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Abstract In this study, orange, tomato, apple juices, and sour
cherry nectar were exposed to an atmospheric pressure plasma
jet. Plasma treatments were carried out using air as a precursor
under constant gas flow (3000 L/h) at 650 W for different
treatment times (30, 60, 90, and 120 s). After plasma process-
ing, reduction of Escherichia coli, Hunter’s color parameters
(L*, a*, b*), total phenolic content, and pH values were eval-
uated. The inactivation effect of cold atmospheric plasma
(CAP) was investigated on E. coli, and the highest significant
reductions were achieved in apple juice (4.02 ± 0.03 log CFU/
mL) followed by sour cherry (3.34 ± 0.09 log CFU/mL), while
the values in orange (1.59 ± 0.17 log CFU/mL) and tomato
juices (1.43 ± 0.22 log CFU/mL) were lower, which could be
attributed to the food matrix. Color parameters, except for
apple juice, did not show significant changes after processing.
Compared to untreated juice, plasma treatment yielded higher
phenolic content from 10 to 15%, while pH values did not
change significantly and the temperature remained below
40 °C after all plasma treatments. This study showed that
CAP treatment had positive influences on phenolic stability
and color change in all samples regardless of food intrinsic
factors, while it was more effective on bacterial inactivation in
clear juices than turbid ones. Our results indicate that atmo-
spheric plasma appears to be a promising technology for mi-
crobial inactivation without causing undesirable changes in
food product.
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Introduction

Nowadays, consumer demand for fresh food products which
are healthier and tastier with minimum amount of chemical
preservatives and/or processing conditions has been on the
increase. Fruit juice as a healthy drink is also popular among
today’s consumers. There is an ongoing trend among people
towards consumption of juice since a number of studies re-
ported nutritional and health benefits of fruit juice consump-
tion (Echeverría and López 2014; Falguera and Ibarz 2014).
Fruit juices are reported to contain high amounts of vitamins,
minerals, and other essential nutrients that contribute to the
functional property of food products (Dhuique-Mayer et al.
2005). Currently, manufacturing process of fruit juice is
attracting both consumers’ and researchers’ attention and has
become a hot topic in the industry.

These days, health-conscious consumers are looking out for
some quality parameters in food products such as improved food
safety, nutritional value, freshness, and flavors. Clean label foods
which claim to be natural and fresh as well as free from chemical
additives have gradually gained attention among consumers.
Therefore, the food industry feels the need to use processing
technologies capable of reducing additives while maintaining
natural flavors and food quality, and this pursuit has increased
development of new non-thermal processing technologies.
Emerging technologies have to be able to deliver microbiologi-
cally stable products with elongated shelf life and high sensory
and nutritional characteristics.

Conventional thermal methods are based on heating pro-
cess that facilitates mass transfer between different phases of
the system, consume lots of energy, and can significantly
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change the concentration, bioavailability, and bioactivity of
phytochemicals in food (Barba et al. 2015a; Barba et al.
2015b; Zinoviadou et al. 2015; Buchner et al. 2006). Current
tendency of consumers to prefer fresh fruit juice has been
increased due to its much better organoleptic properties than
pasteurized ones (Butz and Tauscher 2002). In order to reduce
the adverse effects (loss of vitamins, flavor, and non-
enzymatic browning) of thermal pasteurization, other methods
that are effective in microorganism inactivation can be ap-
plied. In this respect, non-thermal processing as an alternative
for juice quality preservation has become a promising tech-
nique to meet consumer’s expectations since it has the ability
to inactivate microorganisms at ambient temperatures, thus
avoiding negative effects of heat on flavor, color, and nutri-
tional value of foods (Ferrari et al. 2010). New non-thermal
technologies such as pulsed electric fields (Charles-Rodriguez
et al. 2007), ultraviolet light (Noci et al. 2008), high hydro-
static pressure (Valdramidis et al. 2009), supercritical CO2 or
N2O (Gasperi et al. 2009), membrane filtration (Gialleli et al.
2016), and ultrasound (Simunek et al. 2014) have been
assessed for their effectiveness on microbiological stability
of the final product as well as their impact on sensory charac-
teristics. The biggest challenge about the use of non-thermal
technologies for food processing is the inactivation of patho-
genic microorganisms and food spoilage agents; however,
these drawbacks can be overcome by using various methods.

Plasma, referred as the fourth state of matter, is a partially or
completely ionized gas and a reactive atmospherewhere a variety
of energetic and charged species (electrons, positive and negative
ions), radicals, neutral species (excited atoms and molecules),
and photons (visible and UV) are formed mainly from collisions
of energetic electrons with heavy particles (atoms, molecules,
ions). These reactive plasma species are able to break down
covalent bonds and initiate numerous chemical reactions signif-
icant for various technological applications (Surowsky et al.
2015; Mutlu et al. 1998; Gunaydin et al. 2010; Arjunan et al.
2015; Schluter et al. 2013; Biederman et al. 2001). Reactive
atoms, charged particles, reactive oxygen species (ROSs), reac-
tive nitrogen species (RONs), and UV photons, all able to inac-
tivate microorganisms at different levels, are formed when air is
used as plasma process gas (Mai-Prochnow et al. 2014). Reactive
oxygen and nitrogen species interact with macromolecules, like
lipids, amino acids, and nucleic acids, and cause changes that
lead to microbial death or injury. In addition, charged particles
accumulate on the surface of cell membrane and induce its rup-
ture. UV photons also modify the DNA of microorganisms
(Smet et al. 2016). However, reactive plasma species play amore
dominant role in inactivation effect of atmospheric pressure plas-
ma compared to the effect of charged particles and UV (Deng
et al. 2006; Graves 2012). Reactive oxygen species (atomic ox-
ygen (O), ozone (O3), and hydroxyl radicals (OH·)) generated
during plasma in the presence of oxygen are known to be the
most important components that provide plasma inactivation, cell

damage, and cell death (Fridman et al. 2007; Moisan et al. 2001;
von Woedtke et al. 2013). These active species are responsible
for biological reactions ranging from intercellular DNA fracture
and protein degeneration to oxidation of the outer membrane (Y.
Ma et al. 2008). Due to the non-thermal characteristic of non-
equilibriumplasma discharges (energetic electrons), these plasma
processes offer unique combination of high reactivity at moder-
ate temperatures, which is beneficial for treatment of
temperature-sensitive substrates.

Cold atmospheric plasma (CAP) is an emerging technolo-
gy that offers many potential applications. The findings of our
previous studies showed the influence of cold plasma on solid
surface decontamination of both foodstuffs and food-contact
materials (Dasan et al. 2016a, b; 2017a, b). Plasma technology
ensures microbial safety of food without addition of preserva-
tives and allows processed food to maintain natural flavors
and nutritional value of the original food material. Therefore,
it is recognized as a minimal processing technology that en-
sures both food safety and flavor. Due to low operating tem-
peratures and simultaneous high antimicrobial effects, cold
plasma may be regarded as a future alternative for thermal
pasteurization (Herceg et al. 2016). There are very few studies
that investigated the possibility of using plasma to enhance
quality and microbiological safety of liquid foods (Gurol
et al. 2012; Ikawa et al. 2010; Surowsky et al. 2014). Cold
atmospheric plasma as a non-thermal technology was investi-
gated for polyphenol and color stability in pomegranate juices
(Kovacevic et al. 2016b; Herceg et al. 2016), sour cherry juice
(Garofulic et al. 2015), and chokeberry juice (Kovacevic et al.
2016a); for volatile components in tomato juice (Ma and Lan
2015); and for microorganism inactivation (Shi et al. 2011)
and quality characteristics (Almeida et al. 2015) of orange
juice. Cold atmospheric plasma has emerged to be a potential
novel non-thermal technology for quality improvement of
fruit juices. However, the literature still lacks a comparative
study concerning the effects of cold plasma on both microbial
degradation, considering food intrinsic factors that could in-
fluence resistance of microorganisms towards CAP treatment,
and quality characteristics of various fruit juices. The aim of
the present study was to examine influence of atmospheric
cold plasma in apple, orange, tomato juices, and sour cherry
nectar on (i) inactivation of artificially inoculated Escherichia
coli, (ii) color stability, (iii) total phenolic content, and (iv)
temperature and pH changes.

Materials and Methods

Juice Samples and Culture

In this study, clear and turbid fruit juices were selected as
model food samples. Apple juice and sour cherry nectar were
selected as clear, while orange and tomato juices as turbid
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juices. Pasteurized juice samples were obtained commercially
from the same company from a local market in Ankara,
Turkey. Samples were stored at 4 °C. E. coli ATCC 25922
was provided from Refik Saydam Hıfzıssıhha Microbiology
Lab (Ankara, Turkey) on slant agar media. The bacterial strain
was maintained in Brain Hearth Infusion (BHI) broth (Merck
KGaA, Darmstadt, Germany) containing glycerol (1/1 V/V) at
− 20 and − 80 °C. Viable counts were performed according to
standard double-layer plate-counting method on Violet Red
Bile Agar (VRBA) (Merck KGaA, Darmstadt, Germany)
and expressed in log CFU/mL.

Test Microorganism and Inoculum Preparation

Two steps of regeneration procedure were followed. For the
first regeneration, 100 μL of stock culture was inoculated into
a 10-mL BHI broth and incubated at 37 °C for 18 h after 18 h
in their early stationary phase of growth. Then, this procedure
was repeated for the second step. Following the incubation,
1 mL of cell suspension was pipetted into 10 mL of each juice
sample placed in a sterile Petri dish. The final concentrations
of the juices were determined to be 6.33 ± 0.08, 6.50 ± 0.02,
6.16 ± 0.06, and 6.22 ± 0.08 log CFU/mL for orange, tomato,
apple juices, and sour cherry nectar, respectively, with stan-
dard double-layer plate-counting method onto VRBA.

Cold Atmospheric Pressure Plasma System

The atmospheric plasma system (Plasmatreat GmbH,
Steinhagen, Germany) consisting of a 3 × 400 V–16 A power
generator, a plasma jet, a high voltage transformer, and a pres-
sure supply control unit was described in our previous studies
(Dasan et al. 2017a, b) and it was used with some modifica-
tions (Fig. 1.). The plasma was generated through a high-
voltage discharge with a single electrode, forming a plasma
discharge that exits the jet nozzle at high velocity onto the
sample surface. The atmospheric pressure plasma jet (APPJ)
was mounted on an x-y motion system so that it could move in
the determined x and y coordinates and scan the whole surface
of material. Additionally, a double-nozzle system comprising
two separate plasma nozzles which rotate in unison around the
rotary axis to give a particularly intensive and uniform treat-
ment was used. This rotary nozzle allows a homogeneous
plasma treatment of wider surfaces with lower temperature
increase in the treated area. The results from previous studies
performed using the same plasma source showed that maxi-
mum inactivation effect on pathogenic microorganisms on
solid surfaces (Dasan et al. 2016a) was achieved by applying
25 kHz frequency and 100%V that corresponds to 650W (the
highest power reachable for this APPJ) plasma power.
Furthermore, the highest lethal effect of atmospheric plasma
treatment was obtained using dry air as a plasma precursor. A
gas flow of 3000 L/h was used to generate plasma from the tip

of the needle electrode to the inner wall of the nozzle. Such
plasma source produces a three-dimensional cone-shaped
plasma jet that rotates around its own axis extending out of
capillary tube to the length of about 30 mm with diameters of
15–30 mm at air gas flow of 3000 L/h.

Plasma Application on Fruit Juices—Inactivation
of Escherichia coli

Each juice sample of 10 mL inoculated with 1 mL of E. coli
suspension was spread evenly on glass Petri dishes
(9.0 cm × 9.0 cm, thickness of 50 mm) for each experiment
operated in atmospheric air with the room temperature of
20 °C. Following bacterial inoculation, the juice samples were
immediately exposed to plasma treatment. Distance of plasma
nozzle tip from the samples was fixed at 3.5 cm. CAP was
applied using air as a precursor at a gas flow rate of 3000 L/h
at 650 W plasma power, with a jet slide velocity of 5 m/min
and scanning an area of 60–70 mm. In order to cool the sys-
tem, an icepack was placed under Petri dishes. After CAP
treatments of 30, 60, 90, and 120 s, the surviving bacterial
counts were determined applying standard double-layer agar
plate method onto VRBA. The plates were incubated at 37 °C
for 24 h, and the results were expressed as log CFU/mL. The
surviving bacterial counts after plasma processes were com-
pared to the mean of three control samples, which are inocu-
lated but untreated samples representing the initial bacterial
concentration. In order to investigate the kinetics of bacterial
cell inactivation, GInaFiT (Version 1.4), a freeware Add-inn
forMicrosoft® Excel, was used (Geeraerd et al. 2005). A two-
fraction mathematical model for biphasic inactivation kinetics

Fig. 1 The schematic of cold atmospheric plasma system
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proposed by Cerf (1977) was selected which can be formulat-
ed as follows:

logN ¼ logN 0 þ log f :e−kmax1t þ 1− fð Þ:e−kmax2t
� � ð1Þ

Herein, f is the fraction of the initial population in a sub-
population of first phase, (1-f) is the fraction of the initial
population in a subpopulation of second phase, and kmax1

and kmax2 [1/time unit] are the specific inactivation rates of
the two populations, respectively. This biphasic model can, if
being used for time-varying conditions, be written under the
form of two first-order differential equations, one for N1 (first
subpopulation) and one for N2 (second subpopulation).

Effect of CAP on pH Value and Temperature

The pH values of the juice samples before and after plasma
treatment were determined with a PHM210 pH meter
(Radiometer, Denmark). Also, temperature changes occurring
in juice samples after each plasma treatment time were mea-
sured with a digital thermometer (− 50/+ 300 °C) (Isolab,
Laborgerate GmbH, Germany) which was inserted into the
sample.

Colorimetric Evaluation

The measurements were performed using the L*a*b* color
space (CIE LAB space) with Minolta Spectrophotometer
CM-3600d (Japan). White and black ceramic plates were used
for standardizing the instrument. According to CIE L*a*b*
system, L* represents lightness index; a* and−a* redness and
greenness; and b* and −b* yellowness and blueness.
Colorimetric variables (L*, a*, b*) were measured and color
change (ΔE*ab), chroma (C*) and hue (H*) were calculated
from:

ΔE*
ab ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ΔL*2 þ Δa*2 þ Δb*2

q
ð2Þ

C* ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
a*2 þ b*

2
q

ð3Þ

H* ¼ tan−1
b*

a*

� �
ð4Þ

where allΔL*2,Δa*2, andΔb*2 were calculated in reference
to the untreated juices.ΔE*ab indicates the magnitude of color
change after cold plasma treatment. All measurements were
performed in triplicate.

Total Phenolic Compounds (Folin–Ciocalteau Assay)

Total phenolic content (TPC) was determined using the Folin–
Ciocalteu assay (Singleton et al. 1999). In this method,

250 μL of juice samples (1:10 and 1:15 diluted with distilled
water) was mixed with 1 mL of tenfold diluted Folin–
Ciocalteu reagent (Sigma, Germany). After 5 min of equilib-
rium, 2 mL of 20% (w/v) sodium carbonate solution was
added to the mixture and shaken thoroughly. After incubation
at dark for 2 h at room temperature, absorbance of the solution
against a reagent blank at 765 nm was measured with an
Agilent 8453 UV–VIS spectrophotometer (Agilent
Technologies, Inc., Santa Clara, CA). Quantification was
based on standard curve ranged between 5 and 200 mg L−1

of gallic acid. The results were expressed as milligram gallic
acid equivalent per liter of juice (mg GAE/L). The obtained
data were expressed in terms of mean ± SD (standard devia-
tion). All analyses were performed in triplicate.

Statistical Analysis

All experiments were carried out in triplicate. Data were sub-
jected to factorial analysis of variance (ANOVA), and signif-
icance of differences among the treatments was determined
with Tukey’s test (p < 0.05) using SPSS 13.0 statistical pack-
age (SPSS Inc., Chicago, IL).

Results and Discussion

Inactivation of Escherichia coli

CAP treatment at 650-W plasma power using air as plasma-
forming gas with a flow rate of 3000 L/h for varying treatment
times (30, 60, 90, and 120 s) was applied to orange, tomato,
apple juices, and sour cherry nectar containing E. coli at initial
levels between 6.18 and 6.50 log CFU/mL. The antimicrobial
efficacy of CAP was compared among juice samples to deter-
mine the influence of food intrinsic factors. At the end of 120-
s plasma treatment, E. coli were inactivated by 1.59 ± 0.17,
1.43 ± 0.22, 4.02 ± 0.03, and 3.34 ± 0.09 log CFU/mL in
orange, tomato, apple juices, and sour cherry nectar, respec-
tively (Fig. 2). Figure 2 showed that surviving colony num-
bers of the test strain decreased gradually with the increase of
plasma exposure time.

The results showed that exposure to plasma has led to in-
activation curves with two or three linear segments instead of
a straight line. The inactivation data were fitted in the biphasic
inactivation kinetics model and the obtained parameter values
were given in Table 1. Similar multiphasic survival curves,
each representing a different inactivation phase, were obtained
in most studies investigating the lethal effect of plasma on
microorganisms that are immobilized on the surface of solid
foods to which plasmas are directly applied (Dasan et al.
2016a, b; Baier et al. 2014). Generally, these studies showed
a reduction characteristic, which was fast at the beginning and
slowed down after the fast initial phase because of
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microorganism distribution on the sample surface. This be-
havior could be attributed to roughness of the solid surfaces
being treated with plasma and distribution of microorganisms
on the surface (Hertwig et al. 2015). In our findings, as seen
from kmax values obtained at two inactivation phases
(Table 1), however, reduction of E. coli cells in liquid juice
samples was slow at the beginning and either accelerated after
the initial phase or showed a similar tendency in both phases.
This could be explained by the physical state of treated mate-
rial where microorganisms are inoculated. When bacteria are
inoculated into a liquid medium, neither ions nor electrons can
interact directly with bacteria as they already react at plasma–
liquid interface and do not penetrate very deep into liquid
medium, and thus, the cells dispersed inside a liquid carrier
are the most difficult to inactivate (Ikawa et al. 2010; Smet
et al. 2017). As plasma exposure time of the samples was
increased, generated plasma active species could accumulate
on the surface in higher amounts than they were absorbed.

Consequently, reduction of E. coli was faster in the latter
phase. This inactivation kinetics was also observed in a study
by Smet et al. (2016) in which the inactivation curves of
Salmonella typhimurium cells treated in a liquid carrier pre-
sented a slower reduction in the initial phase followed by a
log-linear inactivation phase. This slow inactivation kinetics
reflects a resistant population and implies that the microorgan-
isms need to reach a certain CAP treatment level before the
cells are lethally damaged. These results clearly reveal that
microorganism inactivation by plasmas is a complex process
in which several factors can affect kinetics of the killing pro-
cess. The CAP treatments of juice samples were not main-
tained after 2 min because many studies comparing the effect
of plasma and thermal processing on juices have performed a
total treatment of 2 min, which is also a valid process time in
the industry (Kovacevic et al. 2016a; Garofulic et al. 2015).

It is clearly seen from the results that CAP was more effec-
tive on apple juice and sour cherry nectar than on orange and
tomato juices. Both inactivation rates and the total reduction in
E. coli concentrations were higher in clear juices. Different
process parameters, including food intrinsic factors, are
known to influence resistance of the cells against treatment
(Smet et al. 2016). This result could be attributed to fluid
properties and structure of juice samples. Turbid juices could
have non-uniform cloudy particles (orange juice) or a homo-
geneous but more viscous structure (tomato juice). The solid
particles in liquid sample or components that cause turbidity
could enable bacteria cells to shield from plasma active spe-
cies which are responsible for the killing process during treat-
ment. However, CAP treatment was found to be more effec-
tive in clear juices. This higher inactivation effect could be
attributed to clarity of the samples, since they do not contain
any components that could attenuate reactivity of the plasma
active species.

In their study where inhibition of E. coli in orange juice
was investigated, Shi et al. (2011) achieved a 5-log reduction
in 10 s. However, the plasma-applied sample volumewas only
50 μL, which becomes significant in the case of plasma spe-
cies forming during treatment because, as the volume of sam-
ples decrease, density of active plasma species responsible for
cell destruction would increase, and consequently, total inac-
tivation effect of plasma would clearly increase. Besides,
50 μL of sample would be spread as a thin layer which would
act as a solid sheet surface that could be vulnerable to the
access of plasma species. The penetration limitation of the
active species formed during plasma process is the biggest
restricting factor for the use of plasma technology in steriliza-
tion and decontamination treatments.

The pH values of aqueous solutions being treated by plas-
ma were reported to be critical in inactivation of microorgan-
isms. Ikawa et al. 2010 found that there is an approximate
critical pH value of 4.7 for bactericidal effects, below which
bacterial inactivation is extremely efficient and above which

Table 1 Parameter values obtained when applying biphasic model

SSE Log N0
δ (cfu/mL) f kmax1 (1/s) kmax2 (1/s)

Orange 0.01 6.30 0.45 0.01 0.02

Tomato 0.08 6.52 0.45 0.02 0.03

Apple 0.75 6.23 0.42 0.05 0.07

Sour cherry 0.03 6.28 0.50 0.06 0.06

SSE sum of squared errors
δLog N0 (cfu/mL): identified initial population for the mathematical
method

Fig. 2 Logarithmic survival curves of E. coli for different plasma
treatment times during cold atmospheric plasma treatment of orange,
tomato, apple juices, and sour cherry nectar. Results are expressed as
mean(3) ± standard error
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bacterial inactivation is relatively weak or hardly occurs. One
of the most important findings in their study was that the
combination of low pH (pH 3.5) and plasma jet exposure is
essential for bacterial inactivation and the lack of either factor
led to no bacterial inactivation. In our study, pHs of all juice
samples were also below this critical value (Table 2); however,
the main factor influencing the inactivation effect of plasma
was clarity of the samples.

Effect of Plasma on T and pH of Juice Samples

The alterations occurring in temperature and pH of the sam-
ples during plasma treatment were measured after each treat-
ment period. As seen in Fig. 3, the maximum temperature
attained after 120 s of ACP treatment was below 40 °C. In
this study, a rotating plasma nozzle which generates a three-
dimensional cone-shaped plasma discharge moving in x-y di-
rection was used. This continuous movement and avoidance

of permanent contact points with the plasma jet provided ho-
mogenous sample treatment.

Non-equilibrium (non-thermal) plasmas under wet condi-
tions, which are atmospheric pressure plasmas with low gas tem-
perature, are typically less harmful to the treated surface but can
cause some chemical reactions (especially sterilization) on the
surface of amaterial. Such plasmasmay be designed to emit very
little UV but still act as a strong source of free radicals.
Inactivation of bacteria and other microorganisms could be
achieved using such low-temperature plasmas only with free
radicals, instead of using UV or heat. Since penetration depth
of free radicals on or near the surface is very limited, such
plasmas may be used to sterilize heat-labile materials (Ikawa
et al. 2010).

The pH values of orange, tomato, apple juices, and sour cher-
ry nectar after plasma processing were in the ranges of 3.95–
3.93, 4.31–4.33, 3.64–3.63, and 3.35–3.34, respectively. pH
values of plasma-treated samples (Table 2) were not statistically
different from non-treated sample (control). Although there are
studies in which decreases of pH values in plasma-treated liquid
samples (Shi et al. 2011; Ikawa et al. 2010) were reported, in our
findings, plasma processing did not significantly affect pH of
juice samples after application of different treatment times.
Only slight changes were observed in orange and tomato juices
and sour cherry nectar, whereas the pH difference change seen in
apple juice after plasma exposure was not statistically different.

Color Analysis

Few studies have been conducted on physicochemical properties
or bioactive components of food after plasma processing. Since
this technology uses plasma active species including radicals,
neutral species, UV photons, and charged particles, interaction
with some food components is possible. Evaluation of physical
appearance after processing of the food material would help to
reveal the effect of plasma, since any change in color, texture, or
aroma may indicate a possible chemical reaction with one or
more food components.

In Table 3, color parameters for all experimental trials are
shown. Among investigated samples, there was a visual

Table 2 pH changes for different
plasma treatment times during
cold atmospheric plasma
treatment of juice samples

Plasma treatment time (s) Orange Tomato Appleδ Sour cherry

Control 3.947 ± 0.003b 4.311 ± 0.001a 3.634 ± 0.001 3.345 ± 0.001b

30 3.942 ± 0.005b 4.308 ± 0.005a 3.629 ± 0.003 3.337 ± 0.004a

60 3.940 ± 0.004ab 4.322 ± 0.011ab 3.633 ± 0.003 3.343 ± 0.002b

90 3.930 ± 0.003a 4.331 ± 0.001b 3.634 ± 0.002 3.343 ± 0.002b

120 3.930 ± 0.007a 4.327 ± 0.005b 3.633 ± 0.001 3.342 ± 0.002b

Results are expressed as mean(3) ± standard error. Values represented with different letters are statistically
different at p < 0.05
δ pH values of apple juice were found not to be statistically different among treatment times

Fig. 3 Temperature changes occurring for different plasma treatment
times during cold atmospheric plasma treatment of juice samples.
Results are expressed as mean(3) ± standard error
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difference in color for only treated apple juice compared to
control, since color changeΔE*ab > 3.0 reflects barely notice-
able color difference (Kovacevic et al. 2016b). In the case of
orange juice, a* value represents the changes in greenness of
the product. After 30 s of plasma treatment, the a* value
decreased, indicating a possible decrease in greenness; how-
ever, only slight differences occurred after longer treatments.
Similar to before, b* value, which represents yellowness,
showed a statistically significant, but small downward trend
with regard to treatment time. However, total change of color
remained the same during studied treatment time, and statisti-
cally, no significant differences (p > 0.05) were observed. For
tomato juice, no significant differences (p > 0.05) in color
parameters were found due to varying plasma exposures.

Apple juice was the only sample in which a visual differ-
ence was observed after plasma processing. Firstly, as the
samples were exposed to longer plasma treatments, the color
of juice became darker, which was confirmed with decreasing
L* values. The a* and b* values represent redness and
yellowness of the product, respectively. Slight increases were
observed in redness of the apple juice, while greater differ-
ences were obtained in yellowness where the color was

slightly skidding into brownish. In addition, the greatest
values for ΔE*ab were obtained in this sample. However,
the change of color did not significantly differed (p > 0.05)
with increasing plasma treatment time.

For sour cherry nectar, only slight changes were observed
in a* values which represent redness of the samples regardless
of plasma treatment time. However, total color change
remained the same.

Literature reports various results with regard to color
change and plasma treatment. In a study, for example, it was
found that during a 3-min treatment, tomato and lettuce
showed color changes that were higher than 4.47 and 9.63,
respectively (Bermudez-Aguirre et al. 2013). In another study,
it was reported that pomegranate juice became lighter after
7 min of plasma treatment with a total color change between
2.0 and 3.0 (Kovacevic et al. 2016b).

Total Phenolic Compounds

Results of TPC in juice samples after atmospheric plasma
treatment are presented in Table 4. It can be observed that
duration of plasma treatment highly influenced TPC.

Table 3 Color parameters for different plasma treatment times during cold atmospheric plasma treatment of juice samples

L* a* b* C* H* ΔE*ab

Orange

Control 44.06 ± 0.23 − 1.82 ± 0.03ab 11.71 ± 0.81b 11.85 ± 0.80b 98.84 ± 0.60ab

30 s 44.51 ± 0.37 − 1.64 ± 0.08a 11.79 ± 0.63b 11.91 ± 0.62b 97.94 ± 0.80a 0.83 ± 0.44

60 s 44.07 ± 0.08 − 1.86 ± 0.04b 10.54 ± 0.14ab 10.70 ± 0.14ab 100.02 ± 0.21bc 0.85 ± 0.13

90 s 44.76 ± 0.53 − 1.86 ± 0.09b 9.08 ± 0.03a 9.27 ± 0.03a 101.55 ± 0.54d 2.46 ± 0.17

120 s 44.64 ± 0.82 − 1.79 ± 0.11ab 9.92 ± 0.94a 10.08 ± 0.94a 100.28 ± 0.39c 1.64 ± 1.18

Tomato

Control 34.34 ± 0.14 7.51 ± 0.40 4.94 ± 0.28 8.99 ± 0.49 33.35 ± 0.12

30 s 33.93 ± 0.33 7.24 ± 0.08 4.67 ± 0.07 8.61 ± 0.03 32.79 ± 0.63 1.08 ± 0.20

60 s 34.13 ± 0.17 7.12 ± 0.06 4.62 ± 0.04 8.49 ± 0.06 33.01 ± 0.12 1.10 ± 0.10

90 s 34.10 ± 0.22 7.14 ± 0.20 4.61 ± 0.19 8.50 ± 0.27 32.82 ± 0.45 1.09 ± 0.33

120 s 34.38 ± 0.26 7.52 ± 0.10 4.90 ± 0.14 8.98 ± 0.15 33.10 ± 0.42 0.61 ± 0.14

Apple

Control 34.41 ± 0.77b 1.65 ± 0.09a 6.78 ± 0.75b 6.97 ± 0.75c 76.31 ± 0.89c

30 s 31.83 ± 0.82a 3.50 ± 0.21c 4.20 ± 1.51a 5.50 ± 1.28bc 49.16 ± 8.64b 4.96 ± 1.45

60 s 30.84 ± 0.01a 2.88 ± 0.16b 2.06 ± 0.25a 3.54 ± 0.28ab 35.55 ± 1.89a 6.94 ± 0.18

90 s 30.64 ± 0.04a 2.77 ± 0.08b 1.78 ± 0.12a 3.28 ± 0.13ab 32.70 ± 1.03a 7.26 ± 0.11

120 s 30.40 ± 0.00a 2.52 ± 0.23b 1.50 ± 0.37a 2.93 ± 0.39a 30.51 ± 3.95a 7.60 ± 0.26

Sour cherry

Control 29.04 ± 0.04 1.91 ± 0.06b − 0.62 ± 0.02 2.01 ± 0.06b 341.98 ± 0.03

30 s 28.87 ± 0.03 0.79 ± 0.07a − 1.00 ± 0.05 1.28 ± 0.08a 308.35 ± 1.13 1.24 ± 0.05

60 s 28.74 ± 0.14 0.81 ± 0.03a − 0.85 ± 0.11 1.18 ± 0.09a 313.92 ± 2.60 1.21 ± 0.04

90 s 27.64 ± 0.91 0.75 ± 0.01a − 0.79 ± 0.11 1.09 ± 0.08a 313.78 ± 3.80 1.93 ± 0.58

120 s 27.43 ± 1.14 0.73 ± 0.13a − 0.43 ± 0.54 0.95 ± 0.23a 333.93 ± 30.27 2.20 ± 0.64

Results are expressed as mean(3) ± standard error. Values represented with different letters are statistically different at p < 0.05
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Compared to untreated juice, 120-s plasma-treated juices had
higher amount of phenolic compounds. As it can be seen, TPC
increased by 9.52, 14.81, 14.43, and 14.47% totally after 120 s
of plasma treatment in orange, tomato, apple juices, and sour
cherry nectar, respectively. Besides, TPC decreased at the be-
ginning of plasma exposure, but significant increases were
observed after 90 s of treatment. Although the mechanism is
still unclear, these phenolic degradation results obtained at the
beginning of plasma treatment are consistent with plasma
treatment theory. Degradation of phenolic compounds after
exposure to plasma treatment supports the theory of phenolic
compounds’ reaction with plasma subsistent reactive oxygen
species, like hydroxyl radicals, peroxyl radicals, atomic oxy-
gen, and singlet oxygen (Brandenburg et al. 2007). This deg-
radation of phenolics in the first part of treatment could be
attributed to the known ability of phenolic compounds to
scavenge free radicals (antioxidative capacity) which were
generated with plasma. The significant increase of TPC in
the latter part of plasma exposure could be explained by the
ability of plasma reactive species (chemically reactive species,
charged particles and UV photons) generated when treating
the cloudy and clear juice samples with cold plasma, which
possess sufficient energy to break covalent bonds and induce
several chemical reactions that might increase cell membrane
breakdown (Herceg et al. 2016). Since phenolic compounds in
plant materials are mostly linked with plant cell wall polysac-
charides and these chemical reactions caused by plasma active
species may disintegrate the phenolic-cell wall matrix bonds
(Khoddami et al. 2013), these effects could be attributed to
enhanced phenolic extraction after longer plasma exposure.
These results are consistent with possible mechanism of
phenolic-plasma species interaction. In a study performed on
the interactions of plasma reactive species with secondary
plant metabolites in lamb’s lettuce after exposure to an atmo-
spheric plasma jet, it was suggested that the interactions of
reactive oxygen species like ·OH, O, O2, and Ar+ may lead
to an erosion of epidermal tissue layers of lettuce by which
flavonoids and other compounds accumulated in the central
vacuoles of guard cells and epidermal cells are released

(Grzegorzewski et al. 2011). Although the effects of plasma
treatment on solid surfaces and liquid media are predicted to
be different due to variety of reaction mechanisms undergo in
both conditions, similar results were obtained in pomegranate
juice treated with cold plasma in which TPC increased by
14.95–48.99% after varying plasma exposures (Herceg et al.
2016). There are other studies reporting that cold plasma treat-
ment influences the content of phenolic compounds more pos-
itively compared to untreated juices (Kovacevic et al. 2016a;
Garofulic et al. 2015). Considering our results and other valu-
able studies on fruit juices, it may be predicted that if the
duration of plasma treatment is increased more than 120 s,
the number and variety of free radicals would begin to in-
crease and a second trend of phenolic degradation could start
due to the scavenging ability of phenolics. In a study on plas-
ma treatment of sour cherry juice, the highest concentration of
phenolic acids was observed in the sample that was treated for
the shortest time (3 min), while the sample with the lowest
phenolic acid content underwent a treatment of 5 min
(Garofulic et al. 2015). The optimization of plasma exposure
time becomes a critical point when treating food materials
which contain phenolic compounds at high concentrations.
Nonetheless, due to the increase in TPC, phenolic stability
of pomegranate juice treated with cold plasma may be a good
alternative to traditional processing of juices such as pasteur-
ization (Herceg et al. 2016).

Conclusion

This study has shown that CAP treatment can be used as an
emerging technology for fruit juice processing as it does not
affect quality of juice in terms of its phenolic content, color,
and pH and provides a processing temperature below 40 °C
while showing a great reduction in E. coli concentration.
Although CAP treatment of materials at liquid state consti-
tutes the problem of strong absorption of plasma active spe-
cies generated during exposure by the liquid at the gas–liquid
interface, the results achieved in this study showed that

Table 4 Total phenolic contents
for different plasma treatment
times during cold atmospheric
plasma treatment of juice samples

Plasma treatment time (s) Total phenolic contents (mg GAE/L)

Orange Tomato Apple Sour cherry

Control 542.49 ± 13.77ab 504.86 ± 26.94a 428.80 ± 6.53b 787.71 ± 4.14b

30 534.46 ± 12.43ab 469.69 ± 21.06a 390.89 ± 1.37ab 708.41 ± 77.14a

60 511.37 ± 6.67a 509.87 ± 34.14a 365.08 ± 21.86a 722.32 ± 38.24ab

90 560.29 ± 15.90b 575.55 ± 18.20b 424.39 ± 17.21b 785.41 ± 12.23b

120 594.15 ± 20.54c 579.62 ± 12.46b 490.69 ± 27.19c 901.67 ± 5.85c

Results are expressed as mean(3) ± standard error. Values represented with different letters are statistically
different at p < 0.05

mg GAE/L milligram gallic acid equivalent per liter
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exposure of microorganism containing liquid food to atmo-
spheric pressure plasma can also inactivate microorganisms
suspended in the liquid. One of the most important results of
this study was that the inactivation efficiency of CAP treat-
ment onE. coliwas higher in clear juice samples than in turbid
ones. Due to the cloudy particles in turbid juices, bacteria cells
could be sheltered from plasma reactive species that are gen-
erated during exposure and responsible for the killing mecha-
nism of plasma and/or those active species could be adsorbed.

The optimal cold plasma treatment of this study could be
potentially used as an alternative to conventional pasteuriza-
tion due to the phenolic quality of fruit juices. Compared to
untreated samples, plasma treatments showed higher total
phenolic content (10–15%), which confirms that the plasma
has a positive effect on stability of phenols.

Application of atmospheric non-thermal plasma to liquid
food materials still needs further investigation in terms of the
parameters affecting the inactivation mechanism allied to food
matrix and also plasma–liquid interactions.
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