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Abstract: Current industry needs are related to higher awareness of modern consumers.
These consumers are looking for products in which properties such as bioactive compounds are
preserved as much as possible. Plasma treatment is one of the most promising nonthermal technologies
that can decontaminate food and keep its original properties. Therefore, the aim of this work was to
examine the usefulness of atmospheric pressure argon microwave plasma on decontamination of
black pepper seeds, allspice berries and juniper berries. The samples were irradiated by plasma for
15–60 s and their physicochemical (dry matter content, water activity, color, total phenolic content,
antioxidant activity, piperine content in black pepper seeds) and microbial (bacteria and molds count)
quality was evaluated afterwards. Results demonstrated that plasma irradiation for 15 s was sufficient
for partial inactivation of A. niger but less effective against the Gram-positive bacterium B. subtilis,
regardless of the raw material. At the same time, plasma treatment reduced water activity, which can
positively affect further storage of spices. Properly selected plasma parameters may also enhance
extractability of phenolics or piperine (from black pepper seeds) and improve antioxidant activity
with not very great, but visible, color changes.
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1. Introduction

The food industry can be characterized as a very competitive branch of the economy. This fact,
together with the increasing knowledge of consumers, who pay more attention to their nutrition and
care greatly about the environment, stimulates producers and scientists to develop new food processing
and preservation technologies. The main aim of food processing is to deliver safe food that can be
characterized by good quality. Within the factors that can be considered a hazard, microbial growth can
be distinguished. Conventionally, inactivation of microbiota can be achieved by thermal methods such
as pasteurization or sterilization [1–4]. Although these techniques are effective considering their lethal
effect on microorganisms’ growth, they also cause degradation of many thermolabile compounds,
with nutritional activity being of paramount importance [5,6]. Therefore, new technologies start to
play very important roles, since they allow reduction of microbial contamination and, at the same time,
they can maintain the quality of processed food. Among these emerging methods, a few need to be
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distinguished such as pulsed electric field, ultrasound, high hydrostatic pressure and pulsed light cold
plasma [7–10]. Moreover, cold plasma is also considered a very promising method that can achieve the
abovementioned technological effects with minimal impact on food quality [11].

In general, nonequilibrium plasmas under atmospheric pressure have been used for various
purposes [11–17] such as material processing (e.g., etching, deposition, polymer surface activation),
food processing, surface decontamination (e.g., sterilization of surgical instruments) and decomposition
of gases and liquids (e.g., production of valuable chemicals, environmental applications).

Atmospheric plasma can be generated using different methods. For instance, it can be generated
using microwaves [18] or a dielectric barrier discharge (DBD) system [19]. The utilization of microwaves
for generation of plasma is becoming increasingly popular. The microwave plasma is characterized
by a wide range of temperatures. Applications of atmospheric pressure microwave plasma are very
wide. Such plasmas can be used for gas processing [20,21], surface modification [22] or for biomedical
decontamination [14,23–25]. Because of the specific determinants of microwave generated plasma,
especially the fact that it can operate under atmospheric pressure, it can be used in the food industry.
Publications show that treatment performed with this plasma can be used in decontamination [26],
degradation of mycotoxins [27] and indirect treatment of meat [28] and black pepper [29].

In the case of food processing, plasma is generated in a discharge volume and makes contact with
the treated food surface. Fast electrons, ions and free radicals, as well as electromagnetic radiation in
the UV/VIS spectrum, are then transferred to the plasma-surface interface where they initiate basic
processes such as etching, recombination, de-excitation and re-emission from solids [13]. As a result,
plasma treatment can decontaminate food surfaces and change their physicochemical properties,
leading to extended food shelf life.

The aim of this work was to examine the usefulness of atmospheric pressure argon microwave
plasma, in the unique form of a plasma sheet, on the decontamination of selected spices (pepper seeds,
juniper and allspices berries), and to evaluate the impact of such treatment on the physicochemical
properties of used materials.

2. Materials and Methods

2.1. Material Preparation

2.1.1. Treated Material

Whole black pepper seeds, whole allspice berries and whole juniper berries packed in barrier
pouches were purchased in a local supermarket (Warsaw, Poland) and used in the study. Samples of
each raw material came from the same manufacturer and production batch.

2.1.2. Culture Preparation

The bacterial strain Bacillus subtilis ATCC 6633 and the mold strain Aspergillus niger ATCC
9142 were obtained from the pure cultures collection of the Department of Food Biotechnology and
Microbiology (WULS-SGGW, Warsaw, Poland).

The cultures of Bacillus subtilis ATCC 6633 were kept frozen in glycerol stocks at −80 ◦C. The strain
was prepared to grow in Nutrient Broth (NB, POCH S.A. Gliwice, Poland) at 37 ◦C for 24 h in an aerobic
condition. After the first propagation, the bacteria were transferred and cultured onto nutrient agar
(NA, POCH S.A. Gliwice, Poland) and incubated at 37 ◦C for 24 h. Next, the bacterial culture was
diluted in sterile saline water (0.85% NaCl, POCH S.A. Gliwice, Poland) to the adjusted equivalent of
0.5◦ McFarlanda (Densimat, Biomérieux Biotechnology, Warsaw, Poland), which was used to obtain
the final concentration of 1 × 108 cfu/mL.

The suspension of the sporulating fungal strain Aspergillus niger was stored in glycerol stock at
−80 ◦C and subsequently cultured on Wort Agar (Merck, Warsaw, Poland). After 7 days of incubation
at 25 ◦C, the spores/mycelium of the mold culture were transferred onto fresh Sabourand agar with
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chloramphenicol medium (SA, Sabouraud Agar, POCH S.A. Gliwice, Poland) and subsequently
cultured to achieve spores (approximately 7 days) at 25 ◦C. The concentration of chloramphenicol
was 0.050 g/L. The spores were then harvested by flooding the surface of the mycelium with saline
water containing 0.1% Tween 80 (Sigma-Aldrich, Poznan, Poland). The final spore concentration was
determined microscopically using a counting Thoma chamber to achieve a spore concentration of
1 × 107 cfu/mL.

2.1.3. Culture Preparation

Each spice sample (juniper, pepper and allspice) was inoculated using a bacterial or fungal
culture suspension. The suspension of B. subtilis cell and A. niger spores were individually prepared
in a sterile bag with approximate concentrations of 108 cfu/mL and 107 cfu/mL, respectively. Spice
samples were then dipped in the suspension and each of the bags were shaken at 200 rpm for 20 min
on a rotary platform to ensure homogeneous distribution of the inoculum onto the surfaces. Next,
for better microorganism attachment, the inoculated spice samples were air-dried in a laminar flow
cabinet at room temperature (Esco, Singapore, Singapore) to complete dryness (approximately 1 h).
The inoculated spices were assessed for initial microbial content and the evaluation confirmed 1 × 105

cfu/g (bacteria) and 1 × 106 cfu/g of fungal populations.
Inoculated spice samples were aseptically placed in sterile Petri dishes and treated by four different

parameters of cold plasma, as described further.

2.2. Plasma Sources and Plasma Treatment

For treatment of the selected spices, a unique microwave (2.45 GHz) plasma source (MPS)
operating at atmospheric pressure argon [30,31] was used in these investigations. In contrast to
previous MPSs operating at atmospheric pressure, which delivered plasmas in the form of cylindrical
plasma columns or flames, the MPS used in the presented study generated a very convenient plasma
sheet. Such a shape of plasma can be easily implemented into a technology line (i.e., over the conveyor
belt). This type of MPS may be based on a rectangular waveguide or on a strip-line structure [32].
In this experiment, we used a setup based on a WR 340 standard rectangular waveguide (Figure 1).
Argon plasma was generated inside a flat quartz box and protruded out of the box. The flat quartz
box was inserted into the waveguide through rectangular slits in the section of reduced height of the
MPS. As a protection from microwave leakage, the discharge quartz box was surrounded by metal
shielding. The working gas (argon) was introduced into the quartz box by two opposite ducts placed
in its upper part. The MPS had an integrated three-stub tuner to match the impedance. Using the
tuner, the microwave reflected power was less than 5% of the microwave forward power and there
was no need to use the protection isolator. Microwaves were generated by a standard magnetron
(CEFEMO 2M240H), commonly used in kitchenette microwave ovens. The magnetron was powered
from a Dipolar MagDrive (Sweden) power supply. The microwave power absorbed by the plasma was
600 W. At the microwave power (incident power—reflected power) absorbed by the plasma at 600 W,
the device consumed approximately 920 W of electrical power from the power grid. The argon flow
rate was set at 20 L/min. Under these conditions, the plasma sheet outside the box was about 50 mm
width, 10mm length and 1 mm thick, and the temperature of the plasma was about 900–950 K [25].
The treated spices were placed on a Petri dish on the motorized (with stepper motor) linear stage.
The linear stage was placed 20 mm below the open side of the quartz box (Figure 2). The diameter of
the Petri dish was 60 mm. The linear stage moved the Petri dish so that the plasma scanned its area
from one side to the other. One full scan of the Petri dish’s area lasted 15 s. The samples were treated
by plasma from 15 (single scan) up to 60 (four scans) seconds.
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2.3. Microbiological Analysis

After treatment, 10 g of each spice sample were transferred to a sterile stomacher bag (BagFilterP,
Labindex, Poland) filled with 90 mL of sterile 0.1% peptone water (POCH S.A. Gliwice, Poland).
The samples were rinsed with the tested solution with shaking at 200 rpm for 10 min on a rotary
platform (SM-30 Control E. Büchler, Germany) to achieve well-washed bacterial cell and fungal spores
from the surface of the spices. To assess bacteria, the suspension was serially diluted in sterile saline
water (0.85%NaCl POCH S.A. Gliwice, Poland), then 1 mL of sample was poured in the plate, selective
nutrient agar medium (Nutrient Agar) was added, and the sample incubated at 37 ◦C for 24 h. The fungi
were serially diluted and poured onto Sabouraund agar with chloramphenicol medium (SA, Sabouraud
Agar, POCH S.A. Gliwice, Poland). The plates were incubated at 20 ◦C for 72 h. All tests were run in
triplicate. Microbial counts were expressed as log cfu/g.

2.4. Total Phenolic Content (TPC)

Total phenolic content (TPC) was determined according to the Folin-Ciocalteu methodology [33]
with our own modifications. Whole pepper seeds, juniper or allspices berries were milled according to
the protocol described in PN-ISO 2825 and then subjected for polyphenolic compounds extraction
performed with 80% ethanol solution. Two independent ethanol extracts were prepared for each
variant of the experiment. To determine the TPC, 0.5 mL of extract was added to a flask containing
30 mL of distilled water and mixed with 2.5 mL of Folin-Ciocalteau reagent. After 5 min, 2 mL of 1.7 M
sodium carbonate was added. The mixture was well stirred, filled with distilled water up to 50 mL of
volume and left for 1 h in darkness. After incubation the absorbance against a blank sample (without
extract) at 750 nm was measured using a Heλios γ ThermoSpectronic spectrophotometer (Thermo
Electron Corporation, Waltham, MA, USA). TPC was expressed in terms of gallic acid equivalents
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concentration [mg GAE/g d.m.] on the basis of a standard curve. The measurements were done in two
repetition for each extract.

2.5. Antioxidant Activity

Free radical scavenging was assessed according to a modified methodology proposed by
Newerli-Guz [34] using 2,2-diphenyl-1-picrylhydrazyl (DPPH) (Sigma Aldrich, St. Louis, MO, USA)
and 2,2′-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid (ABTS) (Sigma Aldrich) as a source of the free
radicals. A sample extract (1 mL), prepared as mentioned in Section 2.4., was added into 2 mL of DPPH
or ABTS methanol solution. After good stirring, and 1 h storage in darkness, absorbance was measured
at 515 nm (DPPH) or 734 nm (ABTS) (Heλios γ ThermoSpectronic, Waltham, MA, USA) against the
blank sample (the extract was replaced by 1 mL of 99% methanol solution). The measurements were
conducted in triplicate for each material extract. Antioxidant activity was expressed according to the
following formula:

AA =

(
1− (

AbsS
AbsFR

)

)
·100% (1)

where: AbsS is the absorbance of sample extract mixed with DPPH or ABTS after 1 h of incubation and
AbsFR is the absorbance of the blank sample mixed with DPPH or ABTS after 1 h of incubation.

2.6. Piperine Content in Black Pepper

Piperine content was evaluated according to the method described in PN-A-86965:1997.
This method depends on extraction with ethanol under a reflux condenser and spectrophotometric
measurement at 343 nm. The measurements were done in three repetitions for each batch of
plasma-treated black pepper. The results were expressed as percentage content of dry matter.

2.7. Color Measurement

The color of the samples, placed in a special petri dish (d = 30 mm) which allowed a light beam to
pass through, was measured by reflectance using a Konica-Minolta CM-5 (Osaka, Japan) Chroma Meter.
CIE (Comission Internationale de l’Eclairage) Standard Illuminate D65, di: 8◦ (diffuse illumination/8◦

viewing angle), CIE: 2◦ standard observer and a 30 mm measuring area was used. The measurement
was done in 12 repetitions. Before each measurement, the device was calibrated with the patterns
delivered by the producer.

The ∆E (total color difference) and color saturation were calculated on the basis of the
following equations:

∆E =

√
(∆L∗)2 + (∆a∗)2 + (∆b∗)2 (2)

C =

√
(a∗)2 + (b∗)2 (3)

where ∆L∗, ∆a∗, ∆b∗ are the differences of mean L∗, a∗ and b∗ parameters, respectively, between intact
and plasma treated samples.

2.8. Water Activity

Water activity of analyzed samples was measured using AQUALAB (Decagon Devices, Pullman,
WA, USA) at a temperature of 25 ◦C shortly after the treatment. The samples were put into
the measurement cell and the readings were done after stabilization of conditions inside the cell.
The measurement was done in triplicate.

2.9. Dry Matter Content

Dry matter content was assessed according to PN-A-79011-3:1998. The measurement was done in
triplicate for each investigated variant.
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2.10. Temperature Measurements

Temperature of the surface was measurement directly after each plasma applications using
an IR-thermometer (62 Max, Fluke, Everett, WA, USA).

2.11. Scanning Electron Microscope (SEM) Imaging

The morphology of the black pepper seeds was evaluated using an SEM microscope (TM3000,
Hitachi, Chiyoda City, Tokyo, Japan) using ×100 magnification. The samples for study were randomly
selected and cut into half using a razor blade. Before imaging, the samples were covered with gold to
facilitate the imaging.

2.12. Statistical Analysis

ANOVA at α = 0.05 and the Tukey test were used to evaluate significant differences between
investigated samples. The statistical analysis was carried out using STATISTICA 13 (Statsoft, Tulsa,
OK, USA) and Excel (Microsoft, Albuquerque, NM, USA) software. Significant differences between
investigated samples, based on the Tukey test results, were indicated by different small letters (a, b,
c . . . ), capital letters (A, B, C . . . ) or capital letters in brackets ([A], [B], [C] . . . ) for different spices
species (black pepper seeds, juniper berries and allspices berries, respectively).

3. Results and Discussion

3.1. Dry Matter Content and Water Activity

Dry matter content and water activity of plasma treated spices is presented in Figures 3 and 4.
Both dry matter content and water activity changed with treatment time, and the changes depended
on the type of raw material that was subjected to treatment. The highest changes of both water activity
and dry matter content were found for the longest plasma application times regardless of the type of
spice. For example, allspices berries after 60 s of treatment contained 0.91 kg d.m./kg of dry matter,
which was around 7% more than the dry matter content obtained for untreated samples. The increment
of dry matter content registered for juniper berries and black pepper seeds was equal to 2 and 3.5%,
respectively. The changes of dry matter content were related to evaporation of water after the plasma
treatment, since the temperature of the samples after radiation were raised (Figure 5). Similar findings
were reported by Kriz et al. [35] who studied plasma treatment of grain and Selcuk et al. [36] who
studied impact of plasma on grain and legumes. Moreover, all the changes were significantly (p < 0.05)
different in comparison to control samples.
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Water activity of untreated raw materials was equal to 0.45, 0.66 and 0.74 for juniper berries, black
pepper seeds and allspices berries, respectively (Figure 4). Water activity changes followed a pattern
opposite to the changes of dry matter content, which was also related to the changes of temperature
and enhanced water evaporation. Samples with higher dry matter content were characterized by lower
activity. The lowest water activity levels were found for samples subjected to the longest treatment.
Among all samples, black pepper seeds and juniper berries treated for 60 s of plasma radiation exhibited
the lowest water activity, which was equal to 0.34. At the same time, allspices berries treated for the
same time had water activity level of 0.56. In almost all cases, even the lowest treatment time differed
significantly from the material in control samples. Only in the case of allspices berries did plasma
irradiation lasting 15 s not cause any significant decrease of water activity. In fact, materials subjected
for the longest plasma treatment differed significantly from all other samples regardless of the type of
spice. The lowering of water activity by means of plasma application was also reported by Kim et
al. [37] for red pepper powder treated by microwave-powered cold plasma. The decrease of water
activity was strongly related to the dry matter content and water evaporation during the treatment.
It is also worth emphasizing, that the kinetics of water activity decrease was different for each raw
material subjected to treatment. The fastest changes were noted for the black pepper seeds, followed by
allspices and juniper berries, as indicated by the parameters of linear equations appended to Figure 4.
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3.2. Microorganism Growth

Plasma activity on black pepper seeds for 15 s caused a reduction of the initial Aspergillus niger
number by about two logarithmic cycles compared to the control (Figure 6A). The prolongation of
the exposure time over 45 s in all spices (black pepper seeds, juniper and allspices berries) resulted in
complete elimination of A. niger mold number (Figure 6B,C). In the case of the Gram-positive Bacillus
subtilis bacteria, there was no large decrease in the number of microorganisms in each time variant.
Probably, unfavorable conditions could have affected the formation of the sporulating form of B. subtilis,
which allowed the bacteria to survive extremely unfavorable conditions.
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Figure 6. The results of microbiological analysis of untreated and plasma-treated inoculated (A) black
pepper seeds, (B) juniper berries and (C) allspices berries. The same capital or small letters indicate
homogenous groups (α = 0.05) for bacteria and molds growth results, respectively. n = 3.
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Data provided by Purevdorj et al. [38] showed that the use of plasma resulted in a reduction
in the number of Escherichia coli microorganisms relative to a control by approximately 4.4 logs for
30 min. Operation of microwave plasma for microorganisms is likely to cause digestion of the wall
and membrane assembly of microorganisms because of both the large amount of highly reactive
molecules in the plasma and the high temperature. As a consequence, this affects leakage into the
extracellular environment of cell organelles. In addition, the formation of volatile compounds may
have an impact on these phenomena, as a result of a slow combustion process using oxygen atoms or
plasma radicals [39]. The work presented by Baier et al. [40] showed that the number of E. coli bacteria
in lettuce was reduced by 3.6 log cfu/cm2 by treatment with an atmospheric stream of cold plasma.
Treatment of red chicory leaves contaminated with L. monocytogenes with a cold plasma stream (air, 15
kV, 30 min) reduced the number of microorganisms by approximately 2.2 log cfu/cm2 [41]. In a similar
experiment Ziuzina et al. [42] showed that plasma duration (60 s, air, 70 kV) reduced the number
of Salmonella typhimurium on tomatoes from 6.3 log cfu/sample to undetectable levels. In studies
presented by Hertwig et al. [29], the action of plasma (30 min) reduced the number of Bacillus subtilis
and Bacillus atrophaeus spores by 2.4 and 2.8 logs, respectively. In addition, Handorf et al. [43] showed
a reduction in colony-forming units for p.fluorescens of 4 log steps, and a reduction of 3 log steps in
Listeria monocytogenes suspension cultures. In summary, the action of plasma inhibits the growth of
various groups of microorganisms. In the current research, the plasma treatment led to the increase of
temperature as presented in Figure 5. This elevation of temperature, in addition to other previously
presented reasons, contributed to the microorganisms’ population decrease.

3.3. Color

Table 1 shows the optical properties of spices exposed to cold plasma treatment. The lightness (L*)
of black pepper seeds and juniper berries decreased with treatment time. No such behavior was found
for allspices berries in which the changes of the L* parameter were significant only in the case of the
treatment that lasted 45 s. The values of the parameters which represent the share of red-green colors
were higher for plasma treated materials in comparison to the reference samples. For example, a*
chromametric values were equal to 2.43 and 3.14 for untreated and 60 s irradiated black pepper seeds,
respectively. In turn, b* color parameter changes depended on the type of investigated raw materials.
Plasma treatment caused an increase of b* in the case of black pepper seeds and allspices berries, but
the changes registered for juniper berries were ambiguous. Similar findings were reported for black
pepper seeds treated by direct plasma generated with a radio frequency jet by Hertwig et al. [29]. The
values of ∆E indicated that, in most cases, the change in color was distinct (∆E > 3.5) but in some
cases plasma treatment led to smaller color changes, which, nevertheless, could be noticed even by
an inexperienced observer (2 < ∆E < 3.5) [44]. Literature data about the impact of plasma on color
of different food materials is ambiguous. For instance, Zhang et al. [45] reported that exposition of
chili pepper samples to atmospheric air plasma for 60 s did not cause any significant change of L*
or b* but led to a decrease of the red/green chromametric parameter. Moreover, Lacombe et al. [46],
who studied the impact of plasma treatment on the color of blueberries, reported that longer plasma
treatment times may lead to darkening of blueberries instead of the bleaching that was expected
due to anthocyanin degradation. In turn, Sarangapani et al. [47] demonstrated that cold plasma did
not cause any significant changes of color of blueberries. The research performed by Won et al. [48]
on microwave-powered cold plasma treatment of mandarin showed that color of the tissue did not
change after plasma treatment The effect of plasma on color seems to depend strongly on the type of
plasma treatment and the properties of the material, among which the moisture content and the type
of pigment play the most import role.
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Table 1. The color of different spices subjected to plasma treatment. The same letters indicate
homogenous groups (α = 0.05).

Material Time [s] L* a* b* ∆E

Black pepper seeds

0 16.81 ± 0.39 a 2.43 ± 0.22 a 3.85 ± 0.26 a 0

15 15.55 ± 0.41 b 3.04 ± 0.31 b 5.4 ± 0.75 b 4.04

30 15.06 ± 0.42 b 3.3 ± 0.24 b 6.04 ± 0.32 b 7.28

45 15.24 ± 0.40 b 3.15 ± 0.24 b 5.86 ± 0.40 b 6.13

60 14.92 ± 0.41 b 3.14 ± 0.29 b 5.86 ± 0.34 b 6.42

Juniper berries

0 15.57 ± 0.59 A 3.57 ± 0.38 A 4.11 ± 0.88 A B 0

15 13.4 ± 0.73 C D 4.45 ± 0.42 B C 5.37 ± 0.83 B C 4.52

30 12.64 ± 1.02 B C 4.42 ± 0.6 B C 4.1 ± 0.70 A 3.66

45 14.17 ± 1.0 D 4.96 ± 0.09 C 5.88 ± 0.55 C 6.45

60 11.84 ± 0.78 B 4.15 ± 0.56 A B 3.92 ± 0.65 A 4.1

Allspices berries

0 23.84 ± 0.63 [A]
[B] 6.28 ± 0.25 [A] 10.64 ± 0.53 [A] 0

15 23.28 ± 0.41 [A] 6.96 ± 0.15 [B] 12.06 ± 0.33 [B]
[C] 3.02

30 23.76 ± 0.27 [A]
[B] 7.06 ± 0.21 [B] 12.49 ± 0.33 [C] 4.09

45 22.31 ± 0.7 [C] 6.74 ± 0.27 [B] 11.49 ± 0.66 [A]
[B] 2.46

60 24.24 ± 0.65 [B] 6.98 ± 0.23 [B] 12.94 ± 0.72 [C] 6.18

Significant differences between investigated samples, based on the Tukey test results, are indicated by different
small letters (a, b, c . . . ), capital letters (A, B, C . . . ) or capital letters in brackets ([A], [B], [C] . . . ) for different spices
species (black pepper seeds, juniper berries and allspices berries, respectively). n = 12.

3.4. Total Polyphenolc Content and Antioxidant Activity

The highest number of phenolic compounds was found in allspices berries (Figure 7). This raw
material contained between 7017 and 12,595 mg GAE/100 g d.m. of phenolics, depending on the
treatment parameters. In comparison, total polyphenol content measured for black pepper seeds and
juniper berries stayed in a range of 1304–3102 mg GAE/100 g d.m. The plasma effect on phenolics
was ambiguous but, in most cases, it changed significantly (p < 0.05) the total phenol concentrations
of allspices and black pepper seeds. No relevant changes were observed for all plasma treated
juniper berries and black pepper seeds treated by 60 s. In the case of allspices, the shortest plasma
irradiation led to a significant increment of the phenolics whereas, in the case of other materials,
total polyphenol content did not change or decreased. Such results may be related to modification
of the superficial structure of the allspices berry, which allowed the phenols to be extracted more
efficiently, and most probably the shortest action of the reactive chemical species, which can cause
oxidation. Such an explanation may be controversial, especially when considering the results for
the longest treatment time, which should have led to the highest concentration of reactive species.
However, the extractability of phenolics is a superposition of, for instance, structure modification that
can improve mass transfer, and other factors, such as the presence of oxidative agents or elevated
temperature, that can decrease the content. Therefore, it can be assumed that moderate treatment
times were related to higher degradation due to oxidation of phenolics, which was not compensated
by structure modification or formation of new compounds that can react with Folin-Ciocalteu (F-C)
reagent. Therefore, it is recommended for future research to study the phenolics profile changes after
plasma treatment of spices. It is also worth emphasizing that similar findings were reported previously
for other nonthermal processing methods such as a pulsed electric field [49]. The minimal effect of
plasma treatment on phenolics content has been reported by Tappi et al. [50] for fresh-cut apples.
Other reports indicate that plasma radiation can increase the concentration of phenolic compounds.
Such results may be related either to formation of new compounds that can react with F-C reagent or to
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enzymatic activity that can be also be affected by plasma treatment [51]. The inactivation of enzymes
by plasma treatment has been reported, for instance, for potato polyphenol oxidase [52].Appl. Sci. 2020, 10, x FOR PEER REVIEW 11 of 16 
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Antioxidant activity, as measured by the ABTS and DPPH assays is presented in Table 2. The highest
antioxidant potential was found for black pepper seeds extracts, regardless of plasma exposition time
and assay type. The extract from black pepper seeds plasma treated for 60 s scavenged 57.6% and 48.6%
of ABTS and DPPH free radicals, respectively. In turn, the extracts prepared from untreated material
exhibited antioxidant activity of 47.0 and 45.9%, as measured by ABTS and DPPH assays, respectively.
Interestingly, black pepper seeds contained the smallest amount of phenolics among all analyzed
materials despite their antioxidant potential being the highest. Such results may be related to the fact
that black pepper contains piperine, as discussed further, which also exhibits antioxidant activity [53].
In general, the most efficient plasma radiation protocol, from an antioxidant activity increment point of
view, lasted either a short (15 s) or long (60 s) time. Similar to total phenolics content, such a situation
may be either related to modification of structure, degradation of antioxidants and formation of new
compounds that exhibit free radical scavenging potential. In turn, the differences between antioxidant
activity measured by DPPH and ABTS assays are related to different characteristic of synthetic free
radicals. It has been reported previously that ABTS is more useful to reflect antioxidant activity from
pigmented and hydrophilic food [54].

Table 2. Antioxidant activity of investigated spices measured by ABTS and DPPH assays.

Sample Treatment Time [s]
Antioxidant Activity [%]

ABTS DPPH

Black pepper seeds

0 47.03 ± 1.71 a 45.91 ± 1.75 a

15 40.51 ± 0.45 b 42.19 ± 1.86 a b

30 51.15 ± 0.87 c 42.77 ± 0.41 a b

45 48.14 ± 0.62 a 41.53 ± 1.14 b

60 57.60 ± 1.50 e 48.61 ± 2.27 a

Juniper berries

0 30.00 ± 2.61 A 32.91 ± 0.80 A

15 28.08 ± 2.28 A 26.16 ± 1.39 B

30 29.23 ± 0.44 A 28.76 ± 0.50 B

45 33.08 ± 1.31 B 39.03 ± 1.69 C

60 35.77 ± 0.33 B 42.69 ± 1.09 C

Allspices berries

0 30.57 ± 1.85 [A] 32.47 ± 1.29 [A]

15 40.83 ± 0.72 [B] 47.97 ± 0.20 [B]

30 24.02 ± 0.62 [C] 23.42 ± 3.17 [C]

45 24.75 ± 0.62 [C] 24.47 ± 0.30 [C]

60 36.17 ± 1.96 [D] 40.53 ± 2.58 [D]

Significant differences between investigated samples, based on the Tukey test results, are indicated by different
small letters (a, b, c . . . ), capital letters (A, B, C . . . ) or capital letters in brackets ([A], [B], [C] . . . ) for
different spices species (black pepper seeds, juniper berries and allspices berries, respectively). n = 3. ABTS
- 2,2′-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid; DPPH - 2,2-diphenyl-1-picrylhydrazyl.
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3.5. Morphology Analysis

Structural changes of plasma-treated black pepper seeds, as studied by scanning electron
microscopy of their cross-section, are visualized in Figure 8. Interestingly, the samples radiated
by plasma were characterized by a more compact outer layer of the structure than in untreated material.
However, more cavities and open irregularities were present in irradiated material, which was especially
visible for samples treated for 60 s. Opposite results were reported by Medvecka et al. [55] who studied
the effect of cold plasma on the morphology of allspice berries. In this study, the authors stated that
plasma treatment had no impact on the surface of the material. However, the differences may be
related to the fact that in the cited experiment, plasma was generated using a coplanar surface barrier
discharge method. Despite the gentle character of the plasma treatment, the temperature of these
samples also increased up to 40–45 ◦C.
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3.6. Piperine Content in Black Pepper Seeds

Piperine content (Figure 9) in the investigated black pepper seeds was equal to 5.79–6.94% d.m
and was similar to the values reported previously in the literature (5.61–7.42%) [56]. Plasma treatment
affected the piperine content significantly (p < 0.05) only when irradiation time lasted 15 and 30 s.
In these cases, its value increased by 13 and 17%, respectively. When microwave plasma application
lasted 45 and 60 s, piperine content reached 5.97 and 6.11%, respectively, and the values were the
same as in untreated samples from a statistical point of view. The research performed by Hertwig
et al. [29] demonstrated that cold plasma treatment, performed both directly and remotely, minimally
affected piperine content. It is worth emphasizing that in the case of the cited research, the plasma was
generated using either radio frequency (direct application) or microwave (remote application).
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Figure 9. Piperine content in black pepper seeds untreated and treated by microwave plasma for different
times. Different letters (a, b, c . . . ) indicate statistically significant difference between samples (α = 0.05).

4. Conclusions

Microwave-generated plasma treatment can be an interesting alternative for inactivation of
molds in spices such as black pepper seeds, juniper and allspices berries. The level of bacterial
inactivation depended on treatment time, and no molds were found in samples irradiated for 45 and
60 s. However, bacteria were more resistant and were present even after 60 s of plasma treatment.
The chemical properties of material exposed to 45 and 60 s plasma application were similar, or even
better, when compared to intact material. Moreover, the water activity of such treated material
decreased, which should positively influence the shelf-life. However, it should be emphasized that
color changes of spices treated for 45 and 60 s were noticeable. Potential reasons for the results may
relate to the effects of plasma treatment including generation of reactive chemical compounds and
a thermal effect, that can inactivate microorganism and cause other quality changes due to oxidation
and thermal degradation. It is worth emphasizing that further research in the field of sensorial
properties, or economic analysis, is needed to analyze the feasibility of plasma treatment of spices in
industrial conditions.
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