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Abstract
Antibacterial activity of an optimized formulation (edible coating), gaseous ozone, γ-irradiation treatments, and their com-
binations on ready-to-eat frozen pre-cut green peppers against Escherichia coli, Salmonella enteric, and Listeria innocua as 
foodborne pathogen bacteria, was assessed. In situ results showed that the antibacterial coating presented a large spectrum 
activity against Gram-positive and Gram-negative bacteria. In addition, ozone gaseous treatment at concentration of 10 ppm 
during 5 min allowed a total inhibition of E. coli after 4 days and a noticeable log reduction in Listeria and Salmonella 
during storage time. According to the obtained results, irradiation was the most effective technique to inhibit the growth 
of bacteria in alone or combined treatments. Different treatments had no significant impact on color parameters of pre-cut 
green peppers. Furthermore, no significant effect on chlorophyll content of pre-cut green peppers was also observed which 
is in accordance with the colorimetric results. Some statistical differences were noted in vitamin C content of pre-cut green 
peppers after coating treatment due to the additional ascorbic acid content in coating formulation, although no negative effect 
of treatments on the quality of pre-cut green peppers (total AA + DHA content) was observed. Furthermore, the sensory 
analysis confirmed that treatments had no significant effect (p > 0.05) on sensory attributes of peppers (color, odor, and taste).

Keywords  Natural antibacterial coating · Ozonation · Gamma irradiation · Foodborne pathogenic bacteria · Chlorophyll · 
Ascorbic acid · Sensory evaluation

Introduction

Demand for consumption of green peppers has increased 
recently, and especially used as an ingredient in ready-to-eat 
(RTE) foodstuffs [1, 2]. In addition, consumption of fruits 
and vegetables was generally increased due to the recom-
mendations by nutritionists for eating five fruits and veg-
etables per day [3]. In this regard, green pepper (Capsicum 
annuum, L.) whether fresh, cooked, or ready to eat salad is 
among the vegetables highly sold in markets not only for its 
nutritional value including vitamins C, E and A, minerals, 

fibers, and content of antioxidants compounds (i.e., phenols, 
chlorophyll, carotenoides, and ascorbic acid) [4] but also for 
its low caloric content [5].

In other side, foodborne disease affects one on six US 
residents every year with 128,000 hospitalizations and 3000 
deaths annually [6].

To remove pathogens from the surface of vegetables, 
water-containing NaClO is generally used to wash products 
[7], but many harmful by-products are then produced which 
are carcinogens; for example, chloramines and trihalometh-
anes [8]. Furthermore, the reduction of bacteria obtained 
by this treatment is < 2 log CFU/g [9–11]. For this reason, 
alternative treatments with natural highly antibacterial com-
pounds (safer than chlorine) are needed to inhibit human 
pathogens in fresh product [11].

In recent years, citrus essential oils (EOs) have attracted 
great attention due to their strong antibacterial proper-
ties, high yields, aromas, and flavors, and particularly the 
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presence of flavonoids. Flavonoids are a group of polyphe-
nolic compounds that include flavanones, flavones, and 
their derivatives [12]. Citrus flavonoids have been reported 
to have many biological activities such as antioxidant, anti-
bacterial, and anti-inflammatory properties [13]. Citrus fla-
vonoids have a large spectrum of biological activity against 
a wide range of Gram (+/−) bacteria [14].

Cranberry juice also presented biological activities such 
as antioxidant, anti-inflammatory effects, and anti-cancer 
[15]. These activities are assigned to pro-anthocyanidins 
(PACs), also known as condensed tannins which are the 
most consumed polyphenolic compounds in the human diet. 
The antibacterial effect of cranberry juice and its extracts 
was investigated against some bacterial strains like as E. 
coli O157:H7, Listeria monocytogenes, Pseudomonas aer-
uginosa, Salmonella typhimurium, and Staphylococcus 
aureus. The results indicated that all the bacterial strains, 
both Gram (+) and Gram (−), were selectively inhibited by 
the cranberry phenolic compounds [15].

A recent study by Harich et al. showed that concentrated 
cranberry juice reduced significantly the level of E. coli, S. 
typhimurium, and L. monocytogenes in RTE red peppers and 
cranberries [16].

Due to the strong desire to reduce the use of chemicals 
applied to fruits and vegetables, the non-residual/non-ther-
mal feature of ionizing radiation is also an important advan-
tage. Food irradiation is a physical means of food processing 
that involves exposing the pre-packaged or bulk foodstuffs to 
gamma rays, X-rays, or electrons to induce bacterial demise 
that can cause food poisoning, to control insect infestation, 
to delay fruit ripening, or prevent vegetables from sprout-
ing [17–19]. For example, gamma irradiation was employed 
to restrain potato sprouting and also kill pests in grain. It 
allowed a high reduction of microorganism on red and 
black peppers compared to pasteurization [20]. According 
to Thayer and Rajkowski, the shelf life of strawberries, sweet 
onions, carrots, and lettuce was increased when ionizing 
irradiation was used for reducing microorganisms’ spoilage 
[21]. The irradiation dose 1 kGy allowed a reduction on 
population of microorganisms and preserved the nutritional 
value of fresh-cut lettuce during 9 days of storage at 4 °C 
[22]. Furthermore, in some cases, the radiation processing 
also leads to increase the nutritional values of irradiated 
fruits and vegetables such as vitamin C content and phenolic 
compounds [23, 24].

Ozonation is another technique that largely used in food 
industry all over the world and is “Generally Recognized 
As Safe” (GRAS) by FDA and classified as a disinfectant 
for food industry in the USA, especially for the good man-
ufacturing practice (GMP) associated with the treatments 
of bottled water [25]. Xu reported that ozone is 1.5 times 
more efficient than chlorine, since it allowed a significant 

reduction but also inhibition of a large number of microor-
ganisms compared to chlorine [26]. Graham also reported 
that the efficacy of ozone is 3000 times faster than chlorine 
without producing dangerous by-products after decompo-
sition [25]. In addition, ozone allowed the inhibition of 
bacteria, molds, yeasts, parasites, and viruses, therefore, 
showing a bactericidal broad spectrum [27]. Indeed, gas-
eous ozone is not much toxic when used at low concen-
tration [28]. However, at high levels, it can be lethal for 
humans by mainly affecting the respiratory tract.

Beside the efficiency of disinfection techniques, main-
taining the quality of vegetable is also a determinative 
factor to choose the technique. The appearance of green 
pepper is one of the fundamental factors affecting the qual-
ity, acceptability, and pleasantness of such dressing. Chlo-
rophylls, responsible of color in green pepper, are highly 
susceptible to degradation during processing. Chlorophyll 
degradation was significantly affected by different factors 
such as enzyme chlorophyllase, heat, light, oxygen, chemi-
cals, and acids that result in color shift of chlorophylls 
from brilliant green to olive brown compounds such as 
pheophytin and pheophorbide [29, 30].

Many studies confirmed that fresh peppers are an excel-
lent source of vitamins and phenolic compounds. The 
genotype, maturity and growing, and storage conditions 
can influence the concentration of all compounds present 
in peppers [31–34]. Vitamin C concentration of peppers 
cultivar was found to be between 46 and 243 mg/100 g 
[32–35]. Vitamin C, l-ascorbic acid (AA), is a well-known 
antioxidant that efficiently scavenges free radicals. More 
than 90% of AA in human diet is supplied by fruits and 
vegetables. AA seems to increasingly have beneficial 
effects on the aging processes and on the prevention of 
age-related diseases as atherosclerosis, cardiovascular dis-
eases, cancer, and neurodegenerative diseases [36].

Dehydroascorbic acid (DHA) also exhibits a biological 
activity, because it can be converted into ascorbic acid in 
human body. Therefore, it is crucial to quantify both AA 
and DHA [37].

The objectives of this study were to evaluate the in situ 
antibacterial activity of an optimized antibacterial for-
mulation (edible coating), gaseous ozone, γ-irradiation 
treatments, and their combinations on ready-to-eat frozen 
green peppers against Gram-negative bacteria (E. coli and 
S. enterica) and Gram-positive bacteria (Listeria innocua) 
as foodborne pathogen bacteria. Furthermore, physico-
chemical quality of samples such as vitamin C content 
and color attributes regarding to chlorophyll content was 
assessed.

Finally sensorial properties of the green peppers treated 
with different treatments were evaluated according to a 
nine-point hedonic scale.
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Materials and methods

Raw material

Pre-cut green peppers were provided by Bonduelle Ameri-
cas Inc. (Saint-Denis-sur-Richelieu, QC, Canada) and were 
stored at − 20 °C until used.

Preparation of bacterial cultures

Stock cultures of E. coli (ATCC 25922), S. enterica (ATCC 
53648 chi 4064), and L. innocua (LSPQ 3285) were stored 
at − 80 °C in tryptic soy broth (TSB) medium (Alpha Bio-
sciences Inc., Baltimore, MD, USA) containing glycerol 
(10% v/v). Prior to each experiment, stock cultures were 
grown through two consecutive 24–48 h growth cycles in 
TSB at 37 °C. Working cultures were diluted in peptone 
water to obtain the bacterial concentration of 103–104 CFU/
mL for in situ studies.

Preparation of the natural antibacterial formulation 
(coating)

The antibacterial formulation (coating) was prepared under 
sterile conditions, based on the preliminary results of inhibit-
ing properties of this formulation on vegetable. Antibacterial 
formulation (coating) containing Asian plant extract (lemon-
grass essential oil) (Bio Lonreco Inc., Dorval, QC, Canada), 
commercially citrus extract—Biosecur F440D® (Biosecur 
Lab Inc., Mont St. Hilaire, QC, Canada), fermented dex-
trose Prolong 2 (BSA-Quebec, Montreal, QC, Canada), and 
concentrated cranberry juice (CCJ) (Atoka Cranberries Inc., 
Manseau, QC, Canada) with respective ratio of 0.1:1:2.5:10, 
prepared in distilled water (under agitation) contains 0.06% 
of Tween® 80 as emulsifier. The antibacterial solution was 
then homogenized with an Ultra-Turrax T25 disperser (IKA 
Works Inc., Wilmington, NC, USA) at 15,000 rpm for 5 min, 
at room temperature.

Spraying treatment of the antibacterial formulation 
on pre‑cut green peppers

The sample of pre-cut green peppers (25 g) was placed in 
a plastic cup and inoculated with 100 µL of bacterial sus-
pension at concentration of 106 CFU/mL. Then, all samples 
were left to dry during 90 min at 4 °C in a cold room. Then 
after, coating formulation was uniformly sprayed under ster-
ile conditions on each sample using an electrostatic sprayer 
BSL-DS1 (BSL Technologies Inc., Brossard, QC, Canada), 
at a distance of 18–24 inches with an outlet air pressure of 
25 psi (reservoir pressure of 30 psi). Samples were sprayed 

at each side by 0.3 mL of formulation per 25 g of peppers, 
and thereafter left to dry for 30 min before storage and 
microbiological analyses.

Ozonation treatment

The bacterial inoculation on pre-cut green peppers (25 g) 
was done by bacterial suspension at concentration of 
106 CFU/mL, as mentioned above. Ozonation treatment 
was performed using an ozone generator C-10 portable unit 
equipped with an OM controller and a calibration probe 
of 10 ppm (Ozone Innovations Inc., Drummondville, QC, 
Canada). Each sample was deposited onto a stainless steel 
(SS) perforated plate and transferred into an SS ozone dif-
fusion chamber. Ozonation was carried out at 10 ppm for 
5 min of ozone exposure at a flow rate of approximately 15 
standard cubic feet per hour (SCFH). Thereafter, samples 
were removed and stored at − 20 °C before microbiological 
analyses (as requested by the supplier company to evalu-
ate the antibacterial effect of treatments on frozen peppers 
during storage time). The combined treatment consisted of 
ozone treatment + antibacterial coating on pre-cut green pep-
pers was also assessed.

Gamma irradiation

Samples of pre-cut green peppers (25 g) were put into a 
sterile Deli*1 bag (nylon/ethylene–vinyl acetate/polyethyl-
ene; thickness 3 mil; Winpak Division Ltd, St-Leonard, QC, 
Canada) and sealed using a packaging machine (model 250 
Single Chamber, Sipromac Inc., St-Germain-de-Grantham, 
QC, Canada). Then, gamma irradiation treatment was done 
at dose of 0.5 kGy at Canadian Irradiation Center (CIC, 
Laval, QC, Canada) in a UC-15 A irradiator (Nordion Inc., 
Kanata, ON, Canada) equipped with a 60Cobalt source and 
having a dose rate of 16.74 kGy/h. Combined treatment with 
coating and ozonation has also done.

Microbiological analysis

The antibacterial capacity of the coating formulation, ozo-
nation, irradiation, and combined treatments was evaluated 
in situ on pre-cut green peppers at days 0, 1, 4, 7, and 10 
of storage, against food pathogens. Samples (25 g) were 
homogenized for 30 s at 230 rpm in 50 mL of sterile pep-
tone water (0.1% w/v) with a Stomacher® 400-Circulator 
(Seward Laboratory Systems Inc., Davie, FL, USA). From 
each homogenate, serial dilutions were prepared, plated onto 
the surface of appropriate media (Difco, Becton Dickinson, 
Franklin Lakes, NJ, USA), and incubated for 24–48 h at 
37 °C before bacteria enumeration. MacConkey agar sup-
plemented with sorbitol, DCLS agar, and PALCAM agar 
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were used for the enumeration of E. coli, S. enterica and L. 
innocua, respectively (detection limit was about 10 CFU/g).

Colorimetry

The color of the treated pre-cut green peppers was meas-
ured using a Color reader CR-10 (Konica Minolta, Ram-
sey, NJ, USA). Measurements of spectral reflectance were 
performed directly onto the vegetables surface (viewing 
area 10 × 10 mm). The L*, a*, and b* system (CIELab) 
was employed; the L* axis represents the lightness from 
black (L* = 0) to absolute white (L* = 100), a* axis varies 
from green (− 300) to red (+ 299), and the b* axis varies 
from blue (− 300) to yellow (+ 299). To characterize more 
precisely the color of pre-cut green peppers, the hue angle 
(h°) was determined to indicate color changes between a* 
(green color) and the intersection of a* and b*, from green 
(h° = 180°) to yellow color (h° = 0), according to the fol-
lowing equation:

The total color difference (ΔE*) between samples and 
control was also determined by the following equation:

Determination of chlorophyll content

Determination of chlorophyll content in pre-cut green pep-
pers was performed according to a procedure of Al-Dabbas 
et al. [38]. A quantity of 10 g of mortared green pepper 
was added to 2 mL of acetone–water 80:20 (v/v) for 2 min 
to extract the chlorophyll content. Filtration was followed 
using a 0.45 µm PTFE filter and the filtrate was transferred 
to a falcon tube covered with aluminum foil to prevent the 
photo-oxidation of chlorophyll. Absorbance was measured 
at 663 and 645 nm using a Scinco S-3100 UV–visible spec-
trophotometer (Betatek Inc., Toronto, ON, Canada). The 
concentration of chlorophyll (a, b, total) was expressed as 
µg/mL extract and calculated from the following equations:

Determination of vitamin C content

The determination of vitamin C (l-ascorbic acid + l-dehy-
droascorbic acid) content in green peppers was performed 
using a VitaFast® Vitamin C P1010 enzymatic test kit 

(1)h
◦

= arctan (b∗∕a∗) if a∗ > 0 and h
◦

= arctan (b∗∕a∗) + 180
◦

if a∗ < 0.

(2)ΔE∗ = [(ΔL∗)2 + (Δa∗)2 + (Δb∗)2]1∕2.

(3)Chlorophyll a (μg∕mL) = 12.7A663 − 2.69A645

(4)Chlorophyll b (μg∕mL) = 22.9 A645 − 4.68 A663

(5)Total chlorophyll (μg∕mL) = Chlorophyll a + Chlorophyll b = 20.2 A645 + 8.02 A663.

(detection limit: 7.8 mg/100 mL; R-Biopharm AG, Darm-
stadt, Germany). The test was based on a colorimetric 
method by Boehringer Mannheim GmbH Biochemica [39].

Sample preparation

A quantity of 10 g of pre-cut green peppers was added to 
50 mL of meta-phosphoric acid 1.5% (pH 3.5). The mixture 
was homogenized with an Ultra-Turrax T25 disperser (IKA 
Works Inc) at 15,000 rpm, for 15 min at room temperature. 
The homogenate was then filtered (0.45 µm) before using 
directly for the assays.

Determination of l‑(+)‑ascorbic acid (AA) 
and dehydroascorbic acid (DHA)

Two assays were performed to determine the contents of AA 
and DHA, based on (1) indirect quantification by ascorbate 
oxidase (AAO; from Cucurbita sp.) to differentiate them 

from the other reducing substances and (2) indirect quantifi-
cation by dithiothreitol (DTT) for the specific determination 
of AA and AA + DHA.

Principle of the determination of AA content

AA (which is present in the sample extract as reductant 
ascorbate) and some other reducing substances reduce 
the tetrazolium salt MTT [3(4,5-dimethylthiazolyl-2)-2,5-
diphenyl tetrazolium bromide] into MTT-formazan, in the 
presence of the electron carrier PMS (5-methylphenazinium 
methyl sulfate) at pH 3.5. The sum of all reducing substances 
is then measured in the sample, namely corresponding to 
the sample determination (without AAO). For the specific 
determination of AA content, the AA fraction of the sample 
is oxidized into DHA by AAO in the presence of oxygen. 
The DHA formed does not react with MTT/PMS, and then, 
the remaining reductants reduce the MTT into formazan, 
namely corresponding to the sample blank determination 
(with AAO). The formazan formed in the assays is propor-
tional to the sum of reductants and was measured at 578 nm 
using a microplate reader BioTek ELx800 (Winooski, VT, 

USA). Hence, the AA specific content was calculated based 
on the difference in absorbance of the sample assay and the 
blank, according to the equation:

(6)ΔAAA = ΔAsample, AA − ΔAsample blank, AA.
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Results were expressed based on an ascorbic acid stand-
ard curve.

Principle of the determination of (AA + DHA) content

The determination of the (AA + DHA) content was per-
formed similarly to the AA content, but the DHA fraction 
initially present in the sample was reduced by DTT into 
AA, before the reaction with MTT. Hence, the (AA + DHA) 
specific content was calculated based on the difference in 
absorbance of the sample assay and the blank, according to 
the equation:

The difference between the total (AA + DHA) (Eq. 7) and 
free AA (Eq. 6) resulted in the DHA content. Table 1 sum-
marizes the combined tests of indirect quantification of AA 
and AA + DHA.

Calculations

Based on the standard curve, the weighed amount of solid 
sample and the dilution factor (F), the concentration of 
ascorbic acid (free AA or total AA + DHA) was calculated 
as follows:

Sensory analysis of pre‑cut green peppers

Sensory properties, such as color, odor, taste, texture, and 
global appreciation of the pre-cut green peppers treated 
with different treatments in compared to non-treated sam-
ples (control), were evaluated by a panel comprising 20 per-
sons, according to a nine-point hedonic scale test (1 = dislike 
extremely; 5 = neither like nor dislike; 9 = like extremely). 
This method was used to measure the degree of acceptance 
or rejection of the treated samples on organoleptic properties 
of the peppers.

(7)
ΔAAA + DHA = ΔAsample, AA + DHA − ΔAsample blank,AA + DHA.

(8)Ascorbic acid (mg∕100 mL) =
[

(ΔA − y−intercept) × F
]/[

slope × weighed sample (g∕mL)
]

.

Statistical analysis

All measurements were performed in triplicate (n = 3). 
Analysis of variance (ANOVA), Duncan’s multiple range 
tests (for equal variances), and Student t test (for independ-
ent samples) were performed for statistical analysis (PASW 
Statistics 18; IBM Corporation, Somers, NY, USA). Differ-
ences between means were considered significant when the 
confidence interval was lower than 5% (p ≤ 0.05).

Results and discussion

Inhibiting properties of the coating, ozonation, 
irradiation, and the combined treatments

Inhibiting activities against E. coli

The antibacterial properties of different treatments were 
evaluated in situ against E. coli in green peppers. Results 
showed that frozen green peppers (− 20 °C) without antibac-
terial treatment (control) allowed a reduction of E. coli dur-
ing 10 days of storage (4 to 2.1 log CFU/g). It is important to 
mention that freezing process is a conservation method that 
reduces the microbial development, and here also, freezing 
process reduces the level of E. coli (Fig. 1). Samples coated 

with natural antibacterial formulation showed a rapid reduc-
tion of E. coli level after day 1 (0.8 log reduction), followed 
by a continuous decrement to arrive below the limit of detec-
tion at day 4 of storage. No growth was observed after day 
4. Samples treated with ozone showed a 1.2 log reductions 
after 24 h followed by a total inhibition at days 4 and popula-
tion of E. coli stayed below detection limit during the rest of 
storage time. Bermúdez-Aguirre and Barbosa-Cánovas also 
reported that the treatment of tomatoes using ozone gas at 
5 ppm during 3–15 min led to reduce the concentration of 
E. coli about 2.2 logs [40].

Combined treatment of coating/ozonation allowed a 2.1 
log reduction after 24 h of storage, followed by a total inhibi-
tion at day 4 which stayed below the detection limit during 
the storage time. Irradiated peppers and all combined treat-
ments with irradiation allowed a total inhibition of E. coli at 
day 0 (4 log reduction) and no growth was observed during 
storage time. Wang et al. reported that E. coli was sensitive 
to irradiation, and can be reduced by 7 log cycles at 1 kGy 
in juice [41]. Furthermore, Prakash et al. also reported that a 
dose of 1 kGy eliminated E. coli from diced celery [42]. Fur-
thermore, microbiological studies carried out in cantaloupes 

Table 1   Combined assays of indirect quantification (intermediate 
selective reactions) for the specific determination of AA and DHA 
(from VitaFast® vitamin C P1010 enzymatic test kit)

Intermediate 
selective reac-
tions

Determination of AA Determination of 
AA + DHA

Sample blank Sample Sample blank Sample

DTT reaction No No Yes Yes
AAO reaction Yes No Yes No
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showed that samples irradiated had a lower and more stable 
rate of respiration than non-irradiated samples over about 
20 days and total plate counts were significantly higher in 
non-irradiated control samples through storage [43].

Inhibiting activities against S. enterica

The results of antibacterial activity of different treatments 
against S. enterica are presented in Fig. 2. Frozen peppers 
without antibacterial treatment (control) allowed a negligible 
decrement in growth of Salmonella during the storage time 
at − 20 °C (between 3.6 and 3.4 log CFU/g). Peppers treated 
with coating allowed a 0.7 log reduction after 24 h of stor-
age, followed by a 1.2 log reduction at day 4, and then after, 

again, 0.2 log reduction was also observed at day 7 and a 
negligible increment about 0.3 log was observed at day 10. 
Ozone treatment allowed a 1 log reduction after 24 h, fol-
lowed by a 0.2 log reduction again at day 4 and 7, but a 0.6 
log increment was observed at day 10.

Peppers treated with combined treatment of coating/
ozonation allowed 1.3 log reduction after 24 h; then after 
0.1, 0.2 reductions were observed at days 4 and 7, and then 
here again a 0.6 log increment was observed at day 10. Daş 
et al. reported that treatment of tomatoes with ozone gas 
(5–30 mg/L ozone gas for 0–20 min) led to reduce the Sal-
monella level by 7 log CFU/g [44].

Irradiated green peppers and all combined treatments 
with irradiation allowed a total inhibition of S. enterica from 

Fig. 1   Antibacterial activity of 
sprayed formulation (coating), 
ozonation (10 ppm; 5 min), 
irradiation (0.5 kGy), and their 
combinations against E. coli 
inoculated on green peppers, for 
10 days of storage at − 20°C

Fig. 2   Antibacterial activity of 
sprayed formulation (coating), 
ozonation (10 ppm; 5 min), irra-
diation, and their combinations 
against S. enterica inoculated 
on green peppers, for 10 days of 
storage at − 20 °C
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day 0 (with 3.6 log CFU/g reduction) until the end of stor-
age. Some studies showed that irradiated fresh-cut lettuce at 
1 kGy led to decrease the microbial spoilage and improved 
the quality of the products [22]. According to Ahn et al., 
irradiation at 1 kGy or above (2 or 3 kGy) can be used to 
enhance the microbial safety of minimally process Chinese 
cabbage without affecting the quality [45].

Inhibiting activities against L. innocua

The antibacterial activity of different antibacterial treatments 
was evaluated against L. innocua and results are presented 
in Fig. 3. Results showed that, in frozen peppers without 
antibacterial treatment (control), growth of Listeria stayed 
relatively stable during storage time at − 20 °C (3.95 and 3.5 
log CFU/g). Coating treatment allowed a reduction of 0.7 
log after 4 days, followed by a decrease of 0.6 log at day 7 
and then after 0.2 log increment at day 10. Ozone treatment 
showed a similar behavior like as coating treatment during 
the 4 first days, with a reduction of 0.8 log at day 4, followed 
by 0.3 log reduction at day 7 and 0.2 log increment at day 10. 
These treatments presented slight effect on the reduction of 
L. innocua’ population at 104 CFU/g concentration because 
of bacterial resistance.

Combined treatment of coating/ozonation allowed a 0.8 
log reduction after 4 days followed by 0.2 log reduction at 
day 7 and then after 0.2 log augmentation at day 10.

It was reported that the efficiency of ozone on the reduc-
tion of microbial count in fresh products depends on the 
dose, exposition time, and initial microbial concentra-
tion [46]. Samples treated with irradiation alone allowed 
a decrease of 2.2 log at day 0 and then stayed stable until 
the end of storage. The combined treatment of coating/

irradiation allowed a 2.38 log reduction at day 0 and then 
stayed relatively stable until the end of storage. Finally, the 
combined treatment of coating/ozonation/irradiation inhib-
ited totally the growth of Listeria from day 0 until the end 
of storage.

Formulated coating contains different kinds of natural 
ingredients presented a synergistic antibacterial effect with 
a large spectrum activity against Gram-positive and Gram-
negative bacteria. According to Côté et al., a large variety 
of bioactive compounds are found in cranberries such as 
flavanols, flavan-3-ols (catechin and epicatechin), antho-
cyanins, tannins, and phenolic acid derivatives [47]. These 
phenolic compounds are able to inhibit pathogenic bacteria. 
Furthermore, many studies also confirmed the antibacterial 
activity of citrus extract that contains phenolic and flavonoid 
compounds with noticeable antibacterial activity [48, 49]. 
Fermented dextrose, by-product of fermentation, can be also 
used as bio-preservative in food systems. Dussault et al. have 
demonstrated the antibacterial effect of fermented dextrose 
containing bacterial metabolites as food additives to reduce 
the growth rate of the total bacterial flora in vegetables [50]. 
According to the obtained results, it should be noted that 
the total antibacterial activity of this coating cannot be only 
attributed to its phenolic compounds, but rather to a syner-
gistic effect of all its constituents.

Although an additive effect in coating/ozonation combi-
nation was observed against E. coli, but no synergic/additive 
effect between ozone and coating was observed in compared 
to alone treatment against Salmonella and Listeria.

According to the obtained results, irradiation was the 
most effective technique to inhibit the growth of bacte-
ria. However, irradiation in combination with coating and 
coating/ozonation also presented promising results with 

Fig. 3   Antibacterial activity of 
sprayed formulation (coating), 
ozonation (10 ppm; 5 min), 
irradiation (0.5 kGy), and their 
combinations against L. innocua 
inoculated on green peppers, for 
10 days of storage at − 20 °C
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totally inhibiting the growth of bacteria at day 0 until the 
end of storage. The order of treatment efficiency against 
targeted bacteria is in the following: Coating/Ozonation/
Irradiation > Coating/Irradiation > Irradiation > Coating/
Ozonation ≥ Coating > Ozonation.

Severino et al. evaluated the antibacterial activity of three 
different combined non-thermal treatments against Lis-
teria innocua on green bean samples [51]. The coating and 
γ-irradiation combined treatment against L. innocua gave 
promising results, showing 3.3 log CFU/g initial microbial 
reduction, and exhibiting a strong synergistic antibacterial 
effect.

Furthermore, a combined treatment of an edible coating 
composed of trans-cinnamaldehyde with γ-irradiation was 
investigated against Listeria inoculated in peeled mini-car-
rots. Results indicated that the combination of irradiation 

with antibacterial coating played an important role to inhibit 
Listeria [24]. Our results are in good agreements with the 
mentioned studies.

Colorimetry of green peppers

Results of colorimetric measurements of green peppers are 
presented in Table 2.

Analysis of the lightness (L*) parameter

At day 0, a significant increase of L* value (p ≤ 0.05) was 
observed after ozonation (slight whitening from 32.6 to 
34.6%), whereas no significant difference (p > 0.05) was 
noted after coating, irradiation, and combined treatments. 

Table 2   Effects of different antimicrobial treatments on the color change of green peppers

1 For each treatment, means followed by the same lowercase letter from day 0 to day 7 are not significantly different (p > 0.05)
2 For each day of analysis, means followed by the same uppercase letter for the comparison of treatments are not significantly different (p > 0.05)
3 NA not applicable

Treatment Days Color parameters1–2

L* a* b* h° ΔE

Control 0 32.6 ± 1.3a,A,B − 5.8 ± 0.3a,A,B 15.6 ± 2.3a,A,B 110.5 ± 2.9a,B,C NA3

1 33.6 ± 2.0a,A − 5.6 ± 0.2a,A 13.3 ± 0.3a,A 113.0 ± 1.0a,B NA
3 35.5 ± 0.5a,B − 5.8 ± 0.6a,A 15.5 ± 1.0a,A,B 110.7 ± 2.8a,A NA
7 33.9 ± 0.5a, B,C − 5.5 ± 0.2a,A 15.7 ± 0.8a,A 109.5 ± 1.1a,A NA

Coating 0 32.6 ± 0.3a,A,B − 6.5 ± 0.4a,A 16.9 ± 2.2a,B 111.3 ± 3.3a,B,C 2.3 ± 1.2a,A

1 34.4 ± 1.5b,A − 5.4 ± 0.4b,A 15.2 ± 2.5a,A,B,C 109.7 ± 1.8a,A 2.5 ± 1.4a,A,B

3 34.8 ± 0.7b,B − 5.2 ± 0.1b,A 16.0 ± 0.9a,A,B 108.0 ± 0.9a,A 1.4 ± 0.3a,A,B

7 34.6 ± 1.0b,C,D − 5.2 ± 0.1b,A 16.0 ± 0.9a,A 108.0 ± 0.9a,A 1.3 ± 0.6a,A

Ozonation 0 34.6 ± 0.4a,b,A,B − 5.3 ± 0.3a,B 15.5 ± 2.2a,A,B 109.1 ± 3.1a,B 2.7 ± 0.7a,b,A

1 35.0 ± 1.5b,A − 5.5 ± 0.6a,A 16.1 ± 1.0a,C,D 108.9 ± 2.7a,A 3.3 ± 1.4b,A,B

3 33.4 ± 0.6a,b,A − 5.5 ± 0.8a,A 14.9 ± 0.7a,A,B 110.4 ± 3.6a,A 2.4 ± 0.6a,b, B

7 33.2 ± 0.7a,A,B − 5.5 ± 0.8a,A 14.9 ± 0.7a,A 110.4 ± 3.6a,A 1.3 ± 0.8a,A

Coating/ozonation 0 34.2 ± 0.6a,A,B − 6.6 ± 0.5a,A 14.4 ± 0.6a,A,B 114.5 ± 2.5b,C 2.3 ± 1.2a,A

1 33.9 ± 2.4a,A − 5.2 ± 0.8b,A 13.8 ± 0.3a,A,B 110.5 ± 3.2a,b,A,B 2.0 ± 1.2a,A

3 35.4 ± 0.9a,B − 5.4 ± 0.3b,A 15.7 ± 0.3b,A,B 108.8 ± 1.1a,A 1.0 ± 0.2a,A

7 35.3 ± 1.0a,D − 5.4 ± 0.3b,A 16.2 ± 0.9b,A 108.4 ± 1.4a,A 1.8 ± 0.9a,A

Irradiation 0 32.4 ± 0.9a,A − 5.9 ± 0.11a,A,B 15.5 ± 2.3a,A,B 111 ± 2.9a,B,C 3.45 ± 1.2b,A

1 33.5 ± 0.65a,A − 5.7 ± 0.4a,A 14.2 ± 0.9a,A,B,C 111.9 ± 2.5a,B 1.2 ± 0.7a,A

3 35.5 ± 0.5b,B − 5.8 ± 0.55a,A 15.5 ± 1 a,A,B 110.7 ± 2.8a,A 1 ± 0.2a,A

7 32.2 ± 0.7a,A − 5.7 ± 0.1a,A 15 ± 0.6a,A 110.8 ± 1a,A 1.9 ± 0.6a,A

Coating/irradiation 0 34.9 ± 1.8a,B − 5.4 ± 0.4a,B 13.3 ± 2a,A 112.2 ± 2.9a,B,C 1.9 ± 0.75a,A

1 35.1 ± 0.2a,A − 5 ± 1.1a,A 14.7 ± 0.7a,A,B,C 108.8 ± 3.6a,A,B 2.4 ± 0.2a,A,B

3 35.2 ± 0.3a,B − 5 ± 1a,A 15.5 ± 0.9a,A,B 108.2 ± 4a,A 1.4 ± 0.4a,A,B

7 34.8 ± 0.8a,C,D − 5.1 ± 1a,A 15.5 ± 0.9a,A 108.2 ± 4.1a,A 1.6 ± 0.5a,A

Coating/ozonation/irradiation 0 32.4 ± 0.9a,A − 5.3 ± 0.55a,B 15.4 ± 1.4a,A,B 108.9 ± 1.9a,B 2.7 ± 1.4A

1 34.3 ± 1.5b,A − 5.2 ± 0.17a,A 15.6 ± 1 a,B,C,D 108.5 ± 1.7a,A,B 2.6 ± 1.2a,A,B

3 33.7 ± 0.46a,b,A − 5.1 ± 0.6a,A 14.8 ± 1.5a,A 109 ± 2.2a,A 2.4 ± 0.6a,B

7 33.5 ± 0.4a,b,B,C − 5.1 ± 0.6a,A 14.8 ± 1.5a,A 109 ± 2.2a,A 1.6 ± 0.7a,A
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At day 1, no significant change (p > 0.05) was measured after 
all treatments. At day 3, a significant decrease of L* value 
(p ≤ 0.05) was noted after ozonation (slight darkening from 
35.5 to 33.4%) and also in the presence of combined treat-
ment of coating/ozonation/irradiation (from 35.5 to 33.7%), 
and finally, at day 7, no significant change (p > 0.05) was 
obtained for all the treatments compared to control samples, 
with L* values ranging at 33.9–35.3%.

Regarding the evolution of L* parameter for each treat-
ment in function of storage time, results showed that L* 
value was stable in control samples (32.6–35.5%), and 
all samples treated by ozonation (33.2–35.0%), coating 
(32.6–34.8%), combined treatment of coating/ozonation 
(33.9–35.4%), irradiation (32.2–35.5%), and combined treat-
ments of coating/irradiation (34.8–35.2%) and coating/ozo-
nation/irradiation (32.4–34.3%). Although some treatments 
led to a significant increase (p ≤ 0.05) of L* value over 
storage, but this whitening variation is not so important at a 
macroscopic level (no visual change) and can be attributed 
to slight variations of darkness in peppers lots, therefore, 
suggesting a relative stability of lightness in green peppers 
throughout storage.

Analysis of the a* parameter (green area)

At day 0, a significant decrease of a* value (p ≤ 0.05) was 
measured after coating and combined treatment of coating/
ozonation, with values varying from − 5.8 for control sam-
ples to − 6.5 and − 6.6 for the respective treatments that 
emphasis slightly green color. Thereafter, no significant 
change (p > 0.05) was observed for all the treatments until 
day 7, suggesting a high stability of green color in peppers 
over storage.

Regarding the evolution of a* value for each treatment, 
results showed a stability of a* parameter (p > 0.05) in con-
trol samples (range of − 5.8 to − 5.5) and samples treated 
by ozonation (− 5.5 to − 5.3), coating (− 6.5 to − 5.2), com-
bined treatments of coating/ozonation (− 6.6 to − -5.2), 
irradiation (− 5.9 to − 5.7), combined treatments of coating/
irradiation (− 5.4 to − 5.0), and coating/ozonation/irradiation 
(− 5.3 to − 5.1).

During storage time, a significant increase of a* value 
(p ≤ 0.05) indicative of a slight decrease of green color was 
detected for sample treated with coating (− 6.5 to − 5.2) and 
combined treatments (− 6.6 to − 5.4). Here again, these vari-
ations are not sufficient at a macroscopic visual level and can 
be related to intrinsic green changes in peppers lots and also 
the presence of coating.

Analysis of the b* parameter (yellow area)

The b* parameter tended to be more stable at the detection 
level of the analyses compared to the L* and a* parameters. 

Indeed, at day 0, no significant change (p > 0.05) was 
measured between the samples with a value ranging at 
13.3–16.9. At day 1, no significant difference (p > 0.05) was 
noted between treatments, except an increase of b* value 
(p ≤ 0.05) between the control (13.3) and samples treated 
by ozonation (16.1), suggesting a slight increase of yellow-
ness in peppers. However, these variations could be related 
to the slight whitening (increase of L*) of peppers at day 0 
after ozonation, which were not sufficient to involve visible 
changes and could be neglected. Thereafter, no significant 
change (p > 0.05) was noted within the groups until day 7, 
with a stable b* value ranging from 14.8 to 16.2. This sta-
bility of the b* parameter is supposed to generate constant 
values of hue (h°) as a more suitable parameter to quantify 
the color properties in vegetables. Regarding the evolution 
of b* value for each treatment, results showed a stability of 
b* (p > 0.05) in all sample groups except for samples treated 
with combined treatment (coating/ozonation) for which a 
significant increase of b* value (p ≤ 0.05) occurred dur-
ing storage time (from 13.8 at day 1 to 16.2 at day 7). Here 
again, this increase of yellowness parameter could be associ-
ated with the increase of L* value after treatment by coat-
ing, but these changes are not susceptible to produce visual 
macroscopic modifications.

Analysis of the hue angle (h°)

The hue (h°) is a color parameter mostly used to define the 
variation of color, implying a* and b* axes altogether in 
the CIELab space as a mathematical reciprocal angle, indi-
cating in this case a variation in the yellow–green quarter 
(90–180°) of the color system. In consequence to the previ-
ous observations of a* and b* parameters, no significant 
change of h° (p > 0.05) was measured within all the treat-
ments during storage, which means that notwithstanding the 
kind of treatment, the color of peppers was not changed sig-
nificantly over storage time with h° range of 108.0°–114.5°. 
This high stability of h° is a quality parameter to indicate 
that all treatments applied on green peppers are suitable by 
considering the visual properties of vegetables. Regarding 
the evolution of h° for each treatment, results showed no 
significant changes (p > 0.05) during storage.

Analysis of the total color difference (ΔE)

The total change of color (ΔE) of green peppers through-
out storage was determined to evaluate the impact of the 
treatments in comparison to control samples (ΔE = 0) 
at each day of analysis. However, ΔE, maybe, presents 
the lower accuracy due to the fact that it computes the 
difference in the three axes of the CIELab system. It is 
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interesting to note that the variation in total color differ-
ence was more noticeable in samples treated by ozonation 
and irradiation at day 0. Indeed, ΔE was constant in sam-
ples treated by coating with a typical ΔE value ranging 
(from 1.3 to 2.3), combined treatment of coating/ozonation 
with (1.0–2.3), combined treatment of coating/irradiation 
with (1.4–1.9), and combined treatment of coating/ozo-
nation/irradiation with (1.6–2.7). Besides, the samples 
treated by ozonation generated a significant increase of 
ΔE (p ≤ 0.05) at day 3 compared to the other treatments. 
However, this color difference is not relevant, since no dif-
ference (p > 0.05) was determined between treatments at 
day 7. Regarding the evolution of ΔE for each treatment, 
results showed no significant variation of ΔE (p > 0.05) 
between day 0 and day 7, which demonstrates no color 
variation when comparing the three treatments compared 
to control samples. Furthermore, such low variations in 
index ΔE did not implicate any perceptible visual changes 
of color between samples. Therefore, from these experi-
ments, it can be postulated that ΔE < 4 do not indicate 
noticeable visual changes in green peppers.

Souza et al. showed that exposure of carrots to ozone 
as gas and dissolved in water did not alter the weight loss 
percentage, firmness, and the color of the vegetable. More-
over, O3 as gas increased the shelf life of carrots [52].

Furthermore, it was observed that, among the applied 
non-thermal treatments, ozonation was the unique treat-
ment that provided microbial reductions in red bell pep-
pers significantly higher than the ones obtained by water 
washings. Ozonation also allowed satisfactory retention 
of the quality characteristics of the stored sample. Conse-
quently, it can be considered the elected pre-treatment for 
frozen storage of red bell peppers [53].

Fan et al. suggested that irradiation had a little effect 
on firmness or Hunter color parameters of the minimally 
processed iceberg lettuce, but increased antioxidant and 
phenolic contents [54]. Marathe et al. irradiated dried red 
kidney beans (Phaseolus vulgaris), in the dose range of 
0.25–10.0 kGy, and they found physical characteristics 
such as appearance, color, texture, aroma, taste, and over-
all acceptability stayed stable during the storage time [55].

Determination of chlorophyll content

The effect of treatments on the chlorophyll content in green 
peppers is presented in Table 3. Results are expressed in 
content of chlorophyll-a (Cha), chlorophyll-b (Chb), and 
total chlorophyll (Chtotal = Cha + Chb). Chb differs from 
Cha in one aldehyde group bounded to the porphyrin ring, 
and is, consequently, more soluble than Cha in polar sol-
vents [30, 38].

Analysis of Cha content

At day 1, a significant decrease (p ≤ 0.05) of Cha content 
is observed after ozonation and irradiation treatments alone 
or combined with other treatments (i.e., in samples treated 
with ozonation and irradiation alone, a decrease from 3.48 to 
3.32 and 3.30 µg/mL, respectively, was observed). However, 
this decrease is not so important at biological level (slight 
decrease of 0.16–0.18 µg/mL), possibly due to the intrinsic 
variation of chlorophyll content in green peppers’ lots.

At days 3 and 7, the Cha content was similar (p > 0.05) 
in samples, suggesting that the different treatments did not 
affect the Cha content over time. Regarding the evolution 
of Cha content for each treatment in function of storage 
time, results showed that Cha content is stable in control 
samples (3.48–3.60 µg/mL), samples treated by ozonation 
(3.32–3.60 µg/mL), coating (3.31–3.41 µg/mL), combined 
treatment of coating/ozonation (3.31–3.41 µg/mL), irradia-
tion (3.3–3.45 µg/mL), combined treatments of coating/irra-
diation (3.34–3.45 µg/mL) and coating/ozonation/irradiation 
(3.32–3.44 µg/mL). Here again, these slight decrements are 
not so important at a biological level and can be attributed 
to slight variations in peppers lots.

Analysis of Chb content

The treatments have not affected the Chb content in green 
peppers at days 1 and 3, with a Chb range of 6.18–6.67 µg/
mL in within sample groups. However, at day 7, the Chb 
content of peppers was significantly reduced (p ≤ 0.05) 
after coating, combined treatments of coating/ozonation, 
and also coating/irradiation with a reduction from 6.50 to 
6.13 µg/mL. Combined treatment of coating/ozonation/
irradiation also showed a reduction from 6.50 to 6.15 µg/
mL. Despite a statistical significance (p ≤ 0.05), these slight 
decreases could be also related to the intrinsic variations 
of Chb contents in peppers lots. The ozonation and irradia-
tion process did not affect significantly (p > 0.05) the Chb 
content at day 7, with a respective concentration of 6.26 
and 6.30 µg/mL in peppers. Regarding the evolution of Chb 
content for each treatment, results showed that Chb content is 
stable in all sample groups, with 6.33–6.50 µg/mL in control 
samples, 6.13–6.26 µg/mL after coating, 6.26–6.67 µg/mL 
after ozonation and 6.13–6.26 µg/mL after combined treat-
ment of coating/ozonation, 6.12–6.3 µg/mL after irradia-
tion, 6.13–6.35 µg/mL after combined treatment of coating/
irradiation, and, finally, 6.15–6.38 µg/mL after combined 
treatment of coating/ozonation/irradiation.

Analysis of Chtotal content

As a subsequent result of Cha and Chb analyses, no signifi-
cant effect of the treatments (p > 0.05) was observed at days 
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1 and 3, with Ctotal values of 9.81–10.27 µg/mL in control 
samples, 9.59–9.64 µg/mL after coating, 9.92–10.27 µg/mL 
after ozonation and 9.59–9.64 µg/mL after combined treat-
ment of coating/ozonation, 9.43–9.73 µg/mL after irradia-
tion, 9.69–9.73 µg/mL after combined treatment of coating/
irradiation, and, finally, 9.82–9.67 µg/mL after combined 
treatment of coating/ozonation/irradiation. At day 7, as 
precisely observed for Chb analysis, the Chtotal content of 
peppers was significantly reduced (p ≤ 0.05) after coating 
and combined treatment of coating/ozonation with a reduc-
tion from 10.01 to 9.43 µg/mL for both treatments and also 
combined treatment of coating/ozonation/irradiation with a 
reduction of 10.01–9.47 µg/mL. Moreover, the ozonation 
process did not affect significantly (p > 0.05) the Chtotal con-
tent at day 7, with a concentration of 9.79 µg/mL compared 
to 10.01 µg/mL in control samples. Regarding the evolution 
of Chtotal content for each treatment, results showed that con-
trol samples and samples treated by ozonation and irradia-
tion have an expectedly constant Chtotal content over storage 
time (p > 0.05). Oppositely, coating alone and in combined 
treatments generated a significant decrease (p ≤ 0.05) of 

Chtotal over storage time, although, from a biological point of 
view, these changes can be considered as minor variations.

Overall, based on the evolution of Cha, Chb, and Chtotal, 
these results suggest that some statistical differences were 
noted in chlorophyll content of green peppers after coating 
and combined treatments, but very slight decreases (non-
detrimental at biological level) were obtained. Hence, it can 
be considered that the different treatments did not affect 
adversely the chlorophyll content in green peppers, which 
is in accordance with colorimetric results. Otherwise, ozo-
nation and irradiation processes generally had no effect on 
chlorophyll content throughout the storage, suggesting that 
these technologies can be used in combination with antibac-
terial coating without affecting the quality of green peppers 
based on their green pigmentation.

Indeed, the experimental results showed positive trends 
of relative stability in chlorophyll content during storage. 
The slight differences due to the treatments could be associ-
ated with intrinsic variations of chlorophyll content in some 
peppers lots rather than oxidation generated by the coating 
components, irradiation, or ozonation process.

Table 3   Effects of different 
antimicrobial treatments on the 
chlorophyll content of green 
peppers

1 For each treatment, means followed by the same lowercase letter from day 0 to day 7 are not significantly 
different (p > 0.05)
2 For each day of analysis, means followed by the same uppercase letter for the comparison of treatments 
are not significantly different (p > 0.05)
3 Cha = chlorophyll-a, Chb = chlorophyll-b, Chtotal = total chlorophyll = Cha + Chb

Treatment Days Chlorophyll content (µg/mL)1,2

Cha Chb Chtotal
3

Control 1 3.48 ± 0.01a,C 6.33 ± 0.06a,A 9.81 ± 0.07a,B

3 3.60 ± 0.22a,B 6.67 ± 0.41a,B 10.27 ± 0.64a,B

7 3.50 ± 0.14a,B,C 6.50 ± 0.29a,B 10.01 ± 0.43a,B

Coating 1 3.41 ± 0.02b,B,C 6.18 ± 0.04a,b,A 9.59 ± 0.06b,A,B

3 3.38 ± 0.01b,A 6.26 ± 0.01b,A 9.64 ± 0.01b,A

7 3.31 ± 0.03a,A 6.13 ± 0.07a,A 9.43 ± 0.10a,A

Ozonation 1 3.32 ± 0.09a,A,B 6.60 ± 0.36c,B 9.92 ± 0.32a,b,B

3 3.60 ± 0.04b,B 6.67 ± 0.08b,B 10.27 ± 0.12b,B

7 3.53 ± 0.18a,b,C 6.26 ± 0.01a,A 9.79 ± 0.18a,A,B

Coating/ozonation 1 3.41 ± 0.02b,B,C 6.18 ± 0.04a,b,A 9.59 ± 0.06b,A,B

3 3.38 ± 0.01b,A 6.26 ± 0.01b,A 9.64 ± 0.01b,A

7 3.31 ± 0.15a,A 6.13 ± 0.07a,A 9.43 ± 0.10a,A

Irradiation 1 3.3 ± 0.03a,A 6.12 ± 0.06a,A 9.43 ± 0.1a,A

3 3.45 ± 0.01c,A,B 6.27 ± 0.04b,A 9.73 ± 0.048b,A

7 3.4 ± 0.01b,A,B 6.3 ± 0.01b,A,B 9.71 ± 0.02b,A

Coating/irradiation 1 3.34 ± 0.03a,A 6.35 ± 0.06c,A 9.69 ± 0.1b,A

3 3.45 ± 0.01b,A,B 6.25 ± 0.04b,A 9.73 ± 0.048b,A

7 3.43 ± 0.01b,A,B 6.13 ± 0.01a,A,B 9.56 ± 0.02a,A,B

Coating/ozonation/irradiation 1 3.44 ± 0.07a,C 6.38 ± 0.15b,A 9.82 ± 0.22a,B

3 3.44 ± 0.05a,A,B 6.23 ± 0.08a,b,A 9.67 ± 0.14a,A

7 3.32 ± 0.03a,A,B 6.15 ± 0.07a,A 9.47 ± 0.11a,A



1106	 European Food Research and Technology (2019) 245:1095–1111

1 3

Indeed, food-processing conditions greatly influence the 
rate and pathway of chlorophyll degradation. Therefore, 
using the innovative methods to preserve the original typi-
cal green color of fresh product is one of the fundamental 
customer demands. Food processing can induce structural 
and chemical changes on cells and tissues, resulting to the 
dramatic color changes. As chlorophyll is sensitive to low 
pH and the temperatures and length of treatment, it may 
quickly get involved in some enzymatic/chemical reaction, 
resulting in producing undesirable colorless/brownish prod-
ucts such as pheophytins and also reduction in quality of 
such products [56]. Chlorophyll breakdown shifts color from 
bright green to a variety of color shades such as yellow, 
brown, and orange in the processed products [57].

Turkmen et al. was studied the effect of microwave and 
conventional cooking methods on chlorophyll pigments and 
color properties of squash, green beans, peas, leek, broccoli, 
and spinach [58]. They observed that most of the pheophytin 
formations occurred in boiled and the least in microwaved 
vegetables [58].

Irradiation at 2.5 kGy or above can be used to reduce or 
eliminate the residual chlorophyll in oil processing without 
developing lipid oxidation during the irradiation process, 
which would prolong the shelf life of oil products, but it 
had no effect on chlorophyll content at below 1 KGy [59].

Saitanis et al. exposed seven commercial tobacco vari-
eties (Nicotiana tabacum L.) to two relatively low ozone 
concentrations (90 or 135 ppb) for 20 consecutive days (8 h 

per day) [60]. They observed that ozone caused depression 
of photosynthetic mechanism and chlorophyll diminution. 
This decrement was obtained because of leaves exposure 
to high ozone concentration (> 1000 ppb) during long time.

Our findings are in contrast with the mentioned results, 
because irradiation at 0.5  kGy and exposure to ozone 
(10 ppm for 5 min) had no negative effect on chlorophyll 
content of green peppers.

Determination of vitamin C content

The effect of treatments on the vitamin C content in green 
peppers is presented in Table 4. Results are expressed in 
content of free ascorbic acid (AA), dehydroascorbic acid 
(DHA), and total ascorbic acid (AA + DHA) in mg/100 g 
extract. DHA always occurs in food in conjunction with AA. 
The simultaneous determination of DHA and AA is, there-
fore, always necessary. The accuracy of the determination of 
DHA depends on its relation to AA (the weight ratio of AA/
DHA should be < 5:1). The differences related to the treat-
ments could be associated with the intrinsic variations of 
vitamin C content in some peppers lots rather than oxidation 
of AA into DHA generated by the coating components or 
ozonation process. However, it was observed that the com-
bined treatments in the presence of ozone and/or irradiation 
induced a higher sensitivity of vitamin C than the other treat-
ments, as discussed below.

Table 4   Concentrations (mg/100 g) of l-(+)-ascorbic acid (vitamin C) decomposed into free ascorbic acid (AA), dehydroascorbic acid (DHA), 
and total ascorbic acid (AA + DHA) in green peppers extracts as a function of treatments and storage time

AA ascorbic acid, DHA dehydroascorbic acid
1 For each day of analysis, means followed by the same lowercase letter, for the comparison of treatments, are not significantly different (p > 0.05)
2 For each treatment, means followed by an asterisk (*), from day 0 to day 14, are significantly different (p ≤ 0.05)
3 Percentage of reduction of total vitamin C (AA + DHA) determined between day 1 and day 14

Treatment Days Vitamin C content (mg/100 g)1,2 Percentage of reduc-
tion (AA + DHA %)3

AA DHA AA + DHA

Control 1 45.84 ± 1.68b 9.65 ± 2.34a 55.50 ± 4.01b 14.3
14 17.49 ± 1.19c* 30.07 ± 5.54c,d* 47.57 ± 6.74c,d

Coating 1 60.10 ± 3.68e 5.34 ± 1.82a 65.44 ± 1.94c 10.9
14 19.22 ± 1.11d* 39.11 ± 1.83e* 58.33 ± 1.13e*

Ozonation 1 46.58 ± 0.46b,c 5.05 ± 0.46a 51.63 ± 0.80a,b 11.2
14 15.88 ± 0.37b* 29.95 ± 4.30c,d* 45.83 ± 4.17c,d

Coating/ozonation 1 56.16 ± 2.66d 22.87 ± 7.88b 79.04 ± 10.14d 39.2
14 14.96 ± 0.93a,b* 33.11 ± 2.00d,e* 48.06 ± 1.19d*

Irradiation 1 44.35 ± 10a,b 5.56 ± 1.05a 49.9 ± 1.3a,b 11.1
14 14.14 ± 0.4a* 30.2 ± 1.5c,d* 44.34 ± 1.78c,d*

Coating/irradiation 1 53.86 ± 2.26d 4.75 ± 2a 56.46 ± 1.22b 44.8
14 14.39 ± 1.3a,b* 16.46 ± 4a* 30.85 ± 4.2a*

Coating/ozonation/irradiation 1 41 ± 1.44a 5.19 ± 1a 46.21 ± 2.31a 20
14 14.89 ± 0.42a,b* 22.15 ± 3.11a,b* 37 ± 3.5a,b*
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Analysis of AA content (free ascorbic acid)

At day 1, the AA content is significantly higher (p ≤ 0.05) 
for peppers treated with coating, the combined treatments 
of coating/ozonation and coating/irradiation (60.1, 56.2 and 
53.86 mg/100 g, respectively), compared to control, Ozona-
tion, and irradiation alone (45.8, 46.6, and 44.35 mg/100 g, 
respectively). These higher values in the presence of coat-
ing could be due to the presence of ascorbic acid in citrus 
extract. However, at day 14, a lower significant AA con-
tent (p ≤ 0.05) is measured for all the treatments at a range 
of 14.14–15.88 mg/100 g compared to 17.5 mg/100 g for 
control and 19.2 mg/100 g for coating. These observations 
supposed that a high proportion of AA was oxidized during 
storage in all the treatments, whereas the vitamin C avail-
able in antimicrobial coating led to increase AA value in 
samples treated with coating. Furthermore, at day 14, the 
higher AA content is found in control and samples treated 
by coating with no significant difference (p > 0.05) between 
each other, confirming that ozonation and irradiation alone 
or in combined treatments may have noticeable effect on AA 
oxidation. Regarding the evolution of AA content for each 
treatment in function of storage time, results also confirmed 
a significant reduction of AA content (p ≤ 0.05) for each 
treatment between day 1 and day 14 (decrease of 62–73%). 
As observed in the previous results of color and chlorophyll 
analyses, these reductions can be caused due to inherent 
oxidation process in green peppers during the second week 
of storage. This decrement can be explained by increasing 
DHA, the oxidized form of AA, during storage time.

Analysis of AA + DHA content (total ascorbic acid)

The quantification of AA + DHA was carried out similarly 
to that of AA, but in the presence of a reducing agent (DTT) 
to promote the reverse conversion of DHA into AA. At day 
1, the AA + DHA content in function of the treatment fol-
lowed the same pattern like as AA content. Significantly 
higher AA + DHA contents (p ≤ 0.05) were determined for 
samples treated with coating and combination of coating/
ozonation (65.4 and 79.0 mg/100 g, respectively), compared 
to control, ozonation alone, and also irradiation alone or in 
combined treatments. At day 14, like as AA analysis, sig-
nificantly higher AA + DHA content (p ≤ 0.05) was observed 
for samples treated with coating (58.3 mg/100 g), whereas 
no significant difference (p > 0.05) is noted between control 
and samples treated with ozonation and combined treatments 
(45.8–48.1 mg/100 g). These decrements are also signifi-
cantly detected (p ≤ 0.05) in all the treatments in the pres-
ence of irradiation.

Indeed, regarding the evolution of AA + DHA content 
for each treatment between day 1 and day 14, significant 
reductions (p ≤ 0.05) are evidenced for samples treated with 

combined treatment of coating/ozonation, coating/irradia-
tion and coating /ozonation/irradiation (Table 4). Highest 
percentages of AA + DHA reduction were determined after 
combined treatments (20–44.8%) compared to the other 
samples (range of 10.9–14.3% reduction). Therefore, as 
mentioned for AA analysis, these reductions suggest that 
combined treatments using ozonation or irradiation contrib-
uted to the higher loss of total AA + DHA.

Overall, it is important to mention that, after 14 days, the 
AA + DHA (total vitamin C) content in green peppers was 
maintained at acceptable concentrations at a biological level, 
notwithstanding the additional value of vitamins from the 
coating formulation and kind of treatment.

Analysis of DHA content (dehydroascorbic acid)

The quantification of DHA in peppers was established by 
calculating the difference between AA + DHA and AA 
measurements. Therefore, it was expected that the evolu-
tion of DHA between samples and throughout storage time 
would be inversely proportional to AA measurements. At 
day 1, the DHA content is significantly higher (p ≤ 0.05) 
for peppers treated with the combination of coating/ozo-
nation (22.9 mg/100 g) compared to the other samples 
(4.75–9.7 mg/100 g). This higher value can be due to the 
oxidation after ozonation (conversion of AA into DHA). The 
other treatments such as coating, ozonation, and irradiation 
alone and in combined treatments had no effect on DHA 
content compared to control samples (p > 0.05). At day 14, 
the higher DHA content is found in peppers treated with 
coating (39.1 mg/100 g) significantly different (p ≤ 0.05) 
from control and samples treated with other treatments, but 
not significantly different (p > 0.05) from samples treated by 
coating/ozonation (33.1 mg/100 g).

Regarding the evolution of DHA content for each treat-
ment, as a subtractive result from AA + DHA and AA anal-
yses, significant increases (p ≤ 0.05) of DHA are reported 
in all samples, therefore, indicating a significant oxidation 
of initial AA into DHA after 14 days of storage. However, 
as the DHA level is measured at the same range between 
untreated and treated samples (30.0–39.1 mg/100 g), it can 
be concluded that the degree of oxidation of vitamin C in 
peppers has not affected by the kind of treatments. However, 
time and temperature of storage may have more effects. This 
evaluation of DHA allowed determining the oxidation level 
of AA, but the oxidized form (DHA) is biologically effec-
tive as AA.

Green pepper is promising source of vitamin C that can 
be damaged with treatments.

In general, the green tissues contain higher amounts of 
ascorbic acid than non-green tissues. Furthermore, vitamin 
C regeneration capability appears to be closely associated 
with stress responses of plant tissues to various conditions 



1108	 European Food Research and Technology (2019) 245:1095–1111

1 3

such as cold acclimation and ozone exposure. Dehydroascor-
bic acid in freshly post-harvested plants is relatively low and 
may vary from less than 5% or 10% of the total vitamin C 
content in most vegetables, but could be increased to up to 
25% of the total vitamin C activity during refrigerated and 
frozen postharvest storage of vegetables [61].

As it was observed during storage, DHA was increased in 
all samples due to AA transformation. These findings con-
firmed the effect on freezing on AA oxidation despite of kind 
of treatment. These findings are in good agreement with the 
statements of Zhuang and Barth [61].

Chauhan et al. observed that ozone treatment (10 mg/L—
10 min) significantly reduced ascorbic acid and carotene 
content in sliced carrots [62]. However, some recent studies 
showed that ozonation not only has no negative impact on 
ascorbic acid contents of the fresh-cut lettuce and celery, 
but also led to extend the shelf life of fresh-cut lettuce [63, 
64]. Our findings are in good agreement with these results.

Sensory analysis of green peppers

Based on the obtained results, no significant difference 
(p > 0.05) in sensorial properties of peppers treated with 
different treatments in compared to control was observed. 
Hedonic data indicated the ranges of 6.5–7.9 for color, 
5.8–6.4 for odor, 6.1–6.4 for taste, 6.4–6.5 for texture, and 
6.7–6.8 for global appreciation. It means that the trend in 
appreciation was like moderately/like very much for color; 
like slightly for odor, taste, and texture; like moderately for 
global appreciation which is not significantly different from 
control samples with the same appreciation values.

Many studies have shown that irradiation (< 1 kGy) offers 
considerable potential for disinfestation and also extension 
the shelf life of vegetables without impairing their sensory 
qualities [65–68].

Furthermore, in some cases, sensory evaluation tests 
showed that irradiated samples (mangos) were preferred in 
compared to the control [69].

Frimpong et al. also concluded that irradiation at 2 kGy 
did not have much effect on phytochemical and sensory qual-
ity of cut cabbage [70].

Akbas and Ozdemir reported that there were slight 
changes in flavor, appearance, and overall palatability of 
flaked red peppers treated with ozone between 5.0 and 
9.0 ppm [71].

Selma et al. also mentioned that sensory quality was 
maintained in cantaloupe treated by gaseous ozone and no 
off flavors were developed during storage time [72]. Further-
more, Liew and Prange showed that gaseous O3 treatment 
did not affect the global sensory quality of fresh-cut melon 
after 8 day storage [73]. Based on the obtained results, our 
findings are in good agreement with the mentioned studies.

Conclusion

In this work, different antibacterial treatments have been 
tested against three target bacteria. Our results suggested 
a high antibacterial effect of all the tested treatments (coat-
ing, ozonation, and irradiation) on peppers. Irradiation 
at 0.5 kGy was the most effective treatment to reduce the 
studied microorganisms. The combination of ozonation and 
coating reduces significantly all the studied bacteria. It is 
important to note that the combination of ozonation, coating, 
and irradiation inhibits quickly and effectively L. innocua, 
E. coli, and S. enterica.

The results of colorimetry suggested that treatments had 
no effect on color parameters (L*, a*, b*, hue, and ΔE) of 
green peppers, and also, it can be postulated that ΔE < 4 do 
not indicate noticeable visual changes in green peppers. In 
addition, chlorophyll results showed that the use of ozona-
tion and coating alone or in combination had no negatively 
effect on chlorophyll content of peppers. The effect of the 
coating, ozonation, irradiation, and their combined treat-
ments on the chlorophyll content of peppers has shown no 
detrimental decrease of total chlorophyll at a biological level 
of 9.43–10.0 µg/mL of extract.

The effect of coating, ozonation, irradiation, and their 
combined treatment on vitamin C content of the peppers 
highlighted the sensitivity of vitamin C to oxidation in 
green peppers. However, overall, similar trends of vitamin 
C content were determined within all the groups (control and 
treated samples) at an acceptable concentration, ensuring a 
possible application of such treatments during storage.

Furthermore, these analyses showed some statistical dif-
ferences in total vitamin C content after coating treatment 
(caused by coating content) and mostly after combined treat-
ments implying ozonation and/or irradiation. However, the 
range of total vitamin C was measured in all samples at satis-
fying concentrations, ranging from 30.85 to 65.44 mg/100 g 
of pepper extract.

The evaluation of organoleptic attributes of samples 
treated with different treatments revealed no significant dif-
ference compared to control samples, suggesting that these 
treatments are acceptable for further commercialization as 
natural bio-preservative (coating) and non-residual/non-
thermal treatments.
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