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Abstract

In recent years, cold plasma (CP) has emerged as a promising preservation technology

for fruit products. Several CP sources include dielectric barrier discharge, plasma jets,

coronadischarges,micro-discharges, glowdischarges, and gliding arc discharges.How-

ever, the effects of these different types of CP on the chemical compounds of fruits and

juices are not fully understood. In this review, we summarize (I) the current knowledge

on the use of CP for the preservation and processing of fruits and juices; (II) the diverse

types of CP sources and explore their applications within a scientific context; (III) the

physicochemical transformations that take place in fruits and juices followingCP treat-

ment; and (IV) the changes observed in antioxidant activity, vitaminC content, phenolic

compounds, and their bioaccessibility. Numerous studies have explored CP’s influence

on microbial contamination, shelf life, enzymes, and various physicochemical changes.

This review uniquely centers its attention on the impact of CP on bioactive phenolic

compounds, their bioaccessibility, vitamin C content, and antioxidant activity in differ-

ent types of fruits and fruit juices. Additionally, this review delves into the assessment

of selected sensory properties, notably color, which is an important parameter for

consumer acceptance. By focusing on these particular aspects, we aim to provide a tar-

geted and comprehensive analysis of CP’s effects on essential nutritional and quality

attributes of fruits and fruit juices, distinct from the broader spectrum covered in the

existing literature.
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1 INTRODUCTION

Phenolic compounds are found in plant-based products and may serve

as antioxidants. Phenolic compounds include flavonoids (flavones,

isoflavones, flavonols, flavanones, anthocyanins, flavan-3-ols, dihydro

flavonols, and proanthocyanidins) and non-flavonoids (tannin, hydrox-

ybenzoic acids, hydroxycinnamic acids, curcumins, lignans, stilbenes,

and chalcones). Thousands of derivatives with simple to complicated

structures, such as hydroxyl, methoxyl, and glycosyl derivatives, are

also present. Phenolic compounds are primarily found in two forms:

free (soluble) and bound. Free phenolic compounds are found in vac-

uoles, whereas bound phenolic compounds conjugate with proteins,

lignin, and cellulose throughester andglycosidic linkages in the cellwall

(La Rosa et al., 2019). Procedures, such as peeling, cutting, and shred-

ding of fruits, cause disruption of cellular structure. Enzymes, such as

polyphenol oxidase (PPO) and peroxidases, affect the color and lead to

texture loss during processing and storage (Tappi et al., 2014). On the

other hand, due to the tissue disruption during the processing of fresh

fruits, their protective structures are destroyed, and it becomes easier

formicrobes to access the nutritional elements in the tissue. Thus, they

becomemore susceptible tomicrobial spoilage (Chen et al., 2019).

The food industry has traditionally used preservatives or ther-

mal processing to extend the shelf life of fresh-cut fruits and fruit

juices/pulps. Decreases in nutritional values (i.e., vitamins, phenolic

compounds, etc.) or losses in physicochemical properties (color and

flavor) are among the adverse effects of thermal applications (Cas-

tro et al., 2020; Liao et al., 2018). Meanwhile, researchers and the

food industry search for safe and efficient nonthermal food process-

ing technologies that preserve the nutritional value and organoleptic

properties of foods,also considering the consumer demands for good-

quality, safe, and healthy foods with sufficient nutritional elements

containing little or no food preservatives.

Cold plasma (CP) has been accepted as a promising nonthermal

technique. A partially or totally ionized gas transformed into a variety

of active species, such as atoms, charged particles, free radicals, elec-

trons, and UV photons in their low-energy and high-energy states, is

what produces plasma. In CP, electrons are the driving force in cre-

ating reactive species, which are produced in two stages. In the first

stage, electrons collide, resulting in ionization, dissociative ionization,

attachment, dissociative attachment, excitation, and dissociation of

electrons. In the second stage, heavy particles collide, forming nitro-

gen oxides and highly reactive and strongly oxidizing species, such as

hydroxyl radicals (Whitehead, 2016). These active ingredients are gen-

erally thought to be responsible for microbial inactivation via DNA,

protein, and lipid damage (Chenet al., 2019;Dasan&Boyaci, 2018; Liao

et al., 2018). According to researchers, CP technology ensures micro-

bial inactivation (Chen et al., 2019; Dasan & Boyaci, 2018; Gan et al.,

2021; Li et al., 2019; Liao et al., 2018; Misra, 2015; Pankaj et al., 2017;

Puligundla et al., 2018; Won et al., 2017) and pesticide degradation

(Phan et al., 2018; Sarangapani et al., 2017) in fresh-cut fruits and their

juice/pulp.

CP is composed of reactive species that interact with substrate

molecules. The heightened concentration of charges results in an elec-

trostatic force, promoting the rupture of cell walls and the liberation

of bound phenolics from cellulose, pectin, or lignin residues within vac-

uoles (Paixão et al., 2019). These interactions could affect the structure

of phenolic compounds, for instance, which could alter their bioac-

tivity (Chen et al., 2019). Plant cell walls that have been disrupted

may allow the solvent to enter cellular components more quickly

and thoroughly, improving mass transfer and enhancing the extrac-

tion of bioactive compounds (Castro et al., 2020; Khoshkalam Pour

et al., 2022). Because the treatment is carried out at lower tempera-

tures (<70◦C), sensory qualities and bioactive ingredients of the final

product are preserved (Dasan & Boyaci, 2018; Paixão et al., 2019).

For example, when the rate of regeneration of vitamin C exceeds the

rate of its destruction, its content increases due to CP (Castro et al.,

2020). Meanwhile, it has also been reported that phenolics and vita-

mins arebetter preserved inCPcompared to thermal applications (Elez

Garofulić et al., 2015; Gan et al., 2021; Pankaj et al., 2017).

Pigments (anthocyanins, carotenoids, and betalains) are responsi-

ble for color, especially in fruits. The degradation of these compounds

by oxidation and the formation of reactive species reduces the prod-

uct’s quality and significantly impacts consumer preference. An overall

color change is expected to be less than the threshold value of ΔE >3
for human visual perception, where ΔE quantifies the perceptual color
difference (Paixão et al., 2019). The efficiency of plasma treatment

depends on operational factors, such as the plasma flow rate, duration,

and voltage. Eventually, they also impact the nutritional value of foods,

including vitamin and phenolic content and antioxidant activity (Castro

et al., 2020;Dantas et al., 2021; ElezGarofulić et al., 2015; Khoshkalam

Pour et al., 2022; Misra, 2015; Paixão et al., 2019; Pankaj et al., 2017;

Phan et al., 2018; Rodríguez et al., 2017; Sarangapani et al., 2017; Wu

et al., 2021).

Nevertheless, the processing homogeneity of CP technology has

not yet attained optimal levels. The surface of fresh-cut fruits exhibits

notable irregularities, and there are difficulties in uniformly distribut-

ing the effect of CP to each area of the liquid volume of fruit juices.

In order to obtain vital knowledge for the improvement of future CP

processing, it is crucial to investigate the changes in quality aspects

of fruits or their juice during the CP process (Fernandes & Rodrigues,

2021). Numerous studies have delved into the impact ofCP treatments

on parameters such as shelf life, food safety, and microbiological alter-

ations. However, this review emphasizes previously underexplored

facets, specifically the content and bioaccessibility of phenolic com-

pounds, color variations, and other chemical changes that warrant

comprehensive investigation and thus provide beneficial informa-

tion to better understand the effect and mechanism of this novel

technology.

2 SOURCES OF ATMOSPHERIC COLD PLASMA

Plasma can be created using different energy sources that can ion-

ize gas. These sources include electrical power, thermal energy, optical

means (such as UV light), radioactive materials (like gamma radiation),

and electromagnetic radiation in the X-ray spectrum. However, only
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ZARGARCHI ET AL. 3

F IGURE 1 Different kinds of cold plasma devices: (a) dielectric barrier discharge; (b) glow discharge; (c) plasma jet; (d) corona discharge; (e)
gliding arc plasma.

electrical or electromagnetic fields are commonly utilized to create

plasma. The availability of different plasma-generating devices enables

innovative designs that can be integrated into existing food industry

equipment, such as packaging machines (Pankaj et al., 2018). The sub-

sequent section of this review article will cover the most prevalent

forms of CP in food science.

2.1 Dielectric barrier discharge

It is one of the most common forms of atmospheric CP. Discharged

plasma is produced by two parallel electrodes (Figure 1a). A dielectric

layer covers either one or both electrodes (Klockow & Keener, 2009).

Dielectric barrier discharge (DBD) has advantages such as straightfor-

ward design, versatility in gas selection and electrode dimensions, and

uniform discharge initiation (Chizoba Ekezie et al., 2017). The device

can handle various gas pressures, featuring adjustable electrode gaps

spanning from 0.1 cm to several cm (Lu et al., 2016). However, DBD

can be nonuniform, damaging the treated food. Furthermore, DBD is

short-lived; therefore, a constant supply of reactive species might not

be supplied to ensure themicrobial safety of foods (Gadri et al., 2000).

2.2 Glow discharge

Glowdischarge has two different types: atmospheric and lowpressure.

Low pressure proves to be particularly advantageous in food science,

as treatments can be conducted at more moderate temperatures,

minimizing adverseeffects on sensitive compounds. Thevacuumcondi-

tions, facilitated by a vacuumpump coupledwith a selective or ambient

gas composition, can be employed. The gas flow rate influences the

plasmabeam’s color (Farooq et al., 2023). The plasma generation needs

a minimum of 100 V of power and 1–1000 Pa of pressure (Figure 1b).

The primary benefit of this system lies in its substantial treatment

capacity (Sakudo et al., 2020).

2.3 Plasma jet

A plasma jet is created when an excited gas stream passes two elec-

trodes. In contrast to other devices, a plasma jet leaves the area

between the electrodes because of the high flow rate of the used gas,

enabling different applications outside an enclosed area (Figure 1c).

Therefore, a more precise control of the plasma properties, such as the

plasma density, temperature, and composition, is possible (Fridman &

Friedman, 2013). The plasma jet is a promising approach for treating

materials in which narrow and hard-to-reach regions require process-

ing.Although this technologyprovideshigh-precision, its coveragearea

is limited. The research to increase the treated surface area is ongo-

ing, and similar to other CP treatments, it is suitable for heat-sensitive

products (Lu et al., 2012; Tappi et al., 2019).

2.4 Corona discharges

During a corona discharge, ionization occurs at atmospheric pres-

sure in a high-field region around the electrode. As a result, a flow of

charged particles is formed and accelerated due to an electric field
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(Figure 1d). This form of plasma is produced by introducing specific

gases like argon, carbon dioxide, or air into the gap between the elec-

trodes andapplying ahigh current to theelectrodes (Ebnesajjad, 2009).

The generated plasma by corona discharge is inhomogeneous because

of the small plasma area around the electrode and the subsequent ion

drift emitted by the plasma (Dubrovin et al., 2023). Therefore, gen-

erated reactive species are also created nonuniformly, making corona

discharge unsuitable for specific applications (Gadri et al., 2000).

2.5 Atmospheric pressure, glow discharge, gliding
arc plasma

Gliding arc plasma is formed by subjecting a gas flowing between

two electrodes to a high voltage, and it is characterized as nonther-

mal plasma (Figure 1e). Compared to the other CP types, producing

under atmospheric pressure is more manageable, making it practical

for industries. Gas flow plays a critical role in generating the gliding

arc plasmabeam. It determines the velocity and direction of the plasma

and significantly impacts temperature and composition (Darvish et al.,

2020). This allows for the achievement of a heightened plasma beam

intensity or amore finely controlled beamwhile simultaneously reduc-

ing the gas flow rate. A low gas flow rate can be used to generate a

highly concentrated and reactive plasma for surface modification and

cleaning applications. On the other hand, a higher gas flow rate can be

used for larger-scale treatments such as drying or processing, where a

less reactive and more stable plasma is required (Mousavi et al., 2022;

Wang et al., 2018).

3 APPLICATION OF COLD PLASMA ON FRUITS
AND FRUIT JUICES

The food processing industry faces challenges in the preservation of

fruits and juices while maintaining their quality and extending their

shelf life. Traditionalmethods like chlorine-based compounds,washing,

and thermal treatments are commonly used but have drawbacks such

as high energy consumption, chemical use, andwastewater production,

leading to environmental concerns (Feliziani et al., 2016). On the other

hand, different food processes including CP, may lead to the degrada-

tion and oxidation of natural compounds, potentially affecting product

quality (Zargarchi & Saremnezhad, 2019). Therefore, it is crucial to

study how CP affects the nutritional composition of fruits and juices

(Table 1). The impact of CP exposuremanifests both positive and nega-

tive effects on phenolic compounds and antioxidant activity (Cao et al.,

2021). Prevalent transformations (oxidation, reduction, and photo-

chemical reactions, etc.) occur duringCPexposure. These reactions are

facilitated by carrier gases like O2, N2, and other commonly employed

gases. Notably, deactivation of phenylalanine ammonia-lyase, a pivotal

enzyme in the biosynthesis of phenolic compounds, may be observed.

Conversely, CP treatment enhances the bioavailability of bioactive

compounds by inducing damage to cell membranes and subsequent

etching effects or activating the enzymes responsible for the biosyn-

thesis of phenolic compounds (Castro et al., 2020). The ongoing

exploration of diverse strategies, from chemical modifications like

hydroxylation and glycosylation to advanced technologies such as

nanotechnology and lyophilization, underscores the dynamic efforts

to enhance polyphenol stability in food processing. These innovative

approaches, coupled with insights into cooking and storage conditions,

pave the way for a comprehensive understanding of how to preserve

the valuable properties of polyphenols, ensuring the sustained quality

of food products (Cao et al., 2021).

3.1 Pome fruits

Pome fruits constitute a category of fruits classified within the

Rosaceae family and the Pomoideae subfamily. This group encom-

passes fruits like apples, pears, and quinces, all of which are abundant

in phenolic compounds, including flavonoids (such as quercetin and

catechin), phenolic acids (such as chlorogenic acid), and procyanidins

(Xiang et al., 2017).

Apples account for a larger share of the global fruit supply due to

their market availability and the large number of extant cultivar varia-

tions and apple-based goods (fresh fruit, fruit juice, cider, and crushed

apples) (Acquavia et al., 2021). Apples (Malus domestica) are a great

source of polyphenols, such as catechin, procyanidin B2, protocate-

chuic acid, p-coumaric acid, and quercetin, which are responsible for

their well-known antioxidant properties (Acquavia et al., 2021; Huber

& Rupasinghe, 2009). Research has demonstrated that the type of

plasma used and the treatment duration can significantly impact the

quality characteristics of apples. Fresh-cut apples (M. domestica cv.

“Pink Lady”) (40 × 10 × 10 mm3) were subjected to an atmospheric

gas plasma treatment using a DBD generator operating at a low fre-

quency of 12.7 kHz and 150 W. Treatment durations included 10 min

(5 min per side), 20 min (10 min per side), and 30min (15 min per side).

The results indicated that theCP-treated samples exhibitedhigher ten-

derness levels than the control samples immediately after treatment

and after a storage period of 6 h. The plasma treatment reduced the

browning effect and decreased the activity of PPO (Tappi et al., 2014).

Apple juicewas treatedwithDBDat 90W for 40–200 s (Xiang et al.,

2018), and the changes were compared to those of the control group.

The changes in total phenolic content (TPC) were insignificant, and the

pHwas decreased (3.96–2.98) (Xiang et al., 2018). In contrast, treating

apple juice with atmospheric CP showed lower TPC by increasing the

exposure time (Liao et al., 2018). The treatmentwith 50Wsignificantly

decreased the TPC from 41.7 to 32.4 mg GAE (gallic acid equivalents)

100 g−1 for 30 s. This decrease was attributed to the presence of reac-

tive oxygen species and reactive nitrogen species (Liao et al., 2018).

The L* value is reduced by increasing the treatment time. In contrast,

the a* and b* values were increased after the treatment; furthermore,

the total color difference increased significantly after 30 s with 50 W

(Liao et al., 2018), causing the polymerization of phenolic compounds

(Bursać Kovačević et al., 2016).

Another frequently processed pome fruit is pear. Pears (Pyrus com-

munis) are among the most widely consumed fruits globally, known for
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ač
ev
ić

et
al
.(
2
0
1
6
)

P
it
ay
a
(S
el
en
ic
er
eu
s

un
da
tu
s)

C
o
ld
p
la
sm

a

tr
ea
tm

en
t

6
0
kV

fo
r
5
m
in

To
ta
la
er
o
b
ic
b
ac
te
ri
al

co
u
n
ts
↓

In
d
iv
id
u
al
p
h
en

o
lic

ac
id

co
n
te
n
t
ex
ce
p
t
fo
r

ca
ff
ei
c
ac
id
↑

To
ta
lp
h
en

o
lic

co
n
te
n
t
↓

A
n
ti
ox
id
an

t
ac
ti
vi
ty

(D
P
P
H
)

A
t
th
e
b
eg
in
n
in
g
an

d
af
te
r

4
8
h
↑

Li
et

al
.(
2
0
1
9
)

K
iw
if
re
sh

cu
t

(A
ct
in
id
ia
de
lic
io
sa
)

A
tm

o
sp
h
er
ic

d
o
u
b
le
-b
ar
ri
er

d
is
ch
ar
ge

p
la
sm

a

1
9
V
fo
r
2
0
m
in

C
h
lo
ro
p
hy
ll
a
an

d
b
↓

To
ta
lc
ar
o
te
n
o
id

co
n
te
n
t
↓

Im
p
ro
vi
n
g
co
lo
r

re
te
n
ti
o
n
↑

D
ar
ke
n
ed

ar
ea

fo
rm

at
io
n
af
te
r
4

d
ay
s
st
o
ra
ge

↓

H
yd
ro
p
h
ili
c
ex
tr
ac
t:

V
it
am

in
C
↑

To
ta
lp
h
en

o
lic

co
n
te
n
t
↑

A
m
p
h
ip
h
ili
c
ex
tr
ac
t:

To
ta
lp
h
en

o
lic

co
n
te
n
t
↓

H
yd
ro
p
h
ili
c
ex
tr
ac
t:

A
n
ti
ox
id
an

t
ac
ti
vi
ty

(A
B
T
S)
↑

A
t
th
e
b
eg
in
n
in
g
an

d
af
te
r
4

d
ay
s
o
fs
to
ra
ge

A
m
p
h
ip
h
ili
c
ex
tr
ac
t

A
n
ti
ox
id
an

t
ac
ti
vi
ty

(A
B
T
S
↓

D
P
P
H
↑
,a
n
d
F
R
A
P
↓
)

R
am

az
zi
n
a
et

al
.

(2
0
1
5
)

Si
ri
gu

el
a
ju
ic
e

(S
po
nd
ia
sp

ur
pu
re
a)

G
lo
w
-d
is
ch
ar
ge

p
la
sm

a

8
0
W

fo
r
1
5
m
in

P
ig
m
en

ts
↑

V
it
am

in
B
3
an

d
B
6
↑

P
o
ly
p
h
en

o
lo
xi
d
as
e
↓

To
ta
lp
h
en

o
lic

co
n
te
n
t

∼

V
it
am

in
C
↓

To
ta
lc
ar
o
te
n
o
id
co
n
te
n
t

↑

β-
ca
ro
te
n
e
↑

ly
co
p
en

e
↑

A
n
ti
ox
id
an

t
ac
ti
vi
ty

(D
P
P
H
&

A
B
T
S)
↑

P
ai
xã
o
et

al
.(
2
0
1
9
)

(C
o
n
ti
n
u
es
)

 26438429, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/fft2.372 by T

echnische Inform
ationsbibliothek, W

iley O
nline L

ibrary on [23/04/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



ZARGARCHI ET AL. 7

T
A
B
L
E
1

(C
o
n
ti
n
u
ed

)

Fr
u
it
/f
ru
it
ju
ic
e

C
o
ld
p
la
sm

a
so
u
rc
e

Tr
ea
tm

en
t

co
n
d
it
io
n
s

Q
u
al
it
y
p
ar
am

et
er
s

B
io
ac
ti
ve

co
n
te
n
t

A
n
ti
ox
id
an
t
ca
p
ac
it
y

R
ef
er
en

ce

C
as
h
ew

ap
p
le
ju
ic
e

(A
na
ca
rd
iu
m

oc
ci
de
nt
al
e)

In
d
ir
ec
t
co
ld
p
la
sm

a

tr
ea
tm

en
t
w
it
h
N

2

ga
s

8
0
kH

z
fo
r
1
5
m
in

V
it
am

in
C
↑

To
ta
lp
h
en

o
lic

co
n
te
n
t
↑

A
n
ti
ox
id
an

t
ac
ti
vi
ty

(F
R
A
P,

D
P
P
H
,&

A
B
T
S)
↑

R
o
d
rí
gu

ez
et

al
.

(2
0
1
7
)

C
am

u
–
ca
m
u
ju
ic
e

(M
yr
ci
ar
ia
du
bi
a)

A
tm

o
sp
h
er
ic

d
ie
le
ct
ri
c
b
ar
ri
er

d
is
ch
ar
ge

9
6
0
H
z
fo
r
1
5
m
in

P
o
ly
p
h
en

o
lo
xi
d
as
e
↓

P
er
ox
id
as
e
ac
ti
vi
ty
↓

∆
E:
1
.1

V
it
am

in
C
↑

To
ta
lp
h
en

o
lic
↑

an
th
o
cy
an

in
co
n
te
n
t
↑

A
n
ti
ox
id
an

t
ac
ti
vi
ty

(F
R
A
P,

D
P
P
H
,&

A
B
T
S)
↑

d
e
C
as
tr
o
et

al
.

(2
0
2
0
)

M
an

go
fr
es
h
cu
t

(M
an
gi
fe
ra
in
di
ca
)

G
lid

in
g
ar
c

d
is
ch
ar
ge

w
it
h

ar
go

n
ga
s

6
0
0
W

fo
r
1
0
m
in

P
es
ti
ci
d
es
:C

h
lo
rp
yr
if
o
s

↓
C
yp

er
m
et
h
ri
n
↓

∆
E:
2
.4

To
ta
lp
h
en

o
lic

co
n
te
n
t
↓

To
ta
lc
ar
o
te
n
o
id
co
n
te
n
t

↑

P
h
an

et
al
.(
2
0
1
8
)

B
an

an
a,
fr
es
h
cu
t

(M
us
a
ac
um

in
at
a)

A
tm

o
sp
h
er
ic
co
ld

p
la
sm

a

6
.9
kV

fo
r
4
6
s

V
it
am

in
B
6
↑

P
o
ly
p
h
en

o
lo
xi
d
as
e
↓

P
er
ox
id
as
e
ac
ti
vi
ty
↓

To
ta
lp
h
en

o
lic
↓

F
la
vo
n
o
id
co
n
te
n
t
↓

K
h
o
sh
ka
la
m
P
o
u
r

et
al
.(
2
0
2
2
)

St
o
n
e
fr
u
it
s

So
u
r
ch
er
ry

ju
ic
e

(P
ru
nu
sc
er
as
us
)

P
la
sm

a
je
t
w
it
h

ar
go

n
ga
s

6
W

fo
r
3
m
in

In
d
iv
id
u
al
cy
an

id
in

d
er
iv
at
iv
es
↑

To
ta
la
n
th
o
cy
an

in

co
n
te
n
t
↑

p-
C
o
u
m
ar
ic
ac
id
,c
af
fe
ic

ac
id
,a
n
d
to
ta
lp
h
en

o
lic

ac
id
co
n
te
n
t
↑

To
ta
la
n
th
o
cy
an

in
an

d

p
h
en

o
lic

co
n
te
n
t
↑

E
le
z
G
ar
o
fu
lić

et
al
.

(2
0
1
5
)

Sw
ee
t
ch
er
ry

(P
ru
nu
s

av
iu
m
)

A
tm

o
sp
h
er
ic
co
ld

p
la
sm

a

8
0
kV

fo
r
1
4
0
s

To
ta
lc
o
lo
ny

co
u
n
ts
↓

a*
V
al
u
e
o
fc
o
lo
r
↓

To
ta
lp
h
en

o
lic
,f
la
vo
n
o
id
,

an
d
an

th
o
cy
an

in

co
n
te
n
t
↔

W
u
et

al
.(
2
0
2
1
)

C
it
ru
s

K
u
m
q
u
at

(C
it
ru
s

ja
po
ni
ca
)

In
te
rm

it
te
n
t
co
ro
n
a

d
is
ch
ar
ge

p
la
sm

a

je
t

8
kV

fo
r
9
0
s

A
er
o
b
ic
b
ac
te
ri
a,
ye
as
t,

an
d
m
o
ld
↓

V
it
am

in
C
↑

To
ta
lp
h
en

o
lic

co
n
te
n
t
↑

A
n
ti
ox
id
an

t
ac
ti
vi
ty

(D
P
P
H
)↑

A
ft
er

1
5
d
ay
s
o
fs
to
ra
ge
:

5
0
%
o
fi
n
it
ia
ll
ev
el
s
o
fD

P
P
H

re
m
ai
n
u
n
ch
an

ge
d

P
u
lig
u
n
d
la
et

al
.

(2
0
1
8
)

M
an

d
ar
in
(C
it
ru
s

re
ti
cu
la
ta
)

M
ic
ro

w
av
ed

p
o
w
er

co
ld
p
la
sm

a
(N

2
)

9
0
0
W

fo
r
1
0
m
in

P
ee
l:
Pe
ni
ci
lli
um

it
al
ic
um

↓

P
ee
l:
To
ta
lp
h
en

o
lic

co
n
te
n
t
↑

F
le
sh
:V

it
am

in
C
↔

To
ta
lp
h
en

o
lic

co
n
te
n
t
↔

P
ee
l:
A
n
ti
ox
id
an

t
ac
ti
vi
ty

(D
P
P
H
)↑

F
le
sh
:A

n
ti
ox
id
an

t
ac
ti
vi
ty

(D
P
P
H
)↔

W
o
n
et

al
.(
2
0
1
7
)

O
ra
n
ge

ju
ic
e
(C
it
ru
s

si
ne
ns
is
)

A
tm

o
sp
h
er
ic
co
ld

p
la
sm

a

6
5
0
W

fo
r
2
m
in

Es
ch
er
ic
hi
a
co
li
↓

∆
E:
1
.6
4

To
ta
lp
h
en

o
lic

co
n
te
n
t

∼
D
as
an

an
d
B
oy
ac
i

(2
0
1
8
)

N
ot
e:

∼
,v
ar
ia
b
le
re
su
lt
s
ac
co
rd
in
g
to

th
e
o
p
er
at
io
n
co
n
d
it
io
n
s;
↑
,u
p
re
gu

la
ti
o
n
;↓
,d
o
w
n
re
gu

la
ti
o
n
;↔

,n
o
o
bv
io
u
s
ch
an

ge
;→

,f
ro
m
th
e
co
n
tr
o
ls
am

p
le
va
lu
e
to

th
e
lo
w
es
tv
al
u
e
o
ft
h
e
tr
ea
tm

en
t.

∆
E,
co
lo
r
d
if
fe
re
n
ce
;

A
B
T
S,
2
,2
′-a

zi
n
o
-b
is
(3
-e
th
yl
b
en

zo
th
ia
zo
lin

e-
6
-s
u
lf
o
n
ic
ac
id
sc
av
en

gi
n
g
as
sa
y;
D
P
P
H
,2
,2
-d
ip
h
en

yl
-1
-p
ic
ry
l-
hy
d
ra
zy
l-
hy
d
ra
te

ra
d
ic
al
sc
av
en

gi
n
g
ac
ti
vi
ty
;F
R
A
P,
fe
rr
ic
re
d
u
ci
n
g
an

ti
ox
id
an

t
p
o
w
er
;O

R
A
C
,o
xy
ge
n

ra
d
ic
al
ab

so
rb
an

ce
ca
p
ac
it
y.

 26438429, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/fft2.372 by T

echnische Inform
ationsbibliothek, W

iley O
nline L

ibrary on [23/04/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



8 ZARGARCHI ET AL.

their significant contents of carotenoids, vitamin C, and phenolic com-

pounds (i.e., chlorogenic acid, epicatechin, caffeic acid, and p-coumaric

acid) (Hussain et al., 2021; Tanrıöven & Ekşi, 2005). In a study, Huang-

guan pears (Pyrus bretschneideri cv. Huangguan) were treated for 5 min

at 6, 8, and 10 kV and then stored in a biosafety-cabinet for 12

days (Chen et al., 2019). The 2,2′-azino-bis (3-ethylbenzothiazoline-6-
sulfonic acid) (ABTS) and α, α-diphenyl-β-picrylhydrazyl (DPPH) assays
were used to evaluate the antioxidant activity. For both the untreated

and plasma-activated water-treated samples, DPPHand ABTS values

were decreased over the entire storage time. A minor reduction in

DPPH-radical scavenging activity was observed with 6 and 8 kV treat-

ment of pears in the first 4 days of storage in comparison to the control,

while a higher DPPH-radical scavenging activity was observed with

10 kV treatment in the first 6 days. The ABTS assay showed higher

antioxidant activity for 6 and 10 kV treated pears in the first 4 days of

storage. In contrast, it was decreased for untreated samples. However,

both treated and untreated groups showed no significant difference

in their ABTS-radical scavenging activity after 6 days of storage. After

12 days, the ABTS-radical scavenging activity of untreated and treated

samples with 6, 8, and 10 kV decreased by 26.38%, 19.27%, 4.18%, and

32.71%, respectively, in contrast to the control group. The ascorbic acid

content decreased significantly during the early storage phase due to

oxidation compared to the control. The treatment with 10 kV delayed

the ascorbic acid reduction significantly (Chen et al., 2019).

3.2 Berries

Berries are distinguished by their abundant phenolic compounds,

which impart vibrant color, flavor, and aroma while offering poten-

tial health benefits. Within this botanical cohort, flavonoids such as

anthocyanins, quercetin, and kaempferol, alongside other phenolic

compounds like ellagic acid and caffeic acid, aswell as tannins, vitamins,

and dietary fiber, collectively endow berries with a profile of bioactive

constituents. This botanical wealth positions berries as a nutritionally

dense source, underscoring their significance as a health-promoting

dietary component (Skrovankova et al., 2015).

CP studies on açai, blueberry, chokeberry, and grape belong to the

berry group. The demand for açai has recently been growing due to

its nutritional qualities and bioactive chemicals in the domestic and

international markets. Açai (Euterpe oleracea) is a rich source of antho-

cyanins (de Jesus et al., 2020). The remarkable antioxidant activity of

açai can be attributed to the presence of procyanidin A2, procyanidin

B2, epicatechin gallate, rutin, gallic acid, and chlorogenic acid (Dantas

et al., 2021). Application of atmospheric CP with different frequency

levels (50, 500, and 750 Hz) was performed for 5, 10, and 15 min. The

TPC increased by 38.8% in CP-treated samples at 500 Hz for 5 min

compared to untreated samples. The higher frequency did not affect

the anthocyanin content, similar to the untreated sample. The analy-

sis of bioaccessibility for catechin, epicatechin, epigallocatechin gallate,

procyanidin B1, rutin, caffeic acid, and chlorogenic acid in compari-

son to the control group revealed a remarkable increase of 194.7%,

83.44%, 68.84%, 130.71%, 16.84%, 341.48%, and 57.63%, respectively

(Dantas et al., 2021). The bioaccessibility was analyzed by in vitro

digestion models utilizing dialysis membranes mimicking the intesti-

nal barrier (Dantas et al., 2019). The authors attributed the higher

bioaccessibility of the phenolic compounds to the depolymerization

of procyanidins and the subsequent release of monomeric phenolic

compounds by the CP treatment.

Blueberries (Vaccinium sp.) are a great source of anthocyanins,

antioxidants, and vitamins such as ascorbic acid (Nindo et al., 2005;

Wang,Guo, et al., 2017). Applying 80 kVCP to the blueberries for 5min

did not show any significant difference in color parameters. However,

the firmness as a physical quality factor decreased significantly com-

pared to the control (Sarangapani et al., 2017), probably due to cell wall

damage (Tappi et al., 2016). On the other hand, TPC and total flavonoid

content (TFC) values were increased significantly (Sarangapani et al.,

2017). The putative stimulation of the expression and activity of

phenylalanine ammonia-lyase, an essential enzyme to the biosynthe-

sis of phenolic compounds such as flavonoids, by the CP treatment

might explain this augmentation. It was previously reported that this

enzyme is activated by wounding stress, indicating that CPmight have

similar effects (Horvitz, 2017; Wang et al., 2009). The vitamin C con-

tent in blueberries increased significantly from 8.91 mg⋅100 g−1 to

14.01 mg⋅100 g−1 after 1 min of CP treatment at 80 kV. Time and

power positively increased ascorbic acid content, whereas the antho-

cyanin content decreased after the treatment (Wang et al., 2009). In

another study, blueberry (Vaccinium corymbosum) juice was treated

with a CP jet with 11 kV voltage and 1 kHz frequency [oxygen (0%,

0.5%, and 1%)] for 2, 4, and 6 min. Results showed that the TPC

was consistently higher in samples treated longer. In contrast, the

treatment reduced the anthocyanin content, dependent on the dura-

tion of plasma exposure (Hou et al., 2019). The authors relatedthis

result to the oxidative degradation of anthocyanins during the plasma

treatment (Bursać Kovačević et al., 2016).

Chokeberries are used in various products, including juices, nec-

tars, wines, and liqueurs. Chokeberries (Aronia melanocarpa) contain

procyanidins, flavonols, and phenolic acids (Peng et al., 2022). An atmo-

spheric CP jet, utilizing a single electrode configuration with a 4 W

power output, and argon flow rate of 0.75 dm3/min for 3 and 5 min,

was used to process the chokeberry juice samples prepared via cold

press extraction. After the 5-min treatment, a 23% reduction in antho-

cyanin content was observed due to the generation of reactive species

by the CP. Conversely, the neochlorogenic acid content increased after

the treatment compared to the untreated juice. Plasma treatment

for 3 min resulted in the most significant accumulation of quercetin-

3-O-rutinoside and quercetin-3-O-glucoside (Bursać Kovačević et al.,

2016). In another study, a CP jet with argon gas (1.5 L min−1) at

9 kV and 1500 Hz was applied to chokeberry juice for 1, 2, 3, 4, and

5min. The anthocyanins changed insignificantly, and phenolic contents

were slightly increased from 21.0 to 22.8 μg/mL (Gan et al., 2021).

The antioxidant activity increased compared to the untreated sample.

Moreover, ascorbic acid contents decreased significantly after the CP

treatment (Canene-Adams et al., 2007; Gan et al., 2021).

Strawberries (Fragaria x ananassa) have high amounts of bioactive

compounds like anthocyanins andother phenolic compounds (Newerli-
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ZARGARCHI ET AL. 9

Guz et al., 2023). The high perishability of strawberries makes them

extremely sensitive to mechanical damage and subsequent decay. As

a result, it is crucial for farmers to carefully package the strawber-

ries immediately after harvest and ensure rapid distribution to prevent

quality degradation (Hernández-Martínez et al., 2023). The applica-

tion of DBD to strawberries was used under atmospheric conditions

in a polyethylene terephthalate tray for 1 and 5 min at 80 kV. The

changes in the colorimetry parameters (L*–a*–b*) were tracked, and

the results showed no significant changes among the treated samples

with in-package CP treatment and the control after storage for 24 h.

Both treated and untreated samples lost their tenderness due to the

soft tissue of strawberries (Misra et al., 2015). According to the results,

samples treated with 80 kV had a lower amount of ascorbic acid than

those treated with 60 kV. However, within the 80 kV category, treat-

ment time did not significantly impact changes observed in ascorbic

acid content (Misra et al., 2015). The generation of reactive species

might be responsible for the loss of vitamins after the CP-treatment

since the penetration through the perforated skin of strawberries can

be easier (Misra et al., 2014).

One of the most harvested fruits is grape (Vitis vinifera), which

has numerous phytochemicals, such as anthocyanins, resveratrol, and

flavonoids. Raisins, the dried form of grapes, are produced in many

countries, including Türkiye, United States, Iran, and Greece (Adiletta

et al., 2016; Wang, Mu, et al., 2017). Grape skin is the bottleneck for

drying, acting as a diffusion barrier by limiting water loss (Di Matteo

et al., 2000; Doymaz & Pala, 2002). It is possible to increase skin per-

meability chemically by soaking in an alkaline solution (e.g., sodium

hydroxide) and non-chemically through skin abrasion to improve the

drying process (Adiletta et al., 2016; Bai et al., 2013; Wang, Mu, et al.,

2017). However, chemical abrasion may cause leaching and oxidation

of vitamins, and the chemicals can remain on the treated product if

not cleaned properly, which in turn exacerbates the leaching problem

(Wang,Mu, et al., 2017).

Alternatively, gliding arc plasma was applied to seedless grapes

(V. vinifera cv. Asgari) for 10, 20, 30, 40, 50, and 60 s under atmo-

spheric conditions at 27 kV. The results showed that the treated

samples showed a faster drying rate of 4.71%–26.27% compared to

the untreated samples. The faster drying time might be attributed

to micro-lesion formation during the treatment, resulting in an 11 h

shorter drying process in samples treated for 50 s compared to

untreated samples (Miraei Ashtiani et al., 2020). Untreated samples

retained less vitamin C than the treated samples. This implies that CP

effectively improved vitamin C retention during the drying of grapes.

Treating for 10 and 50 s resulted in the lowest (17.94%) and high-

est (40.90%) vitamin C retention rates in the plasma-treated group,

respectively. The higher ascorbic acid retention might be attributed

to the shorter drying time. Therefore, a shorter exposure to oxygen

in an aqueous environment leads to its oxidation (Chen et al., 2018;

Rodríguez et al., 2018). The treated samples also showed a higher con-

centration of TPC and a brighter color than the untreated samples.

This can also be explained by the shorter drying time, resulting in less

oxidation and degradation of phenolic compounds and, therefore, less

browning (MiraeiAshtiani et al., 2020).On theother hand, high-voltage

atmospheric cold plasmaprocessing (ACP)was applied to grape juice at

80kV for1–4min. This treatment significantly reducedTPCandTFCat

higher treatment times compared to the control group. Although there

were no significant changes in the L* value, the a* and b* values were

increased (Pankaj et al., 2017).

3.3 Tropical fruits

Tropical fruits are renowned for their extensive biodiversity, distinctive

flavors, aromas, and appearances. Their nutritional profile highlights

abundant vitamins (C, A, K, etc.), minerals, and dietary fiber. Among

the prevalent flavonols in tropical fruits are quercetin, kaempferol, and

catechin (Lim et al., 2007).

Pomegranate (Punica granatum L.) is native to Central Asian

countries, such as Iran, Afghanistan, and Pakistan, and is one

of the world’s most well-known ancient fruit trees and tradi-

tional medicinal herbs. Pomegranate contains anthocyanins, includ-

ingdelphinidin-3-O-glucoside, cyanidin-3-O-glucoside, pelargonidin-3-

O-glucoside, delphinidin-3,5-O-diglucoside, cyanidin-3,5-O-glucoside,

and pelargonidin-3,5-O-glucoside (Zhao & Yuan, 2021). Gallotannins

and ellagitannins, like punicalagin, are the prominent hydrolysable tan-

nins in pomegranates (Čolić et al., 2022). The stability of phenolic

compounds in pomegranate juice treated with a constant jet plasma

stream (4W) from argonwas investigated. After the treatment for 3, 5,

and 7min, concentrations of delphinidin-3,5-diglucoside, cyanidin-3,5-

diglucoside, and total anthocyanin contentwere increased significantly

compared to the untreated samples (Bursać Kovačević et al., 2016)

owing to the higher extractability of treated samples. However, this

explanation is questionable, considering that the fruit was not treated

with CP, but the already-produced juice was, and no color change was

observed after the treatment.

Pitaya (Selenicereus undatus) is a tropical fruit from southern Mex-

ico (Lim et al., 2012). The predominant phenolic compounds of pitaya

are gallic acid, p-coumaric acid, p-hydroxybenzoic acid, caffeic acid, and

protocatechuic acid (Li et al., 2019). A trial with 60 kV DBD plasma

treatment significantly increased the contents of gallic acid, protocat-

echuic acid, p-hydroxybenzoic acid, caffeic acid, and p-coumaric acid

by 106.9%, 132.3%, −6.8%, −16.7%, and 108.8%, respectively, 36 h

after the treatment (Li et al., 2019). The study suggests that treating

fresh-cut pitaya fruit with CP could potentially improve the accu-

mulation of phenolics and antioxidant activity following cutting. The

authors attributed the increased contents of phenolic compounds to an

increase in gene expression in the phenylpropanoid pathway (Li et al.,

2019).

Kiwi (Actinidia) has exceptionally high ascorbic acid contents and

encompasses additional nutrients, including dietary fiber, potassium,

tocopherol, and folate (Satpal et al., 2021). DBD CP was applied on

sliced kiwi fruits for 20 and 40 min (each side) at atmospheric pres-

sure, and the samples were stored at 10◦C with 95% humidity for 4

days. The Trolox Equivalent Antioxidant Capacity, DPPH, and FRAP

values did not change significantly after the treatment, indicating that

the plasma treatment did not significantly affect the antioxidant con-
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10 ZARGARCHI ET AL.

tents and antioxidant activity (Ramazzina et al., 2015). Furthermore,

the authors reported that the maintenance of color lightness was bet-

ter during the storage of plasma-treated samples, resulting in a lighter

final product (Ramazzina et al., 2015), probably due to the high concen-

tration of ascorbate and the putatively low activity of the PPO in the

treated kiwifruit slices (Agar et al., 1999).

Siriguela (Spondias purpurea) is a fruit known for its high content

of antioxidants and phenolic compounds, including tannins, phenolic

acids, and flavonoids (Barreiros et al., 2018). In a study by Paixão et al.

(2019), glow discharge plasma treatment was applied to siriguela juice

samples using nitrogen gas at 50 kHz and 80W. The results showed no

significant difference in the TPC of the treated samples compared to

the control. However, when the nitrogen gas flow rate was increased

to 30 mL/min, the TPC of the treated samples decreased by 30%

after 10 min of treatment. The plasma treatment did not significantly

affect the vitamin C content of the samples, nor did it significantly

affect the redness (a*) of the samples compared to the control samples.

Optimal conditions for maximizing pigment content in siriguela juice

throughplasmaprocessingwere achievedusing a lownitrogen gas flow

rate of 10 mL/min and moderate processing times ranging from 8 to

12 min. The carotenoid content increased by approximately 30% in

total. Specifically, the levels of β-carotene, a provitamin A compound,

and lycopene increased by 50%. These findings prove that plasma pro-

cessing effectively enhances the concentration of precursor pigments

and vitamins in siriguela juice (Paixão et al., 2019).

Camu–camu (Myrciaria dubia) is a popular Amazonian fruit contain-

ing ascorbic acid, tocopherols, antioxidants, and phenolic compounds

(Santos et al., 2022). The treatment of samples with CP at 24 kV for

15 min with different frequencies (200, 400, 583, 698, or 960 Hz)

showed that the TPC of camu-camu juice increased significantly after

the treatment at 960 Hz compared to the control. The vitamin C con-

tent decreased with all treatment modes, and the highest degradation

was observed at 960 Hz (de Castro et al., 2020). The colorimetric

analysis indicated a significant reduction in the L* value. The higher fre-

quency treatmentsdecreased thea* value, probably resulting from loss

of anthocyanins. Furthermore, the b* value decreased significantly at

the highest frequency (de Castro et al., 2020).

Mango (Mangifera indica) is native to tropical and sub-tropical zones.

It contains carotenoids, phenolic compounds, and vitamin C (Martínez

et al., 2012). After argon treatment for 10 min and 8 L/min flow rate,

the TPC descended significantly compared to the control from 183 to

137mg GAE⋅100 g−1 fresh weight (FW). However, an increasing trend

was observed in the carotenoid content in comparison to the control

from 2.0 to 2.8 mg⋅100 g−1 FW after 10 min of treatment and 8 L/min

Ar flow rate. The overall color and b* index changes were insignificant

compared to the control (Phan et al., 2018). However, further studies

are required toquantify and identify the changes inphenolics andother

antioxidants after different treatments with different CPmodels.

Cashew apple (Anacardium occidentale) is a plant harvested mainly

for its seeds, known as cashew nuts (Silveira et al., 2012). However, the

fruit is a good source of flavonoids, carotenoids, anacardic acid, tan-

nins, and ascorbic acid (Azevedo&Rodrigues, 2005). The cashew apple

juice was subjected to treatment with CP and nitrogen gas (10, 30, and

50 mL/min flow rate) (Rodríguez et al., 2017). The ascorbic acid con-

tent increased by 10.4% and 10.8% after treatment for 5 and 10 min,

with 10 mL/min of N2, respectively. The results indicated an increase

in TPC by 108% and 101% compared to the control group. Vitamin C

andTPCchanged insignificantly after treatment for5, 10, and15min. It

is associated with activating the enzyme dehydroascorbate reductase,

explicitly belonging to the NADH class of enzymes. The dehydroascor-

bic acid molecule represents the oxidized state of ascorbic acid and

undergoes a natural conversion back to ascorbic acid facilitated by

dehydroascorbate reductase within the ascorbate–glutathione cycle.

For N2 flow rates of 10 and 30 mL/min, the TPC increased by an aver-

age of 108% and 101%, with no significant time effect. However, at a

flow rate of 50mL/min, a significant increase in TPCwas observedwith

longer treatment times (114%, 121%, and 128% for 5, 10, and 15 min,

respectively). TFC was lower for the 10 mL/min flow rate, and higher

flow rates (30 and 50 mL/min) showed a positive time effect, although

overexposure reduced relative TFC (Rodríguez et al., 2017).

Banana (Musa acuminata) is cultivated in more than 130 coun-

tries, making it one of the most popular fruits worldwide. The DBD

treatments used to blanch samples had the power of 4.8–6.9 kV, a fre-

quency of 12–22 kHz, for 35–155 s. The TPC increased from 26.85 to

46.71 mg⋅100 g−1 FW. With increasing voltage from 4.8 to 6.9 kV, the

contents of phenolic compounds increased significantly from 30.57 to

43 mg ⋅ 100 g-1 FW. The findings indicated that time had a more sub-

stantial impact on polyphenol content than voltage. The TPC increased

from 26.85 to 46.71 mg 100 g−1 FW as the duration extended from

35 to 155 s. Similarly, the quantity of polyphenols rose from 30.57

to 43 mg 100 g−1 FW with an increase in voltage from 4.8 to 6.9 kV.

The TFC, in alignment with total phenolics, exhibited an upward trend

with both time and voltage. The interactive effect of voltage and time

significantly influenced TFC. Notably, TFC changes were subtle with

increasing voltage at shorter times, whereas at longer durations, the

TFC varied from 4.73 to 6.25 mg 100 g−1 FW with an increase in

voltage from 4.8 to 6.9 kV. It was observed that increasing the volt-

age and treatment time beyond 4 kV caused burning while applying a

voltage weaker than 4 kV was insignificant to deactivating the peroxi-

dase (POD) and PPO (KhoshkalamPour et al., 2022). Plasma treatment

significantly reduced PPO and POD enzyme activities. PPO activity

decreased from 86% to 30%with increased voltage (4.8 to 6.9 kV) and

from 88% to 29% with longer treatment times (35 to 155 s). The POD

deactivationwasmore time-dependent, with voltage-reducing activity

from 92% to 51%. Complete POD deactivation occurred only at 155 s

(Khoshkalam Pour et al., 2022). The enzyme inactivationmay be linked

to changes in secondary structure, like decreasedα-helix and increased
β-sheet structures (Surowsky et al., 2013). In addition, oxidation of the
amino acid cysteine can decrease the number of sulfhydryl groups and

inactivate the enzyme (Dong et al., 2021).

3.4 Stone fruits

Stone fruits are characterized by their fleshy exterior, enveloping

a hard pit. These fruits exhibit diverse phenolic compounds and
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ZARGARCHI ET AL. 11

F IGURE 2 Effects of concentration and time on the antioxidant
activity during cold plasma (CP) treatment. Source: Adapted from
Fernandes and Rodrigues (2021).

flavonoids, including quercetin, kaempferol, catechins, chlorogenic

acid, ellagic acid, and anthocyanins, imparting visual allure and poten-

tial health benefits. Noteworthy vitamins in stone fruits, such as

vitamin C, β-carotene (provitamin A), and vitamin K, further enhance

their nutritional value. This combination of bioactive compounds and

essential vitamins emphasizes the scientific significance of stone fruits,

making themnotonly flavorful but alsonutritionally valuable (Redondo

et al., 2021). This section describes the effect of CP on the bioactive

composition of acerola, sour cherry, and sweet cherry.

Acerola (Malpighia glabra) is a remarkable source of ascorbic acid

and phenolic compounds, such as benzoic acid, phenylpropanoids,

flavonoids, anthocyanins, and carotenoids. It has attracted attention

as a nutraceutical and functional food (Da Silva et al., 2022). Fernan-

des et al. (2019) applied a nitrogen glow discharge plasma to acerola

juice samples with various gas flow rates (10, 15, and 20 mL/min) for

5, 10, and 15 min. Treatment time and flow rate negatively affected

the phenolic content compared to the control (Figure 2). The antiox-

idant capacity did not change after different treatment durations, but

anadverse trendwasobserveddependingon thegas flow rate. Increas-

ing the flow rate impacted the total carotenoid and tocopherol content,

with both parameters showing an upward trend compared to the con-

trol group.However, thevitaminCcontent and juicehuedidnot change

significantly (Fernandes et al., 2019).

Sour cherry (Prunus cerasus) is a rich source of bioactive compounds,

including phenolic compounds, anthocyanins, organic acids, melatonin,

and vitamin C (Hussain et al., 2021). In a study by Elez Garofulić et al.

(2015), a plasma jet treatment was utilized to process sour cherry

juice using a single electrode device and argon gas at a flow rate of

1.5 L/min and a frequency of 25 kHz for treatment durations of 3,

4, and 5 min. The significant anthocyanins (cyanidin-3-sophoroside,

cyanidin-3-glucosylrutinoside, cyanidin-3-glucoside, and cyanidin-3-

rutinoside) and phenolic acids (neochlorogenic acid, p-coumaric acid,

and caffeic acid) remained consistent. The anthocyanin content varied

from 139.50 to 223.96 mg 100 g−1 d.m., with longer plasma treat-

ment durations yielding lower concentrations. Larger sample volumes

resulted in higher anthocyanin content, but the impact of treatment

time was more pronounced. Phenolic acid amounts ranged from 93.85

to 163.36 mg 100 g−1 d.m., with the shortest treatment time produc-

ing the highest concentration. Gas flow did not significantly affect the

anthocyanins and phenolic acids in the treated juices (Elez Garofulić

et al., 2015).

Sweet cherry (Prunus avium) contains high amounts of phenolic

compounds and anthocyanins (Gonçalves et al., 2004; Kim et al.,

2005). Among them, cyanidin-3-O-rutinoside, cyanidin-3-O-glucoside,

and other compounds, such as hydroxycinnamic acid, neochlorogenic

acid, and p-coumaroylquinic acid, can be found (Kim et al., 2005). CP

has been applied at 40, 60, and 80 kV for 60, 80, 100, and 140 s on

sweet cherries (Wu et al., 2021). The results indicated no significant

changes in TPC after the treatment at 40 and 60 kV, but treatment at

80 kV caused a significant decrease in TPC compared to the control,

probably due to oxidation (Wu et al., 2021).

3.5 Citrus fruits

Citrus fruits, members of the Rutaceae family, are characterized by

their juicy, segmented flesh and signature tangy flavor. These fruits

boast notable phenolic compounds and flavonoids, such as hesperidin,

naringin, quercetin, and rutin. These compounds contribute to antiox-

idant and anti-inflammatory properties. Citrus fruits are particularly

abundant in essential vitamins, with vitamin C being a hallmark

component (Sun et al., 2019).

Kumquat (Citrus japonica) contains high amounts of flavanone gly-

coside and polymethoxylated flavones, making it an excellent source

of antioxidants (Ragheb et al., 2023). Traditional medicines are an

anti-inflammatory remedy against respiratory illnesses (Barreca et al.,

2011; Lin et al., 2008). The peel of Kumquats is the distinctive fea-

ture of this Citrus fruit, as it is consumed together with the flesh.

The peel’s sweet taste is more palatable than the citrus peels, pos-

ing a rich source of phenolic compounds (Chen et al., 2017). Kumquat

fruits were treated with intermittent corona discharge plasma jets for

2 min at 8 kV direct current at different current levels (2.0, 3.0, and

4.0 A). After storage for 10 days, the contents of phenolic compounds

in treated samples with 3.0 and 4.0 A showed no significant changes.

However, a significant reduction was observed in the untreated and

2.0 A-treated samples. A similar trend was observed for the DPPH

scavenging activity. Both treated and untreated samples significantly

reduced theascorbic acid content (Puligundla et al., 2018). Insignificant

changes were observed in color, aroma, taste, and texture between the

treated and untreated samples.

Mandarins’ (Citrus reticulata) fruit and peel have high amounts of

bioactive compounds, such as β-cryptoxanthin, vitamins, flavonoids,

and other phenolic compounds (Wang et al., 2016). The peel color is

the primary quality factor for market distribution (Lado et al., 2014).

Research showed that microwave-powered CP-treated Satsuma man-

darins (Citrus unshiu) showed no difference in their TPC, antioxidant

activity, ascorbic acid content, and the color of the mandarin’s flesh

and peel after treatment for 2, 5, and 10 min with nitrogen when com-
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12 ZARGARCHI ET AL.

pared to controls (Won et al., 2017). The N2-CP treatment at 900 W

and 20 min has been listed as an efficient method to prevent blue and

green mold infections caused by Penicillium italicum in the postharvest

period. The results showed insignificant changes in the phenolic con-

tent of themandarin flesh between the treated and untreated samples

in different treatment conditions (Won et al., 2017).

In contrast, the content of phenolic compounds in the peel was sig-

nificantly higher in treated samples when compared to controls, which

was caused by the UV radiation of plasma penetrating epidermal cells

and causing an increase in phenolic compounds by boosting biosyn-

thesis (Grzegorzewski et al., 2011). The peel’s antioxidant activity has

exhibited a subsequent augmentation attributable to the amplified

presence of phenolic compounds. The fruit’s antioxidant and phenolic

compound changes were insignificant, which can be elucidated by the

thick peel of mandarin that prevents the CP from penetrating the fruit.

There were no significant changes in the color after the CP treatment

(Won et al., 2017).

Orange (Citrus sinensis) is one of the richest sources of vitamin C.

However, it also includes significant levels of sugar, carotenoids (i.e.,

norisoprenoids, α-ionone, β-ionone, β-cyclocitral, and β-damascenone),

flavonoids (i.e., hesperidin, etc.), essential oils (i.e., limonene), and min-

erals (i.e., Zn, Fe, Cu, K, etc.) (Campolo et al., 2016). Dasan & Boyaci

(2018) aimed to assess the effects of applying ACP at 650 W with

different treatment durations (30, 60, 90, and 120 s) on orange juice

quality and according to the results, samples treated for 120 s had a

higher TPC than the control samples. At the beginning of the treat-

ment, the TPC value decreased, but after 90 s treatments, a significant

increase was observed (Dasan & Boyaci, 2018). The increase in TPC

values might be explained by the ability of reactive species to break

covalent bonds, leading to subsequent depolymerization of complex

phenols like tannins and other structures associated with phenolic

compounds. This would lead to a higher content of free phenolic

compounds, as observed in the study of Herceg et al. (2016). The appli-

cation of CP did not significantly affect the pH nor the colorimetric

results (Dasan&Boyaci, 2018). In another study, the vitamin C content

was analyzed in samples treated with low-temperature DBD plasma,

resulting in nonsignificant differences between the control and treated

samples (Shi et al., 2011). The application of CP on orange juice by-

products as a dietary fiber and fat replacer (Saremnezhad et al., 2020)

offers a compelling area for research, particularly in decontamination

and enhancing nutraceutical compounds.

It is common to mix and consume orange juice with carrot juice.

Carrots (Daucus carota) are a significant source of natural antioxidants,

including vitamin C, carotenoids (such as α and β-carotene, lutein),
and phenolic compounds (e.g., chlorogenic, p-hydroxybenzoic, or fer-

ulic acid) (Christofi et al., 2022). Applying a high-voltage electric field

CP (HVCP) to carrot juice enhanced total carotenoids and color. HVCP

also preserved the red color of juices due to better preservation of

carotenoids compared to untreated samples; however, treating for

4 min at 70 kV showed the best color improvement compared to other

treatment conditions. This might be attributed to enzyme deactiva-

tion, which in turn might prevent the degradation of carotenoids. The

TPC of the control sample was 9.77 μg/g GAE and 10.45 μg/g GAE in

samples that were treated for 4 min at 80 kV. Additionally, vitamin C

contents were higher in treated samples (25.50 mg 100 mL−1) when

compared to controls (24.11 mg 100 mL−1). The pH, acidity, and Brix

showed no significant difference compared to the control. The L* and

b* values were significantly lower in treated samples, whereas the a*

value was higher after the treatment with 60 kV plasma treatment for

3min (Umair et al., 2019).

4 THE EFFECT OF COLD PLASMA ON THE
BIOACCESSIBILITY/BIOAVAILABILITY OF PHENOLIC
COMPOUNDS AND VITAMIN C

The portion of a bioactive compound that is liberated from the food

matrix in the gastrointestinal tract and made available for absorption

is known as the bioaccessible fraction. Therefore, the bioaccessibility

of bioactive substances is more significant than their concentrations at

themoment of consumption (Leite et al., 2021; Linhares et al., 2020). It

is crucial to assess how processing conditions affect bioactive chemical

release, transformation, and absorption (Linhares et al., 2020). By using

CP treatment, the simultaneous events of covalently bound chemi-

cal release from plant cell walls, polyphenol depolymerization, and

reduced scavenging compounds may increase or decrease the amount

and bioactivity of secondary plant metabolites (Oner et al., 2023).

Leite et al. (2021) stated that ACP did not affect the bioaccessibility

of total phenolics in cashew apple juice, and more than 90% bioacces-

sibility of phenolics was recorded for all cashew apple juice. However,

higher excitation frequencies of atmospheric CP processing increased

thebioaccessibility of vitaminC in cashewapple juice (Leite et al., 2021)

and camu–camu juice (deCastro et al., 2020;Castro et al., 2020). Lower

pH values (evidenced by quick ascorbic acid degradation in the stom-

ach phase and exposure to oxygen), are associated with high ascorbic

acid degradation during digestion (Castro et al., 2020). The bioaccessi-

bility of bioactive substances improved as a result of these emerging

technologies. This enhancement is attributed to the low processing

temperature and the damage generated in the plant cell membranes,

which release bioactive chemicals and increase their availability for

human absorption (de Castro et al., 2020).

Phenolic compounds decompose in the gastrointestinal tract due

to the pH and electrolyte effect of the digestion fluids and enzymes.

Eventually, phenolic compounds interact/bind with other compounds;

therefore, different breakdown products, such as phenolic acids (pro-

tocatechuic acid), are formed (Bohn, 2014). Therefore, examining the

bioavailability of different phenolic groups and the total phenolic

bioavailability may be more beneficial. Dantas et al. (2021) clarified

that procyanidin B1 (130.71%), rutin (16.84%), caffeic acid (341.5%),

chlorogenic acid (57.63%), and catechin (194.7%), as well as epi-

catechin (383.4%) and epigallocatechin gallate (68.07%), were more

bioaccessible after 50 Hz/10 min of ACP treatment than untreated

açai pulp samples, as well as antioxidant activity. The depolymeriza-

tion of procyanidins, which are polymeric and oligomeric complexes of

catechin and epicatechin, brought a rise in monomeric phenolics. Pro-

cyanidin B2 (135.6%) and quercetin-3-glucoside (74.77%) had higher

 26438429, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/fft2.372 by T

echnische Inform
ationsbibliothek, W

iley O
nline L

ibrary on [23/04/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



ZARGARCHI ET AL. 13

bioaccessibility when processing time was extended at the same fre-

quency (50 Hz/15 min). Procyanidin B1, caffeine, and catechin all had

lower bioaccessibility indices. The ACP processing positively impacted

the caffeine acid content, improving its bioaccessibility after being

treated at 50Hz for 10min and 500Hz for 15min (Dantas et al., 2021).

Some bioactive chemicals are more sensitive to ACP processing,

especially at a higher frequency. Therefore, using optimization tech-

niques and a combination of other technologies may help to prevent

theunfavorable impact of specific quality parameters on fruits and fruit

juices (Dantas et al., 2021). Although CP ensures the rise in phenolic

concentration, the outcomes rely on the food matrix. Nonthermal pro-

cessing can change the chemical composition of the food matrix and

enhance the nutritional value of fruits and vegetables. Indeed, bioac-

tive compounds may become more bioaccessible (Leite et al., 2021).

Combiningnonthermal processingmethods couldhavebenefits includ-

ing increased enzyme and microorganism inactivation and a decrease

in detrimental effects on the food matrix (Linhares et al., 2020). It was

revealed that the bioaccessibility of total phenolics and anthocyanins

in açai juice was lowered to 40% of the unprocessed juice by the com-

bined ultrasound and low-pressure plasma processing (Linhares et al.,

2020).

5 DISCUSSION

CP technology holds tremendous promise for extending shelf life and

augmenting the nutritional value, antioxidant activity, and bioactives,

including phenolics and vitamin C. However, the effectiveness of CP

is contingent upon adjusting various influencing factors. Although

CP technology has garnered approval for its significant potential

across various targets, carefully selecting an appropriate CP model

is crucial to achieving the desired outcomes. CP has the potential to

provide several advantages, but adverse effects should also be con-

sidered. Consequently, scientists are urged to investigate meticulous

discernment in selecting treatment parameters, emphasizing a pre-

cise approach to attain the intended results. This underscores the

importance of precision in experimental design and the application of

CP treatments to strike a delicate balance between positive effects

and potential drawbacks. The technology has proven effective as a

nonthermal method for decontamination, providing an alternative to

traditional technologies. However, food matrix, interactions between

components, product surface characteristics, processing variables, and

intrinsic factors should all be considered for the improvement of the

efficiency of this technology.

The cumulative antioxidant effect of various bioactive compounds

influences the aggregate’s antioxidant capacity and phenolic com-

pounds. It is important to note that an increase in overall phenolic

content or other groups of bioactive chemicals does not necessar-

ily lead to a proportional escalation in antioxidant capacity. Instances

where the concentration of compounds with high antioxidant capacity

diminishes while those with lower antioxidant capacity increase may

result in a higher overall concentration of bioactive compounds but a

lower concentration of antioxidant capacity. The breakdown of antiox-

idant compounds occurs due to factors such as oxidation, exposure to

light, and enzymatic reactions. Enzymatic degradation, primarily insti-

gated by enzymes like ascorbate oxidase, PPO, cytochrome oxidase,

and peroxidase, plays a significant role in this process. While apply-

ing plasmamay amplify antioxidant capacity up to a specific processing

duration, prolonged exposure to plasma species and their free radicals

may eventually diminish the antioxidant capacity of the product. This

decline could be attributed to the potential overexposure and subse-

quent detrimental impact of plasma species, emphasizing the delicate

balance required for optimizing antioxidant benefits through plasma

treatment (Figure 1). In a study on the germination of paddy rice, a

decreasing trend in antioxidant activity and phenolic compounds was

observed. This decline could be linked to the inactivation of phenylala-

nine ammonia-lyase, a key enzyme in phenolic compound biosynthesis

(Zargarchi & Saremnezhad, 2019). On the other hand, the liberation

and synthesis of phenolic compounds involve specific mechanisms.

Notably, phenolic entities, such as hydroxycinnamates, form associa-

tions with non-starch polysaccharides within cell walls, creating bonds

like ester and ether linkages. The catalytic action of cell wall-degrading

enzymes, particularly esterases, actively contributes to the release

of previously bound phenolic compounds. Simultaneously, investiga-

tions have reported the activation of phenylalanine ammonia-lyase,

a pivotal enzyme in the biosynthesis of phenolic compounds. This

dual dynamic of enzymatic bond cleavage and enzymatic activation

offers a nuanced understanding of the regulatory processes govern-

ing phenolic compound dynamics during various developmental stages

(Perales-Sánchez et al., 2014). In addition, CP treatment exhibits the

potential to maintain the sensory quality of food products while mini-

mizing the effects of heat on their nutritious qualities (Schnabel et al.,

2019). However, the efficacy of CP treatment in food processing is

subject to several influential factors. These include the type of gas,

relative humidity, temperature, flow rate, frequency, material, thick-

ness, and spacingof electrodes andbarrier, treatment and storage time,

headspace and volume ratio product in-package, product rolling, direct

and remote exposure, and hurdle treatment (synergism of different

technologies). Furthermore, product features such as surface charac-

teristics, product type (plant or animal-based), composition, and water

content, along with microbiological factors including initial count, type

of pathogen, and growth rate, can impact the effectiveness of CP

treatment (Bagheri & Abbaszadeh, 2020). The study underscores the

importance of optimizing product surface characteristics and process-

ing variables for a more efficient CP application. In short, the studies

that have been conducted so far emphasize the need for a holistic

understanding and careful adjustment of these factors to unlock the

full potential of CP technology in food processing.

6 CONCLUSION

Theutilization ofCP technology in fruit and fruit juice preservation and

processing resulted in a wide range of effects, either an increase or a

decrease, on their physicochemical and nutritional properties, specif-

ically concerning antioxidant activity and phenolic compounds. This

 26438429, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/fft2.372 by T

echnische Inform
ationsbibliothek, W

iley O
nline L

ibrary on [23/04/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



14 ZARGARCHI ET AL.

highlights the need for additional investigations to unravel the under-

lying mechanisms governing these variations, considering factors such

as the type of CP used, the method of generation, and environmen-

tal conditions. Although there are many studies in the literature about

the bioavailability of bioactive compounds in fruits and their products,

studies on the effect of nonthermal technological processes, espe-

cially CP, are minimal. Although CP technology has garnered approval

for its significant potential across various targets, carefully selecting

an appropriate CP model is crucial to achieving desired outcomes.

CP exhibits a dual nature, presenting both positive and potentially

undesirable effects.

Consequently, scientists are urged to exercise meticulous dis-

cernment in selecting treatment parameters, emphasizing a precise

approach to attain intended results. This underscores the impor-

tance of precision in experimental design and the application of CP

treatments to strike a delicate balance between positive effects and

potential drawbacks. The technology has proven effective as a non-

thermal method for decontamination, providing an alternative to

traditional technologies. Conducting comparative analyses between

CP treatment and traditional preservation methods such as pasteur-

ization, sterilization, or other emerging technologies for fresh fruits or

their products would provide valuable insights in terms of the feasibil-

ity of CP technology as a potential alternative to current approaches

while identifying its advantages and limitations.
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