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Abstract: Coriander (Coriandrum sativum L.) is among the most widely used medicinal and aromatic
plants. It is well known for its multiple health benefits, most of which are correlated with its phenolic
composition. Four phenolic compounds were identified in the extracts of aerial parts of coriander
extracts, including caffeic acid, isoquercitrin, quercetin-3-O-glucuronide, and rutin. Caffeic acid was
the major compound in the extracts. A Box-Behnken Design (BBD) was employed in conjunction
with the response surface methodology (RSM) to develop an ultrasound-assisted extraction method
for the determination of phenolic compounds in the aerial parts of coriander using the level of caffeic
acid as the target response. The following working variables were evaluated: methanol level in the
extraction solvent, temperature, sonication time, and liquid-to-solvent ratio. It was found that the
methanol concentration is the most significant factor that influences the recovery of caffeic acid. The
optimal extraction conditions were: 10 min as the extraction time, 70 °C as the temperature, 50%
for methanol in water as the solvent, and 6.51 mL of solvent per gram of sample. The repeatability
and reproducibility were calculated and RSD values below 6% were obtained in both cases. The
new method was employed for the extraction of real coriander samples and it is suggested that this
method could potentially be applied for quality control analyses.

Keywords: Coriandrum sativum; caffeic acid; ultrasound-assisted extraction; response surface methodology;
phenolic compounds; Box-Behnken

1. Introduction

In the Mediterranean diet, the consumption of spices is common, and there is a high
demand for fresh spices due to their various health benefits. Natural phenolic compounds
found in spices play an important role as antioxidant substances with multiple medicinal
properties [1-3]. They are a widely distributed group of secondary metabolites in the plant
kingdom and are ubiquitous in all plant organs [4].

Hydroxycinnamic acids, including caffeic acid, are non-flavonoids that belong to the
phenolic acid family. They are found in abundance in fruits and vegetables [5]. Caffeic
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acid is widely distributed in plant tissues, and it is mainly present in food sources that are
mostly esterified with quinic acid [6], including coffee drinks, blueberries, apples, and cider.
It has been found with the highest level in coriander.

Coriander (Coriandrum sativum L.) is a medicinal and aromatic plant that belongs to
the Apiaceae family; it has been used since ancient times for cooking, medication, and
flavoring [7-10]. It is indigenous to Mediterranean countries, and it has spread to the rest
of the world [11]. It is an annual herb that is usually used as a condiment or a spice and it
provides two types of herbal material, namely the leaves and fruit. Coriander seeds are
a popular seasoning agent used in liqueurs, tea, meat products, and pickles. Leaves are
a good source of vitamins (vitamin C and vitamin A) and minerals [12,13]. Owing to the
presence of a multitude of bioactive substances, including phenolic compounds, several
pharmacological activities have been ascribed to some parts of this herb [8,14]. It is also
used in the prevention of food spoilage and diseases [15]. According to Middleton et al. [16]
and Barros et al. [17], coriander extracts avoid the formation of atherosclerotic plaque,
increase anti-inflammatory responses, present good antihypertensive and antiarrhythmic
effects, and act as antiviral and anti-carcinogenic agents. These effects are correlated with
the presence of caffeic acid [18]. Therefore, an analytical method for the determination
of phenolic compounds in coriander samples, and specifically the levels of caffeic acid,
would be interesting for the development of additional studies on the biological effects of
coriander included in the human diet.

As with most solid food samples, phenolic compounds must be extracted before a
final analytical determination can be made. In fact, extraction is a critical step in both
the analysis and exploitation of phenolic compounds [19,20]. An inappropriate extraction
technique can produce chemical and enzymatic reactions that produce changes in the
phenolic compounds from the plant samples [19]. Hence, it is important to select the
best extraction method, which should be simple and rapid for analytical and industrial
applications [19,21]. Ultrasound-assisted extraction (UAE) is an easy and simple technique
based on the transmission of ultrasound through liquids. An ultrasound can lead to the
disruption of plant cell walls by the ultrasonic waves, thereby enhancing the mass transfer
and accelerating the release of extractable compounds. Hence, it is one of the most suitable
methods for the extraction of bioactive compounds from plants [22,23].

Several parameters condition the recovery efficiency of an extraction method. First,
these include the chemical nature of the sample, the solvent used, and the working ex-
perimental variables, including agitation, extraction time, sample/solvent ratio, and tem-
perature [3,24,25]. It must be noted, however, that some degradation reactions, including
oxidation and hydrolysis, can appear during the extraction procedures. Therefore, short
extraction times are recommended to avoid reductions in the yield of the extraction due to
degradation reactions. [26]. UAE-based methods for natural products must be carefully
developed and evaluated [27-29].

The optimization of an extraction method allows the performance to be improved
and is also an indispensable means to achieve an accurate analysis and to increase the
extraction recovery of bioactive compounds [30]. The response surface methodology (RSM)
is an effective multivariable statistical tool that can be used to optimize such processes [30].
RSM enables the evaluation of the effects of each factor and the interaction effects between
factors [31,32].

It has been reported that the antioxidant properties are more potent in coriander
extracts obtained from aerial parts rather than seeds [33]. Furthermore, reports on the ex-
traction of caffeic acid from the aerial parts of coriander using UAE have not been published
to date. However, there is a study about the recovery of phenolic acids from coriander
using an alkaline hydrolysis clean-up step with a solid-phase extraction method [34] and
several studies about the recovery of phenolic compounds from coriander seeds, with
most of them using polar solvents, including methanol [35] and ethanol [36], or specific
extraction conditions, including subcritical water extraction [37] and supercritical CO,
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extraction [38]. UAE has been applied on the raffinate after the supercritical fluid extraction
(SFE) of coriander seeds to obtain some phenolics not recovered in the SFE [39].

The work described here aimed to identify the phenolic compounds of coriander
aerial parts, and then to develop and validate a new UAE method that can provide a full
recovery of the main phenolics, specifically the caffeic acid, from coriander samples. The
Box-Behnken design (BBD) and RSM were employed to optimize and study the interaction
effects of the independent variables.

2. Materials and Methods
2.1. Chemicals and Reagents

HPLC-grade methanol, acetonitrile, and acetic acid were purchased from Merck
(Darmstadt, Germany). Caffeic acid, isoquercitrin, quercetin-3-O-glucuronide, and rutin
were obtained from Sigma-Aldrich (St. Louis, MO, USA). Water was purified with a
Milli-Q purification system (Millipore, Billerica, MA, USA). Calibration curves (8 points)
were prepared for the phenolic compounds. The standards were dissolved in methanol at
1000 mg L~! and then diluted with MilliQ water to reach values between 1 and 200 mg L.
The square coefficients of regression ranged from 0.997 for rutin to 0.999 for caffeic acid.
LOD ranged from 0.10 to 0.17 mg L~ for caffeic acid and rutin, respectively. The LOQ was
0.30 and 0.53 mg L~! for the same compounds.

2.2. Coriander Sample Preparation

The samples were fresh vegetative parts of coriander obtained from a supermarket
in Spain. Fresh coriander material was ground using a kitchen mixer and the resulting
material was homogenized and stored in a closed bottle in the fridge prior to use. The
developed extraction method was applied to four different Spanish coriander samples.

2.3. Extraction of Phenolic Compounds

The extraction was performed using an ultrasound apparatus (UP200S ultrasonic sys-
tem, Hielscher Ultrasonics GmbH, Teltow, Germany) composed of an ultrasound generator
and a water bath coupled to a temperature controller.

The sample was prepared by mixing 10 mL of solvent with the required amount of
coriander in an extraction tube according to the experimental design. The mixture was
subjected to sonication for 10 min at different temperatures. The different independent vari-
ables and their ranges were as follows: liquid-to-solid ratio (10:2-10:1 mL g~!), methanol
concentration (100-50%), and temperature (70-10 °C). At the end of the extraction, the
mixture was centrifuged at 6000 rpm for 5 min and the supernatant was removed and
adjusted to 25 mL with the appropriate solvent. The extract was stored at 4 °C and filtered
through a nylon filter (0.22 um) prior to injection into a UPLC-PDA system.

2.4. Ultra-High Performance Liquid Chromatography (UPLC) Analysis

The identification and quantification of phenolic compounds were carried out using
an ACQUITY UPLC H-Class system with a UV-Visible detector and controlled by Empower
TM 3 Chromatography Data Software. The injection volume was 3 pL. The separation was
performed on a reverse-phase C 18 column (Acquity UPLC® BEH, 2.1 x 100 mm, 1.7 um,
Waters Corporation, Wexford, Ireland). The solvent gradient was as follows (time, B %):
0-1 min, 0%; 3 min, 5%, 3—4.5 min, 5-10%; 4.5-7 min, 10-20%; 7-10 min, 20-30%; 10-15 min,
30-100%; and 15-20 min, 100-0%. All the analyses were performed at a temperature of
47 °C and the wavelength used for the quantification was 320 nm.

2.5. Experimental Design

To evaluate the extraction parameters and optimize the conditions for coriander ex-
traction using UAE, the response surface methodology was used in conjunction with a
Box-Behnken Design (BBD). The methanol concentration (% in water) (X1), extraction tem-
perature (°C) (X2), and liquid-to-solid (LS) ratio (mL g’l) (X3) were the three independent
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variables tested in 15 combinations. The independent variables were coded at three levels:
—1, 0, and +1 for low, intermediate, and high values, respectively. Table 1 shows the coded
values for the experimental factors, as well as the specific levels for the BBD.

Table 1. Independent variables and their coded levels.

Coded Levels
Independent Variables Units Symbols | o "
Methanol in water (%) X1 50 75 100
Temperature e X2 10 40 70
Liquid-to-solid ratio (mL-g~1) X3 5.0 75 10.0

The response variables were fitted to the following polynomial model equation:

k k k-1 k
y = Bo+ Z Bixi + Z Biixiz + Z Z Binin +&
=1 i=1 i=1j=2

which allowed the relationship between the response and independent variables to be
described along with the interaction effects between factors. In the above equation, y is
the predicted response; (3¢ is the model constant; B3;, B;;, and B;j are the model coefficients
for the intercept, linear, quadratic, and interaction terms, respectively; x; and Xj are the
independent variables; and ¢ is the error.

2.6. Data Analysis

The experimental data were analyzed using the statistical software Minitab 17 (Minitab
LLC, State College, PA, USA). The significance of the difference between all the terms was
determined by an evaluation of variance (ANOVA). A second-order polynomial regressed
equation was established by a Box-Behnken Design (BBD) analysis of the experimental
data, and the adequacy of the model was verified through the coefficient of determination
R? and the p-value of the F-test.

3. Results
3.1. Identification of Phenolic Compounds from Coriander

The phenolic compounds were identified by a comparison of the UV-Vis spectra
and retention times with available standards. Four phenolic compounds were identified
in the coriander extracts: caffeic acid, isoquercitrin (quercetin-3-O-glucoside), quercetin-
3-O-glucuronide, and rutin (quercetin-3-O-rutinoside). Caffeic acid and quercetin-3-O-
glucuronide represent the main phenolic compounds of coriander aerial parts in the
studied samples.

3.2. Optimization of Extraction Conditions by Experimental Design

The extraction conditions were optimized to obtain the highest recovery of phenolic
compounds. The extraction process was optimized by applying a BBD. The analyzed
variables were the methanol concentration (% in water) (X1), the extraction temperature (°C)
(X2), and the liquid-to-solid ratio (mL- g’l) (X3), as shown in Table 1. Values corresponding
to the area reported for the four phenolic compounds at 320 nm were used as the response.
The BBD used 15 runs, including 3 center points. The results were used to obtain a
mathematical model. The total area ranged from 19821.3 (v xsec) to 36889.7 (uv xsec), as
illustrated in Table 2. The agreement between the experimental area was very high and the
relative error of prediction ranged from —4.3% to 6.9%, with an average error of prediction
(absolute value) of 3.8%.
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Table 2. BBD with 3 variables at 3 levels for the UAE of phenolic compounds and the observed responses.

Run X1 Xo X3 Experimental Predicted Relative
Order Methanol Temperature LS Ratio Area Area Error of
(%) “©Q) (mL-g—1) (uv X s) (uv X s) Prediction (%)
1 50 40 10 33,370.5 31,955.8 —4.3
2 50 70 7.5 36,889.7 37,165.9 0.7
3 100 40 5 19,821.3 21,235.9 6.9
4 100 40 10 29,546.6 28,421.9 -39
5 75 10 5 33,530.6 32,392.2 —3.5
6 75 10 10 34,979.8 36,380.8 3.9
7 50 40 5 32,833.2 33,957.9 3.4
8 75 70 10 33,958.5 35,096.9 3.3
9 75 40 7.5 34,846.4 34,165.4 —2.0
10 75 70 5 35,302.5 33,901.6 —4.0
11 100 70 7.5 27,464.7 27,451.0 0.0
12 75 40 7.5 35,045.7 34,165.4 —-25
13 75 40 7.5 32,604.2 34,165.4 47
14 50 10 7.5 35,452.5 35,466.2 0.0
15 100 10 7.5 29,2014 28,925.2 -1.0
Average of absolute relative errors (%) 3.8

y =12,880.3 + 500.1 X; —

3.3. Effect of Experimental Parameters on the Recovery of Phenolic Compounds

The results were used to obtain the surface response by fitting the data to a polynomial
model and to evaluate the effects of each factor and the interaction effects among factors.
The final objective was to optimize the response y, and therefore, the best estimation for
the correlation between independent factors and the response surface must be found. The
regression coefficients were obtained by the least-squares regression method. The resulting
mathematical model obtained using partial least-squares regression gave the following
regression equation:

11.2 Xz + 1833.5 X3 —6.0 XlZ +2.0 X22 — 2473 X32 — 1.06 X1X2 + 36.8 X1X3 —-93 X2X3

ANOVA was used to determine the significance of each effect. The mean squares
against an estimate of the experimental error were compared. Table 3 shows the absolute
values of the estimated effects divided by their standard. Variables or combinations of
variables had a significant effect on the response if p < 0.05. The results obtained in fitting
the second-order polynomial model to the data are shown in Table 3. The resulting value
for the square coefficient of regression (R?) was 0.9359.

Table 3. The p-values of the estimated effects for the extraction variables in the regression model and
for lack of fit.

Variable Xl X2 X3 X1 2 X22 X32 Xl XZ Xl X3 X2X3 (I-‘fa;ll(t
p-value 0.002 0.934 0.103 0.011 0.116 0.168 0.427 0.054 0.481 0.308

The results shown in Table 3 indicate that only the concentration of methanol and its
quadratic term had a significant effect on the area of the caffeic acid (p < 0.05). The p-values
of the other single factors, quadratic terms, and interactions were higher than 0.05, which
indicates that they were not significant regarding the response.

It was observed that the methanol concentration was the most critical factor that
influenced the UAE performance. It can clearly be seen from Figure 1 (main effects plot)
and Figure 2 (response surface contour plot) that the highest recovery was obtained in the
region where the methanol concentration ranged from 50 to 70%. A methanol concentration
above 70% led to a decrease in the recovery of phenolic compounds.
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Figure 1. Main effect plots for the effect of extraction variables on the recovery of the phenolic compounds.
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Figure 2. Contour plot of phenolic compound recovery for solvent and ratio extraction variables.

3.4. Optimization of the Response and Verification of the Model

The resulting mathematical model provided the best extraction conditions to reach
the highest recovery of phenolic compounds from coriander samples. The values for the
extraction variables were 1.5 g of the coriander sample in 10 mL of solvent (ratio = 6.67),
using 55% of methanol in water and a temperature of 70 °C. The contour plot for the solvent
and ratio variables is included in Figure 2.

3.5. Extraction Kinetics

The extraction method should provide a full recovery of phenolic compounds from
the coriander samples, and therefore, the extraction time that provides a sufficient recovery
should be established. The recoveries from the same sample under the best extraction
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conditions at different extraction times (from 5 to 30 min) were studied. The results of these
extractions are represented in Figure 3.

40000

w
wn
o
8

30000

25000
20000
15000
10000
500
0
5 10 15 20 25 30

Extraction time (min)

Total area for phenolic compounds

o

Figure 3. Recovery for the phenolic compounds under the optimized extraction conditions using
different extraction times.

3.6. Repeatability and Intermediate Precision of the Method

The repeatability and intermediate precision were used to determine the precision
of the method. They were evaluated under the best extraction conditions, which were a
methanol concentration of 55%, a temperature of 70 °C, a time of 10 min, and 1.5 g of the
coriander sample in 10 mL of solvent. The repeatability was determined by carrying out
nine extractions under the optimal conditions on the same day. The intermediate precision
was calculated by carrying out extractions on three different days (four extractions per
day). The relative standard deviation (RSD) values for the developed method were 2.4%
for repeatability and 5.4% for intermediate precision. The RSD values were below the
acceptable limits (£10%).

3.7. Application of the Developed Method to Real Samples

The applicability of the developed method was assessed by applying it to some
coriander samples. Three different fresh coriander samples available in Spanish markets
were extracted in triplicate under the best working conditions. All of them were produced
in the same area in South Spain. The results are shown in Table 4.

Table 4. Levels for phenolic compounds (mg kg~!) in fresh coriander.

C A i Q-3-0- .
Caffeic Acid Isoquercitrin Glucuronide Rutin
Sample 1 3927 + 208 276.2 = 6.6 3077 £ 73 406 £ 13
Sample 2 2879 + 138 183.3 £ 5.7 2134 4+ 13 335+ 13
Sample 3 4261 £ 136 89.7£1.3 3782 + 39 340 £ 17

4. Discussion

Caffeic acid, isoquercitrin, quercetin-3-O-glucuronide, and rutin were the phenolic
compounds identified in the studied samples, with a predominance of caffeic and quercetin-
3-O-glucuronide. According to Melo et al. [40], caffeic acid and flavonoids have been found
in several coriander samples. A similar composition has been previously described for the
vegetative parts of coriander by Hadjmohammadi et al. [41]. Specifically, several flavonoids,
including quercetin derivatives, have been described in extracts from coriander [17]; in
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addition, quercetin derivatives have been studied from coriander samples under different
preharvest treatments by EL-Zaeddi et al. [42].

The experimental design for the optimization of the extraction conditions provided a
model that was reported as non-significant in the lack-of-fit test (p-value = 0.308). Moreover,
the quadratic coefficient of regression (R?) showed a value close to one (0.9359); this implies
a good correlation between the observed and predicted values and suggests that the model
fit the experimental values for the responses. The predicted and real values for the total
area of phenolic compounds are shown in Table 3. The standard error of the predicted
values showed that that average of the residuals was 3.8% and the standard deviation of
the residuals was 3.59. Therefore, the model is useful for estimating the response for the
purposes of optimization.

4.1. Effect of Experimental Parameters on the Recovery of the Phenolic Compounds

The use of an adequate solvent system was the crucial step in obtaining a high recovery
of phenolic compounds from ultrasound-assisted extraction, and this effect has been
previously described [43]. Methanol has been used with very good results for the extraction
of phenolic compounds [43-46].

It can clearly be seen from Figure 1 that the highest recovery was obtained in the
region where the methanol concentration ranged from 50 to 70%. A methanol level above
70% led to a decrease in the recovery. This result indicates that a solvent/water mixture is
more efficient than a mono-solvent system in the extraction of phenolic compounds, as has
been previously reported [47].

Water added to an organic solvent usually promotes the swelling of plant material,
therefore facilitating the penetration of the solvent into the solid matrix and improving
the recovery of the phenolic compounds [48]. In addition, three of the studied phenolic
compounds were glycosides, which have a higher solubility in water than in methanol [49].
Therefore, adding water to the solvent system is convenient, but the final level of water in
the solvent has to be controlled to minimize the co-extraction of non-phenolic compounds.

The extraction temperature was another important extraction variable [32]; however,
in the results shown in Table 1, it was found to be non-significant regarding the total
area of phenolic compounds in Table 3, suggesting that the temperature had a negligible
effect on the recovery of caffeic acid, with a p-value of 0.934. Similar findings have been
reported in previous studies on the extraction of phenolic compounds from apples [49].
However, other studies carried out on other plant material have highlighted the remarkable
effect of temperature during ultrasound-assisted extraction [31,48]. This difference could
be due to the complexity of the plant material studied and to the phenolic compound
considered [31,50,51].

The influence of the liquid solvent-to-solid sample ratio was studied by carrying out
the extraction of different quantities of coriander samples in the same volume of solvent
(10 mL). It can be seen from the results in Table 1 that the liquid-to-solid ratio did not
significantly influence the recovery of the phenolic compounds.

4.2. Optimization of the Response and Verification of the Model

Under optimal extraction conditions, the developed model predicted an area of 37,790
(uvxsec). In order to verify the reliability of the model, new coriander samples were
extracted in triplicate using the conditions identified for the highest recovery. An average
of 37,599.7 £ 2376.61 (uv xsec) was obtained. It must be noted that this finding is in full
agreement with the predicted value. Therefore, the mathematical model is capable of
correctly predicting values under the best extraction conditions.

4.3. Extraction Kinetic

A higher recovery was obtained when the extractions were carried out using times
between 5 and 10 min. The best recovery was obtained at 10 min, and this was marginally
higher than the recovery at 5 min (difference was non-significant, <5%). The mass transfer
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of phenolic compounds from a solid matrix to a solvent is related to the extraction time,
because the mass transfer increases as time increases until a maximum is achieved. A
further increase in the extraction time led to a decrease in the recovery, and this may have
been due to the thermal degradation of phenolic compounds, or it may have been due to
the extraction temperature and the effect of oxygen dissolved in the solvent during the
application of ultrasounds. This kind of effect has been reported in previous work with
phenolic compounds [6,48]. Consequently, the best extraction time was fixed at 10 min.

4.4. Repeatability and Intermediate Precision of the Method

The values of the relative standard deviation for the repeatability and for the inter-
mediate precision were 2.41% and 5.39%, respectively. The RSD values were below the
acceptable limits (£10%, according to the AOAC International Manual [52]), and they
were similar to previously reported extraction methods for solid samples using ultrasound-
assisted extraction [28]. It must be noted that these values cover the error both during the
extraction step and during the chromatographic analysis, with the latter one usually found
to be around 0.5-1% [53].

4.5. Application of the Developed Method to Real Samples

Caffeic acid and quercetin-3-O-glucuronide were the dominant phenolic compounds
in all samples (Table 4). Small differences were found for the three coriander samples. After
the extraction, the solid material was extracted again using the same procedure. The levels
were below 5% of the levels in the first extract; therefore, it can be concluded that the first
extraction produced a quantitative recovery of the major phenolic compounds in the aerial
parts of coriander.

5. Conclusions

To summarize, four phenolic compounds were identified in the coriander samples:
caffeic acid, isoquercitrin, quercetin-3-O-glucuronide, and rutin. The effect of the extraction
conditions on the recovery of these compounds in coriander samples was studied using the
response surface methodology. The results show that the methanol concentration was the
pivotal factor that affected the recovery. The optimal extraction conditions were found to be:
10 min for the extraction time, 70 °C for the incubation temperature, 50% for the methanol
concentration, and 1.5 g of the coriander sample in 10 mL of solvent. The developed
method was employed for the extraction of real coriander samples, and it is suggested
that this method can potentially be applied in the pharmaceutical and food industries for
quality control analyses due to its high recovery, repeatability, and intermediate precision.
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