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ABSTRACT

The aim of this study was to evaluate three different 
antimicrobial strategies—washes, essential oil vapor 
phases, and coatings—against Escherichia coli O157:H7 
and Salmonella Typhimurium to improve the safety of 
strawberries. Results indicated that 0.5% acetic acid 
and acidified 0.1% sodium chlorite were effective in 
reducing the population of E. coli O157:H7 (1.6 and 2.6 
log CFU/g) and Salmonella Typhimurium (2 and 2.8 log 
CFU/g), respectively. Thyme essential oil vapor at 500 µL/
Lair showed greater inhibition against E. coli O157:H7 
and Salmonella Typhimurium on strawberry (2 and 3 log 
CFU/g, respectively) than oregano oil (1.5 and 2.5 log 
CFU/g, respectively; P < 0.05). During challenge studies, 
the coatings containing grape seed nanoparticles and 
pomegranate peel nanoparticles were demonstrated to 
effectively inhibit (P < 0.05) these pathogens compared with 
the control coatings. Overall, a greater antimicrobial activity 
(>4 log CFU/g) was observed when the different systems 
were combined, demonstrating the possibility to use these 
strategies to improve the quality and safety of strawberries.

INTRODUCTION
In recent years, consumer demand for fresh, healthy, and 

nutritious foods has increased (62), posing questions on 
the microbial safety of handling and packing operations (7). 
In the United States, fresh produce is ranked as the fourth 
food commodity responsible for foodborne outbreaks, being 
involved in 1.2 million illnesses, 7,100 hospitalizations, 134 
human deaths, and $1.4 billion in associated costs each year 
(5, 17). Because pathogenic bacteria can survive a wide range 
of pH and temperature conditions, they represent a threat for 
the produce industry (53). Between 2009 and 2013, several 
U.S. states reported outbreaks linked to fresh produce, in 
particular, strawberries and blueberries contaminated with 
Salmonella Newport, Escherichia coli O157:H7, and E. coli 
O26 (13, 15, 37, 42).

Strawberry (Fragaria × ananassa) is a highly desirable fruit 
for taste and flavor and a good source of bioactive com-
pounds such as vitamins, minerals, anthocyanins, polyphe-
nols, and natural antioxidants (28). The quality of strawber-
ries can decrease rapidly due to physiological stressors, water 
loss, fungal decay, and high respiration rate (39). Therefore, 
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researching strategies to ensure the safety and enhance the 
quality of strawberries is important for the produce industry 
worldwide. Egypt is the fifth largest grower of strawberries 
worldwide, producing approximately 350,000 tons per year 
(18); thus, ensuring the safety of strawberries is key in Egypt. 
The goal of the current Egyptian policy Vision 2030 is to im-
prove the safety of food products consumed domestically and 
internationally by using novel and effective techniques (43). 
Several inactivation strategies have been suggested and inves-
tigated to inactivate pathogen contamination on strawberries 
by using dips or sprays (33). However, in these applications, 
the efficacy of the antimicrobial substances has been limited 
due to the uncontrolled migration and inactivation of the 
active compounds when interacting with food components 
(8). Other antimicrobial agents, such as essential oils (EOs) 
(49) and/or active coating techniques (48), could potentially 
overcome these limitations by having a controlled release of 
active compounds and interacting directly with the microor-
ganisms on the food (24, 47).

Hence, the aim of this research was to evaluate the effect- 
iveness of integrating systems based on antimicrobial washes 
and EO vapor phases as well as grape seed (GS) and pome-
granate peel (PP) pullulan (Pu) coatings to reduce and 
control the growth of E. coli O157:H7 and Salmonella Typh-
imurium on experimentally inoculated strawberries stored 
at refrigerated temperatures for 18 days. EOs are natural 
active components that have been widely used in coatings 
for produce, such as strawberry, tomato, and grape (4, 9, 41), 
and in vapor phase applications for animal food products (26, 
32, 49). Food processing by-products (such as GS and PP) 
have bioactive compounds, that is, phenolics and flavonoids 
(1), that are well known for antioxidative, anti-inflammatory, 
and other health benefits (29, 56). These by-products have 
gained extra attention in recent years due to their potential to 
improve color, flavor, and microbial quality (36, 45).

Pu is a water-soluble polysaccharide obtained from Au-
reobasidium pullulans (20) that produces colorless, odorless, 
tasteless, transparent films impermeable to both oxygen and 
oil (64). Several researchers have already demonstrated the 
effectiveness of Pu films to control the growth of postharvest 
fungi on strawberries (60) and the use of Pu coatings to im-
prove strawberries quality and shelf life (21). Nevertheless, 
the application of these interventions alone presents limited 
efficacy, whereas the integration of such systems might offer 
an enhanced effect on the safety and quality of fresh fruits.

MATERIALS AND METHODS
Bacterial strains

E. coli O157:H7 (ATCC 43895, American Type Culture 
Collection, Manassas, VA) and Salmonella Typhimurium 
(ATCC 14028, American Type Culture Collection) were 
the two bacterial strains used in this study. Cultures were 
maintained on tryptic soy agar (TSA; Biolife, Italiana, Italy). 
The day of the experiment, bacteria were activated twice in 

tryptic soy broth (Biolife) and incubated at 37°C for 16 h. 
Afterward, bacterial cells were harvested and centrifugated 
(1,500 × g at 4 ± 1°C). The obtained pellets were washed and 
resuspended in 10 mL of sterile 0.1% buffered peptone water 
(Biolife) at a final population of ~5 log CFU/mL. Bacterial 
count was verified by enumeration on TSA (19).

Produce
Fresh strawberries (Fragaria ananassa cv. Camarosa) were 

purchased from a local farm in Qaluobia, Egypt, for the 
challenge study in July 2019. All fruits were selected based on 
the same ripening stage (three-fourths of the surface showing 
red), were of uniform size, and free from visible defect 
and decay. Pu was supplied by the Hayashibara Company 
(Okayama, Japan). Glycerin, xanthan gum, chlorine (C), so-
dium chlorite (SC), citric acid (CA), lactic acid (LA), acetic 
acid (AA), and calcium chloride were purchased from El-
Nasr Company (Cairo, Egypt). Food-grade thyme (Thymus 
vulgaris) and oregano (Origanum vulgare) oils were obtained 
from the Pharaonic Company (Cairo, Egypt).

Antimicrobial strategies
Different strategies were evaluated: washing solutions, 

antimicrobial coatings, and vapor phase antimicrobial agents. 
Because of the delicate nature of strawberries, the washing 
solutions were to simulate hospitality preparation, where the 
fruits need to be washed and consumed immediately. The 
other two strategies were to simulate treatment to be used 
during handling and packing operations.

Washing solutions
Six different antimicrobial washing solutions, in addition 

to sterile tap water, were tested for efficacy on experimentally 
inoculated E. coli O157:H7 and/or Salmonella Typhimurium. 
The washing solutions used in the present study were CA 
(0.5% [w/v]), LA (0.5% [w/v]), AA (0.5%, [v/v]), C (100 
ppm), SC (0.1% [w/v]), and acidified SC (ASC; 0.1% [w/v]).

Antimicrobial coatings
Pu coating was prepared according to the method de-

scribed by Morsyet al. (46), with slight modifications. Briefly, 
Pu (5% [w/v]) was dissolved in distilled water at 60 ± 1°C 
and then glycerol (2% [w/v]) and xanthan gum (0.1% 
[w/v]) were added. The solution was gently mixed at room 
temperature for ~6 h and autoclaved at 121°C for 15 min. 
The Pu solution was left to cool and subsequently 1% antimi-
crobial solutions were added.

Lyophilized GS-nanoparticles (GS-NPs) and pomegran-
ate peel (PP)-NPs were obtained from Al-Marwa Company 
(Cairo, Egypt). The GS and PP were transported to the 
laboratory in an ice box and then treated with 200 ppm sodi-
um hypochlorite for 2 min, washed, dried, and ground (3). 
Subsequently, the ground GS and PP were lyophilized under 
the following conditions: freezing, −40 ± 1°C; dehydration, 
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18 ± 1°C; and condensing, −85 ± 1°C. GS and PP were then 
reduced to nano size according to Khataee et al. (35). Briefly, 
GS and PP were fine ground (model MC300, Moulinex 
France) to micro size (110 to 150 μm) and then crushed by 
a high-energy planetary ball-mill (model PM 2400, Iran) to 
obtain nano size. The transfer process was performed using 
a ball mass-to-powder mass ratio of 10:1 and rotation rate of 
320 rpm for 2 h under atmospheric conditions. GS-NPs and 
PP-NPs were measured by a Zetasizer Nano ZS instrument 
(NanoSight NS300, Malvern Panalytical, Malvern, UK), 
exhibiting with an average size of 65 ± 2 and 80 ± 2 nm, 
respectively. Both NPs were packed in dark glass bottles and 
stored until the experiments.

Antimicrobial activity of antimicrobial strategies (in vitro)
Antimicrobial activity of GS-NPs and PP-NPs was estimat-

ed using a plate overlay assay (55). In brief, plates were over-
laid with 10 mL of semisoft TSA (0.5% [w/v] agar) seeded 
with 100 μL of an overnight broth culture of E. coli O157:H7 
and Salmonella Typhimurium (~5 log CFU/mL). An aliquot 
of 20 μL of each GS-NPs or PP-NPs at different concentra-
tions (0.1, 0.2, 0.3, 0.5, 1, and 1.5% [w/v]) was spotted onto 
seeded lawns and dried in the laminar air hood for 5 min.

Pu coatings incorporated with GS-NPs or PP-NPs were 
cut into pieces (1 by 1 cm). The antimicrobial activity was 
evaluated using plate overlay assays (44). Plates were scored 
for inhibition zones after 48 h of incubation at 37°C.

The antimicrobial activity of the EO vapor phase was 
determined using the inverted petri dish method (66). TSA 
plates were inoculated with 100 μL of E. coli O157:H7 and 
Salmonella Typhimurium suspension (~5 log CFU/mL) and 
allowed to dry 5 min. Sterile filter paper disks (Whatman 
No. 1, Whatman, Maidstone, UK) were positioned on the 
center of the lid of the petri dish, and 0, 10, 50, 100, 250, and 
500 μL of thyme or oregano oil was poured. The plates were 
tightly sealed with Parafilm to avoid vapor fugues and were 
incubated at 37°C for 48 h. Blanks (controls) were performed 
by adding 10 μL of ethanol to the filter paper disks, which 
was shown to have no effect on the viability of the E. coli 
O157:H7 and Salmonella Typhimurium. Inhibition zones 
were measured with a Vernier caliper, and the concentration 
of EOs was expressed as microliters per liter of air (μL/Lair).

Strawberries challenge study (in vivo)
Before each experiment, strawberries were surface treated 

with UV under a laminar flow hood for 15 min to reduce 
background microflora before artificial contamination (52). 
Subsequently, the strawberries were spot inoculated with 
overnight and diluted cultures of E. coli O157:H7 and Salmo-
nella Typhimurium at ~5 log CFU/cm2 and dried for 20 min 
to allow for cell attachment. Strawberries not inoculated were 
used as controls.

Washing solutions
Inoculated strawberries were washed with 0.5% CA, 

0.5% LA, 0.5% AA, 100 ppm C, 0.1% SC, and 0.1% ASC by 
immersion and spray for 2 min (30). The spray method was 
performed using a multifunction manual pressure sprayer 2L 
(Ningbo Synkemi Co., Ltd., Zhejiang, China) with a flow rate 
of 6.5 mL/s. The nozzle was placed vertical at 20 cm over the 
fruits twice each side for 2 min (30).

EO vapor phases
Strawberries were placed in 500-mL hermetic seal trans-

parent glass jars (Middel East of Glass Co., Cairo, Egypt). 
Sterile filter paper disks (Whatman No. 1) were taped on the 
container, and thyme or oregano oil at 500 μL/Lair (EO vol-
umes were adjusted to the total volume of the container) was 
poured on disks. The strawberries were placed on the contain-
ers’ lids, and after pouring the EOs, the containers were closed 
(upside down) and sealed with Parafilm to avoid vapor fugues. 
A blank sample (control) was prepared by adding 10 μL of 
ethanol to the filter paper discs, which was revealed to have no 
impact on the viability of the E. coli O157:H7 and Salmonella 
Typhimurium. The jars were kept at 4 ± 1°C for 18 days (67). 
The concentration of thyme or oregano EO was expressed as 
microliters per liter of air. The experiment was performed in 
triplicates. The jars were kept at 4 ± 1°C for 18 days (66).

Pu coatings
Strawberries were coated with pullulan solution (5% 

[w/v]) one by one and then allowed to dry aseptically in 
a biological safety cabinet at ambient temperature. Several 
treatments were performed: uncoated (control), water wax 
with thiabendazole as positive control (67), pullulan (Pu), 
Pu with GS-NPs (Pu-GS-NPs), Pu with thyme oil vapor and 
GS-NPs (Pu-TOV-GS-NPs), Pu with PP-NPs (Pu-PP-NPs), 
and Pu with TOV and PP-NPs (Pu-TOV-PP-NPs) (58). The 
coated strawberries were placed in a container and kept at 4 ± 
1°C for 18 days.

Microbiological assay
On days 0, 3, 6, 9, 12, 15, and 18, 10 ± 1 g of strawberries 

was aseptically transferred into 90 mL of 0.1% buffered 
peptone water (Himedia, Rabat, Morocco) and stomached 
for 2 min (model G560E mixer, Scientific Industries, Inc., 
Bohemia, NY). Next, serial dilutions (10-fold) were made. 
An aliquot of 100 µL of each dilution was spread plated in du-
plicates onto sorbitol MacConkey agar (Himedia) for E. coli 
O157:H7 and xylose lysine desoxycholate agar (Himedia) for 
Salmonella Typhimurium. All plates were incubated at 37°C 
for 24 to 48 h, and the remaining colonies were counted and 
expressed as log CFU per gram (44).

Statistical analysis
Data from the challenge study were statistically analyzed 

for remaining bacteria by using one-way analysis of variance 
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with a significance level of P ≤ 0.05 (SPSS 20, IBM, Armonk, 
NY). Data were analyzed based on a completely randomized 
design (57). The challenge experiments were conducted in 
triplicate for each treatment (n = 3). Multiple mean compari-
sons were carried out applying least significant difference and 
Duncan’s test (50).

RESULTS AND DISCUSSION
Foodborne pathogens in fresh strawberries

In a preliminary study conducted at the Department of 
Food Technology, Benha University (Qaluobia, Egypt), 
during July 2019, 20 samples of strawberries (2.5 kg for 
each sample) were investigated for the presence of E. coli 
O157:H7, Listeria monocytogenes, Salmonella Typhimurium, 
and other foodborne pathogens. The results demonstrated 
that 85% of samples were positive for E. coli O157:H7 and 
75% for Salmonella Typhimurium (Table 1). Based on these 

observations and on Salmonella Newport, E. coli O157:H7, 
and E. coli O26 being linked to contaminated strawberries 
and blueberries in the United States between 2009 and 2013, 
these pathogens were selected in the present study (13, 15, 
37, 42). Furthermore, because this research represents an 
initial framework to understand the feasibility of several 
intervention strategies for produce safety, only a single strain 
of E. coli and Salmonella were used as model strains.

Washing solutions and reduction of foodborne 
pathogens on strawberries

The effect of different washing solutions (immersion 
or spray) was evaluated and is reported in Figures 1 and 
2. Washing strawberries with tap water for 2 min did not 
significantly reduce (P > 0.05) Salmonella Typhimurium and 
E. coli O157:H7. Among organic acids, after AA, a significant 
reduction (P < 0.05) of 1.60 and 2 log CFU/g was observed 

TABLE 1. Survey of selected foodborne pathogens in fresh strawberry conducted 
in Egypt during summer 2019. The symbol (+) indicates that the 
microorganism was detected, while the symbol (-) indicates that the 
microorganism was not detected

Sample  
ID

Microorganisms

E. coli O157:H7 L. monocytogenes Salmonella Typhimurium S. aureus

1 + − + −
2 + − − +
3 − − + −
4 + − + −
5 + − + −
6 + − + −
7 − − + −
8 + − + −
9 + − + −

10 − − + −
11 + − − −
12 + − + −
13 + − + −
14 − − + +
15 + − + −
16 + − + −
17 − − + −
18 + − + −
19 + − − −
20 + − + −
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FIGURE 1. Effect of antimicrobial washes on experimentally inoculated strawberries with E. coli O157:H7, reported as log reduction (CFU/g).  
Values are the average of triplicate samples from each of three experiments (n = 9); error bars represent SD.

FIGURE 2. Effect of antimicrobial washes on experimentally inoculated strawberries with Salmonella Typhimurium, reported as log  
reduction (CFU/g). Values are the average of triplicate samples from each of three experiments (n = 9); error bars represent SD.
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for E. coli O157:H7 and Salmonella Typhimurium, respec-
tively, compared with CA (1.10 and 1.40 log CFU/g) and LA 
(1.40 and 1.70 log CFU/g). Previous studies demonstrated 
that treatments with LA reduced E. coli O157:H7 (1.74 log 
CFU/g) and Salmonella Typhimurium (1.73 log CFU/g) on 
fresh organic lettuce (51), suggesting also that low pH, the 
ratio of undissociated ions, cell physiology, and metabolism 
influence the efficacy of organic acids against foodborne 
pathogens (52). Overall, organic acid solutions applied by 
spray showed a significantly greater reduction for both E. coli 
O157:H7 and Salmonella Typhimurium than immersion ap-
plications (P ≤ 0.05). Also, the use of chemical sanitizers (C, 
SC, and ASC) showed a significant reduction (P ≤ 0.05) on 
samples inoculated with both E. coli O157:H7 and Salmonella 
Typhimurium in the order ASC > SC > C. The antimicrobial 
capacity of ASC was higher than that of SC and C at 2.6 and 
2.8 log CFU/g for E. coli O157:H7 and Salmonella Typh-
imurium, respectively. Previous studies reported the ability 
of ASC to reduce microbial population on strawberries and 
cherry tomatoes by 2 to 3 log CFU/g (2, 63).

EO vapor phase and reduction of foodborne pathogens 
in vitro and on strawberries

As shown in Table 2, the antimicrobial activity of thyme 
and oregano oil vapor phase at different levels (10, 50, 100, 
250, and 500 μL) against E. coli O157:H7 and Salmonella 
Typhimurium was evaluated. Both EOs in vapor phase were 
active against the tested foodborne pathogens. The diameters 
of inhibition zone gradually increased when the level of EOs 

increased. Thyme and oregano oil vapor phase produced a 
greater inhibition halo against Salmonella Typhimurium than 
E. coli O157:H7. Conversely, thyme oil was more effective 
than oregano oil overall. The mode of action of the EOs 
against bacteria is due to cell membrane damage, increased 
permeability, and phosphate ion leakage (10, 38).

The antimicrobial activity of EOs vapor phase against Sal-
monella Typhimurium and E. coli O157:H7 on refrigerated 
strawberries is reported in Figures 3 and 4. Bacterial popula-
tions remained constant during the 18 days of refrigeration 
in the control sample. Conversely, samples exposed to EOs 
vapor phase showed a 1-log reduction in Salmonella Typh-
imurium populations after 3 day, and a significant reduction 
was observed for E. coli O157:H7 compared with the control 
sample. During storage, EOs vapor phase showed reduction 
of the bacterial populations (3 to 4 log CFU/g) on straw-
berries up to 18 days. Previous studies have found that EOs 
vapor phase has a greater antimicrobial impact than liquid 
EOs in direct contact (31, 49, 60). Other researchers (47) 
demonstrated instead that lipophilic molecules in the aque-
ous solutions (micelles) restrain the activity of EOs against 
microorganisms.

Pullulan coating incorporation in GS-NPs and PP-NPs 
for improving quality and safety of strawberries 
Antimicrobial activity of NPs by using plate overlay assays

The influence of NPs from GS and PP were evaluated and 
reported in Table 3. Both GS-NPs and PP-NPs were active at

TABLE 2. Antibacterial activity of thyme and oregano oil vapor phase against E. coli and 
Salmonella Typhimurium in vitro reported as inhibition halos

Treatment (µL), n = 9 Oil vol (µL)
Inhibition halo (cm)a

E. coli O157:H7 Salmonella Typhimurium

Thyme oil vapor phase

10 0.5 ± 0.05 eB 0.8 ± 0.05 eA
50 1 ± 0.08 dB 1.2 ± 0.1 dA

100 1.35 ± 0.13 cB 1.6 ± 0.15 cA
250 2.15 ± 0.15 bB 2.35 ± 0.17 bA
500 2.45 ± 0.2 aB 2.65 ± 0.2 aA

Oregano oil vapor phase

10 0.4 ± 0.05 dB 0.7 ± 0.05 fA
50 0.8 ± 0.08 cB 1.08 ± 0.05 eA

100 1 ± 0.1 cB 1.51 ± 0.05 dA
250 1.7 ± 0.1 bB 2 ± 0.1 cA
500 2.05 ± 0.15 bB 2.25 ± 0.1 bA

a There are no significant differences between any two means (±SD) in the same column that have the same lowercase letter (P ≥ 0.05). 
There are no significant differences between any two means (±SD) in the same row that have the same uppercase letter (P ≥ 0.05).
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FIGURE 3. Effect of essential oils vapor phase against of E. coli O157:H7 on refrigerated strawberries during storage, reported as log reduction (CFU/g). 
Values are the average of triplicate samples from each of three experiments (n = 9); error bars represent SD. TOV-500 μL, thyme oil vapor (500 μL/Lair); 

OOV-500 μL, oregano oil vapor (500 μL/Lair).

FIGURE 4. Effect of essential oils vapor phase against of Salmonella Typhimurium on refrigerated strawberries during storage, reported as log reduction 
(CFU/g). Values are the average of triplicate samples from each of three experiments (n = 9); error bars represent SD. TOV-500 μL, thyme oil vapor (500 

μL/Lair); OOV-500 μL, oregano oil vapor (500 μL/Lair).
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TABLE 3. Antibacterial activity of GS-NPs and PP-NPs against E. coli O157:H7 and 
Salmonella Typhimurium reported as inhibition halos

Treatment (n = 9) Concn (%)
Inhibition halo (cm)a

E. coli O157:H7 Salmonella Typhimurium

GS-NPs

0.1 0.8 ± 0.10 eB 1.5 ± 0.07 eA
0.2 1.4 ± 0.18 dB 1.7 ± 0.12 dA
0.3 1.65 ± 0.22 cB 2 ± 0.26 cA
0.5 2.37 ± 0.18 bB 2.52 ± 0.17 bA
1 2.53 ± 0.28 aB 2.82 ± 0.22 aA

1.5 2.65 ± 0.16 aB 2.94 ± 0.15 aA

PP-NPs

0.1 0.5 ± 0.05 dB 1.03 ± 0.05 fA
0.2 1 ± 0.07 cB 1.28 ± 0.06 eA
0.3 1.1 ± 0.10 cB 1.63 ± 0.07 dA
0.5 1.83 ± 0.11 cB 2.2 ± 0.15 bA
1 1.9 ± 0.10 bB 2.23 ± 0.12 bA

1.5 2.2 ± 0.12 aB 2.5 ± 0.18 aA

a There are no significant differences between any two means (±SD) in the same column that have the same lowercase letter (P ≥ 0.05). 
There are no significant differences between any two means (±SD) in the same row that have the same uppercase letter (P ≥ 0.05).

high concentration against E. coli O157:H7 and Salmonella 
Typhimurium. The inhibition zone gradually increased as the 
concentration of NPs increased. GS-NPs and PP-NPs were more 
active against Salmonella Typhimurium than E. coli O157:H7, 
and GS-NPs demonstrated a greater antimicrobial activity 
overall. These results are in agreement with those of previous 
studies (27, 34) where GS extract at 0.5 and 1.5% concentra-
tions showed a bacteriostatic effect against E. coli O157:H7 and 
Salmonella Typhimurium. In another study (41), PP extract 
inhibited the growth of Salmonella Typhimurium.

The antimicrobial efficacy of the Pu coatings in the plate 
overlay assays is reported in Table 4. Pu coatings with 1.5% 
GS-NPs or PP-NPs were more effective against Salmonella 
Typhimurium and E. coli O157:H7. A significant difference  
(P ≤ 0.05) between GS-NPs or PP-NPs against E. coli O157: 
H7 and Salmonella Typhimurium at different concentrations 
was noted. The results demonstrated no significant difference 
(P ≥ 0.05) between GS-NPs at 1 and 1.5% against E. coli 
O157:H7. Similar results were observed for PP-NPs. Based on 
these observations, 1% GS-NPs or PP-NPs might allow better 
and controlled migration of the antimicrobial agents against 
bacteria, as reported previously (25). Furthermore, in another 
study (65), chitosan film containing PP extract exhibited anti-
bacterial activity against E. coli and Salmonella aureus.

The antimicrobial impact of GS-NPs and PP-NPs can be 
attributed to several mechanisms: (i) polyphenols can pene-
trate the bacterial membranes and react with proteins or the 
cytoplasm (12, 23); (ii) tannins could be able to inhibit  

extracellular microbial enzymes (22, 54); and (iii) hydroxy-
cinnamic acids are less polar than hydroxybenzoic acids, 
thereby facilitating their passage across the bacterial cell 
membrane.

Strawberries coating and challenge study
Based on the results obtained in the previously described 

experiments, TOV and Pu coating including GS-NPs and/or 
PP-NPs at 1% were evaluated for their combined antimicrobial 
efficacy on experimentally inoculated strawberries with E. coli 
O157:H7 and Salmonella Typhimurium at refrigerated storage 
(4°C) for up to 18 days. Figure 5 shows the antimicrobial activity 
of Pu coating with and without the addition of the antimicro-
bial agents against E. coli O157:H7 on strawberries. Bacterial 
populations remained constant during storage up to 18 days in 
the control sample, whereas Pu-coated strawberries containing 
GS-NPs or PP-NPs showed a 2-log reduction in E. coli O157:H7 
populations after 3 days. This reduction remained constant until 
the end of the challenge study. The samples treated with TOV 
and Pu coating achieved a greater reduction (~4 log CFU/g) by 
day 18. The combination of the antimicrobial systems was more 
effective than the commercial coating of fruits, that is, water wax 
with thiabendazole (positive control). Similar results were ob-
served for strawberries inoculated with Salmonella Typhimuri-
um (Fig. 6). Our findings are in agreement with data reported 
by Yun et al. (66), who found that EOs vapor phase reduced 
more than 5 log CFU/g Salmonella Typhimurium on cherry 
tomatoes, while maintaining quality.
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TABLE 4. Antibacterial activity of pullulan coating incorporation GS-NPs and PP-NPs 
against E. coli O157:H7 and Salmonella Typhimurium reported as inhibition halos

Treatment (n = 9) Concn (%)
Inhibition halo (cm)a

E. coli O157:H7 Salmonella Typhimurium

GS-NPs
0.5 2.45 ± 0.15 bB 2.65 ± 0.15 bA
1 2.7 ± 0.18 aB 2.95 ± 0.20 aA

1.5 2.88 ± 0.15 aB 3.15 ± 0.17 aA

PP-NPs
0.5 2 ± 0.13 bB 2.3 ± 0.10 bA
1 2.3 ± 0.15 aB 2.6 ± 0.15 aA

1.5 2.4 ± 0.20 aB 2.7 ± 0.20 aA

a There are no significant differences between any two means (±SD) in the same column that have the same lowercase letter (P ≥ 0.05). 
There are no significant differences between any two means (±SD) in the same row that have the same uppercase letter (P ≥ 0.05).

FIGURE 5. Effect of antimicrobial coating-based pullulan (Pu) incorporated with grape seed nanoparticles (GS-NPs) and pomegranate peel (PP)-NPs 
against of E. coli O157:H7 on refrigerated strawberries during storage, reported as log reduction (CFU/g). Values are the average of triplicate samples 

from each of three experiments (n = 9); error bars represent SD. OOV, oregano oil vapor; TOV, thyme oil vapor; WW-TBZ, water wax with thiabendazole.

CONCLUSIONS
Globalization of the food supply chain means new food 

safety risks. The produce trade has expanded and become 
more diverse in the variety of fruits and vegetables offered. 
This increased trade provides U.S. consumers with many ben-
efits, including the possibility of improved nutrition, because 

these products are available year-round. Nevertheless, because 
of the increasing number of outbreaks linked to imported 
produce, retailers and buyers have started demanding high 
safety standards, increasing issues related to international trade 
to guard and enhance national food supplies. The U.S. Food 
and Drug Administration has been active in promoting im-
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proved food safety measures in foreign countries. This article 
highlights the increased focus of the Egyptian government on 
the food safety program to help resolve U.S. import alerts and 
allow secure imports of produce from Egypt to our nation, 
following U.S. regulations.

Results from this research demonstrated that antimicrobial 
washes, EOs vapor phases, and antimicrobial Pu coatings 
have the potential to improve the quality and safety of 
strawberries: antimicrobial washes, that is, 0.5% AA and 0.1% 
ASC, were effective against E. coli O157:H7 and Salmonella 
Typhimurium. TOV effectively inhibited E. coli O157:H7 
and Salmonella Typhimurium on strawberries up to 18 
days. NPs from GS and PP integrated into the biopoly-
mer and applied to fresh fruits and vegetables can inhibit 
foodborne pathogens over an 18-day storage period at 
refrigerated conditions.

ACKNOWLEDGMENTS
The authors express their sincere gratitude and appreci-

ation to Pharaonic Company (Cairo, Egypt) for providing 
EOs. Morsy thanks Benha University and Abdelmonem 
thanks Central lab of residue analysis of pesticides and heavy 
metals on food for support provided. Morsy thanks Dr. 
Cutter (Department of Food Science, The Pennsylvania State 
University) for providing Pu.

Conflicts of interest
The authors declare that there are no conflicts of interest.

FIGURE 6. Effect of antimicrobial coating-based pulullan (Pu) incorporation grape seed nanoparticles (GS-NPs) and pomegranate peel (PP)-NPs against 
of Salmonella Typhimurium of refrigerated strawberries during storage, reported as log reduction (CFU/g). Values are the average of triplicate samples 

from each of three experiments (n = 9); error bars represent SD. OOV, oregano oil vapor; TOV, thyme oil vapor; WW-TBZ, water wax with thiabendazole.

1. Ain, H. B. U., F. Saeed, C. J. Barrow, F. R. 
Dunshea, and H. A. R. Suleria. 2020. Food 
processing waste: a potential source for 
bioactive compounds, p. 625–649. In
H. N. Murthy and V. A. Bapat (ed)., Bioactive 
compounds in underutilized fruits nuts. 
Springer, Cham, Switzerland. 

2. Allende, A., J. McEvoy, Y. Tao, and Y. Luo. 
2009. Antimicrobial effect of acidified 
sodium chlorite, sodium chlorite, sodium 
hypochlorite, and citric acid on Escherichia 
coli O157:H7 and natural microflora of fresh-
cut cilantro. Food Control 20:230–234.

3. Alsaggaf, M. S., S. H. Moussa, and A. A. 
Tayel. 2017. Application of fungal chitosan 
incorporated with pomegranate peel extract 
as edible coating for microbiological, 
chemical and sensorial quality enhancement 
of Nile tilapia fillets. Int. J. Biol. Macromol. 
99:499–505. 

REFERENCES



Food Protection Trends    September/October474

4. Barreto, T. A., S. C. Andrade, J. F. Maciel, 
N. M. Arcanjo, M. S. Madruga, B. Meireles, 
Â. M. Cordeiro, E. L. Souza, and M. Magnani. 
2016. A chitosan coating containing essential 
oil from Origanum vulgare L. to control 
postharvest mold infections and keep 
the quality of cherry tomato fruit. Front. 
Microbiol. 7:1724.

5. Batz, M., S. Hoffmann, A. Krupnick, J. G. 
 Morris, D. Sherman, M. Taylor, and J. Tick. 
2004. Identifying the most significant 
microbiological foodborne hazards to public 
health: a new risk ranking model. Food Safety 
Research Consortium Discussion Paper No. 
1. Resources for the Future, Washington, 
D.C. Available at: http://www.rff.org/RFF/
Documents/FRSC-DP-01.pdf.

6. Bernard, H., M. Faber, H. Wilking, S. Haller, 
M. Höhle, A. Schielke, T. Ducomble, 
C. Siffczyk, S. Merbecks, and G. Fricke. 
2014. Large multistate outbreak of norovirus 
gastroenteritis associated with frozen straw-
berries, Germany, 2012. Eurosurveillance
19:20719.

7. Bhilwadikar, T., S. Pounraj, S. Manivannan, 
N. Rastogi, and P. Negi. 2019. Decontamin-
ation of microorganisms and pesticides from 
fresh fruits and vegetables: a comprehensive 
review from common household processes 
to modern techniques. Compr. Rev. Food Sci. 
Food Saf. 18:1003–1038.

8. Blanco-Padilla, A., K. M. Soto, M. Hernández
Iturriaga, and S. Mendoza. 2014. Food 
antimicrobials nanocarriers. Scientific 
World Journal 2014:837215.

9. Breceda-Hernandez, T., N. Martínez-Ruiz, 
L. Serna-Guerra, and J. Hernández-Carrillo. 
2020. Effect of a pectin edible coating 
obtained from orange peels with lemon 
essential oil on the shelf life of table grapes 
(Vitis vinifera L. var. Red Globe). Int. Food 
Res. J. 27:585–596.

10. Burt, S. 2004. Essential oils: their anti-
bacterial properties and potential applications 
in foods—a review. Int. J. Food Microbiol.
94:223–253.

11. Buyukunal, S. K., G. Issa, F. Aksu, and 
A. Vural. 2015. Microbiological quality of 
fresh vegetables and fruits collected from 
supermarkets in Istanbul, Turkey. J. Food 
Nutr. Res. 3:152–159.

12. Çam, M., N. C. İçyer, and F. Erdoğan. 
2014. Pomegranate peel phenolics: 
microencapsulation, storage stability and 
potential ingredient for functional food 
development. LWT - Food Sci. Technol. 
55:117–123.

13. Centers for Disease Control and Preventation. 
2011. Centers for Disease Control and 
Prevention, Foodborne Outbreak Online 
Database (FOOD). Available at: http://
wwwn.cdc.gov/foodborneoutbreaks.

14. Centers for Disease Control and Preventation. 
 2011. Foodborne outbreak online database. 
Availabe at: http://wwwn.cdc.gov/
foodborneoutbreaks.

15. Centers for Disease Control and Preventation. 
2012. Centers for Disease Control and 
Prevention, Foodborne Outbreak Online 
Database (FOOD). Available from: http://
www.cdc.gov/foodborneoutbreaks/De.

16. Centers for Disease Control and Preventation. 
2016. Multistate outbreak of hepatitis A 
linked to frozen strawberries. Availabel 
at: https://www.cdc.gov/hepatitis/
outbreaks/2016/hav-strawberries.htm.

17. Centers for Disease Control and Preventation. 
2017. Centers for Disease Control and 
Prevention, National Outbreak Reporting 
System (NORS). Available at: https://
wwwn.cdc.gov/ norsdashboard/. Accessed 
27 October 2018.

18. Central Administration Public Mobilization 
and Statistics. 2015. Central administration 
public mobilization and statistics. Ministry of 
Agriculture, Cairo, Egypt.

19. Chen, Y., W. Zhang, and S. J. Knabel. 2007. 
Multi-virulence-locus sequence typing 
identifies single nucleotide polymorphisms 
which differentiate epidemic clones and 
outbreak strains of Listeria monocytogenes. 
J. Clin. Microbiol. 45:835–846.

20. Cheng, K.-C., A. Demirci, and J. M. 
Catchmark. 2011. Pullulan: biosynthesis, 
production, and applications. Appl. Microbiol. 
Biotechnol. 92:29.

21. Chu, Y., C. Gao, X. Liu, N. Zhang, T. Xu, 
X. Feng, Y. Yang, X. Shen, and X. Tang. 
2020. Improvement of storage quality 
of strawberries by pullulan coatings 
incorporated with cinnamon essential oil 
nanoemulsion. LWT - Food Sci. Technol. 
122:109054.

22. Colak, S. M., B. M. Yapici, and A. N. Yapici. 
2010. Determination of antimicrobial activity 
of tannic acid in pickling process. Rom. 
Biotechnol. Lett. 15:5325–5330.

23. Corrales, M., J. H. Han, and B. Tauscher. 
2009. Antimicrobial properties of grape 
seed extracts and their effectiveness after 
incorporation into pea starch films. J. Food 
Sci. Technol. 44:425–433.

24. Dalla Rosa, M. 2019. Packaging sustainability 
in the meat industry, p. 161–179. In C. M. 
Galanakis (ed.), Sustainable meat production 
and processing. Elsevier B.V., Amsterdam.

25. Duran, M., M. S. Aday, N. N. D. Zorba, 
R. Temizkan, M. B. Büyükcan, and 
C. Caner. 2016. Potential of antimicrobial 
active packaging ‘containing natamycin, 
nisin, pomegranate and grape seed extract 
in chitosan coating’to extend shelf life of 
fresh strawberry. Food Bioprod. Process. 
98:354–363.

26. Fancello, F., G. L. Petretto, S. Marceddu, 
T. Venditti, G. Pintore, G. Zara, I. Mannazzu, 
M. Budroni, and S. Zara. 2020. Antimicrobial 
activity of gaseous Citrus limon var pompia 
leaf essential oil against Listeria monocytogenes 
on ricotta salata cheese. Food Microbiol. 
87:103386.

27. Gadang, V., N. Hettiarachchy, M. Johnson, 
and C. Owens. 2008. Evaluation of 
antibacterial activity of whey protein isolate 
coating incorporated with nisin, grape seed 
extract, malic acid, and EDTA on a turkey 
frankfurter system. J. Food Sci. 73:M389–
M394.

28. Giampieri, F., T. Y. Forbes-Hernandez, 
M. Gasparrini, J. M. Alvarez-Suarez, S. Afrin, 
S. Bompadre, J. L. Quiles, B. Mezzetti, and 
M. Battino. 2015. Strawberry as a health 
promoter: an evidence based review. Food 
Funct. 6:1386–1398.

29. Gupta, M., S. Dey, D. Marbaniang, P. Pal, 
S. Ray, and B. Mazumder. 2020. Grape seed 
extract: having a potential health benefits. 
J. Food Sci. Technol. 57:1205–1215.

30. Gurtler, J. B., R. B. Bailey, T. Z. Jin, and 
X. Fan. 2014. Reduction of an E. coli
O157:H7 and Salmonella composite on fresh 
strawberries by varying antimicrobial washes 
and vacuum perfusion. Int. J. Food Microbiol. 
189:113–118.

31. Inouye, S., K. Uchida, and S. Abe. 2006. 
Vapor activity of 72 essential oils against 
a Trichophyton mentagrophytes. J. Infect. 
Chemother. 12:210–216.

32. Ji, H., H. Kim, L. R. Beuchat, and J.-H. Ryu. 
2019. Synergistic antimicrobial activities 
of essential oil vapours against Penicillium 
corylophilum on a laboratory medium and 
beef jerky. Int. J. Food Microbiol. 291:104–110.

33. Kerry, J., M. O’Grady, and S. Hogan. 2006. 
Past, current and potential utilisation of 
active and intelligent packaging systems for 
meat and muscle-based products: a review. 
Meat Sci. 74:113–130.

34. Khalil, N. M. 2018. Antimicrobial activity 
of grape seed and skin extracts coated on 
Corona treated LDPE and PET films. M.S. 
thesis, The American University in Cairo, 
Egypt.

35. Khataee, A., S. Fathinia, and M. Fathinia. 
2017. Production of pyrite nanoparticles 
using high energy planetary ball milling for 
sonocatalytic degradation of sulfasalazine. 
Ultrason. Sonochem. 34:904–915.

36. Kulkarni, S., F. DeSantos, S. Kattamuri, 
S. Rossi, and M. Brewer. 2011. Effect of 
grape seed extract on oxidative, color and 
sensory stability of a pre-cooked, frozen, 
re-heated beef sausage model system. Meat 
Sci. 88:139–144.

37. Laidler, M. R., M. Tourdjman, G. L. 
Buser, T. Hostetler, K. K. Repp, R. Leman, 
M. Samadpour, and W. E. Keene. 2013. 
Escherichia coli O157:H7 infections 
associated with consumption of locally grown 
strawberries contaminated by deer. Clin. 
Infect. Dis. 57:1129–1134.

38. Lambert, R., P. N. Skandamis, P. J. Coote, and 
G. J. Nychas. 2001. A study of the minimum 
inhibitory concentration and mode of action 
of oregano essential oil, thymol and carvacrol. 
J. Appl. Microbiol. 91:453–462. 



September/October    Food Protection Trends 475

39. Liu, C., H. Zheng, K. Sheng, W. Liu, and  
L. Zheng. 2018. Effects of melatonin treatment 
on the postharvest quality of strawberry fruit. 
Postharvest Biol. Technol. 139:47–55.

40. Malviya, S., A. Jha, and N. Hettiarachchy. 
2014. Antioxidant and antibacterial potential 
of pomegranate peel extracts. J. Food Sci. 
Technol. 51:4132–4137.

41. Martínez, K., M. Ortiz, A. Albis, C. Gilma 
Gutiérrez Castañeda, M. E. Valencia, and  
C. D. Grande Tovar. 2018. The effect of edible 
chitosan coatings incorporated with Thymus 
capitatus essential oil on the shelf life of 
strawberry (Fragaria × ananassa) during  
cold storage. Biomolecules 8:155.

42. Miller, B. D., C. E. Rigdon, T. J. Robinson, 
C. Hedberg, and K. E. Smith. 2013. Use of 
global trade item numbers in the investigation 
of a Salmonella Newport outbreak associated 
with blueberries in Minnesota, 2010. J. Food 
Prot. 76:762–769.

43. Moghaieb, H. S. 2019. Estimating local 
administrators’ participation in planning: 
case of “Egypt vision 2030”. Rev. Econ. Polit. 
Sci. 4:197–223.

44. Morsy, M. K., H. H. Khalaf, A. M. Sharoba, 
H. H. El‐Tanahi, and C. N. Cutter. 2014. 
Incorporation of essential oils and 
nanoparticles in pullulan films to control 
foodborne pathogens on meat and poultry 
products. J. Food Sci. 79:M675–M684.

45. Morsy, M. K., E. Mekawi, and R. Elsabagh. 
2018. Impact of pomegranate peel 
nanoparticles on quality attributes of 
meatballs during refrigerated storage. LWT - 
Food Sci. Technol. 89:489–495.

46. Morsy, M. K., A. M. Sharoba, H. H. Khalaf, 
H. H. El‐Tanahy, and C. N. Cutter. 2015. 
Efficacy of antimicrobial pullulan‐based 
coating to improve internal quality and shelf‐
life of chicken eggs during storage. J. Food  
Sci. 80:M1066–M1074.

47. Nadjib, B. M., F. M. Amine, K. Abdelkrim, 
S. Fairouz, and M. Maamar. 2014. Liquid 
and vapour phase antibacterial activity 
of Eucalyptus globulus essential oil= 
susceptibility of selected respiratory tract 
pathogens. Am. J. Infect. Dis. 10:105.

48. Pavinatto, A., A. V. de Almeida Mattos,  
A. C. G. Malpass, M. H. Okura, D. T. Balogh, 
and R. C. Sanfelice. 2020. Coating with 
chitosan-based edible films for mechanical/
biological protection of strawberries. Int. J. 
Biol. Macromol. 151:1004–1011.

49. Reyes-Jurado, F., A. R. Navarro-Cruz, C. E. 
Ochoa-Velasco, E. Palou, A. López-Malo, and 
R. Ávila-Sosa. 2020. Essential oils in vapor 
phase as alternative antimicrobials: a review. 
Crit. Rev. Food Sci. Nutr. 60:1641–1650.

50. Robert, S., J. Torrie, and D. Dickey. 1997. 
Principles and procedures of statistics: a 
biometrical approach. McGraw-Hill, New 
York.

51. Sagong, H.-G., S.-Y. Lee, P.-S. Chang, S. Heu, 
S. Ryu, Y.-J. Choi, and D.-H. Kang. 2011. 
Combined effect of ultrasound and organic 
acids to reduce Escherichia coli O157:H7, 
Salmonella Typhimurium, and Listeria 
monocytogenes on organic fresh lettuce.  
Int. J. Food Microbiol. 145:287–292.

52. Shahi, N., B. Min, and E. A. Bonsi. 2015. 
Microbial decontamination of fresh produce 
(strawberry) using washing solutions. J. Food 
Res. 4:128.

53. Singh, B., and N. Singh. 2019. Isolation of 
food pathogenic bacteria from unhygienic 
fruit juice mill and screening various herbal 
plant extracts for inhibitory potential. Int. J. 
Curr. Microbiol. Appl. Sci. 8:1964–1977.

54. Singh, B., J. P. Singh, A. Kaur, and N. Singh. 
2019. Antimicrobial potential of pomegranate 
peel: a review. Int. J. Food Sci. Technol. 
54:959–965.

55. Siragusa, G., C. N. Cutter, and J. Willett. 
1999. Incorporation of bacteriocin in 
plastic retains activity and inhibits surface 
growth of bacteria on meat. Food Microbiol. 
16:229–235.

56. Smaoui, S., H. B. Hlima, A. C. Mtibaa,  
M. Fourati, I. Sellem, K. Elhadef, K. Ennouri, 
and L. Mellouli. 2019. Pomegranate peel 
as phenolic compounds source: advanced 
analytical strategies and practical use in meat 
products. Meat Sci. 158:107914.

57. Steel, R., J. Torrie, and D. Dickey. 1997. 
Principles and procedures of statistics: a 
biometrical approach, 3rd ed. McGraw-Hill, 
New York.

58. Treviño‐Garza, M. Z., S. García, M. del 
Socorro Flores‐González, and K. Arévalo‐
Niño. 2015. Edible active coatings based 
on pectin, pullulan, and chitosan increase 
quality and shelf life of strawberries (Fragaria 
ananassa). J. Food Sci. 80:M1823–M1830. 
 
 
 

59. Trinetta, V., A. McDaniel, K. G Batziakas, 
U. Yucel, L. Nwadike, and E. Pliakoni. 2020. 
Antifungal packaging film to maintain 
quality and control postharvest diseases in 
strawberries. Antibiotics 9:618.

60. Tullio, V., A. Nostro, N. Mandras, P. Dugo,  
G. Banche, M. Cannatelli, A. Cuffini,  
V. Alonzo, and N. Carlone. 2007. Antifungal 
activity of essential oils against filamentous 
fungi determined by broth microdilution and 
vapour contact methods. J. Appl. Microbiol. 
102:1544–1550.

61. U.S. Food and Drug Administration. 2011. 
Fresh strawberries from Washington County 
farm implicated in E. coli O157:H7 outbreak 
in NW Oregon. Available at: http://www.fda. 
gov/Safety/ Recalls/ucm267667.htm.

62. Wang, E.S.-T., and M.-C. Tsai. 2019. 
Effects of the perception of traceable fresh 
food safety and nutrition on perceived 
health benefits, affective commitment, and 
repurchase intention. Food Qual. Prefer. 
78:103723.

63. Wei, W., X. Wang, Z. Xie, W. Wang, J. Xu,  
Y. Liu, H. Gao, and Y. Zhou. 2017. Evaluation 
of sanitizing methods for reducing microbial 
contamination on fresh strawberry, cherry 
tomato, and red bayberry. Front. Microbiol. 
8:2397.

64. Wu, J., F. Zhong, Y. Li, C. Shoemaker, and  
W. Xia. 2013. Preparation and characterization 
of pullulan–chitosan and pullulan–carboxy-
methyl chitosan blended films. Food Hydrocoll. 
30:82–91.

65. Yuan, G., H. Lv, B. Yang, X. Chen, and  
H. Sun. 2015. Physical properties, antioxidant 
and antimicrobial activity of chitosan films 
containing carvacrol and pomegranate peel 
extract. Molecules 20:11034–11045.

66. Yun, J., X. Fan, and X. Li. 2013. Inactivation 
of Salmonella enterica serovar Typhimurium 
and quality maintenance of cherry tomatoes 
treated with gaseous essential oils. J. Food Sci. 
78:M458–M464.

67. Zhang, D., and P. C. Quantick. 1997. Effects 
of chitosan coating on enzymatic browning 
and decay during postharvest storage of litchi 
(Litchi chinensis Sonn.) fruit. Postharvest Biol. 
Technol.12:195–202.


