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Abstract

Cold plasma is an emerging non-thermal processing technology that could fulfill the food industry’s need for decontamination
purposes without compromising the quality if optimized in terms of plasma parameters, including feed gases, voltage, and
exposure time. Different food matrices require specialized optimized processes due to the interactions between plasma and
the food. In the present study, the response surface methodology was applied to optimize the radiofrequency low-pressure
cold plasma processing of saffron (Crocus sativus L. stigmas.) with the aim of achieving the highest decontamination level
with the least harm to metabolites. The effects of the treatment time, power, and three gas mixtures (X, Y, and Z) consisting
of air, oxygen, and argon on 22 responses related to microbial load and quality of saffron were evaluated in 42 experiments.
Eleven critical responses that determine the final quality of saffron were considered to calculate the desirable function as a
comprehensive approach for optimization. Analyses showed that all factors significantly affected the desirable function, and
the fitted linear model was significant. The optimal condition was determined as an RF power of 76 W for 26 min using the
“Y” gas mixture, which reduced the total microorganisms, coliforms, Escherichia coli, molds, and yeast by 5.75, 6.71, 6.07,
and 4.00 log CFU g~! respectively. The optimal condition preserved saffron quality within category I of the ISO specifica-
tion No. 3632-1. The experimental values were in accordance with the predicted values. Optical emission spectroscopy
revealed that the main plasma reactive species were Ar* species, monoatomic oxygen, O>*, OT ions, excited N , species, and
N,* ions. The temperature of the samples after treatment was in the range of 40-44 °C. Scanning electron microscopy of
the saffron threads indicated surface etching. Our findings showed that saffron was disinfected without substantial harm to
its appearance and metabolites by applying appropriate plasma treatment.
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Introduction

P4 Majid Azizi

azizi@um.ac.ir Aromatic spices were mostly treated like currency in the
business world of the past because of their valuable, luxuri-
ous, sacred, and medicinal attributes besides culinary aspects
(Cardone et al., 2020; Das & Sharangi, 2018; Ranjita Devi
et al., 2018). Spices are used in foods to impart color, fla-
vor, or aroma (Mardani et al., 2015). Among all, saffron is
titled the king of the spices due to its simultaneous coloring,
flavoring, and scenting power (Amini et al., 2017; Hosseini
et al., 2018; Maggi et al., 2010). Iran, with more than 430
tons of production and an export value of 154,318,000 USD,
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is the largest producer and exporter of this expensive spice.
Spain, Afghanistan, United Arab Emirates, and Greece, with
export values of 44,258, 41,931, 10,290, and 6110 thousand
USD, respectively, are the top exporters after Iran (Trademap,
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2021). Studies show that there are some barriers to expand
Iranian saffron export and to compete in the global market
(Kabiri et al., 2017; Mardani et al., 2019; Mohamadzadeh
Moghadam et al., 2020).

The uncontrolled microbial load of the traditionally dried
bulk saffron in the harvest season is one of the export issues
(Aghdaie et al., 2012; Milani, 2020). Enterobacteriaceae,
Escherichia coli, and Clostridium perfringens are the preva-
lent microorganisms found in microbial evaluations of saf-
fron (Khazaei et al., 2011). Molds like Rhizopus spp. and
yeasts have also been reported as frequent contamination
factors in saffron (Cosano et al., 2009; Hosseini et al., 2018;
Jin et al., 2018). Delayed and improper drying is one of the
most important reasons for fungal pollution (Nehvi et al.,
2006; Nozad et al., 2016). Although traditional drying meth-
ods are being replaced by efficient methods using electric
dryers (Ebadi et al., 2015), part of produced bulk saffron is
still dried in rural areas in the shade/sun, introducing con-
tamination to the product (Fallahi et al., 2021). Furthermore,
there are many microbiological criteria for saffron with dif-
ferent levels of strictness in importing countries. These rea-
sons signify the necessity to find a reliable decontamination
method that meets all international standards. Conventional
disinfection techniques, including fumigation with sulfur/
ethylene oxide, hydrogen peroxide/steam treatments, ozone,
heating, or high-pressure processing, have already proved to
be ineffective, harmful, or bioactive destructive constituents
(Hosseini et al., 2018; Valiasill et al., 2013). Gamma radia-
tion, although effective, is met with a lack of public trust
(Castell-Perez & Moreira, 2021).

Plasma is an ionized gas consisting of ions, molecules, free
radicals, electrons, and ultraviolet (UV) photons (Liao et al.,
2017; Moisan et al., 2001). Cold plasma processing is an emerg-
ing green method for the disinfection of heat-sensitive materi-
als. Cold plasma processing is believed to offer many advan-
tages over thermal techniques for decontamination (removal of
microbes, toxins, allergens, and pesticides) of many types of
fruits, vegetables, grains, nuts, herbs, and spices (Rajan et al.,
2023). Herbs and aromatic spices are sensitive to temperatures
higher than 40-50 °C due to their volatile compounds; there-
fore, cold plasma could be a proper decontamination technology
(Ebadi et al., 2015; Nozad et al., 2016). It was also reported that
essential oil extracted from plasma-treated herbs showed higher
antioxidant activity and extraction yield (Rajan et al., 2023).
Cold plasma application as a sterilization technology for spices
has no background of more than a decade. Studies indicated
that low-pressure plasma setups are more suitable for treating
3-dimensional materials like saffron filaments because they can
provide a uniform condition and cover the product completely
compared to plasma jet, gliding arc, or dielectric-barrier dis-
charge (DBD). In addition, reduced pressure plasma needs low
gas amounts, and the feed gas (pure or mixtures) is controllable
(Ekezie et al., 2017).
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Hosseini et al. (2018) studied the effect of pure oxygen
plasma on the three saffron molds. The results indicated
that 60-W treatment for 15 min eradicated molds without
significant reduction in metabolites (Hosseini et al., 2018).
Darvish et al. (2022) also investigated the effect of pure oxy-
gen plasma on saffron decontamination and declared that
the highest disinfection level was achieved at 110 W for
30 min (Darvish et al., 2022). None of these studies concern
the optimization of the process. Although the decontamina-
tion effects of cold plasma treatment have been reported, the
mechanism of action is not completely known. The synergis-
tic effects of plasma components (reactive species and UV)
play a crucial role in enhancing the efficacy of disinfection
(Vassallo et al., 2022). Amini et al. (2017) examined volatile
compounds and crocins of saffron after treatment with jet
plasma. Pure oxygen in two levels of 5% and 10% was added
to pure argon. They reported that the higher the percentage
of oxygen, the more bioactive constituents change (Amini
et al., 2017). The disinfecting effect of these gas mixtures
was not studied in this research. Tabibian et al. (2020) stud-
ied the effects of the gliding arc discharge pretreatment on
the physicochemical properties of hot air-dried saffron. The
results showed that 30 s of pretreatment with 8 kV amplitude
indicated the best results in terms of crocin and picrocrocin
content after drying (Tabibian et al., 2020).

We used a gas mixture of air, argon, and oxygen in the
present study. Since oxygen is an electronegative gas, it
decreases the electron density of the plasma and conse-
quently increases the required breakdown voltage. In such
a mixture containing oxygen, adding argon can compensate
for the consumed electrons and reduces the required input
power; therefore, saffron can be treated at lower tempera-
tures. In other words, argon stabilizes the discharge and
decreases the overall temperature of the plasma (Dorranian
& Alizadeh, 2014).

There are problems to be solved in developing industrial-
scale equipment for food processing with cold plasma. A
processed product must be harmless and meet the standards
criteria for it to be generally recognized as safe (GRAS). The
GRAS certificate is a prerequisite to the industrialization of
cold plasma. Determining a food’s GRAS status requires
technical evidence of safety and the basis for concluding
that such evidence is well known and accepted. This evi-
dence must be evaluated by a number of independent sci-
entists with relevant experience and scientific background
to assess the safety of the food ingredients. Before safety
studies, comprehensive evaluations have to be conducted on
the effects of plasma processing on the quality and sensory
properties of the food ingredients to optimize the process
parameters. Different food matrices require specialized opti-
mized processes due to the interactions between plasma and
the food being processed (Muhammad et al., 2018).
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Collecting more data about this decontamination method
can help with the following issues: (1) specializing setup
and dosage of the cold plasma treatment for saffron and its
industrial-scale up, (2) lowering the safety risk for public
health, (3) preventing loss of saffron bioactive constituents
(which are used in pharmaceutical and food industries) dur-
ing the decontamination process, (4) resolving the export
issues of this unique product, (5) providing basic informa-
tion to accelerate food safety organizations’ approval/disap-
proval of plasma treatment. Therefore, in the present study,
the radiofrequency low-pressure cold plasma processing of
Iranian saffron was optimized to contribute to the industri-
alization of cold plasma.

Materials and Methods
Biological Materials

Saffron was procured in bulk from Tamim Zarfam Mashreq
Zamin Company® (Sarij saffron™ brand). Two lots were
obtained: one lot from the harvest season of 2020 (newly
harvested and dried saffron) to have a lot with the highest
contamination load for getting better disinfecting results;
another lot from the 2018 product with the lowest microbial
load (no Escherichia coli) for inoculation purposes.

The strain of Escherichia coli (ATCC® 25922™) was
obtained from the microbial strain collection of the Micro-
biology Department of the Science Faculty, Ferdowsi Uni-
versity of Mashhad.

Plasma Setup and Treatment

A vacuum steel chamber was used in which the capaci-
tively coupled plasma (CCP) was generated by applying a volt-
age through a radiofrequency power supply (RF 13.56 MHz).
This chamber had a diameter of 270 mm and a height of
400 mm. There were two electrodes: the inner electrode or
the cathode (on which the sample container was placed),
connected to RF power, and the chamber body which was
grounded and included RF inlet ports, water inlet pipes for
cooling the cathode electrode, and gas inlet ports. The cath-
ode had a diameter of 110 mm, with a negative bias voltage

induced. Two quartz windows were placed on either side of
the chamber. One was for plasma observation, and the other
was for connecting optical emission spectroscopy (OES) col-
limating lens. The base pressure was about 8 to 10 mTorr,
which was provided by a combination of Roots and Rotary
vacuum pumps. The working pressure was 12 to 13 mTorr.
Treatments began 1 min after reaching the base pressure
by turning on the RF power generator in continuous mode.
The ratio (%) and the actual percentage of the gas mixture’s
components (air, oxygen, and argon) are shown in Table 1.
The flow rate was 20 standard cubic centimeters per minute
(SCCM). The schematic illustration of the plasma setup is
presented in Fig. 1. Two batches were separately treated in
each experiment to avoid weighing afterward. One batch
(0.5 g) was treated for microbial tests and was aseptically
transferred to a sterile plate immediately after the treatment.
The other batch (5 g) was treated for other physicochemical
evaluations and was kept in a dark sealed container in the
freezer. For inoculated samples with E. coli, treatments were
applied separately. The same container (a 100X 20-mm glass
petri dish) was used for all the experiments.

The Optical Emission Spectroscopy and Sample
Temperature Measurement

Reactive species of the plasma discharge were evaluated by
spectrophotometer (Avantes, model Avaspec 3648) in the
wavelength range of 0 through 2000 nm. The temperature of
the container and the samples were determined (average of
two readings in 0.5 and 5 g samples) using a thermal imag-
ing infrared camera (Forward-looking infrared device- FLIR,
Model E4) from a constant distance (Salehi et al., 2021).

Experimental Design

The central composite design (CCD) of the response sur-
face methodology (RSM) was applied for optimization of
the disinfecting process using Design Expert Software ver.
12. Independent variables were determined as two numerical
(treatment time, RF power) and one categorical (gas mixture
type) variables. Preliminary tests were carried out according

Table 1 Percentage of

. Components Gas mixture name
components of input gas
mixtures X Y Z
Ratio % Actual % Ratio % Actual % Ratio % Actual %
Air 50 39.06%* 65 50.78* 75 58.59%
Oxygen 0 10.48 5 18.62 15 30.71
Argon 50 50.47 30 30.60 10 10.70

*In the actual percentage of the air, the percentages of nitrogen plus trace gases are demonstrated
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Fig. 1 Schematic illustration of the RF low-pressure cold plasma setup
used for saffron decontamination

to the OFAT method and the literature to determine the
ranges of variables (Frey et al., 2003). The independent
variables’ levels in terms of their coded and actual values
are presented in Table 2. The design included 12 factorial
points (— 1 and + 1 levels), 12 axial points (— o and + o lev-
els), and 18 central points (0 levels) in 2 blocks. A total of 42
experimental runs were conducted to determine the effects
of variables on 22 responses including the reduced log of
total microorganisms, coliforms, molds, and yeasts; the con-
tent of crocetin, crocin, picrocrocin, and safranal; coloring
strength; aroma; bitterness; the temperature of the saffron
sample and its container; reduced moisture; total phenol con-
tent; antioxidant activity; color indices (L*, a*, b*, chroma
and hue); AE,¢ and AE,; and the desirable function.

Microbiological and Physicobiochemical Changes
of Saffron

Total Aerobic Mesophilic Microorganisms, E. coli, Coliforms,
Molds, and Yeast Enumeration

All these microbial tests were carried out simultaneously
1 day after treatments. The initial suspension was prepared by

immersing 0.5 g of saffron filaments in 14.5-ml buffered peptone
water (BPW) for 1 h to obtain enough inoculum with a uniform
distribution of the microorganisms. So, the first dilution was
3% 107! instead of 107! The second dilution was made by add-
ing 3 ml of the first dilution (after shaking well) to 7 ml of BPW.
Other dilutions were prepared by adding 1 ml of the previous
dilution to 9 ml of BPW (ISO, 2017). Total microorganisms were
enumerated by pour plate method using plate count agar (PCA)
media according to ISO 4833-1 (ISO, 2013). Because of the pres-
ence of the motile species in saffron bacteria flora, agar (1%) was
added to PCA media. E. coli and coliforms were enumerated
by the pour plate method using CHORMagar ECC differential
media, respectively. Incubation for this method was 24 to 48 h
at 37 °C. After this time, E. coli colonies appeared in blue and
coliforms in mauve color. Enumeration of molds and yeasts was
done by pour plate method using yeast glucose chloramphenicol
agar (YGC agar) media as described in ISO 21527-2 (ISO, 2008).
Plating was conducted in duplicate for all the above tests.

Inoculation and Enumeration of Escherichia coli

As the E. coliload in our saffron lot was not high enough (2 log
CFU g~! on average) to evaluate plasma efficacy in disinfecting
samples with high microbial load, this bacteria was inoculated to
a mass of saffron free of it. E. coli suspension (0.5 McFarland)
was prepared according to Dorranian et al. (2010). The suspen-
sion was inoculated to 25 g saffron in a ratio of 1.5 ml:1 g. The
inoculated mass was left for 24 h in the laminar air-flow cabinet
to dry out and then kept in a refrigerator until treatment. As
the microbial load decreases over time, all tests were conducted
within 10 days of inoculation (our preliminary tests showed that
the microbial load does not change in the meantime).

Determination of Saffron Coloring Strength, Aroma,
and Bitterness

The saffron red parts were pulverized and were evaluated for
coloring strength, aroma, and bitterness following ISO3636-2
(IS0, 2010).

Quantification of Saffron Major Metabolites

For each treatment, 60 mg of powdered saffron was extracted
with 10 ml of 80% ethanol for 25 min by sonication (ultrasonic

Table 2 The independent

. . Independent variable units Symbol Coded levels
variables’ levels and their coded
and actual values - -1 0 +1 +a
Numerical RF power Watt A 53 60 77 93 100
Treatment time minute B 15 17 23 28 30
Categorical Gas mixture (type) C Categories
X Y Z
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bath of BTA Sigma model) at room temperature in darkness.
The extract was filtered, and after micro-spinning for 5 min, the
supernatant was diluted in 1:6 ratio with HPLC water; then 20 pl
of each extract was injected in duplicate into a Knauer chroma-
tography system, equipped with two pumps (model Wellchrom-
K1001), PDA detector (model K2800). The column was a Phe-
nomenex RP C,¢ (4.6 X250 mmx 10 ). The extract constituents
eluted over 55 min. The mobile phase consisted of 0.03%TFA in
water (A) and acetonitrile (B) at a flow rate of 1 ml/min with the
following gradient: 90% A, 0-5 min; 90-20% A, 5-35 min; 20%
A, 35-45 min; 80-100% B, 45-47 min; 100% B, 47-49 min;
100-10% B, 49-50 min and 10% B, 50-55 min. The EZchrom
software was used to integrate and calculate the area under the
curve. Calculations were performed using the standard calibra-
tion curve (Kabiri et al., 2017).

Color Changes

The colorimetric measurements were carried out using a
HunterLab MiniScan EZ (Model 4500L, 13 mm aperture,
illuminant D65, 10° observer and geometry of 45° a:0°). The
values of L*(lightness/darkness), a*(redness/greenness),
b*(yellowness/blueness), chroma, and hue parameters were
determined in CIE color space from an average of four read-
ings. AE,¢ values were calculated using Eq. 1. AE,, values
were obtained using TECHKON?® software (KL, KC, and
KH values were considered 1):

M= (L;-L) + (s —a) + (B —b7)° (D)

where L*,, a*,, and b*, are color indices of the initial sam-
ple before the plasma treatment, and L*,, a*, and b*, are
color indices of the same sample after the treatment.

Visual Evaluation

In order to visually evaluate control and treated saffron sam-
ples, digital images were prepared by the image processing
system (under controlled conditions). Imaging was done in
a chamber with black walls (to prevent light reflection) by
a digital camera (Canon EOS 1000D, Taiwan) which was
connected to the computer. Seven 10-W fluorescent lamps
were used to create light in the chamber where the camera
was located, and the light was irradiated to the sample at an
angle of 45°. The size of the camera aperture was F/9, shut-
ter speed was 1/5 s, ISO was 100, focus distance was 25 cm,
and focal length was 55 mm.

Micromorphological Changes of Saffron Surface
The surface micromorphology of saffron threads and pol-

lens was investigated using a scanning electron microscope
(ZEISS, LEO1450vp). The methodology of Hosseini et al.

(2018) was employed, and imaging was carried out after
coating the threads with a thin layer of gold using an Ion-
sputter coater (Hosseini et al., 2018). The samples were
observed with 1000 x, 2500 %, and 5000 X magnifications.

Moisture and Volatile Content

Moisture and volatile content of the samples were deter-
mined following ISO3636-2 (ISO, 2010). The reduced mois-
ture percentage was calculated by comparing the treated
samples with the average of three control samples.

Antioxidant Activity

Extraction and antioxidant activity determination were carried
out according to 2,2-diphenyl-1-picrylhydrazyl (DPPH) assay
and was expressed as inhibition percentage (Rikabad et al., 2019).

Total Phenol Content

Total phenol content was also determined by the colorimetric
method and expressed in ppm of gallic acid (Khodabandeh
et al., 2022).

Statistical Analysis

Statistical analysis of the RSM designs was performed using
Design Expert software ver. 12. Correlation coefficients
were calculated using Minitab software ver. 16.

Results

Microbiological and Physicochemical Changes
of Saffron

Results indicated that all plasma factors (time, power, and
gas mixture) were effective. Twenty-three responses were
analyzed. The order of experiments and response values
are shown in Tables 3 and 4. Responses included reduced-
log of total aerobic mesophilic microorganisms (ranging
from 0.88 through 8.05 log CFU g™'), coliforms (0.11-6.71
log CFU g7!), and molds and yeasts (0.21-4.71 log CFU
g™ 1); the amount of crocin (189.54-305.50 ppm), safranal
(0.05-0.75 ppm), picrocrocin (56.82-90.07 ppm), crocetin
(0.13-1 ppm) content; color strength (170.19-250.45), aroma
(27.39-46.7), and bitterness (72.52-88.26); color indices L*
(17.74-21.08), a* (18.78-28.77), b* (14.37-21.89), chroma
(23.70-39.63), hue (33.65-39.69), AE, (1.34-7.29), and
AE,q0 (0.71-3.82); antioxidant activity (69.90-84.95%);
total phenol content (81.70-119.09 ppm); reduced moisture
(29.93-74.67%); container temperature (65-105 °C) and
sample temperature (31-47.5 °C). Eleven critical responses
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Table 3 (continued)

Res. 11

Res. 10
Hue

Res. 8 Res. 9
b*

Res. 7

Res. 6
L*

Res. 3 Res. 4 Res. 5

Res. 2

Factor 3 Response 1

C:Gas

Factor 2
B:Time
(min)

Factor 1

Std Block Run

AE200()

Chroma

Antioxidant

content (ppm) activity (%)

Total phenol

Reduced
moisture

(%)

Saffron

Container

A:Power
(Watt)

temperature

temperature
O (°0)

mixture
(type)

2.28
2.57
2.39
2.92

35.41

33.91

19.65
19.78

20.03

27.63
25.96

26.76

76.57 20.03

89.77
91.36
91.82

115.23

42.86

34.00
38.00
39.00
39.50
43.00
33.50
41.50
41.50

66.00
80.50
82.00
88.00
98.00
65.00
85.50
86.50

23

53

35
36

37

37.30
36.98
38.27
35.79
36.09

36.81

32.63
31.99
33.63
28.79

34.73

20.02

77.58
78.18

39.48
51.55
59.72

68.77

23

77
77
77
77
53
77
77

28

19.46
19.42
18.28

20.71

Y
Z

23

26
40
39
22
13
27

20.83

26.41

83.33
76.87

23

38
39
40
41

1.63
2.90
2.67

16.83
20.46
19.21
21.89

23.35

109.43

30
23

28.07
25.67

27.12

73.13

81.70

97.95
101.25

33.93
54.30

Y
X

32.07
34.85

20.86

80.40
72.32

23

3.42

38.90

19.54

57.01

23

42

The ratio (%) of air, oxygen, and argon, respectively, in gas mixtures: X (50:0:50), Y (65:5:30), and Z (75:15:10)

(responses 12 through 22) that determine the final quality
of saffron (Table 3) were selected based on previous studies
(Darvish et al., 2022; Hosseini et al., 2018; Tabibian et al.,
2020) to calculate the desirable function (the twenty-third
response) as a comprehensive approach for optimization. Fit-
ted models for all responses were significant, and their lack of
fit was insignificant in the 5% confidence level. The P-values
of the models and lack of fits; the F-values of the models,
independent variables, two-factor-interaction, and quadratic
terms; standard deviation; R-squared; adjusted R-squared; and
predicted R-squared and the adequate precision values of the
mentioned responses are demonstrated in Tables 9 and 10.
The mathematical modeling for all the responses (except for
the desirable function which equation is presented in Table 5)
was done and after removing all non-significant factors, the
coded polynomial equations are as follows (Eqs. 2-23):

Container temperature = + 85.67 + 11.07A
+521B+0.2619C, -2.31C,

2)
Saffron temperature = +40.88 + 3.25A + 2.22 B — 1.05A?
3)
Reduced moisture®®® = +26.49 + 3.44 A )
Antioxidant activity™"'® = +0.0065 — 0.0002 A 5)

Total phenl™ = + (9.962E — 07) — (2270E — 0T)A + (1.839E — 01)A*  (6)

L* = +19.58 —0.6855A — 0.2787 B

7
+0.2807 C, — 0.0678 C, — 0.4385 B2 ™

a* =+25.86-254A - 1.19B—0.7111AB — 0.9011 A” + 0.5789 B* ®)

b* = +19.65 - 1.40A — 0.6401 B

9
—-0.6174C, +0.3234C, — 0.8763 A% — 1.11 B* ©)

Chroma = +33.03 —2.88A — 1.34B - 0.8221 C,

10
+0.0400 C, — 0.8763 A — 1.11 B* (10)

Hue = +37.43+0.7501 A +0.3595B
—0.6800 C, + 0.1393 C, + 0.6072 BC, (11)
—0.3400 BC, — 0.3250 A% — 1.11 B?

AE,y = +2.49 +0.2398 A
+0.1962B — 0.1043 C, + 0.0264 C,
+0.4950 AB + 0.3097 BC, — 0.2053 BC,
+0.2175A% — 0.4758 B?

12)
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2. Total microorganisms reduced log
Py ER R =+474+1.92A+1.08 B+ 0.0348 C, + 0.2140 C,
= IR S (13)
S S g 29 3 Coliforms reduced log"* = +6.04 + 1.91 A
& = (14)
+1.19B—0.7671 A> — 0.8054 B>
ol coEer oldandyeast | 529 40.3075A + 04501 B
o o reduced log
S g 9 o2ea 15)
iE =R —0.0125C; —0.0219 C, — 0.0253 BC,
- +0.2701 BC, — 0.3414 A% — 0.1421 B?
S-S I 595
8% |8 §=§ Crocin = +270.09 — 21.68 A
- —10.12B+4.22C, +1.03C, (16)
T EEER
258 |S S8z —~7.98AB —-9.77A% +5.97 B
= % 2 2 225 Picrocrocin™ = (+2.469E — 06) + (1.154E — 06)A
t2g |d =8¢ + (3.621E — 07)B + (2.404E — 07)AB
= + (5.048E — 07)A + (1.624E — 07)B?
(<E |2 2888 an
2 wn & S o S o
P [ Safranal®™ = +0.3173 +0.1536 A
GEE |E8a¢% +0.0626 B + 0.0403 C, s
+0.0002 C, + 0.0154 AC, (18)
AN +0.0466 AC, + 0.0520A% +0.1077 B?
+93E
280 - e
£3BE|ST S &C Crocetin®? = +0.7672 + 0.0796 A + 0.229 B (19
o' +0.0409AB + 0.0321 A + 0.0180 B>
« EZR
% ;Eé Lg:n = 228 Coloring strength = + 219.60 — 12.53 A
~ LS| v S ¢ —
. —1.95B-7.18C, +2.68C,  (20)
g
£C —5.99AB -7.33A%-497B°
xE Aroma = +36.88 +2.96 A +2.09 B — 1.38 B2 @1
gE%n |7 221
- Bitterness™™ = +74226.16 — 7100.37 A
EER —2370.74B — 2549.93 C, + 304.10 C,
FEUSE | N >~ = N
(22)
SE_ AE;" = +3.05+0.2448A + 0.2570 B
EEE S 2388 —0.1438 C, +0.0285 C, + 0.8324 AB (23)
=3 +0.4103BC, — 0.2434 BC, + 0.4434 A% — 0.4877 B
= g 3 g NS g b where A, B, and C are power, time, and gas mixture, respectively.
§ = I In the case of decontamination of inoculated samples with
§ ~ DA E. coli, the results were not included in the design because
<% all of the 42 treatments could eradicate E. coli bacteria. The
Z E (] [ e BN\ |
2 =
L § I R
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Table 5 ANOVA for the linear

T . Source Sum of squares df Mean square F-value p-value

model of desirability function
Block 27372.68 1 27372.68
Model 1.077E+07 4 2.692E +06 74.31 <0.0001  Significant
A-Power 7.392E+06 1 7.392E+06 204.06 <0.0001
B-Time 2.926E +06 1 2.926E +06 80.77 <0.0001
C-Gas mixture  4.489E+05 2 2.245E+05 6.20 0.0049
Residual 1.304E+06 36 36224.09
Lack of fit 7.833E+05 24 32635.57 0.7520 0.7343  Not significant
Pure error 5.208E+05 12 43401.12
Cor total 1.210E+07 41

Desirable Function'®® = 1834.34 + 554.97 A +349.16 B+ 82.67 C, + 63.11 C,

average microbial load of the inoculated sample with E. coli
(positive control) was 6.07 log CFU g~'.

The analyses of the 3D plots (not shown except for
the desirable function response, Fig. 2) showed that the
highest values of the total microorganisms reduced log,
coliforms reduced log, safranal, crocetin, aroma, AE,,
AE,, container temperature, saffron temperature, and
desirable function were obtained when the plasma treat-
ment power and time factors were at their highest levels
(93 W and 28 min, respectively). The highest value of
molds and yeasts reduced log was obtained at the high
level of power (=~ 85 W) and the highest level of time.
The highest levels of crocin, picrocrocin, and bitterness
were obtained when the power and time factors were at
or near the lowest levels (60 W and 17 min, respectively).
The highest value of coloring strength was obtained at the
lowest power level and high level of time (x~ 25 min). The
highest values of L* and b* were obtained at the lowest
power level and low to moderate level of time. The highest
values of a* and chroma were obtained at the lowest power
level and low level of time. Regarding the hue response,
the highest value was obtained at the highest power level,
a high level of time for the X mixture and a moderate level
of time (=~ 23 min) for the Y and Z mixtures. The highest
values of reduced moisture, total phenol, and antioxidant
activity were obtained at the lowest time level (power did
not affect these responses).

Furthermore, the disinfection capacity of the gas mix-
tures was compared using 3D plots. The capacity of the gas

)+12A<

G

c

d;

T12 A(%) 12 A(%) +8A(

)+12A(%)+11A(§)+8A(%)+5 A(%>+5 A(i;)+5 A(%’)+10A(kli)

than X and Z mixtures. And X mixture had a higher log-
reduction of molds and yeast than Z and was also the best
mixture in terms of crocin and safranal responses; although
it indicated the highest values of color change (AE,¢ and
AE,)- Regarding the coloring strength and bitterness, the
Z mixture was the best, although it showed the highest value
of container temperature. The gas mixture type had no sig-
nificant effect on nine responses, including coliforms reduced
log, picrocrocin, crocetin, aroma, a*, saffron temperature,
reduced moisture, total phenol, and antioxidant activity (as
can be seen in Tables 9 and 10, the independent variable “gas
mixture” was not included in these responses’ models).

To find the best condition which leads to the highest decon-
tamination and the lowest changes in secondary metabolites, it
was necessary to make proper compromises between oppos-
ing eleven critical responses involved in the second design.
So, a twelfth response, the desirable function, was calculated
and analyzed. This approach is common in multi-objective
optimization processes (Pandey et al., 2018). Responses that
were directly proportional to the desirable function were nor-
malized to their maximum value, while responses that were
inversely related to the desirable function and their increase
that was undesirable (color changes) should be inverted before
normalization. The desirable function equation was defined
by summing up responses after assigning different weights
(coefficients) to them based on their importance and effective-
ness on the outcome (Hosseinian et al., 2020). The desirable
function (D.F.) formula was calculated for each experiment
and expressed in the desirability percentage (Eq. 24).

(24)

D.F.% = 100

mixtures for the decontamination of total aerobic mesophilic
microorganisms was in the following order: ¥ <Z< X. For
the decontamination of the coliforms, the capacity of the gas
mixtures was approximately equal. In the case of decontami-
nation of molds and yeasts, gas mixture Y was notably better

@ Springer

where i is the number of the run order; a is the reduced
logs of the total microorganisms; b is the reduced logs of
coliforms, c is the reduced logs of molds and yeasts; d is the
crocin content, e is the safranal content, fis the picrocrocin
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Fig.2 a-—c are three-dimension
response surface plots of the
effects of the time and power on
the desirable function in three
gas mixtures of X, Y, and Z,
respectively

Factor coding: Actual 3D Surface

Desirable Function

Design points
@ Above surface 80.00 '
(O Below surface = 7000
g 6000
35.08 [ 75.02 % o
X1=A: Power '?5 40.00
X2= B: Time g 30.00
Actual Factor
C: Gas Mixture= X 28 03
20
B: Time (min) 17 60 68 A: Power (Watt)
(a)
Factor coding: Actual 3D Surface
Desirable Function
Design points
@ Above surface 80.00
(C) Below surface s 7000
£ 60.00
35.08 [ 75.02 % .00
X1=A: Power % 40.00
X2= B: Time g 30.00
Actual Factor
C: Gas Mixture=Y 28 93
20
B: Time (min) 17 60 % A: Power (Watt)
(b)
Factor coding: Actual 3D Surface
Desirable Function
Design points
@ Above surface 80.00
(O Below surface £ 7000
£ 60.00
35.08 0 75.02 % —_—
X1=A: Power 'E 40.00
X2=B: Time g 30.00
Actual Factor
C: Gas Mixture=7Z 28

2
B: Time (min) 17 60 68 A: Power (Watt)

©
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content, g is the crocetin content; / is the coloring strength,
i is the aroma, j is the bitterness, and k is the AE.

To avoid confusion, only the 3D plots (Fig. 2) and the
analysis of variance (ANOVA) table of the desirable function
response (our main comprehensive response) are presented
here (Table 4). The linear model was fitted for the desirable
function data and was significant with an accuracy of 99%.
The lack of fit of the model was insignificant (p-value 0.73).
Results proved that all three factors significantly affected the
desirable function at 1% confidence level, but interactions
between factors were insignificant. The mathematical mode-
ling for the desirable function was done, and the coded equa-
tion is shown beneath Table 5. The positive power (1.86) of
the Desirable function eq (Table 5) indicates that the higher
desirability occurs at the higher areas of the curves (Fig. 2).

As illustrated in Fig. 2, the three-dimensional response
surface plots were plotted for desirable function response to
study the effect of “treatment time” and “RF power” in three
gas mixtures (X, Y, and Z). In the 3D graphs, Y-axis shows
the “desirable function” response (dependent variable), the
X-axis and Z-axis indicate “treatment time” and “RF power”
(independent variables), respectively. In all of the 3D graphs,
by the increase in the treatment time and the power of RF
plasma, the desirable function was increased. The highest
values of the desirable function response observed in X,
Y, and Z gas mixtures were 75.02%, 72.26%, and 65.62%,
respectively. Therefore, the X mixture was better than the
Y mixture in terms of the desirable function and both were
notably better than the Z mixture. The lowest values of the
desirable function response were observed at the lowest
treatment time and power level. The parallel lines at the bot-
tom of the 3D plots that are in fact contour plots (2D) show
that there are no interaction effects involved in the modeling.

Micromorphological Changes of Saffron surface

A sample treated with one of the highest levels of power
and time (93 W for 28 min) and the Z gas mixture (con-
taining the highest level of oxygen) was studied against an
untreated sample (control). The texture changes were evalu-
ated in three levels of magnifications (1000 x, 2500 X, and
5000 x) to inspect different aspects of the microstructures
of the saffron thread (Fig. 3). As can be observed, the sur-
face of the treated saffron thread is obviously destructed.
In the treated sample (Fig. 3a) at 1000 X, in comparison to
control (Fig. 3b), the thread cellular pattern of the epider-
mal cells is somehow softened and barely diagnosable, and
the interstices structures are almost gone. At 2500 X, there
are evident damages to some protrusions in treated sample
(marked in Fig. 3¢) compared to untreated sample (Fig. 3d).
The etching of the surface of the treated sample (Fig. 3e)
is best observed at 5000 X which the surface is scratched

@ Springer

Fig.3 SEM images of saffron threads and pollens in plasma-treated and »
control samples, sections: a, ¢ and e are 1000, 2500, 5000 X magni-
fications of the treated saffron thread; b, d, and f are the control saffron
thread; g and f are treated and control pollen, respectively

in contrast to the surface of the control sample, which is
completely smooth (Fig. 3f). Some pollens were detected
on the stigmas. So, the plasma effect on the pollens’ sur-
face was also evaluated in the treated (Fig. 3g) and control
(Fig. 3h) samples. At the highest magnification of 5000 X,
no apparent changes were observed in the pollens after the
plasma treatment.

Optimum Conditions for Plasma Treatment
of Saffron and Its Validation

Optimization and validation of the process were conducted
according to Pandey et al. (2018). For this purpose, the goals
of the factors and responses were set according to saffron
standards (Table 6).

After setting the goals, the software generated twenty
solutions, of which the first solution suggested the applica-
tion of gas mixture “Y”, 76 Watt of power for 26 min, with
the desirable function of 63%. Under the optimized condi-
tions (Y gas mixture, 76 W for 26 min), samples were treated
and evaluated for the studied traits in three replications. CV%
values for the experimental values ranged from 0 to 11.53%,
indicating that the designed model was well-fitted and appro-
priate for predicting the optimal condition (Table 7).

Optical Emission Spectroscopy of Plasma
and Measuring Sample Temperature

The OES graphs of the optimal treatment (in 0.5 and
5 g samples) are presented in Fig. 4. The wavelengths of
1-400 nm are in the UV range and the wavelengths of
380-780 nm are in the visible spectrum. Each peak repre-
sents one reactive species.

The prominent peaks with high intensities were identified
using similar studies. Figures show the plasma spectroscopy
of the Y gas mixture under optimized conditions. Charac-
teristic peaks at the 696—853 nm wavelength range corre-
spond to Ar plasma (Ar* species). In oxygen plasma, OES
spectra unique peaks are around 770, 840-nm wavelength
associated with monoatomic oxygen, and peaks around
560, 525, 598, 638, and 677 nm wavelength are attrib-
uted to O,*, O* ions. Spectral lines 335 and 380-400 nm
are in accordance with excited N, species and N,* ions,
respectively. Two peaks that had the highest intensity in
the OES graphs were in the range of the UV light (388)
and the pink-purple section of the visible spectrum (748);
s0, the visible color of the resulted plasma was pink-purple
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Signal A = SE1 Date :6 Sep 2021 signal A= SE1 Date :14 Aug 2021
PhotoNo. = 1455 Time :14:18:51 [ EHT =20.00 kV wD= 13mm Photo No. = 230 Time :11:53:39

6 e Signal A = SE1 Date 14 Aug 2021
Signal A = SE1 Date :6 Sep 2021
Phato No.= 1458 Time :u:g:nz EHT = 20.00 kV WO = 13mm Photo No. = 231 Time :11:59:19

Signal A = SE1 Date :6 Sep 2021 Signal A=SE1 Date :14 Aug 2021
PhotoNo.= 1450 Time :14:22:30 F——— EWT=2000v  WD= 15mm Photo No. = 251 Time :12:17:53

signal A = SE1 Date :6 Sep 2021 Signal A= SE1 Dale :6 Sep 2021

PhotoNo.= 1463 Time :14:26:40 EHT =20.00 k¥ WD= 12mm PhotoNo.= 1453 Time :14:18:04

(h) 5000x- Control
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Table 6 Goals for the factors and responses in optimization

25
Factors and responses Goal % § 38 NI
fE|C s T~
Power, time and gas mixture In range
Microb.iological and phyto- Target to: upper level Fﬂﬁ G g Q
chemical responses < ) ) w
Coloring strength In range (min:190-max: upper level) -
Aroma and bitterness In range g - - _
AE;¢ (color change) In range (min: lower level-max: 4) é: g g @
Desirable function Target to: upper level a ~ =
<
< a I}
(Fig. 5a). The samples' temperature and container were also
measured right after the plasma treatments using thermali- =
maging infrared camera (Fig. 5b). For the optimal treat- 5
ment, the average temperature of the samples was 40 °C (in fn
0.5 g) and 44 °C (in 5 g). The average temperature of their § K g Z
container was 89 °C (in 0.5 g) and 87 °C (in 5 g). 3 = =
Correlations ‘5
£ “ & 9
To determine correlation coefficients, all responses were © < < ©
analyzed together. There were strong correlations among £
metabolite content (Table 8). Picrocrocin had a strong posi- g
tive correlation (0.83) with crocin and negative correla- é i lf i
tions with crocetin and safranal with coefficients of —0.73 2 = =
and — (.68, respectively. Crocetin content was negatively < |3
correlated with crocin (R* = —0.69), while showed a strong % £ 8 & =
positive correlation (0.81) with safranal. The correlations % @ < < =
between power and the contents of crocin, safranal, pic- ; - - -
rocrocin, and crocetin were —0.70, 0.66, —0.82, and 0.71, E g g = pu
respectively. Power also showed a positive correlation =138 S 8
with the reduced log of coliforms (0.67). A high correla- 7; 8
tion was observed between the reduced log of molds/yeasts é g .
and reduced log of coliforms (0.72) and reduced log of total E|E=
microorganisms (0.67). The R? values for correlations of % 2 ?;; ~ o o«
coloring strength with bitterness (0.80) and picrocrocin £ E i < = 2
(0.60) were highly positive. Mild positive correlations were %
also detected between AE,¢ and crocetin (0.49) and aroma S g
(0.51). The container and sample temperature were highly § E E
correlated with power and poorly correlated with time. S |] § = =
Strong positive correlations were observed among temper- g L ° o °
atures and reduced microbial load. Also, a moderate posi- = é
tive correlation existed between container temperature and 2 Sﬂ
the contents of crocin, crocetin, safranal, and aroma. There é 'g o
was a strong negative correlation between picrocrocin and ERp: ﬁ
the temperature of the container and samples. The a* and E : g - - -
b* indices showed positive correlations with the contents g ST 3 s 2
of picrocrocin and crocin and a negative correlation with 3 El
crocetin and safranal. The a* also was positively correlated E 2 § g
with L* (0.72) and coloring strength (0.61). The reduced i % ; § g g
moisture had a moderate positive correlation with sample 2 E = % 5‘ 2
temperature. K ERSL AR s
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Fig.4 The OES graphs of the best treatment in two samples and their main reactive species: a0.5,gb 5 g

Discussion

The quality of saffron is determined by its color, odor, and
taste (Azarabadi & Ozdemir, 2018). Based on ISO 3236-1
specification and the national standard of Iran (No. 259-1),
our initial sample quality with an average coloring strength
value of 219.62, aroma of 32.91, and bitterness of 86.90
fell into category I (Tables 11 and 12) (INSO, 2013; ISO,
2011). We observed that with increasing the time and power
of plasma, the coloring strength and bitterness of saffron
decreased but the aroma increased. Nevertheless, optimiza-
tion goals were set so that the quality of the samples treated
with optimal conditions was maintained in the same range
as the initial sample. At the optimal conditions, the sam-
ples’ average coloring strength, aroma, and bitterness were
210.65, 35.34, and 79.39, respectively.

Fig.5 a A saffron sample under
plasma treatment. b An image
taken by the thermal imaging
infrared camera of a saffron
sample (preliminary test)

As the three major indices of saffron quality (coloring
strength, aroma, and bitterness) would not be determined
unless tested in the laboratory, the first commercial quality
control of saffron is the color acceptability in the market,
and it is done visually (Mohamadzadeh Moghadam et al.,
2020). The red color of saffron is indicative of its crocin
content (Fallahi et al., 2021). Plasma treatment changes the
color of the saffron superficially through etching, reducing
of moisture, oxidation, photo-oxidation and isomerization
of carotenoids (Darvish et al., 2022; Tabibian et al., 2020);
therefore, it is essential to define a threshold for acceptabil-
ity of the color change after treatment. The average values
of L*, a*, b*, chroma, and hue of our initial sample were
18.26, 25.85, 16.23, 30.52, and 32.11, respectively. In the
treated samples, with the increase of power and time of
treatments, L*, a*, b*, and chroma decreased while the hue
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increased. Tabibian et al. (2020) reported that the L* and

-] .
a — hue decreased in plasma-treated saffron compared to the
control compared (Tabibian et al., 2020). They observed an
% increased value of a* and no significant changes in b* and
~ N chroma. Darvish et al. (2022) compared the L*, a*, and b*
“ - < of the plasma-treated saffron samples with the control and
reported that treated samples had significantly higher L*
g £ (except for treated samples at 70 W for 10 and 15 min) and
=3 higher a*. Also, they mentioned the lowest b* belonged to
\& .
N ' the control sample (Darvish et al., 2022).
The AE;¢ (color change) of the treated samples ranged
g g from 0.98 through 7.29. It has been noted that AFE less than
" NESRS 1 or 2 (in different references) is not detectable by the human
! -eeS bare-eyes. Also, AE*,, <5 is considered a small color change
(Mirjalili et al., 2019; Wang et al., 2012). The critical AE
%; ?io g & threshold differs from case to case and is best determined
22223 by comparing the values of the AE with the results of a
< . .
N bt panel test. Since there is no reference or standard for the
saffron color, we determined the limits by comparing the
¥ OF %oz g appearance of the samples with the values of AE,4, based
~ 8 & E 2 on Barzegar et al. (2016), by some modifications (Barzegar
- o e =] « e
& I etal., 2016). These limits are as follows: AE;4 <2 not detect-
able, 2 < AE,;4 <4 detectable yet acceptable; AE;;>4 not
e w z a v acceptable. The limit of AE;,>4 was applied to set the color
= 2] =
2383 ag goal for optimization. On the other hand, Habekost (2013)
Q “T95995°9 indicated that AE,,, would replace the conventional formula
of AE,¢ soon because it offers five corrections to the CIElab
. formula, thus defining the minor color differences the most
& % %@ n E'& %g similar to the human eye perception (Habekost, 2013). Com-
- -3 =| cl cl cl S paring the values of AE,, to visual examination revealed
“ that AE,,,<2.5 is acceptable. Nonetheless, as AE; is more
common than AE,,, it was considered for optimization.
: ik 8wz oz High values of AE,, were observed in treatments with
wn
. § E 222 § 5 high power and time. However, we observed no burning
5 U of saffron in any of the treated samples, proving that the
application of appropriate power and time for plasma treat-
ment decreases neither the visual color quality of the saf-
. e x % % w td ther th 1 color quality of the saf
*E = *m é *g § *g Z{g E fron nor its consumer’s acceptability (Fig. 6). Hosseini et al.
- S S s °| °| °| T < (2018) declared that the saffron color change (AE,) after
-
] plasma treatment was not visible by the bare eye (Hosseini
i: et al., 2018). Furthermore, AE does not determine whether
A S - S S A . - the change made the color better or worse, as some of the
e o =B o2 % i s
SO i BT S 2= T @ = treatments made the red color of the saffron stronger and
< . . .
= o S maybe better which needs to be investigated by a panel test.
& An improvement in the redness of saffron has also been
E im documented after plasma treatment (Tabibian et al., 2020).
E 9-; o = 5 In addition, some treatments resulted in the more yellow
b= > . .
S ‘é-’. s 3 % 2 color of the samples, similar to the results of Hertwig et al.
Q @ w & i
E g E‘ g g E Ei -?3 (2015b)’s work (Hertwig et al., 2015a, b).
g E § 2 S 2 o & g Color change comes after the change of crocin structure as
= - | & . . . .
o ‘E EE é 5 T:" g o 2| ¥ E a result of oxidation of its unsaturated bonds and the breaking
© s - $ 2 5 . g Cge . .
K S E&58nessES g 5 of glycosidic bonds by oxidizing elements like plasma-free
= 288383888817 radicals (Tabibian et al., 2020). It was reported that reactive
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nitrogen species (RNS) in the plasma processed air oxidized
carotenoids (Hertwig et al., 2015a, b). Our results indicated
that with increasing treatment time and power, crocin and
picrocrocin content decreased, but safranal content increased.
Similarly, Tabibian et al. (2020) reported that picrocrocin
decreased after prolonged exposure to plasma (Tabibian
et al., 2020). Sereshti et al. (2018) showed that the amounts
of crocin, picrocrocin, and HTCC were high in freshly dried
saffron, but safranal content was low. They stated that safranal
increased with the decrease in crocin and picrocrocin. It was
suggested that picrocrocin could be transformed into safra-
nal by thermal treatment (Sereshti et al., 2018). Our results
showed a negative correlation between picrocrocin and safra-
nal which was in agreement with this study. We also observed
a positive correlation between crocin and picrocrocin con-
tents. Chaougqi et al. (2018) also declared that samples with
higher picrocrocin showed a higher level of safranal after the
storage time (Chaougi et al., 2018).

Crocetin is an important intermediate compound in the
biosynthesis pathway of saffron aromatic and coloring
agents (Sereshti et al., 2018). Our data revealed that croce-
tin rises with increasing the treatment time at high powers.
Zareena et al. (2001) also reported an increase of crocetin
and a decrease of crocin after treating saffron with gamma
irradiation (Zareena et al., 2001). We also observed a nega-
tive correlation between crocetin and crocin.

Cold plasma technology is an efficient way to deactivate
a wide range of foodborne pathogens and non-pathogenic
microorganisms (Ekezie et al., 2017). The level of microbial
inactivation is dependent on the type of feed gas used to gen-
erate the plasma and the treatment time (Segura-Ponce et al.,
2018). In literature, some studies concern saffron microbial
load and its decontamination (Ghoddusi & Glatz, 2003; Jouki
etal., 2011; Khazaei et al., 2011). Cosano et al. (2009) evalu-
ated 33 samples of Iranian saffron and reported that samples
contained total aerobic mesophilic bacteria (TAMB) (1 sam-
ple), Enterobacteriaceae (21 samples), coliforms (16 sam-
ples), Clostridium perfringens (11 samples), Escherichia coli
(2 samples), molds (2 samples), and yeasts (2 samples). None
had more than 10? CFU g~! of sulfite-reducing sporulated
anaerobic bacteria, E. coli, Bacillus cereus, and Clostridium
perfringens (Cosano et al., 2009). Our samples (newly har-
vested) had 8.05 log CFU g~! of TAMB, 6.71 log CFU g~! of
coliforms, 4.71 log CFU g~! of molds and yeasts, and 2 log
CFU g~! of E. coli on average, so our observations were in
accordance with the study of Cosano et al. (2009). Different
microbial specifications for saffron and other spices empha-
size on different contaminating factors with different accept-
able limits (Table 13.). Iran has the most comprehensive and
strictest microbial standard for saffron. So, it was adopted
as a criterion for optimization. On average, samples treated
with optimized conditions showed less than 1 log CFU g~!
of molds and yeasts. Our result approved the findings of

@ Springer

Hosseini et al. (2018), which showed that the application of
60 W oxygen plasma for 15 min completely eradicates mold
species. At the optimal conditions, TAMB was reduced by
5.75 log CFU g™! and coliforms were eliminated (6.71 log
CFU g'l). Akbarian et al. (2019) reported that the maximum
decontamination was obtained at 12 min of treatment with a
plasma jet (air as the feed gas, 18 kV). They observed 2.69,
2.48, and 1.95 log reduction for the populations of E. coli, E.
faecalis, mold, and yeast, respectively, which shows the lower
efficiency of plasma jet compared to low-pressure plasma.

Microbicide effects of the cold plasma are related to the
produced reactive species including reactive oxygen and nitro-
gen species (ROS and RNS) (Mir et al., 2016). Beyrer et al.
(2020) achieved 3-log inactivation of B. coagulans spores
using cold atmospheric plasma and reported that RNS and
charged particles were responsible for the spores’ coat erosion
(Beyrer et al., 2020). The chemistry of plasma is dependent
on the feed gas, input voltage and frequency, ambient
pressure, and other factors (Ekezie et al., 2017). Different
pure gases have been used as the feed gas in plasma steri-
lization of spices including air (Hertwig et al., 2015a, b),
nitrogen (Kim et al., 2014), helium (Kim et al., 2017; Solis-
Pacheco et al., 2013), and argon (Hertwig et al., 2015a, b).
Also, applying a combination of oxygen or nitrogen with
inert gases like helium or argon has been noted (Dorranian
et al., 2010; Kim et al., 2014; Salarieh & Dorranian, 2013).
Inert gases are added to plasma in order to stabilize the dis-
charge. They produce excited states themselves or excite,
ionize, and dissociate other species. It is essential to iden-
tify the reactive species produced in a plasma discharge
(Whitehead, 2016). Hosseini et al. (2018) found O, ions
and excited oxygen atoms as the major ROS of O, plasma
(Hosseini et al., 2018). ROSs play an important role in decon-
tamination because they cause oxidative stress and damage
microorganisms’ DNA and other biological macromolecules
(Pankaj & Keener, 2017).

By comparing the disinfection capacity of the gas mixtures,
it was revealed that X mixture was better than Y mixture in
terms of TAMB reduction. Huang et al. (2007) studied the
bacterial deactivation effects of a cold argon plasma with oxy-
gen addition and reported that excessive O, addition to argon
discharge can lead to a decrease in plasma Ar species, which
also contribute to bactericidal effects (Huang et al., 2007). This
can justify the lower efficacy of ¥ mixture. Although, ¥ mix-
ture showed the highest disinfection capacity for molds and
yeasts compared to X and Z mixtures. Darvish et al. (2022)
investigated the cold low-pressure O, plasma on saffron, and
the highest deactivation levels of the total viable count, coli-
forms, molds, and yeasts were 3.52, 4.62, 2.38, and 4.12 log
CFU/g at 110 W for 30 min (Darvish et al., 2022). Our dis-
infection results of molds and yeasts are similar to this study
which shows ROS plays a major role in mold disinfection.
Our results showed log reduction of total count (5.75), and
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coliforms (6.71 CFU/g) using the Y gas mixture at the level
of 76 W for 26 min (optimal conditions) were higher than in
this study. These results indicate that other reactive species
are major components in bacterial disinfection or synergisti-
cally improve the bactericidal power of O, plasma. Moreover,
a higher level of disinfection can be achieved at lower levels
of power and time which reduces the risk of metabolite loss.

UV photons in a low-pressure plasma also play an impor-
tant role in the inactivation of microorganisms through nucleic
acid damage (Moisan et al., 2001). A violet emission from
Ar+ O, plasma has been reported in low-pressure cylindri-
cal dc glow discharge plasma (Dorranian & Alizadeh, 2014).
Vassallo et al. (2022) found that adding 10-12% N, improved
the efficacy of low-pressure argon/oxygen RF plasma in the
inactivation of S. aureus through the synergistic action of UV
emission in the range of 200-300 nm and plasma particles.
It was also mentioned that this improvement could be due
to a higher amount of UV radiation in the Ar/O,/N, mixture
(Vassallo et al., 2022).

Another mechanism of plasma for microbial destruction
is accumulation of excessive charge on the surface of the
cells and as a result their disruption. Additionally, cell struc-
tures are destructed due to erosion and etching caused by the
bombardment of charged particles and energetic ions (Liao
et al., 2017). Nishime et al. (2017) investigated the effects of
plasma jet on the inactivation of different microorganisms.
They observed morphology changes, cell structure modifica-
tions, surface damage, and intracellular material leakage in
SEM images (Nishime et al., 2017).

Physical changes resulting from the etching phenom-
enon have been observed in former studies (Hosseini et al.,
2018; Tabibian et al., 2020). Our findings were in accord-
ance with them, and our SEM images of saffron also showed
cracks and scratches in the surface of the treated sample.
Treated pollens showed no surface change that could prob-
ably be due to the hard exine layer or was not perceptible
at 5000 x magnitude. The porous texture of treated saffron
can facilitate the extraction process and develop color in
food matrices. Karunanithi et al. (2022) observed that the
cold plasma-assisted microwave pretreatment of betel leaf
powder improved the extraction yield by 168.18 +1.24%
(Karunanithi et al., 2022).

Since the samples’ temperature was maintained under
50 °C during treatment, the heat may not have been effec-
tive in reducing the microbial load. Feroz et al. (2016) evalu-
ated the effect of heat treatment and low-pressure DBD argon
plasma treatment on some spices’ microbial load, including
dried saffron, and they reported that 30 min of 60 °C heat
treatment almost did not reduce the bacterial load while
increased the fungal load by 1 log (Feroz et al., 2016). Huang
et al. (2007) also proved that 5 min of dry heat (125 or 165 °C)
carried by the Ar+ O, plasmas had no significant decontami-
nation effects on E. coli (Huang et al., 2007). Vassallo et al.

(2022) plotted the temperature of samples (the substrate con-
taining the S. aureus bacteria) as a function of the treatment
time for low-pressure Ar/O,/N, RF plasma. Based on the
graph, the highest temperature at 100 W was under 50 °C
after 5 min, and the curve approached a constant asymptote
(Vassallo et al., 2022).

The moisture content of saffron is also an important fac-
tor, and its reduction should be considered in any saffron
processing because it determines the weight and subse-
quently the final price. The average moisture of our initial
samples was 8.04%. The reduced moisture was increased
by increasing the power and time of plasma treatment. It
could be a result of both the temperature increase and the
microscopic structure change which was evident by SEM
images. Our observations were in accordance with the study
of Hosseini et al. (2018) and Tabibian et al. (2020). Namjoo
et al. (2022) investigated the effect of cold plasma pretreat-
ment before ultrasound-assisted drying of cumin seeds in
two exposure times of 15 and 30 s and declared that the cold
plasma changed the seed surface morphology and increased
the rate of water removal from the interior structure toward
the superficial layer (Namjoo et al., 2022).

In the tested range of plasma treatment, antioxidant activ-
ity was not considerably changed and only a minor linear
decrease was observed by harshening the treatment condi-
tion. This reduction was probably due to the reduction of
crocin content. Other saffron constituents that are responsi-
ble for the antioxidant activity include crocetin, safranal, and
phenolic compounds like flavonoids (Tabibian et al., 2020).
Hosseini et al. (2018) also stated that cold plasma treatment
had no significant effect on antioxidant activity (Hosseini
et al., 2018). Phenol content had a weak but significant posi-
tive correlation with antioxidant activity (R*=0.46) and was
decreased by increasing the time and power factors. It has
been noted that the plasma ROS could cause the oxidation
of phenolic compounds (Chen et al., 2019).

Conclusion

This study showed that the proper processing of saffron with
low-pressure radio-frequency cold plasma was able to reduce
microorganisms efficiently, without significant loss of metab-
olites or substantial harm to its appearance. Gas mixture Y
(65% ait/5% 0,/30% Ar) was the best. The time and power
of treatment could be set regarding the initial microbial load
and the quality of saffron. It was concluded that RF power of
76 W for 26 min with the continuous mode of plasma could
decontaminate the saffron to an acceptable level. The color of
the treated samples with proper dosage did not show notable
change. Investigating the quality of treated saffron after storage
and up-scaling of the saffron disinfection with low-pressure RF
plasma technology for industrial purposes is recommended.
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Table 11 Saffron coloring

- Characteristic ISO 3632-1 specification (2011) Azafran de La Mancha
strength, aroma, l.)ltt.ernf:% and PDO specification (2001)
safranal content limits in two
specifications Filaments Bulk Saffron Packaged
Saffron
Category 1 Category II Category III
A% 2257 nm 70 55 40 70 70
A'" | .. 330 nm (min—-max) 20-50 20-50 20-50 20 20
A% 440 nm 190 150 100 200 200
Safranal content (% of total - - - 65 65

volatile components)

ISO 3632-1 Specification (2011) (ISO, 2011). Azafran de La Mancha PDO specification information is
extracted from the study of Cosano et al. (2009) (Cosano et al., 2009)

Table 12 National standard of Iran (No. 259-1) for saffron coloring strength, aroma and bitterness limits

Characteristic Cut filament Filaments Saffron powder
Sargol* Category I Category II Category III  Category IV Sargol Category I Category I Category III
A% 257 nm 85 80 70 70 70 85 80 70 70
A% ., 330 nm (min-max) 20-50 20-50 20-50 20-50 20-50 20-50 20-50 20-50 20-50
A% 440 nm 220 200 180 150 140 220 200 180 150

Ref: (INSO, 2013)

*Sargol saffron consists of only the red part of the stigma

Table 13 Comparison between some microbiological specifications for saffron and other spices

Contamination Microbiological specifications
National standard National standard The Spanish EU-bacteriological ICMSF-spices, ICMSF-dry spices
of Iran-Saffron of Iran-spices specification— safety of spices herbs, and dry and herbs (2011)
(No. 5689) (No. 3677) condiments and (2004) vegetable seasonings
spices (1984) (2005)
Total acrobic meso- 3% 10° CFU g~! 5x10°CFU g7} - - <10°CFU g! -
philic bacteria
Molds and yeasts 10° CFU ¢! 5x10° CFU ¢! - - <10*CFU g! -
Escherichia coli Negative Negative <10CFU ¢! - <10°CFU g™! -
Enterobacteriaceae® Negative - - 10-10> CFU g™! - 10-10> CFU g™!
Coliforms - 103 CFU ¢! - - - -
Sulfite-reducing 10? CFU g} - <10’ CFU g! - - -
sporulated
anaerobic bacteria
(Clostridia)**
Clostridium perfrin- — 102 CFU g - 102-10°CFUg-1  <10°CFU g! -
gens
Salmonella - - 0(in25g) Negative in 25 g - Negative
Bacillus cereus - 10> CFU g - 10°-10*CFU ¢! - -
Heat resistant ther- - - - - - <10*CFU g™!

mophilic spores

Parasite eggs - Negative - - - -

The Spanish specification and ICMSF- Spices, herbs, and dry vegetable seasonings (2005) information is extracted from the study of Cosano
et al. (2009) (Cosano et al., 2009); National standard of Iran—spices (No. 3677) (INSO, 1387)

*Enterobacteriaceae: This item has been omitted from latest edition of national standard of Iran No. 5689 (INSO, 2018); **sulfite-reducing
sporulated anaerobic bacteria (Clostridia) are merely counted in vacuum-packed saffron in national standard of Iran number 5689 (INSO, 2018)
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Fig.6 Images of saffron threads
in plasma-treated and control
samples. In each sample, the
label shows the gas mixture
type, RF power, and exposure
time, respectively. The ratio

(%) of air, oxygen, and argon,
respectively, in gas mixtures:

X (50:0:50), Y (65:5:30), and Z
(75:15:10)

Control 1 Control 2 Control 3

X- 53 W- 23 min Y- 53 W- 23 min Z- 53 W- 23 min

X- 60 W- 17 min Y- 60 W- 17 min Z- 60 W- 17 min

Y- 60 W- 28 min

X- 60 W- 28 min Z- 60 W- 28 min
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Fig.6 (continued)

X- 77 W- 15 min Y- 77 W- 15 min Z- 77 W- 15 min

Z-77 W- 23 min

Y- 77 W-23 min

Y- 77 W- 30 min r :
X- 77 W- 30 min At

X-93 W- 17 min Y03 W 17wt Z-93 W- 17 min
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Fig.6 (continued)

X- 93 W- 28 min

X- 100 W- 23 min
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