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Introduction

The nutraceutical properties of citrus fruit are related to 
their phytochemical components, among which phenolic 
compounds, flavonoids, limonoids, vitamins, carotenoids, 
organic acids, sugars, and aromatic compounds are reported 
in yuzu [1–4]. Recovery of phytochemicals from fruit sam-
ples is typically accomplished through different solvent 
extraction taking into account their chemistry and uneven 
tissue distribution. For example, phenolics, flavonoids, and 
vitamin C are present in higher concentrations in the rinds 
of fruits than in the inner tissues [5, 6]. The antioxidant 
capacity of citrus peel have also been reported to be supe-
rior other tissues [6, 7]. The seeds of citrus fruit are rich 
sources of limonoids and essential oils [3, 8–10]. Recov-
ery of phytochemicals should also take account the nature 
of the target compounds to be extracted. Yuzu fruit contain 
phytochemicals from the highly polar (e.g., pectin) to less 
polar (e.g. terpenoids, essential oils, carotenoids) in nature. 
Hence, recovery of phytochemicals and antioxidant activity 
of the extracts are highly dependent on the solvent polarity 
[11]. The stability of different extracts from the same mate-
rial depends on the extraction solvent. It is also apparent that 
different solvent extracts from the same plant material may 
vary widely with respect to their antioxidant concentrations 
and biological activities [12]. In a comparative study of four 
solvents, aqueous methanol, aqueous ethanol, aqueous ace-
tone, and distilled water, Mohammedi and Atik [13] found 
that aqueous methanol was more effective than other sol-
vents in recovering total polyphenols from Tamarix aphylla 
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Absolute acetone was the least desirable solvent employed 
for extraction in most of the samples. Drying methods also 
significantly affected the total polyphenols content, total 
flavonoid content and antioxidant potential of yuzu fruits. 
Oven drying resulted in declines of the TPC, TFC, FRAP, 
DPPH, and CUPRAC from 0.2 to 33.0 % relative to fresh 
samples while air drying resulted a decrease in the range 
between 2.5 and 30.6 %. Freeze dried samples showed 
the highest percent retentions of polyphenols content, fla-
vonoid content, and antioxidants (70.6–122.1 %). Drying 
methods caused the highest loss of TPC, TFC, FRAP, and 
CUPRAC in pulp samples except DPPH radical scavenging 
activity. In overall, the extraction of secondary metabolites 
and antioxidants was highly dependent on the extraction 
solvent, type of sample and sample processing methods.
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peel, pulp, and seeds of yuzu. The results of these study has 
a significant importance in developing protocols for produc-
ing flavoring additives with comparable or superior nutri-
tional quality to those of commercial ones.

Materials and methods

Chemicals and reagents

Ethanol, acetone, and methanol, were supplied by DAE-
JUNG (Gyonggi do, South Korea). Ammonium acetate, 
ferric trichloride hexahydrate and 2,4,6-tripyridyl-s-triazine 
(TPTZ) were from JUNSEI (Tokyo, Japan). Sodium acetate 
and 2,2-diphenyl-1-picrylhydrazyl (DPPH) were from Fluka 
(Buchs, Switzerland). Folin–Ciocalteu reagent, and sodium 
carbonate were from Sigma-Aldrich (Buchs, Switzerland). 
Dimethyl sulfoxide (DMSO), gallic acid, neocuproine, 
6-hydroxy-2,5,7,8-tetramethylchromane-2-carboxylic acid 
(TROLOX), and quercetin were purchased from Sigma-
Aldrich (St. Louis, MO, USA). All reagents used for analy-
sis were of analytical or high purity grade.

Plant material and drying process

Fresh fruits of yuzu (Citrus junos Sieb ex Tanaka) were 
obtained from a farm in Jeju province, South Korea. The 
peel, pulp, and seeds are separated manually and compos-
ite samples were prepared. Each part was divided in two 
five; one fresh and others to be subjected to various drying 
conditions. The same procedure repeated two more times. 
Samples were subject to four different drying methods, 
i.e., microwave-, oven-, freeze-, and air-drying. For each 
drying method, 10 g of sample was used. In microwave-
drying, samples were dried in a domestic digital microwave 
oven (Samsung M1719N, Samsung Electronics, Seoul, 
South Korea) with technical features of ~230 V, 50 Hz, 
and 1150 W, a frequency of 2450 MHz (a wavelength of 
12.24 cm). Oven-drying involved drying in a convection 
oven (Vision scientific, South Korea) at 50 °C. Air drying 
was conducted in the shade under normal air at daylight and 
ambient mean temperature of 25 °C. For each of the above 
drying methods, samples were spread out evenly on a Petri 
dish. In freeze drying, samples were lyophilized for 3 days in 
a vacuum flask at 0.125 mbar and −70 °C in a freeze-dryer.

Extraction of polyphenols and antioxidants

1 g for powdered (oven-, microwave-, air-, freeze- dried) 
and 5 g for fresh sample of peel, pulp, and seed of yuzu 
fruit were used for extraction. To study the effect of sample 
preservation methods on the content of selected metabolites 
and antioxidants, 80 % ethanol was used as an extraction 

leaves. However, aqueous acetone extract was more potent 
free-radical inhibitor than other mixtures. In another study, 
Sultana et al. [14] found out that higher extract yields, poly-
phenolic contents and plant material antioxidant activity 
were obtained using aqueous organic solvents, as compared 
to the respective absolute organic solvents from medicinal 
plant extracts.

Different solvent systems have been used to extract anti-
oxidants and phytochemicals from plant materials such as 
fruits, vegetables, legumes, and other foodstuffs. Water, 
ethyl acetate, DMF, DMSO, ethanol, methanol, acetone, and 
their combinations are commonly used to extract antioxi-
dants from plant foods. For extractions of polyphenols and 
antioxidants from different parts of citrus fruits the solvent 
systems used include absolute ethanol [15], DMSO/MeOH 
[16, 17], ethyl acetate [18], 80 % methanol/water [19, 20], 
absolute methanol [21], water [7, 22], 70 % ethanol [3], 
80 % acetone [5]. However, the reason for the selection of 
one solvent over another is not justified well. To understand 
the completion of the extraction and subsequent effect on 
the activities of the extracts, a comparative study is needed.

The cellular integrity is lost as cells die (the senescent 
process) causing the enzymes come in contact with sub-
strates to which they are not normally exposed in living 
cells. Furthermore, the redox process, racemization, dimer-
ization etc. also increases which in turn causes a problem 
to bioactive compounds like phenolic compounds [23]. The 
metabolic activities of the cells need to be curbed imme-
diately after harvesting in order to control changes related 
to the enzyme activities. Depending on the nature of the 
sample, keeping on ice and dark conditions can be applied 
during storage and transportations [24, 25]. Various drying 
techniques at different temperature can also be performed 
[26–31]. However, it should be noted that drying processes 
could cause undesirable effect on the chemical constituents 
of plant samples [27]. Hence, planning and analyzing of 
research studies related to phytochemicals should be done 
with great caution.

Fresh fruits need costly preservation method and have 
also short shelf life. To reduce the cost of preservation and 
extend their life, citrus fruits can be used in dry form. The 
nutritional quality (phytochemical content) and bioactiv-
ity largely affected by the type of drying method employed 
[32]. Some novel drying techniques have been used to dry 
citrus by-products. In practice, sun-drying, hot air-drying, 
freeze drying, oven drying, and microwave drying are the 
major drying methods which are relatively inexpensive. 
Dried yuzu rind is used to flavor various dishes such as veg-
etables, fish, or noodles. Dried, powdered yuzu is tangy and 
sweet and is also used in desserts.

The objective of this study is to examine the effect of 
different extraction solvents and various drying methods on 
total polyphenol, total flavonoid and antioxidant activity of 
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300 mM acetate buffer (pH 3.6), 2.5 mL of 10 mM TPTZ 
solution in 40 mM HCl and 2.5 mL of 20 mM FeCl3·6H2O 
solution. The reagent was prepared immediately before 
use as required. The assay procedure consisted of mixing 
3000 µL of FRAP reagent, 300 µL of water and 100 µL of 
the test sample or standard TROLOX solution. The reaction 
mixture was kept at 37 °C for 30 min, and then the absor-
bance was recorded at 593 nm using a Shimadzu UV-2550 
spectrophotometer. Results were reported as mg of TRO-
LOX equivalents (TE)/g dry weight (DW) of sample.

DPPH free radical scavenging assay

The protocol of 2,2-diphenyl-1-picrylhydrazyl (DPPH) 
radical scavenging activity test was adapted from Brand-
Williams [36], with some changes. In brief, 0.1 mL of the 
extract stock solution were mixed with 2.5 mL of DPPH rad-
ical solution (0.1 mM) and was made up to 3 mL with 60 % 
ethanol/methanol. The DPPH solution mixed with 60 % 
ethanol/methanol/acetone instead of the extract was used as 
a control. The mixture was shaken vigorously and left to 
stand for 80 min in the dark. Preliminary experiments have 
shown that such a long interval is required for the reaction to 
go to completion. The absorbance was recorded at 517 nm 
using a Shimadzu UV-2550 spectrophotometer. 60 % etha-
nol/methanol/acetone was used as a reference accordingly. 
TROLOX solution was used to construct calibration curves 
and results were reported as mg of TROLOX equivalents 
(TE)/g dry weight (DW) of sample.

DPPH radical scavenging activity was calculated accord-
ing to the equation:

where A0 is the absorbance in the absence of samples, and 
A1 is the absorbance in the presence of samples.

Cupric reducing antioxidant capacity (CUPRAC)

The protocol of the CUPRAC test was adapted from Apak 
et al. [37] with a little modification. Briefly, to a test tube 
was added 1 mL of 10 mM CuCl2 solution, 1 mL of ammo-
nium acetate buffer (pH 7), and 1 mL of 7.5 mM neocup-
roine solution were mixed together in a test tube. To this 
mixture were added 100 µL of the extracted sample (stan-
dard) solution and 1 mL of water so as to make the final 
volume 4.1 mL. The tubes were stoppered and after 30 min, 
the absorbance at 450 nm was recorded against a reagent 
blank. The assay was calibrated with standard solutions of 
TROLOX to express results in mg of TE per gram of dried 
sample.

DPPH scavenging activity
A A

A
=

−( )
×0 1

0
100,

solvent. For the study of the effect of extraction solvent, 
a freeze dried ground plant material was extracted with 
each of the solvents–water, 50 % EtOH (50, 80, and 100 %) 
MeOH (50, 80, and 100 %), acetone (50, 80, and 100 %), 
MeOH:DMSO, and EtOH:DMSO. The extraction was 
conducted in a 100 mL beaker by 30 mL of the solvent. 
The mixture of the sample powder and solvent was soni-
cated for 30 min, and the solution was then centrifuged at 
10,000×g for 10 min at 4 °C. The residue was re-extracted 
by repeating the above steps under the same conditions two 
times. The supernatants were combined and transferred to 
a 250 mL round bottom flask. The extract was evaporated 
under reduced pressure at 40 °C using a rotary evaporator 
(EYELA, SB-651, Rikakikai Co. Ltd. Tokyo, Japan). The 
crude extract was re-dissolved by the respective solvent 
and made to a final volume of 25 mL. The final extract was 
stored at −18 °C until analysis.

Determination of total polyphenol content (TPC)

The TPC was determined by the Folin–Ciocalteu method 
according to the protocol of Singlton and Rossi [33] with 
slight modifications. Briefly, 250 μL of the extract stock 
solution was mixed with 250 μL of the Folin–Ciocalteu 
reagent and 2000 μL of water. The mixture was kept at 
room temperature for 7 min and then 500 μL of 20 % 
sodium carbonate (w/v) was added. The reaction was 
allowed to continue for 60 more minutes. Finally, the 
absorbance was measured at 765 nm using a Shimadzu 
UV-2550 spectrophotometer. Each measurement was 
repeated three times and total polyphenolic content was 
expressed as mg gallic acid equivalents (GAE)/g dry 
weight (DW) of sample.

Determination of total flavonoid content (TFC)

The TFC was determined by the colorimetric aluminum 
chloride method [34]. Briefly, 0.5 mL solutions of appropri-
ately diluted sample solutions were separately mixed with 
1.5 mL ethanol, 0.1 mL of 10 % aluminum chloride, 0.1 mL 
of 1 M potassium acetate, and 2.8 mL of deionized water and 
incubated at room temperature for 30 min. The absorbance 
of the reaction mixture was measured at 415 nm using a Shi-
madzu UV-2550 spectrophotometer. Results were reported 
in mg of quercetin equivalents (QE)/g dry weight (DW) of 
sample.

Ferric reducing antioxidant power (FRAP) assay

The ferric reducing antioxidant potential (FRAP) of yuzu 
extracts was estimated by the method of Benzie and Strain 
[35]. Briefly, FRAP reagent was prepared from 25 mL of 
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Statistical analysis

All analyses were carried out in triplicate, and data were 
reported as a mean ± SD. The data were analyzed by the 
SPSS 17.0 software using one-way ANOVA and homog-
enous subsets were determined to separate the mean values 
of the different treatments. The statistical significance level 
was set up at p < 0.05.

Results and discussion

Physical properties of different parts of yuzu fruit

The weight, size, moisture content and soluble solids of 
yuzu fruit is presented in Table 1. The average fruit has a 
mean weight per fruit of 112.30 ± 10.64 g; fruit index of 
0.84 at its matured stage. The percent relative weight of the 
peel generally decreases as it get matures. The mean juice 
weight per fruit is 53.29 ± 12.42 g. The average value of 
soluble solids of matured yuzu fruit was 15.5 ± 2.3 °Brix.

Effect of extraction solvent on the antioxidant activity

Amount (mg/100g of freeze dried plant material) of the 
antioxidant capacity (using FRAP, CUPARC, and DPPH 
assays) were determined for the peel, pulp, and seeds of 
yuzu fruit using 12 different solvents expressed as TRO-
LOX equivalents are shown in Table 2. As depicted in the 
table, the ferric reducing antioxidant power, DPPH radical 
scavenging activity, and cupric reducing antioxidant power 
of different parts of yuzu fruit were affected by the type of 
extraction solvents employed.

FRAP assay depends on the reduction of ferric tripyrid-
yltriazine (Fe(III)–TPTZ) complex to the ferrous tripyridyl-
triazine (Fe(II)–TPTZ) by a reductant (antioxidants or other 
reducing agents) at low pH. Fe(II)–TPTZ has an intensive 

Weight, size, soluble solids, and moisture content

Twenty fruits of each replicate were randomly selected and 
the average fruit weights were recorded. The seed–pulp–
peel content, the individual weights of seeds, pulp, and peel 
present in yuzu fruits, were determined by separating manu-
ally. The mean weight of each part of the fruits was calcu-
lated. The size of the fruit was determined using a vernier 
caliper (Digimatic caliper, Mitutoyo Corp., Japan) to val-
ues at least 0.01 mm. The diameter was measured along the 
equatorial section of the fruit and the height was measured 
along the longitudinal (stem to blossom end) section.

Triplicate samples of 10 fruits per treatment were homog-
enized in a laboratory blender at high speed for 1 min and 
then subjected to analysis. The refractive index was deter-
mined using a pocket refractometer (PAL-1, Atago, Japan). 
The homogenates were filtered and the total soluble solids 
of the resulting clear juice samples was determined by plac-
ing 2–3 drops of the undiluted juice in the refractometer. 
Analyses were carried out in triplicate. Moisture content of 
the fruits was determined by keeping the samples in a ther-
mostatically controlled electric oven at 105 ± 1 °C for 3 h 
(AOAC, 1990). The percentage of the moisture was calcu-
lated as:

where W1 is the initial weight of empty dish; W2 is the weight 
of dish + fresh sample; W3 is the weight of dish + dried 
sample.

Calculation of percentage true retention

The loss of nutrients during drying was estimated by calcu-
lating percent true retention (%TR) according to the follow-
ing formula [38]:

Percentage moisture
W W
W W

=
−( )
−( ) ×

2 1

2 3
100,

Table 1 Weight, size, moisture content, and content of soluble solids of different parts of matured yuzu fruit

Weight (g) Moisture (%) Size (mm) Soluble solids 
(°Brix)

Height Diameter Fruit index

Whole fruit 112.30 ± 10.64 80.5 ± 2.6 54.7 ± 2.2 65.4 ± 3.0 0.84 ± 0.01 15.5 ± 2.3
Peel (RW %) 46.13 ± 4.13 (41.08) 83.7 ± 0.3
Pulp (RW %) 53.29 ± 12.42 (47.45) 88.4 ± 0.2
Seed (RW %) 12.88 ± 1.26 (11.47) 50.4 ± 0.6

RW % (ratio for whole weight, %) is ratio of each part to whole fruit weight; fruit index = diameter (mm)/height (mm). Values presented as 
mean ± SD

Percent TR
Nutrient  content  per  g  of  dehydrated  sampl

=
ee   g  of  sample  after  dehydration

Nutrient  content
×( )

   per  gram  of  fresh  sample  g  of  sample  before  d× eehydration( )
×100.
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blue color and can be monitored at 593 nm [35]. Extracts 
of peel, pulp, and seeds of yuzu fruit from different extrac-
tion solvent differ significantly (p < 0.05) in their FRAP. 
The FRAP of peel of yuzu fruit ranges from 469.4 to 1751.9 
mgTE/100g dw; pulp from 261.9 to 776.8 mgTE/100g dw; 
and seeds from 292.3 to 490.0 mgTE/100g dw. The FRAP 
value was affected significantly by the extraction solvents. 
For example, the best solvents were 80 % acetone for peel, 
MeOH:DMSO (1:1) for pulp and seeds. In general pure 
solvents were less effective. Organic solvents mixed with 
water or DMSO mixed with either ethanol or methanol is 
good solvent for extraction of antioxidant compounds active 
towards the reduction of ferric tripyridyltriazine to ferrous 
tripyridyltriazine.

The CUPRAC assay utilizes the copper(II)–neocuproine 
[Cu(II)–Nc] reagent as the chromogenic oxidizing agent and 
involves faster kinetics as opposed to that of ferric reduc-
ing antioxidant power (FRAP) method [37]. The Cu(II) ion 
reducing ability of the extracts of the different parts of yuzu 
fruit were varied significantly (p < 0.05). The CUPRAC 
of the peel of yuzu fruits ranged from 702.4 to 2195.2 
mgTE/100g dw; pulp from 348.7 to 1067.1 mgTE/100g 
dw; and seeds from 338.9 to 785.1 mgTE/100g dw. The 
CUPRAC value was affected by the extraction solvent sig-
nificantly. For example, the best solvents were 50 % acetone 
for peel and pulp; while 80 % acetone gave the best results 
for seeds. In general, the mixture of water and organic sol-
vents (methanol, ethanol, and acetone) were found best sol-
vents for extraction antioxidants active towards cupric ion 
reduction. Pure solvents were found least effective. Simi-
lar to FRAP assay, lowest CUPRAC values were observed 
using absolute acetone for peel and pulp, while the lowest 
value for seeds was obtained using water extract. This might 
be attributed to the relatively less polar compounds such as 
limonoids accumulated in the seeds of yuzu [9] are less sol-
uble in water.

DPPH is a free radical and stable at room temperature, 
which produces a violet solution in ethanol/methanol. 
Reduction of DPPH by antioxidants results in a loss of 
absorbance. Thus, the degree of discoloration of the solution 
indicates the scavenging efficiency of the added substances 
[36]. The DPPH values of the antioxidant extracts from dif-
ferent extraction solvents presented in Table 2 differed sig-
nificantly (p < 0.05). The DPPH values of the peel of yuzu 
fruit ranged from 295.1 to 479.3 mgTE/100g dw; pulp from 
57.8 to 265.5 mgTE/100g dw; seeds from 81.5 to 232.8 
mgTE/100g dw. The DPPH values were affected by extrac-
tion solvent significantly. For example, the best solvents for 
DPPH values were 80 % acetone for peel, 50 % EtOH for 
pulp; and 80 % MeOH for seeds. Pure solvents were least 
effective. The results suggested that water mixed with ace-
tone, methanol, and ethanol are good solvents for extraction 
of DPPH radical scavengers from peel, pulp and seeds of Ta
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compound extraction. Considering acetone, methanol and 
ethanol only, 80 % of each organic solvent extracted the 
highest amount of polyphenols followed by 50 % for peel 
and pulp. However, 50 % of each solvent extracted rela-
tively higher content of polyphenols followed by 80 % of 
them for seeds.

Flavonoids are widespread plant secondary metabolites, 
including flavones, flavanols, and condensed tannins [39]. 
In addition to the TPC, the TFC of the extracts were ana-
lyzed and the results are presented in Table 3. Yuzu extracts 
from different extraction solvents differed significantly 
(p < 0.05). The TFC of peel, pulp, and seeds of yuzu fruit 
extracts ranged from 102.8 to 177.4, 49.9 to 84.4, and 3.2 to 
5.4 mgQE/100g dw respectively. 80 % methanol and 80 % 
ethanol (p > 0.05) were the best among the 12 selected sol-
vents for extracting flavonoids from peels of yuzu. Whereas, 
50 % ethanol and 50 % methanol were the best extraction 
solvents for extraction of yuzu pulp flavonoids with TFC 
values differed insignificantly (p > 0.05). The TFC of seeds 
of yuzu was better extracted by 80 % methanol (p < 0.05) 
followed by 50 % acetone, 50 % MeOH, 80 % acetone, and 
80 % EtOH (p > 0.05). The least desirable solvents among 
the solvents employed for extraction of flavonoids from 
yuzu peels, pulp and seed were the following order from 
low to high: absolute acetone < water < absolute ethanol.

Effect of drying methods on the TPC and TFC

Different drying methods of fresh yuzu fruits (air, oven, 
freeze, and microwave drying) had an impact on TPC and 
TFC. Results are presented in Table 4. Quantitative evalua-
tion of total polyphenols in extracts of the differently dried 
peel, pulp, and seeds of yuzu as estimated by the method of 

yuzu fruit. A similar trend with FRAP and CUPRAC assays 
was noticed for DPPH assay in that the antioxidants from 
seeds were better extracted by acetone than water. However, 
water was better than absolute acetone in extracting antioxi-
dants from the peel and pulp. It should also be noted that 
both water and absolute acetone were the least performing 
solvents in most of the experiments conducted. The results 
of this study are in agreement with previously reported 
investigations [11, 14, 39]. The results from the three assays 
suggested that antioxidant activity of extracts is strongly 
dependent on the solvent. This is due to the different anti-
oxidant potentials of compounds with different polarity.

Effects of extraction solvent on the TPC and TFC

The polyphenol and flavonoid contents of the peel, pulp 
and seeds of yuzu were examined and presented in Table 3. 
Polyphenol content of the peel, pulp and seeds of yuzu fruit 
ranged from 1407.7 to 2271.7, 408.9 to 1039.4, and 167.8 
to 654.8 mgGAE/100g dw respectively. An aqueous ace-
tone was the best extraction solvent for polyphenols from 
yuzu fruit. There was no significant difference between the 
polyphenols content obtained with 50 and 80 % acetone 
(p > 0.05). Absolute acetone was found undesirable for 
extraction of polyphenols from yuzu fruit relative to other 
solvents considered in the study. As shown in the table, 
polyphenol contents of yuzu extracts were strongly depen-
dent on the solvents at different concentrations and solvent 
types. The TPC extracted by the selected solvents were 
affected significantly. 80 % acetone was found the best sol-
vent composition for peel and pulp. Whereas, 50 % acetone 
gave the highest TPC for seeds. Like the antioxidant activity 
assays, pure solvents were the least effective for phenolic 

Table 3 Effect of extraction solvent on TPC and TFC of peel, pulp, and seeds of yuzu fruit

Solvent TPC (mgGAE/100g dw) TFC (mgQE/100g dw)

Peel Pulp Seed Peel Pulp Seed

Water 1549.3 ± 89.6g 475.9 ± 24.5f 167.8 ± 30.1f 122.6 ± 6.0f 61.5 ± 7.1g 3.6 ± 0.2e

EtOH 50 % 2101.4 ± 16.8bc 990.6 ± 30.1a 646.2 ± 11.9a 160.2 ± 3.5cd 84.4 ± 1.4a 4.5 ± 0.1c

EtOH 80 % 2141.6 ± 22.3b 1037.5 ± 29.5a 570.6 ± 34.9b 171.1 ± 2.9ab 77.2 ± 1.7bcd 4.9 ± 0.1b

EtOH 100 % 1760.8 ± 18.2f 629.9 ± 30.1e 260.6 ± 15.2e 146.2 ± 2.6e 64.5 ± 4.3fg 4.1 ± 0.1d

MeOH 50 % 2065.0 ± 26.0c 882.5 ± 47.7b 625.1 ± 14.4a 164.8 ± 2.4bc 80.8 ± 3.0abc 5.0 ± 0.1b

MeOH 80 % 2115.7 ± 32.6bc 935.1 ± 25.8b 616.5 ± 32.0a 177.4 ± 2.6a 73.2 ± 1.3de 5.4 ± 0.1a

MeOH 100 % 1925.3 ± 28.3d 726.5 ± 40.2d 308.5 ± 15.8a 156.7 ± 3.0d 69.2 ± 4.2ef 4.6 ± 0.1c

Acetone 50 % 2254.4 ± 41.2a 1010.7 ± 19.1a 654.8 ± 10.9a 149.4 ± 3.7e 75.7 ± 3.0cd 5.0 ± 0.2b

Acetone 80 % 2271.7 ± 21.9a 1039.4 ± 16.8a 646.2 ± 18.5a 164.5 ± 3.2bc 82.1 ± 1.9ab 5.0 ± 0.2b

Acetone 100 % 1407.7 ± 27.3h 408.9 ± 11.6g 193.6 ± 43.1f 102.8 ± 6.0g 49.9 ± 1.9h 3.2 ± 0.1f

MeOH:DMSO 1946.4 ± 33.0d 814.6 ± 47.4c 373.5 ± 9.2c 164.2 ± 4.9bc 78.1 ± 0.7bcd 4.6 ± 0.0c

EtOH:DMSO 1823.9 ± 31.0e 773.4 ± 29.9cd 324.7 ± 19.5d 166.8 ± 6.2bc 77.1 ± 3.8bcd 4.2 ± 0.1d

Data are expressed as means ± SD of triplicate experiments. Values in the same column bearing different superscript letters are significantly 
different (p < 0.05)
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fresh peel, pulp and seeds of yuzu fruit were 437.9 ± 11.9, 
150.5 ± 15.3, and 23.8 ± 2.7 mgGAE/100g FW respectively. 
The highest TPC content was recorded in freeze dried sam-
ples followed by oven dried and microwave dried samples. 
Air dried samples exhibited the least TPC in all the three 
parts of fruit samples. On the other hand, total flavonoid 
content as measured according to the method described by 
Chang et al. [34] were of 89.6 ± 1.0, 27.5 ± 0.4, and 2.6 ± 0.1 
mgGAE/100g FW in peel, pulp and seeds respectively. The 
TFC content of the dried fruit extract was affected signifi-
cantly (p < 0.05) by the drying method used and the TFC 
content was ranked in the order from high to low: Freeze 
drying > oven drying, microwave drying (p > 0.05) > air 
drying.

Peel and seed samples dried by lyophilisation were found 
best suitable to retain the maximum content of TPC (106 % 
for peel and 120.4 % for seeds), TFC (109.7 % for peel and 
97.8 % for seeds). TPC and TFC in pulp sample were best 
preserved in microwave drying (90.7 % for TPC and 86.6 % 
for TFC). The effect of drying methods on retention of TPC 
and TFC is presented in Fig. 1.

Drying of plant material could result in a decrease or in 
an increase of the TPC and TFC. Microwave, oven, air, and 
sun drying resulted in sharp declines in TPC in dried leaves 
of Alpinia zerumbet, Etlingera elatior, Curcuma longa, 
and Kaempferia galangal [29]. These authors also noted 
that freeze-drying resulted in significant gains in TPC. In 
another report, the TPC increased considerably in oregano 
and peppermint leaves when they were dried at ambient 
air [40]. Capecka et al. [40] explained that the drying pro-
cess may result in high or low levels of TPC depending on 
the type of phenolic compounds present in the plant mate-
rial and their location in the cell. According to Dorta et al. 
[31], freeze and oven drying in peel and seeds of mango 

Folin–Ciocalteu revealed that the peel, pulp, and seeds of 
yuzu fruit exhibited variable contents ranging from 1964.1 
to 2112.8, 809.3 to 915.5, and 42.4 to 55.4 mg of GAE/100g 
of dw respectively. The amounts of total polyphenols in 

Table 4 Effect of different drying methods oven dried (OD), air dried 
(AD), microwave dried (MWD), freeze dried (FD), and fresh (F) on 
TPC and TFC of the peel, pulp, and seeds of matured yuzu fruit

Drying 
methods

Water lost  
(W %)

TPC (mgGAE/ 
100g DW)

TFC (mgQE/ 
100g DW)

Peel
F 437.9 ± 11.9 89.6 ± 1.0
OD 78.6 ± 3.6a 2016.2 ± 19.1b 417.6 ± 3.2b

AD 76.1 ± 2.0c 1964.1 ± 26.6c 399.3 ± 3.9c

MWD 77.4 ± 2.5b 2031.5 ± 26.1b 416.1 ± 3.1b

FD 77.9 ± 1.4ab 2112.8 ± 30.9a 444.6 ± 5.9a

Pulp
F 150.5 ± 15.3 27.5 ± 0.4
OD 86.4 ± 5.1a 850.9 ± 27.3b 150.0 ± 2.7b

AD 84 ± 4.5b 809.3 ± 36.7c 142.3 ± 2.8c

MWD 84.2 ± 3.2b 858.1 ± 32.4b 150.8 ± 2.5b

FD 85.7 ± 3.7ab 915.5 ± 29.1a 159.8 ± 2.7a

Seed
F 23.8 ± 2.7 2.6 ± 0.1
OD 48.2 ± 1.2a 43.8 ± 1.8bc 4.8 ± 0.1a

AD 47.1 ± 1.9b 42.4 ± 2.0c 4.5 ± 0.2b

MWD 48.5 ± 1.8a 47.2 ± 3.7b 4.7 ± 0.1a

FD 48.4 ± 0.9a 55.4 ± 3.3a 4.9 ± 0.1a

Data are expressed as means ± SD of triplicate experiments. Dif-
ferent superscript letters denote significant differences (p < 0.05) 
between drying treatments. GAE and QE are for gallic acid and quer-
cetin equivalents respectively. Values for fresh sample are expressed 
on a fresh weight (FW) basis
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for seeds), and CUPRAC (108.9 % for peel and 124.9 % for 
seeds). AOA in pulp sample was best preserved by MWD 
with retention of 84.0, 115.6, and 78.2 % for FRAP, DPPH, 
and CUPRAC assays respectively. For peels and seeds, 
freeze drying resulted in gains of antioxidant activities with 
the exception of CUPRAC values of seed samples.

Processing methods are reported to have variable effects 
on AOA of plant samples. Impacts include little or no change, 
significant losses, or enhancement in AOP [29]. An increase in 
antioxidant activity of thermal treatment have been reported 
in orange peel extracts [30], citrus mandarin peels [41], citrus 
mandarin pomace [43], red pepper [44], and Citrus unshiu 
peels [45]. Increase in AOA following thermal treatment 
is attributed to the release of bound phenolic compounds 
brought about by the breakdown of cellular constituents and 
the formation of new compounds with enhanced antioxidant 
potential [29]. Losses in AOA due to thermal treatments were 
also reported in other studies [46, 47].

Results of this study showed that drying methods had vari-
able effects on the antioxidant potential. Gains of FRAP and 
DPPH in seeds sample were exhibited by all the drying meth-
ods considered. Freeze drying caused a significant gain of 
AOA in peels of yuzu fruits. It would be presumptuous to infer 
that drying methods resulted in gains or losses in AOA without 

fruit increased the TPC using aqueous extraction solvents of 
ethanol and acetone. However, the TPC from peel of mango 
using absolute ethanol as extraction solvent was highest in 
fresh samples even though there was no decrease in oven 
and freeze dried sample relative to the aqueous solvents.

Microwave treatment increased the content of individual 
flavonoid compounds in citrus mandarin peels [41]. These 
Authors noted that the contents of flavonoid compounds 
(FCs) were increased with microwave power. The increase 
in contents of polyphenols in microwave dried plants could 
be explained by the fact that the intense heat generated from 
the microwaves creates a high vapor pressure and tempera-
ture inside plant tissue, resulting in the disruption of plant 
cell wall polymers. Consequently, in certain cases, cell 
wall phenolics or bond phenolics could be released, thus 
causing more phenolics to be extracted [42]. On the other 
hand, simple heat treatments increased the TPC and TFC of 
methanol extract of citrus fruit (Citrus sinensis (L.) Osbeck) 
peels [30]. This indicated that phenolic compounds of plants 
should be linked with different type of bonds depending on 
plant species. In this study freeze drying appears to be a 
good method preserving TPC and TFC in peels and seeds 
while microwave was superior for the juice (pulp) samples 
of yuzu fruit. Polyphenols are important medicinal com-
pounds. The potential effect of freeze drying on these con-
stituents should be considered when planning and analyzing 
research studies on the medicinal properties of plants.

Effect of sample preservation techniques on the 
antioxidant activity (AOA)

The antioxidant activity of the peel, pulp, and seeds of matured 
yuzu fruits as affected by different drying methods is presented 
in Table 5. Quantitative evaluation of the antioxidant activ-
ity in extracts of the differently dried (oven, microwave, air, 
freeze) peel, pulp, and seeds of yuzu as estimated by FRAP, 
CUPRAC, and DPPH assays revealed that the peel, pulp, and 
seeds of yuzu fruit exhibited variable contents. The FRAP 
values were ranged from 1373.6 to 1642.3, 589.2 to 712.1, 
and 393.3 to 490.3 mgTE/100g DW; CUPRAC from 1776.4 
to 1998.3, 763.2 to 868.3, and 395.5 to 512.2 mgTE/100g 
DW; DPPH from 406.2 to 468.2, 163.1 to 227.5, and 200.4 
to 246.9 mgTE/100g DW in peel, pulp and seeds respectively. 
The antioxidant activities of all the samples tested with the 
FRAP, CUPRAC, and DPPH assays were highest in freeze 
dried samples and lowest in air dried samples. The AOA of 
microwave and oven dried samples didn’t show a significant 
difference with the exception of FRAP values of seed extract.

Impacts of different drying methods on percent true reten-
tions of antioxidant activities of peel, pulp, and seeds of yuzu 
are illustrated in Fig. 2. Freeze dried peel and seed samples 
exhibited a maximum retention of FRAP (105.6 % for peel 
and 122.1 % for seeds), DPPH (108.9 % for peel and 124.9 % 

Table 5 Effect of different drying methods oven dried (OD), air dried 
(AD), microwave dried (MWD), freeze dried (FD), and fresh (F) on 
antioxidant activity of peel, pulp, and seeds of matured yuzu fruit

Drying 
methods

FRAP (mgTE/ 
100g DW)

DPPH (mgTE/ 
100g DW)

CUPRAC (mgTE/ 
100g DW)

Peel
F 343.6 ± 3.0 95.0 ± 3.0 435 ± 2.3
OD 1581.0 ± 22.0b 442.4 ± 6.5b 1902.9 ± 24.6b

AD 1373.6 ± 40.9c 406.2 ± 10.8c 1776.4 ± 29.3c

MWD 1592.3 ± 26.8b 444.5 ± 9.1b 1905.9 ± 23.5b

FD 1642.3 ± 31.9a 468.2 ± 10.6a 1998.3 ± 68.3a

Pulp
F 132.6 ± 7.2 28.7 ± 4.9 176.0 ± 8.3
OD 696.4 ± 16.8a 207.4 ± 6.5b 866.5 ± 18.5a

AD 589.2 ± 15.9b 163.1 ± 7.4c 763.2 ± 27.4b

MWD 705.2 ± 21.8a 210.0 ± 5.8b 870.8 ± 31.7a

FD 712.1 ± 20.1a 227.5 ± 8.0a 868.3 ± 30.7a

Seed
F 207.2 ± 1.9 102.0 ± 4.1 297.9 ± 3.8
OD 438.5 ± 10.1c 228.3 ± 6.0b 455.6 ± 23.5b

AD 393.3 ± 15.4d 200.4 ± 6.0c 395.5 ± 26.3c

MWD 459.6 ± 16.9b 231.8 ± 6.5b 456.8 ± 14.3b

FD 490.3 ± 10.6a 246.9 ± 5.8a 512.2 ± 27.5a

Data are expressed as means ± SD of triplicate experiments. Dif-
ferent superscript letters denote significant differences (p < 0.05) 
between drying treatments. TE is for TROLOX equivalents. Values 
for fresh sample are expressed on a fresh weight (FW) basis
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analyzing a wide range of antioxidant potential and testing a 
variety of samples. A single treatment applied on a different 
sample could have variable effects on its antioxidant potential.

Conclusion

The present study has clearly demonstrated that extraction 
solvent mixtures greatly affected yuzu antioxidant activity 
evaluation including DPPH radical, FRAP, and CUPRAC. 
The total polyphenol content and flavonoid content were also 
significantly affected by the extraction solvent types. Aque-
ous solvent (80 % methanol, 80 % ethanol, 80 % acetone, 
50 % methanol, 50 % ethanol, and 50 % acetone) extracts 
of yuzu peel, pulp, and seeds exhibited better antioxidant 
activities and higher phenolic and flavonoid contents. Drying 
methods resulted in significant quantitative variation of the 
chemical composition of the extracts. Freeze drying seems to 
enhance TPC, total flavonoids, and antioxidant potential as 
assessed by the DPPH stable radical, CUPRAC, and FRAP 
methods. The highest decline (1.7–33 %) was observed in 
pulp samples relative to peel and seeds in all methods except-
ing DPPH scavenging activity of freeze and microwave dried 
samples. In general, the efficiency solvent type and drying 
method to give better results was dependent up on the meth-
ods of determination as well as the type of sample. The pres-
ent data would certainly help to ascertain the potency of the 
tested samples as potential source of natural antioxidants to 
be used for nutraceutical and functional food applications.
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