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Abstract: Crataegus monogyna (CM) fruits are highly regarded for their rich nutritional content, boast-
ing elevated levels of various beneficial secondary metabolites like total polyphenols, including
anthocyanins, and ample amounts of ascorbic acid and antioxidant activity. Despite the acknowl-
edged benefits of CM fruits, researchers have directed more attention toward its leaves and flowers.
Consequently, the current research attempts to optimize extraction techniques for CM fruit using
a multifaceted approach involving varied durations, temperatures, and concentrations of ethanol
solvent to isolate the diverse range of bioactive components present effectively. High-performance
liquid chromatography coupled with a diode array detector (HPLC-DAD) is employed for the identi-
fication and quantification of polyphenolic compounds. According to the results, by following the
optimum extraction parameters (50% ethanolic solvent, 50 °C extraction temperature, and 60 min
extraction time), the total polyphenol content can be increased up to 410%, reaching 55.59 mg gallic
acid equivalents/g. Using 50% ethanolic solvent, 80 °C extraction temperature, and extraction time
of 90 min, the total anthocyanin content can be enhanced by more than 560%, reaching a quantity
of 51.83 pg cyanidin equivalents/g. Moreover, the antioxidant activity of CM fruit extracts can
reach 415.95 pmol ascorbic acid equivalents (AAE)/g dw (by FRAP method), using 50% ethanolic
solvent, 50 °C extraction temperature, and 60 min extraction time, and 270.26 umol AAE/g dw (by
DPPH method) and 1053.28 mg /100 g dw ascorbic acid content, using 50% ethanolic solvent, 80 °C
extraction temperature, and 90 min extraction time. This comprehensive study seeks to augment
the already substantial content of bioactive compounds found in CM, resulting in an extract with
promising applications across the pharmaceutical, food, and cosmetics industries.

Keywords: Crataegus; polyphenols; anthocyanins; ascorbic acid; antioxidants; HPLC-DAD; response
surface methodology; Box-Behnken design; principal component analysis; partial least squares

1. Introduction

The hawthorn, a species of the Rosaceae family and genus Crataegus, is an important
representative of the plant community [1]. The genus Crataegus is distinguished by the
variety of its species, estimated to range from 150 to 1200 different species [2]. Although
the classification of the genus poses a complex scientific challenge, the identification of the
common hawthorn is primarily made under the name Crataegus monogyna Jacq (CM) [3],
known as Crataegus oxyacantha, from the Greek kratos, meaning hardness; oxcus, meaning
sharp; and akantha, meaning a thorn [4]. The CM is widely distributed in many regions,
including Asia, Africa, and Europe [2]. Morphologically, CM typically appears as a semi-
evergreen shrub or small tree with thorns, reaching heights of 5-15 m [5]. Its flowers have
5 to 25 stamens, five sepals, and five white or pink petals [3]. The leaves are alternate, simple,
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lobed, with serrated or straight edges [3]. Finally, its fruit, known as h’aw’, resembles a
berry and contains a pome with multiple seeds, similar to plums, and can be found in
various colors, such as yellow, red, or black-purple [6,7].

The hawthorn fruits are widely recognized as they are consumed in a multitude
of ways. For instance, in Tunisia, CM fruit is used for the preparation of traditional
syrup—azarole syrup [8]—while in both China and Europe, it is consumed and processed
into commercial products like wine, jam, and candy [9]. CM fruits are considered partic-
ularly beneficial due to their high levels of valuable secondary metabolites, such as total
polyphenols, such as epicatechin, chlorogenic acid, and quercetin [10-12]. Moreover, they
are rich in ascorbic acid (vitamin C) and possess a potent antioxidant capacity [13,14]. In ad-
dition to secondary metabolites, the fruits of CM possess several pharmacological activities
and properties. Specifically, among their properties, they include hypolipidemic [15,16],
anti-inflammatory [17], antimicrobial [17], and cardioprotective effects [18,19], as well as
effects against anxiety and depression [20]. While the fruits are extremely beneficial, greater
emphasis in the scientific community has been given to the extracts of the flowers and
leaves, which are also distinguished for their numerous therapeutic properties [21-24]. As
such, myocardial mitochondrial action (leaf and flower extracts) [21], mitochondrial antiox-
idant action (leaf and flower extracts) [21], protection against class II and III heart failure
(leaf and flower extracts) [22], hepatoprotective action (leaf extracts) [23], and antidiabetic
action (leaf extracts) [24].

Regarding CM fruits, various studies have been conducted on their content of total
polyphenols [8,25,26] without providing the optimal extraction conditions to obtain maxi-
mum values of these bioactive compounds. In a study using ultrasound for 10 min with an
acetone—water mixture (30% water and 70% acetone) at a solvent-to-sample ratio of 10:1,
the total polyphenol content (TPC) isolated was 227.56 + 29.27 mg of gallic acid equivalent
(GAE) per 100 g of fresh weight [8]. In another study, a conventional extraction method,
stirring, and two different solvents (water and ethanol) were used. The extract consisted
of 25 g powder of dried CM fruit and 100 mL solvent (water or ethanol). According to
the results, the TPC was determined and was composed of 70.58 mg quercetin/g of dried
weight (dw) of aqueous extract and 71.69 mg quercetin/g of dw of ethanolic extract [25].
Last but not least, one more experimental survey was conducted, examining aqueous
and ethanolic solvents for CM fruit extraction. For aqueous extraction, a ratio of 20.00 g
fruit with 100 mL of highly filtered water at 80 °C for 20 min in a water bath shaker was
applied. Ethanol extraction was carried out by percolation following the same ratio with
70% ethanol. The CM fruit ethanolic extract contained 182 £ 4 mg/100 mL of TPC, while
the aqueous extract had a three times lower amount [26], indicating that ethanol is probably
a suitable solvent for the extraction of CM fruit.

Given all the above-mentioned data, it is obvious that CM is a rich source of antioxidant
compounds and a beneficial plant that can be utilized in the food, pharmaceutical, and
cosmetic fields. Although there are various ways of extraction for the preparation of CM
extracts, there is a need to propose an optimized extraction procedure, so as to obtain the
maximum yield of bioactive compounds. Since ethanol can enhance the efficiency and
yield of bioactive compounds in an extraction, and according to the aforementioned data,
it appears to significantly promote the enhancement of TPC in the CM fruit. The choice
of solvent affects not only the extraction yield but also the overall sustainability of the
process, making ethanol a favorable option for both its extraction efficiency and lower
environmental impact. The present work aimed to test a multifactorial extraction system
with different temperatures, times, and percentages of ethanolic solvent in order to find the
most suitable extraction parameters for CMs in order to prepare the optimum extract.

2. Materials and Methods
2.1. Chemicals and Reagents

Information regarding chemicals and reagents is given in Supplementary Materials.
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2.2. Fruit Collection and Preparation

The CM fruits were collected in late September and early October 2023 from a field
in the Pelion area, near Volos, Thessaly, in central Greece (39°22'39.2" N 22°59'31.9" E,
altitude 374 m, according to Google Earth coordinates), where they were in full ripeness
and had a distinctive red color [27]. The fruit was harvested by hand with care. Afterward,
they were washed with tap water, rinsed with deionized water, and cut into small pieces
with a stainless-steel knife before being subjected to lyophilization in a Biobase BK-FD10P
lyophilizer (Jinan, China) for 24 h at 7 Pa and a temperature of —54 °C. After lyophilization,
the fruits were ground to a fine powder and sieved using Analysette 3 PRO (Fritsch GmbH,
Oberstein, Germany). Powder particles with an average diameter between 200 and 400 um
were obtained, stored in a deep freezer (—40 °C), and used for further experiments.

2.3. Extraction Procedure

In Table 1, the multifactorial system used for the extraction of CM fruits is pre-
sented, including various concentrations of ethanol (Cgiopy, %, v/v), different temperatures
(T, °C), and durations (¢, min). Extraction was carried out by conventional stirring (ST) at
500 rpm using a magnetic stirrer (Heidolph Instruments GmbH & Co. KG, Schwabach,
Germany), and a solvent-to-solute ratio of 20:1 was used [28]. Specifically, all extractions
were performed in a 25 mL glass flask containing 0.5 g of dried CM fruit powder and
10 mL of solvent. Once the extraction process was completed, the sample underwent
centrifugation at 3600x ¢ for 10 min using a centrifuge from Remi Elektrotechnik Ltd.
(Palghar, India). Following this, the supernatant was collected and preserved at —40 °C
until it was used for further examination.

Table 1. The actual and coded levels of the independent variables were used to optimize the process.

Coded Levels
Independent Variables Coded Units 1 0 1
C (%, v/v) X 0 50 100
T (°C) X5 20 50 80
t (min) X3 30 60 90

2.4. Response Surface Methodology (RSM) Optimization of Extraction and Experiment Design

In Supplementary Materials, detailed information on the application of Box-Behnken
design and Response Surface Methodology (RSM) to improve the efficiency of the extraction
is given.

2.5. Analyses of Extracts
2.5.1. Determination of Total Polyphenol Content (TPC)

The total polyphenol content (TPC) of the extracts was determined using the Folin—
Ciocalteu assay, following a previously documented protocol [29]. In brief, 100 uL of the
CM fruit extracts were mixed with an equal volume of the Folin—Ciocalteu reagent in an
Eppendorf tube. After 2 min, 800 puL of NayCOj3 solution (5% w/v) was added, and the
solutions were then heated at 40 °C for 20 min. Subsequently, the absorbance at 740 nm
was measured using a Shimadzu spectrophotometer (UV-1700, Shimadzu Europa GmbH,
Duisburg, Germany). To quantify the TPC, a calibration curve was constructed using gallic
acid as a standard compound. The concentration of total polyphenols (Ctp) was expressed
as mg gallic acid equivalents (GAE) per L. The TPC was further expressed as mg GAE per
gram of dry weight (dw), utilizing Equation (1):

TPC (mg GAE/g dw) :CTPTXV (1)

where V is the volume of the extraction medium (in L), and w is the dry weight of the CM
fruit (in g).
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2.5.2. Determination of Total Anthocyanin Content (TAC)

The determination of TAC followed a previously reported method [30]. A total of
67 pL of the extract was mixed with 933 uL of hydrochloric acid solution (0.25 M in ethanol)
in a 1.5 mL Eppendorf tube and vortexed. The absorbance at 520 nm was measured
using an ethanolic HCI solution as a blank after exactly 10 min. The concentration of
total anthocyanins (Cta) was calculated as cyanidin-3-O-glucoside equivalents (CyE), as
indicated in Equation (2):

AXMZVXFDX103 o)

CTA (mg CyE/L) =
where A is the absorbance at 520 nm, MW is the cyanidin-3-O-glucoside molecular weight
(449.2), Fp is the dilution factor, and ¢ = 26,900.

As a consequence, the TAC was determined as follows in Equation (3):

TAC (mg CyE/g dw) :CTATXV

®)

where V is the volume of the extraction medium (in L), and w is the dry weight of the
sample (in g).

2.5.3. Ascorbic Acid Content (AAC)

The AAC was assessed through an adapted colorimetric assay [31]. An aliquot of
100 pL of the sample was mixed with 900 puL of trichloroacetic acid (10% w/v), and to
the resulting solution, 500 pL of 10% (v/v) Folin—Ciocalteu reagent was added. After 10
min, the absorbance was measured at 760 nm. A standard curve was constructed using
ascorbic acid.

2.5.4. Ferric Reducing Antioxidant Power (FRAP) Assay

A previously outlined protocol was utilized [32]. Specifically, 50 pL of ferric (III)
chloride solution (4 mM in 0.05 M HCI) was thoroughly mixed with 50 pL of the diluted
CM fruit extract and subsequently placed in a water bath at 37 °C for 30 min. Following
this, 900 uL of TPTZ solution (1 mM in 0.05 M HCl) was introduced, and the absorbance at
620 nm was measured precisely after 5 min. The Reducing Power (Pr) was quantified as
umol of ascorbic acid equivalents (AAE) per g of dw, employing an ascorbic acid calibration
curve (Caa, 50-500 pmol/L in 0.05 M HCl) according to Equation (4):

P (umol AAE/g dw) :CAAiwa

4)

where V is the volume of the extraction medium (in L), and w is the dry weight of the
sample (in g).

2.5.5. Radical Scavenging Activity (Aagr, DPPH Assay)

A modified version of the assay for DPPH scavenging was adhered, as previously
described [31]. Specifically, 25 uL of the diluted CM fruit extract was blended with 975 uL
of DPPH solution (100 umol/L in methanol), and the absorbance at 515 nm was promptly
measured upon vortexing (As;sg;)) and precisely after 30 min (As;5(;). To compute the
percentage of inhibition, Equation (5) was utilized:

Agisi) — A
Inhibition (%) = 515(;)1 S50 5 100 ®)
515(i)
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For the evaluation of antiradical activity (AaRr), expressed as umol AAE per g of dw,
an ascorbic acid calibration curve (Ca ) in Equation (6) was used:

AaR (umol AAE/g dw) (6)

_CAA xV
w
where V is the volume of the extraction medium (in L), and w is the dry weight of the
sample (in g).

2.6. HPLC-Based Analysis of the Polyphenolic Compounds

The analysis was performed using a Shimadzu CBM-20A liquid chromatograph and
a Shimadzu SPD-M20A diode array detector, both supplied by Shimadzu Europa GmbH
in Duisburg, Germany. Compounds were separated on a Phenomenex Luna C18 (2)
column from Phenomenex Inc. in Torrance, CA, USA, maintained at 40 °C (100 A, 5 um,
4.6 x 250 mm). The mobile phase consisted of 0.5% aqueous formic acid (A) and a mixture
of 0.5% formic acid in acetonitrile/water (6:4) (B). The gradient program employed was
as follows: starting at 0% B and increasing to 40% B, followed by a transition to 50% B
over 10 min, further increasing to 70% B in the subsequent 10 min, and then maintaining
this level for 10 min. The flow rate of the mobile phase was set at 1 mL/min. Compound
identification was achieved through retention time and absorbance spectrum comparisons
against those of pure chemical standards. Quantification was carried out using calibration
curves ranging from 0 to 50 ug/mL.

2.7. Statistical Analysis

The analyses were conducted in triplicate, and the standard deviation was computed.
The results were presented as the mean values of the triplicate analyses + standard devi-
ation. The statistical significance of differences in mean values was determined using a
one-way analysis of variance (ANOVA) test, where p < 0.05 was considered statistically
significant. JMP® Pro 16 software (SAS, Cary, NC, USA) was utilized for the associated
statistical analyses.

3. Results and Discussion
3.1. Extraction Optimization

In order to evaluate the effect of each extraction factor and find the optimal extraction
performance, the RSM approach was utilized. The impact of each extract was assessed
through its results on each examined assay. The results are presented in detail in Table 2.
The most promising extraction parameters are design points 1 and 13, while point 14 seems
to be the less favorable one. According to the results, the most suitable solvent was a
mixture of ethanol-water (50% ethanol and 50% water), whereas pure water appears to
be the less suitable. Additionally, a low temperature of 20 °C does not seem to favor the
isolation of bioactive compounds compared to higher temperatures (50 °C and 80 °C).

The solvent is one of the key factors that can influence the outcome of an extrac-
tion [33]. Bioactive compounds such as polyphenols, characterized by moderate polarity,
cannot be efficiently extracted with water due to their highly polar nature [34]. On the
contrary, the use of ethanol, in combination with water, promotes the extraction of bioactive
compounds since the solvent mixture can match the polarity of the target compounds
closer [35]. Temperature is another important factor that must be taken into account when
developing extraction processes since it can have a significant impact on the extraction
yield, especially for polyphenols [36]. In fact, for traditional extractions carried out by
stirring, the highest TPC is usually achieved in the temperature range of 60-80 °C [37].
These data are fully compatible with the results of the present research concerning the
optimal extraction conditions.
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Table 2. Experimental findings for the three independent variables under investigation and the
dependent variable’s responses.

Independent Variables Responses
Design Point
X1 (C, %) X, (T,°C) X3 (t, min) TPC! TAC 2 FRAP3 DPPH * AACS

1 0 (50) 0 (50) 0 (60) 55.59 49.00 415.95 235.59 854.73
2 0 (50) 0 (50) 0 (60) 55.26 46.79 383.68 254.80 859.77
3 0 (50) —1(20) —1(30) 48.53 4591 389.45 264.50 735.72
4 ~1(0) 0 (50) ~1(30) 24.82 37.30 90.56 78.79 378.74
5 1 (100) —1(20) 0 (60) 18.40 24.17 168.75 76.24 493 46
6 1 (100) 0 (50) —1(30) 24.12 30.74 193.90 77.29 590.51
7 0 (50) 1 (80) ~1(30) 47.43 46.08 337.08 241.53 94235
8 0 (50) 0 (50) 0 (60) 54.36 49.07 401.13 259.24 932.88
9 ~1(0) 0 (50) 1 (90) 15.42 7.82 88.29 66.05 621.91
10 1 (100) 1 (80) 0 (60) 30.06 45.66 240.28 126.43 665.90
11 0 (50) ~1(20) 1 (90) 40.09 45.65 275.60 218.60 754.22
12 1 (100) 0 (50) 1(90) 21.55 38.85 152.64 106.43 702.59
13 0 (50) 1(80) 1(90) 49.83 51.83 389.63 270.26 1053.28
14 ~1(0) —1(20) 0 (60) 1091 26.62 49.24 47.82 213.69
15 —1(0) 1 (80) 0 (60) 38.15 15.69 196.79 168.90 840.64

1 Total polyphenol content (TPC) in mg GAE/g dw. 2 Total anthocyanin content (TAC) in pg CyE/g dw. 3 Ferric

reducing antioxidant power (FRAP) in umol AAE/g dw. 4 2,2-Diphenyl-1-picrylhydrazyl (DPPH) in umol AAE/g

dw. 5 Ascorbic acid content (AAC) in mg/100 g dw.

In Table 3, the statistical parameters, second-order polynomial equations (models),
and coefficients (R? > 0.89, with 1 being the maximum R?) obtained for each model are
presented, suggesting a good fit for the developed models. Plots of the actual response
versus the predicted response for each examined parameter, as well as the desirability
functions, are given in Figures S1-S5. Three-dimensional response plots for TPC are given
in Figure 1, while three-dimensional response plots for the rest of the responses are in
Figures 56-59.

Table 3. Mathematical models created using RSM were used to optimize the extraction of CM fruits.
The models contained only significant terms.
R Second-Order Polynomial Equations (Model R® R? Val E
esponses econd-Order Polynomial Equations (Models) Predicted  Adjusted p-Value q.
Y = —3.74+ 1.19X; + 046X + 0.48X3 — 0.01X;2 — 0.003X,2 —
TPC 0.9641 0.8996 0.0041 7
0.006X3% — 0.003X1 X5 + 0.001X; X3 + 0.003X, X3 @
Y =57.35 + 0.26X; — 0.21X, — 0.44X3 — 0.008X;% — 0.001X,2 —
TAC 1 2 3 1 2 0.9618 0.8930 0.0048 8
0.001X32 + 0.005X; X, + 0.006X; X3 + 0.002X, X3 ®
Y =—95+10.91X; +0.14X; + 3.23X3 — 0.09X;2 — 0.01X,% —
FRAP 1 2 £ 1 2 0.9840 0.9553 0.0006 9
0.05X32 — 0.01X; X, — 0.007X; X3 + 0.05X, X5 ©)
Y =85.31 + 6.47X; — 1.02X, + 0.2X5 — 0.06X72 + 0.01X,2 — 0.01X32
DPPH 2 0.01X1 Xs + 0.01X, X3 + 0.02X, X3 0.9675 0.9090 0.0033 (10)
- _ _ 2 _ 2
AAC Y = —76.96 + 18.63X; + 9.41X, + 1.23X5 — 0.13X;2 — 0.02X,2 + 0.9643 0.9002 00041 (11)

0.005X32 — 0.08X7 X5 — 0.02X7 X3 + 0.03X, X3
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Figure 1. The optimal extraction of Crataegus fruit extracts is shown in 3D graphs that show the
impact of the process variables considered in the response (total polyphenol content—TPC, mg
GAE/g). Plot (A), covariation of X; (ethanol concentration; C, % v/v) and X, (extraction temperature;
T, °C); plot (B), covariation of X; and X3 (extraction time; ¢, min); plot (C), covariation of X; and X3.

3.2. Impact of Extraction Parameters to Assays through Pareto Plot Analysis

In line with the Pareto plot, Figure 2 illustrates how each extraction factor impacts
the effectiveness of isolating the respective bioactive components, either positively or
negatively. It is noteworthy that a negative association was observed with concentration of
ethanol across all assays, as well as with antioxidant capacity. This strengthens the notion
that neither water nor ethanol as solvents can extract the maximum amount of bioactive
compounds, aligning with the findings of Table 2, where the highest levels of bioactivity
are achieved with 50% ethanol solvent extraction. Meanwhile, a positive correlation with
the extraction temperature is evident in all examined bioactive compounds and antioxidant
capacity. This is in accordance with the results presented in Table 2, where high temperature
promoted the isolation of high levels of TPC, TAC, and AAC and antioxidant activity from
the CM fruits.
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Figure 2. Pareto plots of transformed estimates for TPC (A), TAC (B), FRAP (C), DPPH (D), and
AAC (E) assays. A gold reference line is drawn on the plot to indicate the significance level (p < 0.05).
Positive values are shown by blue bars, and negative values are shown by red bars.

3.3. Analysis of the Extracts
3.3.1. TPC and TAC of the Extracts

The selected extraction parameters significantly influenced the TPC and TAC observed
in the CM fruit extracts, as detailed in Table 2. TPC varied from 10.91 mg gallic acid
equivalents (GAE)/g dw to 55.59 mg GAE/g dw, indicating an increase up to 409.53%. The
highest yields of TPC were obtained using a 45% ethanol solvent along with an extraction
duration of 60 min and a temperature of 80 °C, as outlined in Table 4. When compared with
a previous study utilizing a single, green extraction method (ultrasound) for 30 min at 25 °C
with a methanol/water (80:20) solvent mixture and a ratio of 1 g dried CM fruit to 25 mL
solvent, it revealed significant differences. In the former case, a value of 35.85 & 0.25 mg
GAE/g was reported [38], reflecting a 55.06% decreased yield compared to the maximum
value presented in Table 2. Additionally, when Kosti¢ et al. [39] examined various fruit
extracts of CM from Southeast Serbia, TPC values ranging from 2.12 to 30.63 mg/GAE g
were observed. The maximum TPC value isolated by the suggested extraction parameters
of the present study was 81.49% higher than the maximum amount presented in the
aforementioned study. Through a comprehensive comparison of all the results, it becomes
evident again that ethanol is a suitable solvent for extracting TP from CM fruits, highlighting
the potential to produce enhanced CM fruit extracts for various applications.
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Table 4. Maximum predicted responses and optimum extraction conditions for the dependent variables.

Optimal Conditions

Responses - - -
Maximum Predicted Response C (%, vlv) T (°O) t (min)

TPC (mg GAE/g dw) 58.21 £ 8.07 45 80 60

TAC (ug CyE/g dw) 55.47 +£9.28 75 80 85

FRAP (umol AAE/g dw) 430.19 £ 44.46 50 80 70

DPPH (umol AAE/g dw) 292.72 £ 46.39 50 80 80

AAC (mg/100 g dw) 1115.15 + 148.12 40 80 87

Anthocyanins, which are part of the polyphenolic group, are water-soluble pigments
accountable for the red, purple, and blue colors appearing in a variety of fruits and veg-
etables [40]. In addition, berries are well-known for their high TAC [40,41]. According to
the aforementioned data, CM fruits and fruit extracts may be rich in TAC. According to
Table 2, the TAC in CM extracts exhibited a range of values from 7.82 to 51.83 ug cyani-
din equivalents (CyE)/g dw, ensuring a 562.79% increase. This result aligns perfectly
with previous results, where TAC ranges from 0.004 to 0.132 mg CyE/g (i.e., 4 to 132 ug
CyE/g) [42]. Following the optimum extraction parameters: 75% v/v ethanol solvent for
85 min extraction time at 80 °C presented in Table 4, the maximum TAC can be obtained
around 55.47 ug CyE/g. Thus, it is evident that CM fruit extracts can be anthocyanin-rich
extracts with an intense reddish-to-purplish color like CM fruits [43]. Various derivatives
of cyanidin, such as cyanidin-O-hexoxide and cyanidin-3-O-glucoside, have been identified
as anthocyanins in CM fruit [44], contributing to its intense red coloration [45]. Therefore,
the rich coloration of the fruit may potentially be attributed to this anthocyanin. Taking
everything into account, CM fruit extracts can be used as physical coloring agents in the
pharmaceutical, cosmetic, and food industries, simultaneously providing various health
benefits, as mentioned before.

3.3.2. Antioxidant Properties of the Extracts

Antioxidant properties of CM fruit extracts procured in the present study were eval-
uated by two in vitro methodologies, namely, FRAP and DPPH. In both approaches, the
optimal extraction methods are fairly similar, as 50% ethanolic solvent and 80 °C extraction
temperature are considered optimal conditions for both responses, as shown in Table 4.
Concerning the extraction time, a difference of only 10 min was found between the two anal-
yses, as 70 min of extraction is required for the optimal antioxidant capacity with the FRAP
method and 80 min for the DPPH method. Based on Table 4, the highest predicted values
for each method of measuring antioxidant capacity were 430.19 + 44.46 umol AAE/g dw
for FRAP, while for DPPH, the corresponding value was 292.72 4 46.39 umol AAE/g dw,
with desired values of 0.9553 and 0.9090, respectively, compared to the maximum value
of 1. Referring to the antioxidant capacity through the two methods, it is observed that
the samples show significant variability in their capacity depending on the method used.
In particular, the values range from 49.24 to 415.95 pmol AAE/g according to Table 2,
implying that the antioxidant capacity can be significantly increased up to 744.74% in the
FRAP method. At the same time, in the DPPH method, the free radical scavenging capacity
could be raised to 465.16%. In an earlier study, a methanol solvent (aqueous methanol 80%
or acidified methanol 80%) was used, and the antioxidant capacity (by DPPH method) of
CM fruit extracts was studied by Tahirovi¢ et al. [46]. In the aforementioned study, 1 g of
powdered fruit sample was separately extracted twice with 12 mL of 80% aqueous methanol
or acidified 80% methanol prepared by mixing 80 mL of absolute methanol with 20 mL
of 1.5 M HCl in an ultrasonic bath (Elmecs, Italy) for 30 min. Results showed that with
80% methanol solvent, the antioxidant capacity reached 19.60 mg AAE/g (0.00011129 pmol
AAE/g dw), while with acidic 80% methanol solvent, the antioxidant capacity reached
21.70 mg AAE/g (0.00012321 umol AAE/g dw). The results demonstrate the importance
of the selected solvent due to its influence on the isolation of various bioactive compounds
and antioxidant activity in a variety of extracts. Finally, the antioxidant capacity of CM fruit
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extract may be considerably strengthened by using appropriate methods and developing a
CM extract with a distinct multifaceted antioxidant capacity.

3.3.3. AAC of the Extracts

A diet rich in nutrients derived from fruits and vegetables, such as ascorbic acid,
has been proven to reduce the risk of cardiovascular disease and cancer and is associated
with longevity [47,48]. Ascorbic acid, known for its natural antioxidant properties [49], is
found in high amounts in CM fruit extracts, according to Table 2, ranging from 213.69 to
1053.28 mg/100 g dw, pointing to a significant increase of 392.90%. Based on the data pre-
sented in Table 4, the optimum extraction conditions for achieving maximum AAC include
the use of 40% ethanol solvent for 87 min at an extraction temperature of 80 °C, which can
be characterized as the optimum temperature for isolating increased amounts of bioactive
compounds and antioxidant activity of CM fruit extracts. Previous studies report that AAC
in CM fruits ranges from 0.89 mg/g (i.e., 89 mg/100 g) [50] to 106.12-144.39 mg /100 g [51].
Nevertheless, using the proposed extraction parameters can result in a significant enhance-
ment of up to 1083.46% AAC in CM extract. Therefore, with such high AAC, CM fruit
extracts could find a plethora of applications in medical science.

3.3.4. Polyphenolic Compounds of the Optimum Extract

According to the results of previous research, hawthorn is also rich in phenolic
acids [50,52]. In previous studies of various Crataegus species, phenolic acids such as chloro-
genic [12,53,54], neochlorogenic [55], vanillic [56], ferulic [56,57], and p-coumaric [52,54]
have been identified and quantified. Additionally, CM fruit species contain flavonoids such
as catechin [52], epicatechin [58], quercetin [59], and kaempferol [59]. The aforementioned
data align perfectly with the present results of this study, as shown in Table 5 and Figure 3,
where all polyphenolic compounds found in the optimal CM fruit extract are presented,
and Table 6 displays the HPLC analysis’s validation parameters. Epicatechin was the
main polyphenolic compound, constituting 37.70% of the total polyphenolic compounds
identified, followed by vanillic acid (23.21% of the total identified) and quercetin (20.14%
of the total identified). Epicatechin exhibits strong antioxidant [60] and anticancer activity,
as extracts rich in epicatechin inhibit the proliferation of cancer cells [61,62]. This finding
suggests that the optimal CM fruit extract may possess both antioxidant and anticancer
properties. According to a previous study by Alirezalu et al. [38], the CM fruit extract
contained 0.40 mg/g of chlorogenic acid, a quantity 237.5% lower compared to the present
extract. Thus, using the recommended extraction parameters, an extract with the properties
of chlorogenic acid, such as anti-inflammatory and antipyretic properties [63,64], will be ob-
tained. Last but not least, Muradoglu et al. [52] also studied the polyphenolic compounds of
various Crataegus species. Regarding CM fruits, the quantity of catechin was 15.6 mg/100 g
(0.156 mg/g), and the quantity of ferulic acid was 2.8 mg/100 g (0.028 mg/g), reduced
by 675.64% and 1328.57%, respectively, compared to the present CM fruit extract. Taking
everything into consideration, it is evident that the optimal extract of CM fruit may be
extremely beneficial due to increased amounts of bioactive compounds.

Table 5. Polyphenolic compounds under optimal extraction conditions (Xj: 58, X5: 80, and X3: 90).

Polyphenolic Compound Optimal Extract (mg/g dw)
Neochlorogenic acid 1.41 £0.04
Catechin 1.21 £ 0.04
Chlorogenic acid 1.35 + 0.07
Vanillic acid 7.19 +0.47
Epicatechin 11.68 + 0.34
p-Coumaric acid 0.73 £ 0.04

Ferulic acid 0.4+ 0.01

Quercetin 3-D-galactoside 6.24 4- 0.38
Kaempferol-3-glucoside 0.77 £ 0.03

Total identified 30.98 +1.42
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Figure 3. Exemplary HPLC chromatogram at 280 and 320 nm of CM fruit optimal extract demonstrat-
ing polyphenolic compounds that were identified. 1: neochlorogenic acid. 2: catechin. 3: chlorogenic
acid; 4: vanillic acid; 5: epicatechin; 6: p-coumaric acid; 7: ferulic acid; 8: quercetin 3-D-galactoside;
9: kaempferol-3-glucoside.
Table 6. Validation parameters of HPLC analysis under optimal extraction conditions (Xj: 58, X5: 80,
and X3: 90).
Polyphenolic Compound Retention Time (min) Absorbance Equation R?
yp p Maximum (nm) q
Neochlorogenic acid 16.576 324 y = 28,213.51x + 551.72 0.9987
Catechin 20.977 278 y =11,920.79x — 128.19 0.9973
Chlorogenic acid 21.965 325 y = 50,320.40x — 23,038.36 0.9943
Vanillic acid 24.041 270 y =20,000x + 1224 0.9939
Epicatechin 25.921 278 y = 142,099x + 4705.94 0.9999
p-Coumaric acid 30.002 309 y =120,568.59x + 1059.043 0.9998
Ferulic acid 33.931 322 y =108,553.73x — 25,916.43 0.9992
Quercetin-3-D-galactoside 34.998 257 y = 41,489.69x — 35,577.55 0.9934
Kaempferol-3-glucoside 38.468 265 y =50,916.85x — 42,398.83 0.9962

3.4. Principal Component Analysis (PCA) and Multivariate Correlation Analysis (MCA)

Principal component analysis (PCA) is a crucial statistical technique for reducing
dimensionality, as it enables the simplification of intricate data sets while maintaining
their fundamental features. By transforming the data onto a new coordinate system, PCA
highlights the directions of maximum variance, offering a powerful tool for exploratory
data analysis and visualization. Three technical replicates were used in PCA, which helped
to ensure that the results were accurate and not just the result of variability in the data.
Additionally, by doing this, we made sure that the results were consistent throughout
several runs. Figure 4 and Table 7 illustrate the correlation of values between the different
bioactive compounds, revealing remarkable results. Figure 4 shows that PC1 explains 86.4%
of the variability, showing a positive correlation with all tested variables TPC, TAC, FRAP,
DPPH, and AAC and the extraction parameters of extraction temperature (X;) and ethanol
solvent concentration (X;). Moreover, it is distinguished that among the extraction factors,
the one that mainly influences the increase of all bioactive compounds is X;. In more detail,
the maximum temperature used, X, (80 °C), was the most suitable temperature for all
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variables tested, as previously mentioned. Furthermore, it is extensively noted that ethanol
plays an important role in enhancing the isolation of the bioactive compounds.

1.0

TAC

0.5

X1

PC2 (9.35 %)
o

-0.5

-1.0

-1.0 -0.5 0 0.5 1.0
PC1 (86.4 %)

Figure 4. Principal component analysis (PCA) for the measured variables. Each X variable is
presented with a blue color.

Table 7. Multivariate correlation analysis of measured variables.

Responses TPC TAC FRAP DPPH AAC
TPC - 0.7374 0.9612 0.9718 0.8468
TAC - 0.7842 0.7548 0.5452

FRAP - 0.9544 0.8370
DPPH - 0.8529
AAC -

Regarding Table 7, it is worth noting that the correlation between the variables is
positive and quite high, as the maximum correlation value is 1. The lowest correlation
shown is 0.5452 between TAC and ACC. However, most of the bioactive compounds
show a strong correlation coefficient, with the maximum being 0.9718, between TPC and
the antioxidant activity of the DPPH method. This interesting result is in line with the
result that CM fruit extract content has anticancer properties due to its polyphenolic
compounds. In particular, as it is known that free radical scavenging is associated with
reduced cancer risk [65,66], therefore, due to the high correlation between the two studied
constituents, the antioxidant activity of polyphenolic compounds may also be mainly
associated with free radical scavenging, reducing cancer risk. A high correlation was
observed between TPC and all other bioactive substances, with a value greater than 0.7, and
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an even more interesting result is the strong correlation coefficient (above 0.95) between
the two antioxidant methods. This means that the antioxidants have both the reduction at
low pH of the ferric-tripyridyltriazine complex (Fe3*-TPTZ) to a ferric-tripyridyltriazine
complex (Fe?*-TPTZ) with a bright blue color and the scavenging of free radicals.

3.5. Partial Least Squares (PLS) Analysis

The influence of various extraction condition parameters (X, Xp, and X3) was assessed
using a partial least squares (PLS) model, and the correlation loading plot is depicted in
Figure 5A. This plot illustrates how extraction conditions affect CM fruit extracts. It was
observed that the X; variable, representing solvent composition, showed a great impact on
maximizing responses across most assays, reaching a plateau at 60% v/v ethanol. In terms
of the temperature variable (X»), higher levels were found to be optimal, indicating that
extraction at 80 °C was preferable. Lastly, regarding the extraction duration parameter (X3),
it was noted that higher values correlated with higher responses, leading to the selection of
a longer extraction duration (90 min).

B 3.0

25
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VIP 15
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g 8 & ¥ ¥ r ¥ ¥ ¥
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> > =
X Effects
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X1 X2 X3 Desirability X2*X2 0.259811 :

Figure 5. Partial least squares (PLS) prediction profiler of each variable and desirability function
with extrapolation control for the optimization of CM fruit extracts are shown in plot (A), while the
Variable Importance Plot (VIP) option graph with the VIP values for each predictor variable is shown
in plot (B). The VIP scores are also displayed in the VIT. A red dashed line in the plot (or a blue line
in the VIT) at 0.8 indicates the significance level of each variable.

According to the findings presented in Figure 5B, the importance of each extraction
parameter concerning the levels of various bioactive compounds and antioxidant activity
is highlighted. As expected, solvent concentration emerges as a critical factor, with an
influence value reaching approximately 2.5, significantly above the limit of importance of
0.8 for each variable. Similarly, extraction temperature also shows a significant influence,
with an impact value approaching 1 (0.9499). These results confirm the crucial role of
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solvent concentration and extraction temperature in enhancing the bioactive composition
and antioxidant capacity of the extracts.

The experimental results and the PLS model predictions are in excellent agreement,
as evidenced by the high correlation coefficient of 0.9977 and the high determination
coefficient (R?) of 0.9955. The p-value of <0.0001 indicates that the deviations between the
observed and predicted values are not significant (Table 8).

Table 8. Maximum desirability for all variables using the partial least squares (PLS) prediction profiler
under the optimal extraction conditions (Xj: 58, X;: 80, and X3: 90).

Variables PLS Model Values Experimental Values
TPC (mg GAE/g dw) 53.37 459 +1.04
TAC (ug CyE/g dw) 52.55 53.62 £ 6.8
FRAP (umol AAE/g dw) 398.7 360.7 £ 14.71
DPPH (umol AAE/g dw) 286.17 291.67 +10.81
AAC (mg/100 g dw) 1096.58 912.65 + 8.72

4. Conclusions

In conclusion, the results of the present study demonstrate the effectiveness of opti-
mized extraction techniques in maximizing the bioactive potential of CM fruit extracts. By
carefully adjusting extraction parameters, such as extraction duration (90 min), tempera-
ture (80 °C), and ethanol solvent concentration (58%), a significant enhancement of total
polyphenol content, total anthocyanin content, and ascorbic acid content was achieved,
along with a remarkable increase in in vitro antioxidant activity. The findings of the present
experimental study not only highlight the importance of adapted extraction methodology
but also underscore the rich amount of beneficial compounds present in CM fruits. The
significant improvements observed in bioactive content open the way for the development
of strong CM extracts with promising applications in pharmaceuticals, functional foods,
and cosmetic formulations. Further research and use of the therapeutic potential of CM
fruit extracts hold great promise for addressing health problems and advancing the field of
natural product-based treatments.

Supplementary Materials: The following supporting information can be downloaded at https://
www.mdpi.com/article/10.3390/horticulturae10060564/s1. Supplementary Material File—Materials
and Methods. Figures S1-S5 comprise plots that illustrate the comparison between the actual response
and the predicted response for each parameter under examination, accompanied by the desirability
functions. Figures S6-59 present three-dimensional response plots for the remaining responses.
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