temperature (200 °C) and prolonged extraction time
(30 min) as the possible release of bounded polyphenols
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Fig. 1 Response surface plot as simultaneous functions of extraction time and temperature at solvent-to-fruit ratio of 4.5: a total phenolic
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under severe process conditions. These results are con-
sistent with the present findings. Also, they found that
increasing of extraction time (30 min) at 100 °C caused
complete loss of polyphenols.

Figure 2a shows an increasing trend in TPC with
increasing of fruit-to-solvent ratio. The difference of the
solutes’ concentration between the bulk solution and
solvent becomes higher when the solvent-to-fruit ratio
increases. Thus, more phenolic compounds can leach
out. A lower amount of solvent can lead to incomplete
extraction. With increasing the fruit-to-solvent ratio
from 1:3 to 1:6, the extraction of TPC would be more
complete. However, the effect of fruit-to-solvent ratio
on phenolic compounds extraction was not as much as
temperature. Muangrat et al. [34] revealed that the total
anthocyanin content of dried corn silk samples by SCW
extraction at temperature of 100 °C and extraction time
of 15 min increased with elevating the sample-to-water
ratio from 1:4 to 1:20, while it decreased with further
increasing from 1:20 to 1:24.

Antioxidant capacity

Most of phenolic compounds are valuable due to their
antioxidant activity. According to the results of ANOVA,
temperature and time of extraction showed significant
effects on RSCpppy (Table 2). The counter curve for the
effect of operating conditions on RSCpppy is shown in
Fig. 1b. By increasing temperature, especially higher than
140 °C, the RSCpppy increased, indicating that increas-
ing temperature (around 150 °C) will cause a reduction
in antioxidant activity, probably due to thermal degra-
dation of antioxidant compounds. In comparison, at a
higher temperature and harsh extraction conditions,
new phenolic compounds may be created with prob-
ably more antioxidant activity due to thermal decompo-
sition and browning reactions. However, the amount of
RSCpppy increases with a slower trend at longer extrac-
tion time. This result is in agreement with Liu et al. [35]
who reported no noticeable difference between extrac-
tion times more than 30 min during extraction of seed
oil from Nitraria tangutorum by the subcritical method.
In contrast, according to [32], antioxidant activity in sage
(Salvia officinalis L.) extracts increase on elevated extrac-
tion time and declined extraction temperature in the
presence of acidified water was assumed to release anti-
oxidant agents from plant matrix by acid hydrolysis dur-
ing the process.

There was an increasing trend in RSCpppy; accompany-
ing an increase in a fruit-to-solvent ratio from 1:3 to 1:4.5;
the RSCpyppyy increased significantly, but there was no sig-
nificant difference in a ratio more than 1:4.5 (Fig. 2b).

Because of antioxidant properties of most phenolic
compounds, the antioxidant activity of plant extracts is
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often connected with TPC. Therefore, the correlation
between TPC and RSC was also investigated. The results
were fitted to a linear regression (Fig. 3), where no lin-
ear correlation was obtained between TPC and RSC
(RZAdjusted=23.3%). Thus, it can be stated that the SCW
conditions did not affect, similarly, the TPC and RSC of
jujube extract. In other words, increasing the RSCpppy by
increasing the extraction temperature is not as much as
the TPC. It can indicate that all of the extracted phenolic
compounds obtained at a higher temperature may not
have anti-oxidation activity.

Optimization

Optimization regression analysis of SCW conditions
influences was studied together with response surface
methodology; as it could provide optimization of the
process regarding target values of responses. A numeri-
cal optimization was carried out to estimate the optimal
operating conditions of SCW extraction process. The
optimized system aimed to maximize phenolic com-
pound extraction as well as antioxidant activity. The
TPC and RSCpppy were analyzed by allocating the same
weight and importance for each compound.

Table 3 gives TPC and RSCpppyy of jujube extract at
optimum conditions. The correlation between predicted
and experimentally observed values of TPC and RSCpppy
was determined after preparation of jujube fruit extract
at optimized conditions. The optimum conditions pre-
dicted by the second-order polynomial model were at
fruit-to-solvent ratio of 1:5.29, 170 °C, and 74.49 min
which were verified by experimental results obtained at
optimal extraction conditions. The desirability of the
model (0.944) expresses that only 5.6% of responses were
beyond the acceptable region.

Thermal stability

The TPC and TFC of the extract obtained in the opti-
mized condition of SCW after heat treatments are shown
in Fig. 4a. The TPC of extract increased after baking
(14.1%); however, it significantly decreased after sub-
mitting to other heat treatments (P<0.05). The extracts
submitted to the cooking and then LTLT treatments
presented the lowest amount of TPC. The tempera-
ture affects TPC depending on the amount of tempera-
ture and the structure of polyphenol. Some polyphenols
degraded during heating and some of them were decom-
posed to other phenolic components especially with a
smaller and basic structure [36, 37]. Xu et al. [17] showed
that the total phenolic compounds antioxidant capacity
of the of huyou peel extract increase with heating time
and temperature. They revealed that after being heated
at 120 °C for 90 min, the TPC increased from 37.33 to
47.20 GAE mg/g of DW by the Folin—Ciocalteu method.
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Chumyam et al. [38] explained that phenolic content in
eggplant cultivars significantly increased when the fruits
were heated for 5, 10, or 15 min with boiling, steaming,
and microwaving compared with raw fruits possibly due
to changing bound phenolic compounds to free forms
and releasing into the cytosol.

Table 4 shows the content of individual phenolic com-
pounds identified by HPLC before and after thermal
treatments. Gallic acid and rutin presented the high-
est content of phenolic compounds in extracts. Thermal
treatments resulted in a noticeable increase in gallic acid
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and the highest increasing related to the sterilization
treatment. Chlorogenic acid, para-coumaric acid, and
rutin increased significantly after baking. Steriliza-
tion caused the highest reduction in ferulic acid in the
extract. The substituted groups on the ring structure
play a special role in the decarboxylation of benzoic
acid derivatives. Figure 5 reveals the structure of phe-
nolic compounds tested in this study. Khuwijitaru et al.
[21] indicated that gallic acid with three hydroxyl groups
on its ring decomposed faster than others in subcritical
conditions.

In fact, all compounds were degraded as subjected to
a thermal treatment; the degraded rate is different for
each compound depending on temperature and time.
Higher temperature and longer heating time caused a
greater decomposition. Decomposition might convert
more complex phenolic compounds compared to the
basic ones such as gallic acid. Cheng et al. [36] stated
that the presence of carboxyl groups in the ring struc-
ture facilitates thermal decarboxylation and lack of car-
boxyl groups and results in a higher thermal stability. The
degraded products of phenolic compounds may contain
the phenol structure.

The TFC of extracts declined after all thermal treat-
ments, and it was found significant only in the cooked
extract (P<0.05). The highest and lowest reduction
of TFC were observed in cooked and baked extract
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equivalent to 20.6% and 2.2%, respectively. Some com-
pounds such as carotenoids, flavonoids, and lycopene
were found to have a great stability through the intense
or prolonged heat treatments. In this study, quercetin as
one of the flavonoids compounds decreased after all heat
treatments.

By comparing the means, it was revealed that baking
treatment significantly affected RSCpyppy; (P<0.05) so that
it caused 12.2% reduction in RSCpppyy (Fig. 4b). Despite
the decrease in TFC and TPC after heat treatment,
RSCpppy exhibited little changes.

A420 of extracts as a browning index is shown in
Fig. 4c. The extract with the highest amount of RSCpppy
and TPC also showed the highest values on A420; i.e.,
Millard reaction occurred more and resulted in a darker
color. Prolonged or intense heat treatments may result
in the formation of Maillard reaction products which
generally exhibit strong antioxidant properties [39] and
in some cases pro-oxidant activity prior to the Ama-
dori rearrangement. It seems that these reactions par-
tially occurred during SCW extraction due to a high
temperature.

Anti-oxidation ability

ANOVA analysis indicated that the PV of samples sig-
nificantly changed during oven test (P<0.05). Figure 6a
shows that the PV of all bulk oil samples decreased
during the second day to the fourth day and after that
increased. The control sample and the sample contain-
ing a-tocopherol trended to sharply increase. The PV of
a sample containing BHT gradually increased until the
eighth day and increased sharply thereafter. The sam-
ple containing extracted phenolic compounds of jujube
exhibited the least PV during the storage in the oven.
Thus, the efficiency of jujube phenolic compounds was
more than that of a-tocopherol and BHT to inhibit or
delay oil oxidation.

The PV of all O/W emulsion samples increased until
the fourth day and then decreased sharply until the sixth
day (Fig. 6b), followed by a gradual increase. The results
were roughly in contrast to the findings for bulk oil. The
emulsion containing extracted phenolic compounds

Table 3 Total phenolic compounds (TPC) and radical scavenging capacity (RSC) of extract obtained by SCW extraction

at optimum conditions

Source Ratio Time (min) Temperature (°C) RSC (%) TPC (mg/g) Desirability
Predicted 529 74.49 170 53.98 975.94 0.944
Experimental 5.29 7449 170 51.81 988.50 -
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Table 4 Individual phenolic compounds (mg/g) of extract obtained in optimized condition of SCW process (control)

and after thermal treatments

Treatment Quercetin Rutin Ferulic acid para-Coumaric acid Chlorogenic acid Gallic acid

Control 0.54+£0.02° 89.2945.18" 24140.18° 0.05£0.00° 394.97 +29.814 82.17 574
LTLT 01740018 8368 +4.924 2094021° 0.0340.00* 3839143015 82.3244.98
HTST 0.274001°¢ 86.03+5.37 1.1240.15¢ 0.0840.00 3954143135 117.1947.26°
Cooking ND 86.23 +3.68" 0.6940.088 0.0840.00 399.18428.45" 1156946728
Baking 0.2440.02° 137.07 48918 0.5940.06° 0.1340.01° 526.30439.29° 1233845348
Sterilization 0.0440.00* 80.86 +4.25" 0.194002" 0.0540.00° 329.69431.28" 207.734827¢

ND not detectable
The similar letters in every column show values are not significant at p <0.05

Data are mean and SD values. The data were rounded up to two decimal places

of jujube exhibited the most PV until the 8th day. The
samples containing BHT showed the least PV during
oven storage. Salcedo and Nazareno [40] used water in
oil microemulsion model to investigate the role of wal-
nut and almond phenolic compounds on lipid oxidation.
According to their results, depending on the dose, the PV
and TBARS values increased in the presence of nuts phe-
nolic compounds.

According to paradox theory, the polar antioxidants
are more effective in bulk oil systems. In this regard, in
bulk oil, the most oxidation occurs at the air—oil inter-
face where the polar antioxidants are located, whereas
the nonpolar antioxidants mix or dissolve in the oil part
[41].



Niazmand et al. Chem. Biol. Technol. Agric. (2021) 8:6 Page 11 of 13
OOH
OH HO =
§ 3 \ HO COOH
HO OHO OH
i OCH,
Chlorogenic Acid Gallic acid OH
Ferulic acid
OH
2\]/0H
HO O\)\)
OH HO
OH O o COOH
HO
OH
el Rutin o p-coumaric acid
Fig. 5 The structure of studied phenolic compounds
Conclusion 25 -
SCW parameters including fruit-to-solvent ratio, tem-
perature, and residence time were investigated in this el
study to extract phenolic compounds from jujube. $ 151 contic
According to the results, the effect of these parame- g 5l B
ters on TPC and RSCpppy could be predicted through z —a— BHT
the second-order polynomial equations. The results 05 —o- SCW
showed that the main parameter affecting the TPC 00
extract was temperature. In addition, the extraction of
phenolic compounds could be achieved in a short resi-
dence time (about 75 min). SCW extraction as a green -
and non-flammable technique can be therefore consid-
. . . 2.0
ered on the industrial scale for the nutraceutical and =
bioactive materials from valuable plants and fruits such & 15 —e— Control
as jujube' E 2o —@— Tocopherol
Submitting SCW jujube extract to the common ther- g e bl
mal treatments decreased the total phenolic content ) S
in more cases. However, it did not significantly influ- = : = = =
ence the rate of change in RSCpppy due to changing Time (day)
the phenolic compounds profile as well as chemical Fig. 6 Peroxide value (PV) of samples containing a-tocopherol, BHT
properties. Baking exhibited the highest effect on TPC and phenolic compounds of jujube fruit by SCW process: a bulk oil
(50.5%), TEC (20.6%), and A420 ijujube SCW extract. and b emulsion model. Data are mean and SD values

Although after 10 days, the antioxidant activity of
jujube SCW extract against the oxidation was desirable
in bulk oil medium (PV: 1.1 meq O,/kg) in comparison
with a-tocopherol (PV: 2.2 meq O,/kg) and BHT (PV:
2.3 meq O,/kg), it was not effective in O/W emulsion.

Accordingly, the phenolic compounds of jujube have
enough thermal stability to be utilized in the food
industry and processing because of its therapeutic and
antioxidant benefits.
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