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Abstract: This study explored the use of mandarin peels as an important source of health-promoting
compounds by utilizing green methods (i.e., pulsed electric field and ultrasound-assisted extraction),
along with conventional stirring. The impact of several extraction parameters, such as extraction
duration, temperature, and solvent composition, on the recovery of bioactive compounds was
evaluated through a response surface methodology. To identify the most effective conditions for all
assays, a partial least-squares analysis was implemented. It was revealed that a combination of the
above techniques was optimal at 80 ◦C for 30 min, with 75% v/v of ethanol in water as the extraction
solvent. The concentration of bioactive compounds in the optimum extract had a total polyphenol
content of 18.69 mg of gallic acid equivalents (GAE) per gram of dry weight (dw), and an ascorbic
acid concentration of 18.25 mg/g dw. However, correlation analyses revealed a rather negative
relationship between these bioactive compounds. The chromatographic analysis of optimum extracts
supported this result by quantifying 20.53 mg/g dw of total individual polyphenols, with hesperidin
being the dominant compound (13.98 mg/g dw). The antioxidant assays, including ferric-reducing
antioxidant power and DPPH• inhibition activity, were measured at 123.21 and 65.12 µmol of ascorbic
acid equivalents (AAE) per gram of dw, respectively. This research enhances the valorization of
mandarin peels as a renewable source of bioactive compounds, providing the opportunity to generate
high-added-value products from food waste in the food and pharmaceutical sectors.

Keywords: response surface methodology; polyphenols; hesperidin; antioxidants; pulsed electric field;
ultrasound extraction; HPLC-DAD; Pareto plot; principal component analysis; correlation analyses

1. Introduction

Citrus belongs to the Rutaceae family, and its fruits are recognized for their unique
scent and refreshing properties [1]. Mandarins account for 22% of the world’s citrus
production, making them second only to oranges in cultivation. Nearly 37,000 tons of
this citrus fruit were produced worldwide in 2019 [2]. The medicinal properties are also
known for mandarins. By lowering the risk of chronic illnesses and enhancing general
health, they act effectively in reducing oxidative stress and mitigating free radicals [3].
Several flavonoids which are found mostly in pulp but also in peels are the prevalent
flavonoids and contribute to health-promoting benefits [4]. Mandarin contains a significant
concentration of flavonoids, particularly flavone glycosides. Mandarin primarily contains
hesperidin, which is a flavone glycoside. Hesperetin and the disaccharide rutinose compose
the structure of hesperidin [5]. Apart from its hypolipidemic and radical-scavenging effects,
hesperidin has anti-inflammatory, anti-cancer, and anti-diabetic capabilities. It also provides
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analgesic relief [6–8]. Another essential antioxidant compound found in mandarin fruit
peel is ascorbic acid, which functions by eliminating free radicals, including reactive oxygen
species, thereby enhancing the antioxidant capacity of plant cells [9].

Due to their primary utilization in juice production, citrus fruits lose between 45 and
60% of their total weight. Mandarin peels are often discarded during juice production,
even though they contribute to around 30% of the fruit mass [5]. Their flavedo- and
albedo-containing peel is the primary waste product. Natural antioxidants, such as pectin,
essential oils, carotenoids, and polyphenols exist in mandarin peel [10]. Unfortunately, the
majority of mandarin peel waste is currently disposed of in landfills or marine environments
worldwide, causing serious environmental issues [11]. Waste from mandarins is rich in rag
and pulp, which increases chemical oxygen demand and has a serious negative impact on
ecosystems [12]. The majority of several technologies, including ozonation, adsorption, and
other membrane-based methods, on the other hand, are inadequate for mandarin waste due
to the viscosity, biomacromolecule content, and increased chemical oxygen demand [13].
Alternative methods for addressing the environmental challenges linked to the disposal of
mandarin peel waste, excluding combustion, include decomposition and animal feed [14].
Nevertheless, the biodegradation of mandarin peel waste is hindered by the presence of
limonene and polyphenolic compounds, both of which impede the functionality of aerobic
microorganisms [15].

Recent research has proposed valorization concepts as a solution to the agricultural
waste disposal problem [16]. Prior to the development of environmentally sustainable
extraction methods, the utilization of recyclable and green solvents in conformity to the
principles of Green Chemistry should take place [17]. Conventional extraction in a hotplate
often requires a high extraction duration or records low recovery yields [18].To this end,
several green methods could be employed as pretreatment or as standalone extraction
techniques [19]. Pulsed electric field (PEF) and ultrasounds (US) are among the green
techniques that could be utilized for sustainable extraction. Due to their reduced extraction
time, energy consumption requirements, and absence of petroleum-based solvents, these
methods are ecologically friendly [20]. Besides being classified as a non-destructive and
non-thermal technique, PEF also has the potential to reduce energy consumption and
processing time [21]. PEF disrupts cell membranes through electroporation [22], while
US promotes efficient extraction with ultrasound waves [23], in which both techniques
ultimately enhance efficient compound extraction without high temperatures or energy
requirements [24,25].

The objective of this research was to maximize the content of mandarin peel extracts
in various bioactive compounds, including ascorbic acid, flavonoids, and other polyphe-
nols, by employing various techniques/parameters, so as to promote the reuse of waste
material to develop value-added products. To this end, green pretreatment techniques,
such as PEF and US were examined prior to the stirring process. The optimal conditions,
including extraction technique, time, temperature, and food-grade solvent mixtures of
ethanol–water, were all determined through partial least-squares (PLS) analysis. The
impact of the extraction parameters was evaluated through statistical analyses, whereas
the optimum extract was evaluated for both its bioactive compound concentration and
its antioxidant activity. Mandarin peel extracts were valued as an important source of
health-promoting compounds, with a specific emphasis on their prospective use in the food
and pharmaceutical sectors.

2. Materials and Methods
2.1. Chemicals and Reagents

Hydrochloric acid, methanol, L-ascorbic acid, 2,2-diphenyl-1-picrylhydrazyl (DPPH)
2,4,6-tris(2-pyridyl)-s-triazine (TPTZ), trichloroacetic acid, and all chemical standards for
the HPLC determination of polyphenols were obtained from Sigma-Aldrich (Darmstadt,
Germany). Ethanol, gallic acid, and the Folin–Ciocalteu reagent were bought from Panreac
Co. (Barcelona, Spain). Iron (III) chloride was purchased from Merck (Darmstadt, Ger-
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many). Anhydrous sodium carbonate was purchased from Penta (Prague, Czech Republic).
Deionized water was used for all conducted experiments.

2.2. Collection and Handling of Mandarin Peels

Mandarin (Citrus reticulata) fruits were bought from a store in Karditsa, Greece. They
were dried with paper towels after being washed with tap water. Right after, they were
peeled and hand-chopped. To produce mandarin powder of superior nutritional quality,
the samples were lyophilized using a freeze-drying apparatus. Finally, they were ground
to a fine powder (<400 µm diameter) and stored in the freezer at −40 ◦C.

2.3. Instrumentation

A Biobase BK-FD10P (Jinan, China) freeze-dryer was used to lyophilize the mandarin
peels. A centrifuge from NEYA 16R (Remi Elektrotechnik Ltd., Palghar, India) was used
to centrifuge and isolate the supernatant after extraction. A mode/arbitrary waveform
generator (UPG100, ELV Elektronik AG, Leer, Germany), a digital oscilloscope (Rigol
DS1052E, Beaverton, OR, USA), a high-voltage power generator (Leybold, LD Didac-
tic GmbH, Huerth, Germany), and two custom stainless-steel chambers (Val-Electronic,
Athens, Greece) were utilized for the PEF processing of the samples. In contrast, the Elma-
sonic P70H machine (Elma Schmidbauer GmbH, Singen, Germany) was used for the US
pretreatment. A Shimadzu UV-1900i PharmaSpec Spectrophotometer (Kyoto, Japan) was
used for spectrophotometric analyses. A Shimadzu CBM-20A liquid chromatograph and a
Shimadzu SPD-M20A diode array detector (DAD) (Shimadzu Europa GmbH, Duisburg,
Germany) were used for the quantification of individual polyphenols. The compounds
were separated into a Phenomenex Luna C18(2) column from Phenomenex Inc. in Torrance,
California, and kept at 40 ◦C (100 Å, 5 µm, 4.6 mm × 250 mm).

2.4. Mandarin Peel Extraction Procedure

The extraction procedure of mandarin peels involving a combination of PEF, US, and
the stirring process stemmed from our previous research [26]. The extractions proceeded
after 20 mL of the extraction solvent and 1 g of mandarin peel fine powder (<400 µm)
were combined in a hermetically closed 50 mL Duran bottle and placed into a stirring
plate. Detailed information about the green extraction procedure is listed in Table 1,
whereas a graphical illustration of the procedure is depicted in Figure 1. The extraction
solvent was several mixtures of ethanol in water (0–100% v/v). Stirring (ST) at 500 rpm
at various temperatures (20–80 ◦C) and durations (30–150 min) was used to carry out the
extraction process. Some design points underwent PEF and/or US pretreatment before
extraction. Both pretreatment techniques were employed for 20 min each and under
constant temperature in order to avoid polyphenol degradation, as per several studies’
reports [27–29]. The dried material was initially hydrated for 10 min by immersion in the
solvent before treatment using either approach (ST, US, or PEF). Following extraction, the
mixture was centrifuged for 10 min at 10,000 rpm in a centrifuge. The supernatant was
then collected and kept at −40 ◦C until further analysis. For PEF pretreatment, the pulse
period was set to 1 ms (frequency: 1 kHz), the pulse duration to 10 µs, and the electric field
density to 1.0 kV/cm. For US pretreatment, the temperature was kept constant at 30 ◦C,
with the frequency set at 37 kHz.

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

Independent
Variable

Coded
Unit

Coded Variable Level

1 2 3 4 5

Technique X1 ST PEF + ST US + ST PEF + US + ST –
C (%, v/v) X2 0 25 50 75 100

t (min) X3 30 60 90 120 150
T (◦C) X4 20 35 50 65 80
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Figure 1. The extraction procedure of mandarin peel powder using a stirring process and pretreat-
ment techniques.

2.5. Response Surface Methodology (RSM) Optimization and Design of the Experiment

Quickly selecting the optimal parameters for an experiment with high-leveled factors
is possible with the Main Effect Screening design [30]. When investigating factors with
varying numbers of levels, factorial experiments benefit greatly from orthogonal arrays with
mixed levels. Nevertheless, a drawback of mixed-level orthogonal arrays is the numerous
runs that are necessary for many of them. In such situations, nearly orthogonal arrays
could be a good fit since they reduce the number of experiments needed by slightly easing
the requirement of orthogonality [31]. In addition, to evaluate the antioxidant capacity
and bioactive compound concentration of mandarin peel extracts, the RSM approach
was employed. This enhancement would also benefit the antioxidant capacity of the
extracts. This was accomplished by optimizing the extraction technique, the ethanol-
to-water concentration (C, % v/v), extraction time (t, min), and temperature (T, ◦C). The
optimization was conducted through the Main Effect Screening design and 20 design points.
The process variables were established in five levels in accordance with the experimental
design. The overall model significance (R2, p-value) and the significance of the model
(equations) coefficients were assessed at a minimum level of 95% using analysis of variance
(ANOVA) and summary-of-fit tests. A second-order polynomial model, shown in the
following equation, was also used to predict the response variable as a function of the
examined independent factors:

Yk = β0 +
2

∑
i=1

βiXi +
2

∑
i=1

βiiX2
i +

2

∑
i=1

3

∑
j=i+1

βijXiXj (1)

where Xi and Xj are the independent variables; Yk is the anticipated response variable; and
the intercept, regression coefficients of the linear, quadratic, and interaction terms of the
model are, respectively, β0, βi, βii, and βij. The RSM was used to calculate the largest peak
area, as well as the impact of a significant independent variable on the response. The model
equation was visually represented by 3D surface response graphs.

2.6. Bioactive Compound Quantification
2.6.1. Total Polyphenol Content (TPC)

The quantification of TPC was evaluated as mg gallic acid equivalents (GAE) per g of
dry weight (dw) and based on a prior spectrophotometric method [32]. The method relies
on the formation of a phenolate ion, which is responsible for reducing the Folin–Ciocalteu
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reagent (i.e., from Mo+6 to Mo+5) when phenolic proton dissociates under alkaline condi-
tions [33]. Briefly, 200 µL of diluted sample was mixed with 200 µL of the Folin–Ciocalteu
reagent and after 2 min, 1600 µL of 5% w/v aqueous sodium carbonate solution was
added in a 2 mL Eppendorf tube. The mixture was incubated at 40 ◦C for 20 min, and
the absorbance was recorded at 740 nm. The total polyphenol concentration (CTP) was
calculated from a gallic acid calibration curve (10–100 mg/L in methanol). Finally, TPC
was determined using the following equation:

TPC (mg GAE/g dw) =
CTP ×V

w
(2)

where the volume of the extraction medium is indicated with V (expressed in L), and the
dried weight of the sample with w (expressed in g).

2.6.2. Individual Polyphenol Quantification

The quantification of individual polyphenols from the mandarin peel extracts was
performed through high-performance liquid chromatography (HPLC), as established in
our prior research [32]. The mobile phase included 0.5% aqueous formic acid (A) and 0.5%
formic acid in acetonitrile/water (3:2) (B). The gradient program was as follows: initially
from 0 to 40% B, then up to 50% B in 10 min, 70% B in another 10 min, and then constant
for 10 min. The flow rate of the mobile phase was set at 1 mL/min. The compounds
were identified by comparing the absorbance spectrum and retention time to those of pure
standards, and then quantified through calibration curves (0–50 mg/L). The results were
expressed both in mg/L and mg/g of dw.

2.6.3. Determination of Ascorbic Acid Content (AAC)

The determination of ascorbic acid content (AAC) was expressed as mg ascorbic acid
per gram of dw and was performed based on a previously established method [26]. The
method was introduced and validated by Jagota and Dani [34]. The authors observed
that ascorbic acid, a potent reductant, could react with the Folin–Ciocalteu reagent and
absorb at ~760 nm under acidic conditions without the need to convert to its dehydro
form, thus providing a quick and effective method to determine the specific antioxidant
compound. A quantity of 100 µL diluted sample extract along with 500 µL of 10% (v/v)
the Folin–Ciocalteu reagent was mixed with 900 µL of 10% (w/v) trichloroacetic acid in an
Eppendorf tube. The absorbance was measured at 760 nm after 10 min. Ascorbic acid was
used as a calibration standard in a calibration curve ranging from 50 to 500 mg/L; however,
the results are expressed as mg/g of dw.

2.7. Antioxidant Assays
2.7.1. Ferric-Reducing Antioxidant Power (FRAP) Assay

An established methodology by Shehata et al. [35] was used to evaluate antioxidant
capacity through a FRAP assay. The method relies on the reduction of Fe+3-TPTZ to
Fe+2-TPTZ, which results in a blue solvent and is initiated under acidic conditions to
preserve iron solubility [33]. In a 2 mL Eppendorf tube, 100 µL of a properly diluted sample
was mixed with 100 µL of an FeCl3 solution (4 mM in 0.05 M HCl). The mixture was
incubated at 37 ◦C for 30 min, with 1800 µL of TPTZ solution (1 mM in 0.05 M HCl) being
immediately added right after, and the absorbance was measured after 5 min at 620 nm.
The ferric-reducing power (PR) was calculated using an ascorbic acid calibration curve
(CAA) in 0.05 M HCl with ranging values (50–500 µM). The PR was calculated as µmol of
ascorbic acid equivalents (AAE) per gram of dw, using Equation (3):

PR (µmol AAE/g dw) =
CAA × V

w
(3)

where V is represented (in L) as the volume of the extraction medium, and w (in g) repre-
sents the dried weight of the material.
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2.7.2. DPPH• Antiradical Activity

To further evaluate the antioxidant activity from mandarin peel extracts through
inhibition activity, a slightly adjusted DPPH• methodology by Shehata et al. [35] was
used. The electron delocalization in an extended conjugated π system to form a stable,
decolorized compound that does not polymerize describes the principle of the method [33].
In brief, 50 µL of a properly diluted sample was mixed with a quantity of 1950 µL of 100 µM
of a DPPH• solution in methanol, with the solution being kept at room temperature for
30 min in the dark. Following that, the absorbance was measured at 515 nm. Moreover, a
blank sample was used instead of the sample, including a DPPH• solution and methanol,
with the absorbance immediately being measured. To calculate the percentage of inhibition,
Equation (4) was employed:

Inhibition (%) =
A515(i) − A515(f)

A515(i)
× 100 (4)

An ascorbic acid calibration curve for Equation (5) was used to evaluate antiradical
activity (AAR), which was expressed as µmol AAE per gram of dw:

AAR(µmol AAE/g dw) =
CAA × V

w
(5)

where the volume of the extraction medium is indicated with V (expressed in L) and the
dried weight of the sample with w (expressed in g).

2.8. Statistical Analysis

The statistical analysis was related to the response surface methodology and distribu-
tion analysis, which were applicable through JMP® Pro 16 software (SAS, Cary, NC, USA).
The quantitative analysis was performed in triplicate, and the extraction procedures were
repeated at least twice for each batch of lemon verbena extract. The results are represented
in the form of the means and standard deviations. Principal component analysis (PCA),
multivariate correlation analysis (MCA), and partial least-squares (PLS) analysis were
conducted through JMP® Pro 16 software.

3. Results and Discussion

The primary goal of this project was to valorize mandarin peels into high-added-value
extracts. To obtain high-quality mandarin powder, a lyophilizer was utilized, despite the
costly expense of the process [36]. Future studies investigating a more sustainable way of
extracting bioactive compounds could employ inexpensive alternative drying methods [37].
To this end, two advanced techniques (i.e., PEF and US) were employed in addition to the
conventional stirring technique to enhance the extracts with bioactive compounds, such as
polyphenols and ascorbic acid. Extracts were subjected to a screening process that involved
conducting spectrophotometric analyses for the mentioned assays. The polyphenol evalua-
tion was conducted using the Folin–Ciocalteu photometric method, a quick, inexpensive,
and sensitive technique for quantifying total polyphenols [38]. This method is known to
have a strong association with the liquid chromatographic method of quantification [39,40].
The partial least-square model identified the optimum and polyphenol-rich and highly
antioxidant sample, which was then analyzed using liquid chromatography to quantify the
individual polyphenols present in mandarin peel.

A range of extraction parameters were also used to ensure that the highest yield was
reached. These included different solvent compositions of 0–100% v/v of ethanol, as well as
different extraction times ranging from 30 to 150 min and temperatures from 20 to 80 ◦C. In
addition, RSM was used to evaluate the impact of each parameter to improve the extraction
efficiency. Its efficacy and model adequacy were assessed through ANOVA and summary-
of-fit tests, in which the observed values were compared with the anticipated values.
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3.1. Bioactive Compound Concentration and Antioxidant Activity of the Extracts

Regarding the compounds identified in natural products, polyphenols are among
the most widely recognized classes. Multiple sectors, including the pharmaceutical and
agricultural industries, have substantial potential for the application of polyphenols [41,42].
For each prepared extract, Table 2 contains the measured and predicted responses for
bioactive compounds (TPC and AAC) and antioxidant assays (FRAP and DPPH). The
minimal variance between the predicted and actual measurements across all assays is
evident in Figures S1–S4, in addition to the desirability functions. The extracts showed
a TPC value range of 10.77–20.57 mg GAE/g dw. According to Koraqi et al. [43], the
observed fluctuation in TPC could be attributed to various extraction-related factors, such
as temperature, duration, and extraction solvent. Comparable results were obtained in a
study conducted by Singanusong et al. [44], polyphenols from mandarin Blanco peels were
isolated through US extraction and several solvent combinations. By using 50% ethanol,
an average of 15.48 mg GAE/g dw of polyphenols was quantified. Safdar et al. [45] also
yielded high amounts of polyphenols while utilizing the US extraction technique and
50–80% ethanol as the extraction solvent. It was observed that ethanol at 80% v/v was
the most preferable solvent, as it achieved ~30 mg GAE/g of polyphenols. By employing
50% or 100% v/v, it achieved ~26 and ~24 mg GAE/g polyphenols, respectively. The
polarity of the extraction solvent which was a mixture of ethanol and water in a similar
ratio to our study and the distribution coefficient of these polyphenols could be a possible
explanation behind this trend. Regarding the AAC range between the design points, an
almost ten-fold range (from 2.90 to 20.29 mg/g dw) was observed, which indicated the
major impact of extraction conditions and pretreatment techniques. The impact of the
extraction conditions is extensively discussed below (vide infra). In a study with Phlegrean
mandarin by-products of different ripeness levels, Constanzo et al. [46] found that AAC in
peels ranged from 2 to 7 µg/L. Anticona et al. [47] investigated the bioactive compound
content in fresh mandarin peels (cv. Clemenvilla, Nadorcott, and Ortanique) when extracted
using the US technique. The results were comparable to ours, as AAC ranged from 0.72 to
1.36 mg/g of fresh peels, whereas TPC ranged from 6.02 to 12.3 mg GAE/g of fresh peels.
Regarding antioxidant activity assays, several concerns about directly determining DPPH•

from the calibration curve occur, so it is recommended to use ascorbic acid as a standard
when presenting antioxidant efficiency results [48]. While the DPPH• method is most
commonly used to determine Trolox equivalents, it is common to normalize according to
ascorbic acid, caffeic acid, catechin, gallic acid, or another antioxidant [49], especially in
our case, where we studied an ascorbic acid-rich fruit. The data displayed similar variance
compared to TPC. Specifically, the range for FRAP (57.34–129.52 µmol AAE/g dw) and
DPPH (19.57–60.79 µmol AAE/g dw) assay revealed a two-fold difference.

Table 2. Experimental results for the four investigated independent variables and the dependent
variable responses.

Design Point
Independent Variable Response

X1 X2 X3 X4 TPC 1 FRAP 2 DPPH 3 AAC 4

1 3 1 3 4 16.26 100.53 42.42 6.52
2 3 2 1 3 19.30 120.03 51.05 7.49
3 2 3 4 3 19.62 102.39 56.98 6.09
4 2 4 5 4 17.65 75.89 40.64 11.94
5 3 5 4 2 14.50 57.34 27.04 17.34
6 4 1 4 5 14.03 62.99 26.37 3.46
7 4 2 3 1 20.40 87.59 24.45 2.90
8 1 3 3 2 20.34 122.90 59.48 8.78
9 1 4 4 1 18.64 106.50 59.15 16.12

10 1 5 1 4 20.24 72.22 35.75 17.39
11 1 1 2 3 18.50 128.64 60.79 7.37
12 1 2 5 5 16.06 81.94 31.68 1.90
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Table 2. Cont.

Design Point
Independent Variable Response

X1 X2 X3 X4 TPC 1 FRAP 2 DPPH 3 AAC 4

13 4 3 2 4 18.33 129.52 53.44 10.16
14 3 4 2 5 20.57 114.18 53.96 13.44
15 2 5 3 5 20.33 64.05 37.21 20.29
16 2 1 1 1 15.28 69.49 33.16 2.37
17 2 2 2 2 20.44 93.33 47.93 2.07
18 3 3 5 1 16.47 102.27 56.79 6.79
19 4 4 1 2 17.85 113.08 47.90 18.73
20 4 5 5 3 10.77 58.67 19.57 16.95

1 Total polyphenol content (TPC) in mg GAE/g dw; 2 ferric-reducing antioxidant power (FRAP) in µmol AAE/g
dw; 3 2,2-diphenyl-1-picrylhydrazyl (DPPH) in µmol AAE/g dw; 4 ascorbic acid content (AAC) in mg/g dw.

The statistical parameters, including second-order polynomial equations (models)
and especially coefficients (R2 > 0.95), indicate that the derived models fit the data well,
and are presented in Table 3. Figure 2 illustrates the three-dimensional response plots for
TPC, whilst Figures S5–S7 contain the three-dimensional response plots for the rest of the
responses. It can be observed that the red area illustrates the most preferable conditions for
each variable X1–X4. For instance, in Figure 2A, the most preferable conditions were X1:
1 and X2 between 3 and 4.

Table 3. Mathematical models generated through RSM were used to optimize the extraction of
mandarin peels. The models contained only significant terms.

Response Second-Order Polynomial Equation (Model) R2

Predicted
R2

Adjusted p-Value Equation

TPC
Y = 5.37 + 2.13X1 + 5.41X2 + 3.03X3 + 1.34X4 − 0.08X1

2 − 0.84X2
2 −

0.62X3
2 − 0.02X4

2 − 0.41X1X2 − 0.005X1X3 − 0.44X1X4 + 0.06X2X3 +
0.19X2X4 − 0.14X3X4

0.9536 0.8237 0.0189 (6)

FRAP
Y = 52.85 − 28.98X1 − 20.47X2 + 53.74X3 + 33.87X4 + 5.93X1

2 −
1.28X2

2 + 0.78X3
2 − 5.29X4

2 + 4.48X1X2 − 9.77X1X3 + 4.7X1X4 −
2.52X2X3 + 4.58X2X4 − 9.11X3X4

0.9745 0.9032 0.0046 (7)

DPPH
Y = 28.37 − 7.84X1 − 19.81X2 + 38.57X3 + 7.96X4 − 0.65X1

2 + 1.15X2
2 +

1.25X3
2 − 3.79X4

2 + 3.03X1X2 − 6.14X1X3 + 5.81X1X4 −4.28X2X3 +
4.34X2X4 − 4.96X3X4

0.9530 0.8216 0.0194 (8)

AAC
Y = 4.61 − 0.48X1 − 15.14X2 + 10.1X3 + 2.18X4 + 0.88X1

2 + 2.72X2
2 +

0.42X3
2 − 0.96X4

2 + 0.23X1X2 − 2.58X1X3 + 1.21X1X4 − 0.72X2X3 +
1.09X2X4 − 1.11X3X4

0.9716 0.8920 0.0060 (9)
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3.2. Assessing Extraction Parameter Impact Through Pareto Plot

To assess the main effects and interactions from each extraction parameter, a standard-
ized Pareto plot was employed, with statistical significance set at p < 0.05. The independent
variables (technique, X1; % solvent concentration, X2; extraction duration, X3; extraction
temperature, X4) and their impact on bioactive compounds and antioxidant capacity are
displayed in Figure 3. Additionally, the orthogonal coded estimates are presented, which
are obtained through the transformation that applies orthogonality to the estimates. It was
possible to deduce from the Pareto plot that X1, X3, and predominantly X2, had an adverse
effect on TPC in terms of the effects of extraction parameters. TPC recovery was found to
be highly sensitive to changes in the concentration of ethanol in water, as evidenced by the
X2 × X2 combination, producing the greatest negative contribution. For instance, it was
previously discussed that a higher ethanol concentration was not preferable in our study,
as well as in the study by Safdar et al. [45]. A similar trend occurred in both antioxidant
capacity assays. This could indicate a strong association between extracted polyphenols
and antioxidant capability. In addition, it was observed that the combination of X3 and
X4 variables had a negative impact in these assays. A possible degradation of bioactive
compounds under extensive duration and heat the explanation. Figure 2A also revealed
that extraction temperature as a standalone parameter did not have a significant impact
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in total polyphenol extraction. This finding is also supported by Figure S1, in which the
impact of each parameter is extensively provided. On the other hand, the X2 variable had a
positive correlation in AAC recovery, which could be a matter of solvent polarity.
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3.3. Optimal Extraction Conditions

Conventional extraction methods face multiple challenges, including extended pro-
cessing durations, reduced efficiency in extracting bioactive compounds, considerable
solvent usage, potentially hazardous solvents, and the risk of thermolabile bioactive com-
pounds deteriorating [50]. Significant progress has been made in recent years concerning
the advancement in extraction techniques that minimize the need for hazardous solvents,
ensure the safety of human health, and consume less energy [51]. US waves move through
the extraction solvent by compression and expansion. At higher intensities, severe cav-
itation bubbles are formed and extract the compounds of interest thorough plant cell
breakdown. It should be noted that the extraction solvent has a vast impact on these
bubbles [52]. PEF operates as a technique that employs short electrical power pulses to
non-thermally electroporate cell membranes across an array of electric field strengths,
thereby facilitating the extraction of bioactive compounds [53]. Following this, the bioactive
components of interest derived are transferred to the solvent used for extraction. The
selection of solvent is of high importance, as its polarity could significantly impact the
bioactive compound extraction. However, should the principles of green chemistry be
followed, environmentally friendly solvents must be utilized [54]. Water is an extremely
affordable and environmentally friendly solvent. By utilizing this solvent, the extraction of
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polar compounds is significantly improved. Although water is the most effective solvent
for isolating polar bioactive compounds, other solvents like ethanol or methanol may be
used to recover molecules with reduced polarity [55]. Given their potential for use in
food-grade applications, a combination of water and ethanol is the most efficient binary
solvent combination currently available [56].

To identify the maximum predicted values for bioactive compounds and antioxidant
assays, the desirability function was used. The predicted responses were optimal when
different extraction techniques and conditions were used for each assay. For instance,
TPC demanded a sole stirring technique for 90 min at 50 ◦C, whereas FRAP required all
techniques (PEF, US, and ST) for 60 min at 65 ◦C. However, it should be noted that a solvent
of 50% ethanol v/v was the optimum in most cases. Additional information about the
maximum predicted responses and optimal extraction conditions is provided in Table 4.

Table 4. Maximum predicted responses and optimum extraction conditions for the dependent variables.

Response
Optimal Condition

Maximum Predicted Response Technique
(X1)

C (%, v/v)
(X2)

t (min)
(X3)

T (◦C)
(X4)

TPC (mg GAE/g dw) 21.88 ± 2.36 ST (1) 50 (3) 90 (3) 50 (3)
FRAP (µmol AAE/g dw) 138.13 ± 14.35 PEF + US + ST (4) 50 (3) 60 (2) 65 (4)
DPPH (µmol AAE/g dw) 64.93 ± 12.70 ST (1) 50 (3) 120 (4) 50 (3)

AAC (mg/g dw) 22.06 ± 5.03 PEF + ST (2) 100 (5) 60 (2) 65 (4)

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

To facilitate a more comprehensive analysis of the data and gain further details from
the variables under investigation, a PCA plot was implemented; the outcomes of which
are depicted in Figure 4. The plot explained 83.4% of the variance. The point of the
correlation analyses was to determine if any relationship between TPC, AAC, DPPH,
and FRAP with variables was observed. The impact of independent variables on the
analysis was also regarded as important. It was noted that TPC and two antioxidant
capacity variables were plotted close to one another on the graph. Their shared influence
on the extraction parameters could provide one possible explanation, revealing their high
correlation. Conversely, the AAC was positioned at a considerable distance from the
other variables, suggesting a weaker correlation among them. Additionally, it is important
to acknowledge that AAC was positioned near variable X2 (i.e., solvent composition),
indicating a strong association between the two variables. Previous results have shown a
positive correlation between a higher ethanol concentration and AAC recovery.

Additional information regarding the correlation between variables is offered in the
MCA plot. The capability to determine the amount of positive or negative correlation
among the investigated variables is a major advantage of this method. Table 5 shows the
outcomes of this analysis. A good positive correlation (>0.5) between TPC and antioxidant
assays was ascertained. A probable reason could lie beneath various procedures that
resulted in multiple isolated polyphenols with diverse antioxidant capabilities, a trend that
has previously been reported elsewhere [57]. In addition, it is now evident that AAC has
little-to-no correlation with any measured variables.

Table 5. Multivariate correlation analysis of the investigated measured variables.

Response TPC FRAP DPPH AAC

TPC – 0.526 0.5595 −0.0319
FRAP – 0.8685 −0.1835
DPPH – −0.0544
AAC –
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3.5. Partial Least-Squares (PLS) Analysis

The impact of the extraction condition parameters (X1, X2, X3, and X4) was determined
through the PLS model, a correlation loading plot of which is illustrated in Figure 5. It
shows the effects of extraction conditions on mandarin peels. The goal was to optimize
extraction efficiency through the mentioned parameters. Temperature, solvent composition,
and extraction duration are some of the most important parameters to have a major impact
on the extraction of bioactive compounds [58]. To start with, the variation in solubility and
polarity of the extracted polyphenols could be a challenge for the extraction procedure [59].
It was observed that the X2 variable (i.e., solvent composition) had a vast contribution
to yield maximum responses in most assays, reaching a plateau at level 4 (i.e., 75% v/v
ethanol). Regarding the extraction techniques, it was observed that a sole ST process could
not yield as high bioactive compounds as that with the assistance of both PEF and US
pretreatment techniques. Similar results were obtained in our previous studies [26,60].
As revealed by the plot, the extraction technique variable (X1) was observed to reach
the highest possible responses at 4, meaning that all extraction techniques (PEF, US, and
ST) were necessary for optimal responses. Regarding the extraction duration parameter
(X3), considering that previous studies have proven the efficacy of both short [47] and
long [48] extraction durations, a comprehensive evaluation was required by partial least-
squares to ensure the impact of time on extraction. As such, it was revealed that the higher
the value, the lower the responses, so a low time extraction duration (i.e., 30 min) was
selected. Finally, temperature is known to increase solubility and enhance the extraction of
bioactive compounds; however, some thermolabile compounds could decompose at high
temperatures [58]. The temperature variable (X4) was found to be optimal at high levels,
which means that extraction at 80 ◦C was preferable.
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The comparison of the obtained results after experimental analysis with PLS model
values showed that the correlation among them was found to be 0.9966, and they showed
no deviations, with the p-value being <0.0001. Compared to other assays, the experimental
TPC value showed the lowest deviation from the predicted value. Table 6 shows the
predicted values by the PLS model with the corresponding values in bioactive compounds
and antioxidant assays. The comprehensive details about the calibration curve of each assay
are also shown. The most optimal extraction conditions were found to be PEF + US + ST,
demanding 75% v/v of ethanol for 30 min at 80 ◦C for the latter process. No evaporation
issues were detected in the closed system, as the mixture of ethanol/water required a
higher temperature to evaporate. Figure 6 illustrates a representative HPLC chromatogram
of the individual polyphenols under optimal conditions. Detailed information about the
calibration values of each quantified polyphenol along with their measured concentrations
is reported in Table 7.

Table 6. Maximum desirability for all investigated variables using the partial least-squares (PLS)
prediction profiler under optimal extraction conditions (X1: 4, X2: 4, X3: 1, and X4: 5). Calibration
values of each assay are also included.

Variable Linear Regression Equation LOD a LOQ b R2 c PLS Model Value Experimental Value

TPC y = 0.0138x − 0.0044 1.75 1 5.29 1 0.9996 19.55 4 18.69 ± 1.16 4 946.84 ± 58.77 1

FRAP y = 0.0019x − 0.0005 7.06 2 21.39 2 0.9997 143.73 5 123.21 ± 6.41 5 6241.82 ± 324.73 2

DPPH y = 0.0576x + 0.7960 86.18 2 261.15 2 0.9926 70.16 5 65.12 ± 2.67 5 3298.78 ± 135.26 2

AAC y = 0.0016x − 0.0085 18.49 3 56.04 3 0.9980 21.38 6 18.25 ± 1.33 6 924.55 ± 67.38 3

Values are expressed in: 1 mg GAE/L; 2 µmol AAE/L; 3 mg AA/L; 4 mg GAE/g dw; 5 µmol AAE/g dw; 6 mg
AA/g dw; a LOD means the limit of detection; b LOQ means the limit of quantification; c R2 means the coefficient
of determination of the calibration curves.
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Figure 6. A representative HPLC chromatogram of the optimal mandarin peel extract reveals
the presence of identified polyphenolic compounds at 280 and 320 nm. 1: Neochlorogenic acid;
2: catechin; 3: chlorogenic acid; 4: vanillic acid; 5: Ferulic acid; 6: rutin; 7: quercetin 3-D-galactoside;
8: luteolin-7-glucoside; 9: narirutin; 10: hesperidin; 11: kaempferol.

Table 7. Concentration of identified polyphenolic compounds under optimal extraction conditions
(X1: 4, X2: 4, X3: 1, and X4: 5), along with calibration values.

Polyphenolic Compound Linear
Regression Equation

LOD a

(mg/L)
LOQ b

(mg/L)
R2 c Optimal

Extract (mg/L)
Optimal Extract

(mg/g dw)

Neochlorogenic acid y = 28,214x + 552 1.74 5.26 0.9987 17.8 ± 1.19 0.35 ± 0.01
Catechin y = 11,921x − 128 2.54 7.71 0.9973 75.64 ± 4.54 1.49 ± 0.1

Chlorogenic acid y = 50,320x − 23,038 3.67 11.11 0.9943 76.32 ± 1.6 1.51 ± 0.07
Vanillic acid y = 20,883x + 6857 0.53 1.62 0.9994 1.61 ± 0.04 0.03 ± 0
Ferulic acid y = 108,554x − 25,916 1.40 4.24 0.9992 6.68 ± 0.25 0.13 ± 0.01

Rutin y = 46,366x − 31,563 2.65 8.03 0.9970 21.19 ± 0.55 0.42 ± 0.02
Quercetin 3-D-galactoside y = 41,490x − 35,578 3.96 12.00 0.9934 17.33 ± 1.02 0.34 ± 0.02

Luteolin-7-glucoside y = 34,876x − 16,827 1.28 3.89 0.9993 82.89 ± 3.9 1.64 ± 0.1
Narirutin y = 48,756x + 20,854 1.98 6.00 0.9983 24.17 ± 0.82 0.48 ± 0.03

Hesperidin y = 33,529x − 30,503 3.59 10.87 0.9946 708.44 ± 51.01 13.98 ± 0.74
Kaempferol y = 93,385x − 18,613 1.34 4.05 0.9992 7.8 ± 0.23 0.15 ± 0.01

Total identified – – – – 1039.87 ± 41.46 20.53 ± 1.11

Calculated values, in both mg/L and mg/g dw, of the quantified polyphenols are expressed as the means ± stan-
dard deviation; a LOD means the limit of detection; b LOQ means the limit of quantification; c R2 means the
coefficient of determination of the calibration curves.

The importance of the US technique compared to conventional extraction should be
highlighted. In a study conducted by Ma et al. [61], satsuma mandarin (Citrus unshiu)
peels yielded 1935.12 µg GAE/g dw by US-assisted extraction in only 10 min, achieving a
six-fold increase when compared to the conventional maceration technique for 1 h. Under
those conditions, hesperidin was quantified at 1124.97 mg/g, whereas ferulic acid was
the major polyphenol, at 2264.83 mg/g dw. In addition, the US probe could also be used
as an extraction technique with a short duration time, as per Kaur et al. [62]. By using
a similar experimental design, they yielded 17–36 mg GAE/g dw. Satsuma mandarins
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were also investigated by Hwang et al. [63]. They found that at 3 kV/cm for 120 s of
PEF treatment, hesperidin was measured at 46.96 mg/g dw. In the previous study by
Anticona et al. [47], the concentration of several polyphenols was determined through
HPLC, in which hesperidin was measured at ~57 µg/g fw and narirutin at ~29 µg/g fw,
whereas catechin was not determined. When Safdar et al. [45] used 80% ethanol and the
US extraction technique, they measured a total of 371.16 µg/g, with hesperidin being the
major polyphenol (92.94 µg/g).

4. Conclusions

Mandarin peels are a major source of by-products in the food industry. According to
the findings of this study, the waste peels can be effectively repurposed to produce extracts
containing bioactive compounds in high amounts. To improve the extraction efficiency, PEF
and US techniques were employed as pretreatment methods. The utilization of PEF and
US prior to the stirring process proved to be the most efficient, maximizing the extraction
yield. A stirring process with a medium–high polarity mixture consisting of 75% v/v
ethanol for 30 min at 80 ◦C improved the efficiency of bioactive compound extraction. AAC
was shown to have little correlation with other assays, while it was positively affected
by ethanol concentration through correlation analyses. The optimal extract reached high
values in bioactive compound concentration and considerable antioxidant activity. The use
of health-promoting extracts has the potential to significantly enhance the products in the
food, pharmaceutical, and cosmetic sectors, while sustainably reducing food waste.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/oxygen4030018/s1, The comparison between the predicted and actual
responses for each parameter being investigated is depicted in Figures S1–S4, which also include the
desirability functions. The three-dimensional response diagrams for the remaining responses are
illustrated in Figures S5–S7.
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