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Abstract: Citrus peel residues are of great interest due to the use of their extracted compounds in
the food, pharmaceutical and cosmetic industries, mainly due to their antioxidant properties. The
flavedo of this peel is especially relevant in modern culinary uses. The antioxidant capacity of the
water and ethanolic extracts of the flavedos of ten peels was measured by a spectrophotometric assay
and two electrochemical assays. The Folin–Ciocalteu values and ascorbic acid contents were also
determined. From the results, it was concluded that the polyphenols extracted from the flavedos
have antioxidant activities that occur through single-electron-transfer (SET) mechanisms rather than
SET+ hydrogen atom transfer mechanisms. The polyphenols with high polarities extracted in the
water constituted the least abundant fraction, and were better antioxidants than those with lower
polarity extracted in the ethanol, which constituted the most abundant fraction.
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1. Introduction

Flavedos. Oxygen 2022, 2, 99–108.

In tropical, subtropical, and temperate zones, citrus cultivation is a particularly commercially important industry [1–3]. Citrus fruits belong to the genus Citrus of the family
Rutaceae, and are considered one of the largest plant species, consisting of more than
40 different sub-species. Over time, different hybrids and varieties have been produced
through natural or artificial processes. They are characterized by their content in valuable
phytochemicals and antioxidants which have beneficial effects for human health, due to
their nutritional and biological properties [4–6]. They are also a source of bioactive compounds (carotenoids, vitamins, fiber, and phenolic compounds), flavanones, anthocyanins,
and hydroxycinnamic acid, resulting in the flavor and color of the plants [7–10].
Citrus peel residues represent nearly 50–70% of the fruit’s wet mass [11], and can cause
environmental problems due to their fermentation processes and microbial spoilage. One
of the objectives of the agri-food industry is to maximize the reuse of these residues that
are generated during the production process, which is also of great interest in the food [12],
pharmaceutical [11–14] and cosmetic industries [11,15,16].
Extracting these useful components involves the use of various extraction and analysis techniques and solvents [5,12,16–22], including water [23,24] and ethanol–water mixtures [25,26]. However, the use of the peels in food use, commonly in pieces or powder,
involves the extraction of the components in water, or sometimes in alcohol, when wine,
beer or spirits are added to the food. In addition to the flavor and aroma, the use of citrus
peels in food provides antioxidant properties that make food healthier [13].
Citrus peels are composed of flavedo and albedo (see Figure 1) that provide large
amounts of phenolics [27]. Albedo can be used by the food industry due to its physicochemical properties, particularly its water retention and swelling capacities, which increase
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Reagents and Solvents
Chemicals used were of at least analytical quality. 2,2-Diphenyl-1-picrylhydrazyl
(DPPH), free radical (95%), neocuproin (98%), CuCl2 (99%), Cu(NO3 )2 (98%) and gallic
acid (99.8%) were supplied by Sigma-Aldrich. Ethanol (99.8%) was acquired from Merck.
Ammonium acetate (98%), phosphoric acid (85%), and sodium hydroxide (≥97%, pellets)
were from Sigma-Aldrich. The water used was from a Millipore system (16.3 MΩ·cm
at 25 ◦ C).
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2.2. Citrus Samples
Bergamot (Citrus aurantium bergamia), kumquat (Fortunella japonica), faustrime lime
(Citrus australasica), sudachi (Citrus sudachi), yuzu (Citrus junos) and tahitian lime (Citrus
latifolia) were purchased from Citrus & Life (Castellón, Spain), whereas lime (Citrus aurantifolia), mandarin (Citrus reticulata) and lemon (Citrus limon) were purchased from the
local market of Mercado Sánchez Peña, GPS: 37.883110, −4.774552 (Córdoba, Spain). Bitter
oranges (Citrus aurantium amara) were obtained from the trees of the campus of Córdoba
University, GPS: 37.915352, −4.717281.
2.3. Instruments
A double-beam spectrophotometer from Perkin-Elmer (model Lambda 750S) was used
for UV measurements. Hanna cuvettes of 1 cm path length were used and the absorbances
were measured at room temperature.
An Autolab PGSTAT101 equipped with NOVA 1.10 software and thermostated glass
cells of 15 mL volume were used for the electrochemical measurements with a GCE (IJCambria) glassy carbon electrode (geometrical area of 7.5 mm2 ) as the working electrode, a
Metrohm Ag|AgCl|KCl 3 m (model 6.0733.100) as the reference electrode and a platinum
rod as the auxiliary electrode. To prevent undesired reactions on the electrode caused by
oxygen, a stream of purified nitrogen was passed for 10–12 min through the solutions.
2.4. Experimental Procedures
All the following assays were made in triplicate. Standard deviations ranged from 0.1
to 0.2 for Cuprac and e-Cuprac and from 0.2 to 0.3 for DPPH, as indicated in the tables. For
all antioxidant assays, gallic acid was used as a positive control.
The procedure for the preparation of the extracts took into account the extraction
conditions given in the references [24,26], and was completed as follows: the entire fruit
was washed with Milli-Q water and dried. Once the peel was separated from the fruit,
the albedo was carefully separated from the flavedo, manually. The flavedo was minced
manually and then 4 g of the sample was ground into a mortar. Then, 20 mL of ultrapure
water preheated at 90 ◦ C (or pure ethanol at 65 ◦ C) was added and the suspension was
stirred with a vortex at 300 r.p.m. for 5 min at room temperature, and centrifuged for
15 min at 3600 r.p.m. Then, the supernatant was filtered through a 0.45 µm nylon syringe
filter. The assays were made with fresh extracts.
The protocol for the CUPRAC assay was as follows: all samples were made with 1 mL
of 1 M ammonium acetate buffer at pH 5.5 (adjusted with NaOH). In all cases, the whole
volume was 4.1 mL. Next, 1 mL of a 0.01 M CuCl2 aqueous solution and 1 mL of a 7.5 mM
neocuproine solution in ethanol were added, as well as variable volumes of test solutions,
to reach different concentrations (0.01, 0.02, 0.03, 0.05, 0.1, 0.2, 0.3, 0.50 mg/mL). Water
was added to complete the 4.1 mL. A 2.5 × 10−4 M gallic acid solution was used for the
calibration curve which allowed us to measure the values of the antioxidant capacities in
the gallic acid equivalents. After incubation in the dark for 60 min, the UV-Vis spectra were
recorded at room temperature and the absorbance was measured at 450 nm. A blank assay
was used to correct the possible matrix effect.
DPPH is an assay based on the decrease in the UV-vis band of the DPPH• radical in
the region of 515 to 518 nm. This decrease is due to a radical scavenging reaction with
the tested antioxidant. The IC50 is the amount of antioxidant capable of decreasing the
concentration of DPPH• radical to 50% of the initial value. ARP, or anti-radical power, is
the inverse of IC50, and measures the antioxidant capacity. The protocol for this assay
was as follows: variable volumes of extracts were added to 9 mL of a 0.56 mM DPPH•
solution in methanol, and water was added to complete the solution to 10 mL. At least
eight solutions of extracts were used in the range of 0.01 mg/mL to 1 mg/mL The samples,
including a water blank solution, were incubated for 90 min at 25 ◦ C in the dark. The final
DPPH• concentrations were obtained from the absorbance at 517 nm. The calibration range
was 0.2–10 mg L−1 of gallic acid (R2 = 0.987). The DPPH values were expressed as mg
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gallic acid equivalents/g of fresh weight by using this calibration. From the variation of
the absorbance with the antioxidant concentration, the IC50 was measured.
The protocol for the eCUPRAC assay was as follows [39]: the glassy carbon electrode
was immersed in 1:3 diluted chromic mixture for 30 s, to remove organic matter. The
electrode was immersed in 1:3 diluted aqua regia for another 30 s to remove traces of
metallic copper. Milli-Q water was used to clean the electrode surface and then it was
successively polished with diamond paste (0.25 µm) and alumina slurries of 0.3 and
0.05 µm, and sonicated for 3 min in a water bath to remove alumina residues. Copper was
electrodeposited at −0.3 V using a solution that was 1 × 10−3 M of Cu(NO3 )2 and 0.5 M
of HNO3 . From the decrease in the intensity of the voltammetric reduction peak of Cu(II)
in PBS buffer at pH 7.0, the AOC of the antioxidant in mg gallic acid/g of fresh weight
was obtained.
The protocol for the Folin–Ciocalteu (FC) assay was as follows: 100 µL of sample was
mixed with 250 µL FC reagent. After a vigorous agitation, the mixture was left to settle for
1 min and 1 mL of 15% (w/v) sodium carbonate aqueous solution and 1 mL Milli-Q water
were added. After another shaking, the reaction was developed for 2 h and the absorbance
at 760 nm was recorded. The reagent blank was the reference. TPC was expressed as mg
gallic acid/g of fresh weight, and the calibration range was from 1 to 100 mg L−1 gallic
acid (R2 = 0.975).
Ascorbic acid content was obtained using a standard addition method described
in [40]. Figure 2 shows an example for the ethanolic extract of bitter orange. Then, 1 mL of
extract was added to 39 mL of PBS buffer at pH 7.0, and the voltammogram was recorded.
Different peaks corresponding to ascorbic acid and polyphenols could be seen. The figure
shows only the potential region where the ascorbic acid signal appeared. Varying volumes
Oxygen 2022, 1, FOR PEER REVIEW of 1.5 g/L ascorbic acid solution were then added successively, and peak current was5
plotted against the resulting concentration of ascorbic acid in ppm. The extrapolation to
the abscissa axis gave the ascorbic acid content.
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Table 1. Results obtained for the aqueous extracts of the flavedos.

Sample
Bergamot
Faustrime lime
Kumquat
Lima

FC 1
0.801
0.885
0.375
1.085

Ascorbic Acid 2
988
963
433
1295

CUPRAC 1
1.33 ± 0.12
1.84 ± 0.19
0.6 ± 0.11
1.76 ± 0.17

DPPH 1 eCUPRAC 1
1.74 ± 0.23 2.06 ± 0.18
0.78 ± 0.20 1.93 ± 0.19
0.39 ± 0.19 0.87 ± 0.15
1.99 ± 0.27 2.36 ± 0.17
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Table 1. Results obtained for the aqueous extracts of the flavedos.

1

Sample

FC 1

Ascorbic Acid 2

CUPRAC 1

DPPH 1

eCUPRAC 1

Bergamot

0.801

988

1.33 ± 0.12

1.74 ± 0.23

2.06 ± 0.18

Faustrime lime

0.885

963

1.84 ± 0.19

0.78 ± 0.20

1.93 ± 0.19

Kumquat

0.375

433

0.6 ± 0.11

0.39 ± 0.19

0.87 ± 0.15

Lima

1.085

1295

1.76 ± 0.17

1.99 ± 0.27

2.36 ± 0.17

Tahitian lime

0.825

827

1.71 ± 0.18

0.41 ± 0.22

1.87 ± 0.18

Lemon

0.625

734

0.91 ± 0.14

0.98 ± 0.25

1.32 ± 0.16

Mandarin

0.785

909

1.43 ± 0.16

0.40 ± 0.20

1.94 ± 0.19

Bitter orange

1.203

1405

1.89 ± 0.18

1.54 ± 0.30

2.42 ± 0.22

Sudachi

1.125

1223

2.23 ± 0.21

1.19 ± 0.29

2.30 ± 0.19

Yuzu

0.585

669

1.2 ± 0.12

0.42 ± 0.21

1.68 ± 0.18

CUPRAC 1

DPPH 1

e-CUPRAC 1

2

mg gallic acid/g of fresh weight. ppm.

Table 2. Results obtained for the ethanolic extracts of the flavedos.

1

Sample

FC 1

Ascorbic Acid 2

Bergamot

2.300

276

2.89 ± 0.19

2.12 ± 0.22

2.97 ± 0.21

Faustrime lime

1.235

574

1.52 ± 0.16

1.75 ± 0.26

1.70 ± 0.14

Kumquat

0.835

179

0.94 ± 0.15

1.65 ± 0.24

0.89 ± 0.14

Lima

1.235

660

1.69 ± 0.16

1.94 ± 0.28

2.01 ± 0.19

Tahitian lime

2.260

683

3.10 ± 0.22

2.61 ± 0.27

2.75 ± 0.18

Lemon

1.485

394

1.39 ± 0.12

2.59 ± 0.27

1.50 ± 0.20

Mandarin

1.885

466

1.87 ± 0.14

1.89 ± 0.23

1.98 ± 0.19

Bitter orange

2.065

617

2.64 ± 0.18

2.1 ± 0.25

2.73 ± 0.22

Sudachi

2.625

723

3.34 ± 0.21

5.18 ± 0.32

3.48 ± 0.20

Yuzu

1.750

394

2.63 ± 0.21

3.9 ± 0.29

2.20 ± 0.18

mg gallic acid/g of fresh weight. 2 ppm.

As can be seen, ethanolic extracts contained less ascorbic acid than the aqueous extracts
due to the lower solubility of this species in ethanol than in water. On the contrary, the Folin
values of the ethanolic extracts were higher than those of the aqueous extracts, indicating,
in principle, that the polyphenol content was higher for the ethanolic extracts. This follows
from the different polarity of the polyphenolic compounds, allowing the extraction of
compounds of low polarity in ethanol and of high polarity in water, the first group being
more abundant than the last group.
The values of the AOC increased, in general, with the FC, as can be seen in Figure 3.
CUPRAC and eCUPRAC showed good correlations with Folin, as can be seen in Table 3.
The R2 values obtained for DPPH indicate that there was no correlation between the
AOC obtained with this assay and the FC. Moreover, the antioxidant capacity had good
correlation with the FC, which contained the contributions of both polyphenols and ascorbic
acid, provided that the assay assessed the antioxidant activity of the sample occurring
through the mechanism tested.
It is widely accepted that FC corresponds to polyphenol content. Taking into account
the different mechanisms of the assays, noted in the introduction, these results could mean
that the polyphenols extracted from the flavedos had antioxidant activities that occurred
through SET mechanisms, rather than SET + HAT mechanisms. Nevertheless, the presence
of significant amounts of ascorbic acid implies that the FC was due not only to polyphenols,
but also to the contribution of the ascorbic acid [41]. This is also true for the AOC measured
by the different assays. The antioxidant capacity of ascorbic acid decreases slightly in water,
and this compound is more inclined to the HAT [42], or HAT + SET [43] mechanisms. This
has not been taken into account in the research on the AOC and polyphenol content of
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Method

Method

Water Extracts Water Extracts

Ethanolic Extracts
Ethanolic Extracts

DPPH

CUPRAC
0.037 ± 0.233
DPPH

–0.289 ± 0.541

Intercept
Slope
0.037
± 0.233
1.751 ± 0.270
–0.289 ± 0.541
1.536 ± 0.621

0.4292

0.487 ± 1.044

eCUPRAC

0.414 ± 0.191

1.761 ± 0.221

0.8883

–0.051 ± 0.297

CUPRAC

Intercept

R
R2 Slope Intercept

2

1.751 ± 0.270
0.9166
0.9166
–0.198 ± 0.329
1.536 ± 0.621 0.4292

Intercept
Slope
–0.198
± 0.329
1.357 ± 0.178
0.487 ± 1.044
1.182 ± 0.566

1.285 ± 0.161

R2Slope
1.357
± 0.178
0.8789
1.182 ± 0.566
0.3524

0.8886

To obtain the FC values corresponding to the polyphenols, the contribution of ascorbic
acid to these values was estimated using the following methodology, based on that given
in [41]. Folin assays were performed with ascorbic acid solutions of a concentration range
of 100 ppm to 2000 ppm. FC values varied linearly with the ascorbic acid concentration.
From these assays, the FC values corresponding to ascorbic acid in this concentration
range were obtained. This factor and the ascorbic acid content were used to subtract the
contribution of ascorbic acid to the FC to give a “Corrected FC” value, which corresponded
to the polyphenol content, usually known as “TP”.
On the other hand, the AOCs of the ascorbic acid, in terms of gallic acid equivalent,
were known for each assay. So, the relative AOCs of gallic to ascorbic acid were 1.8 for
CUPRAC [39], 1.9 for DPPH [46], and 1.9 for eCUPRAC [39]. The AOC values were
corrected by using these factors and the ascorbic acid content was expressed as mg gallic
acid/g of fresh weight.
Figure 4 shows the dependence of the corrected antioxidant capacities (AOCs*) with
the corrected FC values.
As in the case of the preceding section, CUPRAC* and eCUPRAC* showed good
correlations with the corrected FC values, as can be seen in Table 4. Additionally, as for the
crude results, there was no correlation for the DPPH* values, which was concluded from
the R2 values of the correlations.

0.
0.

acid/g of fresh weight.
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the corrected FC values.
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Method
CUPRAC
DPPH
eCUPRAC

Water Extracts
Ethanolic Extracts
Ethanolic Extracts
Method Water Extracts
2
Intercept
Slope
R
Intercept
2
Intercept
Slope
Intercept
Slope
R
R2Slope
CUPRAC
–0.014 ± 0.128
4.346 ± 0.529 0.8939 –0.040± 0.313
1.359 ± 0.204
–0.014 ± 0.128
4.346 ± 0.529
0.8939
–0.040± 0.313
1.359 ± 0.204
0.8480
DPPH
0.305 ± 0.526
0.866 ± 2.178 0.5182 0.835 ± 0.961
1.196 ± 0.625
0.305 ± 0.526
0.866 ± 2.178
0.5182
0.835 ± 0.961
1.196 ± 0.625
0.3138
eCUPRAC
0.631 ± 0.228
3.331 ± 0.946 0.8984 0.328 ± 0.363
1.302 ± 0.237
0.631 ± 0.228

3.331 ± 0.946

0.8984

0.328 ± 0.363

1.302 ± 0.237

0.
0.
0.

0.8894
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Thetotal
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for peels this are
content
was greater
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90% [47].and
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main flavonoids
foundflavonoids
in citrus are the
hesperidin,
narirutin,
[10]. In wines,
fruits are hesperidin, narirutin, naringin, and eriocitrin [10]. In wines, flavonoids are the
most important group found, especially flavanols, which are mainly composed of catechin,
epicatechin, epigallocatechin, epicatechin 3-O-gallate, and proanthocyanidins [48].
FC is well correlated with the DPPH found in wines, as has been found in many
published works, for example, in [49]. This indicates that the polyphenols found in wines
exert their antioxidant activity through a SET + HAT mechanism. Nevertheless, works
studying citrus peels report values that do not show any correlation between FC and DPPH
as, for example, in [50]. So, in this case, it can be stated that the polyphenols extracted from
the flavedos had antioxidant activities that occurred through SET mechanisms, rather than
SET + HAT mechanisms.
The relative antioxidant capacity of the polyphenols extracted in water and in ethanol
can be explored by computing the quotient of the corrected AOC values by the corrected FC.
As can be seen in Figure 5, the relative values of AOC obtained in water were, in general,
higher than those obtained for the extracts in ethanol.
This can be justified by assuming that polyphenols extracted in water, which have
high polarities, are better antioxidants than those with lower polarity extracted in ethanol.
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