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Introduction

Leafy vegetables, such as Brassica, are popularly consumed

because of their nutritional benefits. Brassica vegetables contain

a considerable amount of vitamins, phenolic compounds,

and antioxidative and anticarcinogenic compounds [1, 2].

Kale (Brassica oleracea L. var. acephala) is a Brassica and has a

large amount of vitamin C and glucosinolate [3].

Concern about the hygiene of Brassica vegetables exists

because they are commonly consumed raw. Foodborne

illness outbreaks associated with these vegetables have

continually increased owing to their susceptibility to

contamination by foodborne pathogens [4, 5]. Therefore, an

appropriate sanitizing method is necessary to improve the

microbial safety of fresh-cut kale.

A chlorine solution has been widely used to reduce

microorganisms and ensure the microbial safety of fresh-

cut vegetables [6]. Despite the popular use of a chlorine

solution, several EU countries have banned its application

in the food industry because of environmental and health

concerns related to the production of carcinogenic

compounds [7]. Thus, many studies have been performed

to identify other sanitizers that can substitute for a chlorine

solution. Specifically, chlorine dioxide (ClO2) [8, 9], ozone

[10], organic acid [11], and electrolyzed water [12] have all

been used to improve the microbial safety of fresh-cut

vegetables. Aqueous ClO2 treatment has been recognized

as a suitable alternative to chlorine solutions because it has

a higher oxidative capacity than chlorine, and fewer

harmful compounds are formed by reactions with organic

molecules [12, 13]. Such considerations have led to the

investigation of the effects of ClO2 alone or combined with

other treatments on the inactivation of microorganisms in

these vegetables [8, 14, 15].

Other disinfection methods, such as mild heat or natural

antimicrobials, have been investigated [16, 17]. A mild heat

treatment of 50°C has been reported to enhance the effect

of sanitizers applied to vegetables without affecting the

quality of the treated produce [16, 18, 19]. Koseki and

Isobe [20] also reported that a combined treatment with
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An aqueous chlorine dioxide (ClO2) treatment combined with highly activated calcium oxide

(CaO) and mild heat was tested for inactivating naturally existing bacteria and Escherichia coli

O157:H7 inoculated on fresh-cut kale. Kale samples were treated with different concentrations

of ClO2 (10, 30, and 50 ppm), CaO (0.01%, 0.05%, 0.1%, and 0.2%), and mild heat (25°C, 45°C,

55°C, and 65°C) as well with combinations of 30 or 50 ppm ClO2 and 0.2% CaO at 55°C for

3 min. An increasing concentration of ClO2 and CaO significantly reduced the microbial

population compared with the control. In addition, mild heating at 55°C elicited greater

microbial reduction than the other temperatures. A combined treatment of 50 ppm ClO2 and

0.2% CaO at 55°C reduced the population of naturally existing bacteria on kale by 3.10 log

colony forming units (CFU)/g, and the counts of E. coli O157:H7 were below the detection

limit (1 log CFU/g). In addition, no significant differences in the Hunter color values were

evident in any treatment during storage. Therefore, a combined treatment of ClO2 and active

CaO at 55°C can be an effective sanitizing method to improve the microbiological safety of

fresh-cut kale without affecting its quality.
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electrolyzed water and mild heat more effectively reduced

microorganisms than electrolyzed water at room temperature.

Based on these results, we hypothesized that the antimicrobial

effect of an aqueous ClO2 solution might be improved

when combined with mild heat.

Calcium oxide (CaO) has been studied as a natural

antimicrobial [21]. CaO is an environmentally friendly

sanitizing agent because it is produced from the conversion

of calcium carbonate (CaCO3) in scallop or oyster shells by

a heat treatment of more than 700°C [21]. In this study, a

highly activated CaO, which was manufactured at more

than 1,500°C and an extremely high voltage [22], was used.

Highly activated CaO has a purity greater than 99%, strong

alkalinity, and no toxicity or side effects compared with

CaO produced under different conditions. However, the

effect of highly activated CaO on microbial inactivation in

fresh-cut vegetables has been barely studied. Therefore, the

purpose of this study was to confirm the antimicrobial

effect of highly activated CaO and examine the effect of a

combined treatment of aqueous ClO2 and CaO and mild heat

on bacterial inactivation in fresh-cut kale as an appropriate

sanitizing method for improving the microbiological safety

of the vegetable.

Materials and Methods

Bacterial Strains and Culture Preparation

The two strains of Escherichia coli O157:H7 (ATCC 43889 and

NCTC 12079) used in this study were stored at -70°C in 1 ml of

tryptic soy broth (Difco Co., USA) containing 20% glycerol. Each

strain of E. coli O157:H7 was streaked on tryptic soy agar (Difco

Co.), incubated at 37°C for 24 h, and then stored at 4°C before use.

A single colony of each E. coli O157:H7 strain was transferred to

25 ml of tryptic soy broth with a sterile loop and cultured

overnight at 37°C. Each culture was harvested by centrifugation

(2,000 ×g, 4°C, 15 min) and then washed twice with sterile peptone

water (0.1%). The final cell pellets (approximately 7-8 log CFU/g)

were resuspended in 0.1% sterile peptone water to retain the

standard cell concentration, and suspensions of each E. coli

O157:H7 strain mixture were used for the inoculation study.

Sample Preparation and Inoculation Study

Fresh kale (Brassica oleracea L. var. acephala) was purchased from

a local market in Daejeon, Korea, stored at 4°C, and then used

within 24 h. Damaged kale samples were discarded, and the non-

edible part of the kale was cut with a sterile stainless steel blade.

The kale leaves (5 ± 0.3 g) were used for the experiment. For the

inoculation study, kale samples (10 ± 0.5 g) were placed onto

sterile aluminum foil and treated with UV irradiation for 10 min

in a laminar flow biosafety hood with UV-C lamps to eliminate

naturally existing microorganisms. Sterilized kale leaves (10 ±

0.5 g) were then spot-inoculated with 0.5 ml of an E. coli O15:H7

mixture suspension to an initial population of approximately 5-

6 log CFU/g, and the inoculated samples were air-dried for 1 h in

a laminar flow biosafety hood to allow the attachment of the

pathogenic bacteria.

Mild Heat Treatment

Fresh and inoculated kale leaves (10 ± 0.5 g) were immersed in

distilled water (DW, 1:20 (w/v)) at various temperatures (25°C,

45°C, 55°C, and 65°C) with gentle agitation for 3 min. After

treatment, the samples were air-dried on a laminar flow biosafety

hood for 30 min. 

Aqueous Chlorine Dioxide Treatment

A high concentration of an aqueous ClO2 solution was prepared

by mixing 1 g of sodium chlorite (80%; Sigma-Aldrich, USA) and

10 ml of 1 N hydrochloric acid in 100 ml of DW, followed by

agitating with a stirrer at 25°C for 1 h. The prepared ClO2 solution

was diluted with DW to make different ClO2 solution concentrations

(10, 30, and 50 ppm). The concentration of each ClO2 solution was

determined using the standard iodometry method [8, 23]. Fresh

and inoculated kale leaves (10 ± 0.5 g) were submerged in different

concentrations of ClO2 solution (1:20 (w/v)) for 3 min and air-dried

as described above.

Calcium Oxide Treatment

A highly activated CaO powder containing more than 99% CaO

was obtained from Eco-Biotech (Korea). A CaO solution was

prepared by the addition of highly activated powdered CaO (0.02,

0.1, 0.2, and 0.4 g) to 200 ml of DW and agitating with a stirrer for

1 h. The solution was then filtered with a Whatman nylon

membrane filter (0.45 µm; GE Healthcare Life Sciences, UK) using

a chemically resistant diaphragm vacuum pump (KNF Neuberger,

Germany). The treatment procedure was the same as described

above.

Combined Treatment

For the combined treatment, fresh and inoculated kale leaves

were treated with 30 or 50 ppm ClO2/0.2% CaO, 30 or 50 ppm

ClO2/mild heat at 55°C, and 30 or 50 ppm ClO2/0.2% CaO/mild

heat at 55°C, respectively. A solution of ClO2 and CaO was prepared

by mixing a 30 or 50 ppm ClO2 solution with a 0.2% CaO solution

to a total volume of 200 ml. For the combined treatment of the

ClO2 solution with mild heat at 55°C, DW was pre-heated to 55°C

and a 30 or 50 ppm ClO2 solution was added to the pre-heated

DW. The combined treatment of ClO2/CaO/mild heat at 55°C was

performed as follows. The CaO solution (0.2%) was pre-heated

using a hot plate until the target temperature (55°C) was reached,

and a 30 or 50 ppm ClO2 solution was mixed with the pre-heated

CaO solution. The prepared solution was used to treat the kale

samples, and the treated samples were air-dried for 30 min.
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Microbial Enumeration

After treatment, the kale samples (10 ± 0.5 g) were mixed with

sterile peptone water (0.1 %, 90 ml) in a sterile stomacher bag and

homogenized for 3 min with a Stomacher (MIX 2; AES Laboratoire,

France). For the microbial count, 1 ml of the mixture was serially

diluted with 9 ml of sterile peptone water and spread on each

selective agar plate. Naturally existing bacteria counts were

assessed on plate count agar (Difco), and the plate was incubated

at 37°C for 48 h. E. coli O157:H7 counts were assessed on Sorbitol

MacConkey agar (Difco) and incubated at 37°C for 24 h. The

results were expressed as the log colony forming units (CFU)/g,

and three replications of all microbial counts were performed. 

Color Measurement

After treatment, the kale samples were packaged in a low-density

polyethylene bag (25 × 30 cm) and stored at 4°C for 7 days. The

surface color of the kale leaves was measured using a colorimeter

(CR-400, Minolta Chroma Meter; Konica Minolta Sensing, Inc.,

Japan) at three different locations on the kale surface and repeated

in triplicates. The kale samples were placed on a standard white

plate and the Hunter color values (L, a, and b) were measured.

The L, a, and b values of the standard plate were 96.67, -0.12, and

2.07, respectively.

Statistical Analysis

Data analysis was performed with SAS (ver. 9.4; SAS Institute

Inc., USA). All experiments were repeated at least three times, and

the results were expressed as the mean ± standard deviation.

Duncan’s multiple range tests and analysis of variance were used

to determine significant differences at p < 0.05.

Results and Discussion

Mild Heat Treatment

To investigate the optimal mild heat temperature, fresh

and inoculated kale leaves were washed with water at

25°C, 45°C, 55°C, and 65°C. The reduction levels of

naturally existing bacteria on kale leaves were 0.41, 0.83,

1.23, and 1.15 log CFU/g after washing with water at 25°C,

45°C, 55°C, and 65°C, respectively, compared with the

control (Fig. 1). In addition, the reduction trend of the

population of E. coli O157:H7 inoculated on kale leaves was

similar to that of the naturally existing bacteria; the

populations of E. coli O157:H7 were reduced by 1.65, 2.26,

2.57, and 2.53 log CFU/g compared with the control (Fig. 1).

Both types of microorganisms were significantly reduced

after the 45°C and 55°C treatments, whereas no significant

difference was seen between 55°C and 65°C. Based on these

results, 55°C was chosen as the optimal temperature. Similar

results were reported by Lee et al. [24]; the reduction of the

total aerobic bacteria and E. coli O157:H7 on kale leaves

washed with water at room temperature was 0.63 and

1.03 log CFU/g, respectively, compared with the control.

These results indicate that water washing without mild

heat is insufficient to inactivate microbes. In this study,

washing with water under mild heat (45°C, 55°C, and 65°C)

reduced the population of both types of microorganisms on

the kale leaves by 0.42-0.88 log CFU/g compared with

washing with water at 25°C. Similarly, it has been reported

that the total bacterial population on cabbage was further

reduced by 0.46-0.67 log CFU/g after a mild heat treatment

at 40°C and 50°C compared with washing with water at

20°C [25]. However, the inactivation by a mild heat

treatment of the microorganisms in fresh-cut vegetables

was not powerful because mild heat treatment showed less

than a 1 log CFU/g reduction compared with washing with

water at room temperature (20-25°C). Therefore, to further

enhance microbial inactivation, another sanitizing treatment

was necessary.

Treatments of Aqueous ClO2 and CaO

The antimicrobial mechanism of ClO2 has been determined

to be a direct reaction with microbial amino acids and

RNA by penetration through the membrane [26, 27]. The

concentration range of the ClO2 solution was chosen based

Fig. 1. The effect of different concentrations of aqueous

chlorine dioxide and water washing at different temperatures

on the inactivation of microorganisms on kale leaves. 

Control, no treatment; water at 25°C, water washing at room

temperature; 45°C, 55°C, and 65°C, water washing at 45°C, 55°C, and

65°C, respectively; 10, 30, and 50 ppm, aqueous ClO2 solution of 10,

30, and 50 ppm, respectively. ■ : Naturally existing bacteria; □ : E. coli

O157:H7. Each vertical bar represents the standard deviation (n = 3).

Different capital letters on the bars indicate a significant (p < 0.05)

difference.
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on previous studies [28, 29]. It has been previously reported

that the pH did not affect the antimicrobial activity of

aqueous ClO2 [30]. On the contrary, the antimicrobial effect

of a CaO solution has been attributed to the alkaline pH of

hydrated CaO [31]. An increasing concentration of CaO

caused a pH increase toward a more alkaline condition

[21]. We investigated the effect of the highly activated CaO

solution at various concentrations (0.01%, 0.05%, 0.1%, and

0.2%) under different pHs on the microbial inactivation in

kale leaves (Table 1).

Fresh and inoculated kale leaves were treated with different

concentrations of ClO2 and CaO solutions to determine the

optimal concentration of each solution in the combined

treatment (Figs. 1 and 2). The reduction of the naturally

existing bacteria and E. coli O157:H7 on kale leaves increased

significantly as the ClO2 concentration increased from 10 to

50 ppm. For 10, 30, and 50 ppm ClO2, the bacterial population

on the kale leaves was reduced to 3.46, 3.13, and 2.92 log

CFU/g for naturally existing bacteria, respectively, and 2.99,

2.66, and 2.46 log CFU/g for E. coli O157:H7, respectively,

resulting in reductions of 1.11, 1.44, and 1.65 log CFU/g

and 2.91, 3.24, and 3.44 log CFU/g, respectively, compared

with the control samples (Fig. 1). In a similar study, Lee et

al. [24] investigated the efficacy of a 50 ppm ClO2 solution

for inactivating the total aerobic bacteria and E. coli

O157:H7 on kale leaves and found that the populations of

the total aerobic bacteria and E. coli O17:H7 were reduced

by 3.07 and 3.15 log CFU/g, respectively, compared with

the control. In addition, the inactivation of bacteria by a

50 ppm of ClO2 solution in various vegetables and fruits,

such as sprouts (broccoli, alfalfa, and clover), iceberg lettuce,

red chicory, pak choi, cherry tomatoes, strawberries, and

blueberries, has been studied [2, 15, 29, 32-35]. We used

combined treatments of a 30 or 50 ppm ClO2 solution with

or without CaO with mild heat at a temperature of 55°C. 

A similar pattern of microbial reduction by the CaO

treatment was observed (Fig. 2). CaO treatment at 0.01%,

0.05%, 0.1%, and 0.2% reduced the population of naturally

existing bacteria and E. coli O157:H7 on kale leaves by 0.97,

1.01, 1.13, and 1.33 log CFU/g and 1.30, 2.98, 3.61, and

4.00 log CFU/g, respectively, compared with the control.

The reduction of the microorganisms by the 0.01% CaO

treatment was similar to that obtained by washing with

water at 25°C. In addition, the antimicrobial effect of the

CaO treatment on E. coli O157:H7 at all concentrations was

higher than that for the naturally existing bacteria. Bae et al.

[36] investigated the antimicrobial effect of a 0.05% CaO

treatment against three different pathogens (E. coli, Salmonella

Typhimurium, and Listeria monocytogenes) and reported

that the inactivation of E. coli was the highest (99%) among

the three pathogens compared with 70% for S. Typhimurium

and 45% for L. monocytogenes. The antibacterial mechanism

of CaO is known to result from the reaction of activated

oxygen generated from the CaO and a highly alkaline pH

[31]. In line with these results, our results suggest that CaO

treatment at a concentration of more than 0.05% inactivated

E. coli O157:H7 more easily than it does the naturally

existing bacteria on kale leaves. The 0.2% CaO solution,

Fig. 2. The effect of different concentrations of aqueous

calcium oxide treatment on the inactivation of microorganisms

on kale leaves. 

Control, no treatment; water at 25°C, water washing at room

temperature; 0.01%, 0.05%, 0.1%, and 0.2%, aqueous highly activated

CaO solution of 0.01%, 0.05%, 0.1%, and 0.2%, respectively. ■ :

Naturally existing bacteria; □ : E. coli O157:H7. Each vertical bar

represents the standard deviation (n = 3). Different capital letters on

the bars indicate a significant (p < 0.05) difference.

Table 1. pH values of different sanitizing solutions.

Treatment pH

10 ppm ClO2 3.52 ± 0.01G

30 ppm ClO2 3.05 ± 0.01H

50 ppm ClO2 2.83 ± 0.01I

0.01% CaO 11.74 ± 0.01F

0.05% CaO 12.41 ± 0.00E

0.1% CaO 12.70 ± 0.01D

0.2% CaO 12.91 ± 0.01A

30 ppm ClO2 + 0.2% CaO 12.87 ± 0.01BC

50 ppm ClO2 + 0.2% CaO 12.86 ± 0.01C

Means in the same column followed by different letters (A-I) are significantly

different (p < 0.05).
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which showed a higher reduction of microorganisms on

kale leaves than the other concentrations, was chosen for

the combined treatment with the ClO2 solution at 55°C.

Combined Treatment and Color Quality of Kale Leaves

To develop an appropriate sanitizing method for fresh-

cut kale, a 30 or 50 ppm ClO2 solution combined with 0.2%

CaO at 55°C was tested on kale leaves. After the combined

treatment of a 30 or 50 ppm ClO2 solution with 0.2% CaO at

25°C, the microbial reduction levels of the naturally existing

bacteria and E. coli O157:H7 were 1.92-2.09 log CFU/g and

4.08-4.43 log CFU/g, respectively, compared with the

control. In addition, the combined treatment of 30 or 50 ppm

ClO2 with mild heat (55°C) reduced the population of the

naturally existing bacteria on kale leaves by 2.37-2.68 log

CFU/g. Likewise, after the combined treatment of 30 or

50 ppm ClO2 and mild heat, the population of E. coli

O157:H7 was lower than with the combined treatment of 30

or 50 ppm ClO2 and 0.2% CaO. Overall, the combined

treatment of 30 or 50 ppm ClO2 with mild heat (55°C)

demonstrated greater microbial reduction than the

combination of 30 or 50 ppm ClO2 and 0.2% CaO. Tango et

al. [37] reported that a mild heat treatment can weaken the

bacteria cell membrane and enable sanitizers to more easily

penetrate bacterial cells. Thus, a better antimicrobial effect

can be obtained with a combined treatment of ClO2 and

mild heat.

The naturally existing bacterial population on kale leaves

treated with a combined treatment of 30 or 50 ppm ClO2

and 0.2% CaO solution at 55°C was 1.95 and 1.64 log CFU/g,

respectively, resulting in a reduction of 2.79 and 3.10 log

CFU/g. E. coli O157:H7 inoculated on kale leaves was not

detected after the combined treatment. These results suggest

that the combined treatment of ClO2 and CaO at 55°C

provided the best inactivation of microorganisms on fresh-

cut kale.

After the combined treatment of 30 or 50 ppm ClO2 and

0.2% CaO at 55°C, the Hunter color values (L, a, and b) of

the kale leaves were determined (Table 2). The color of

leafy vegetables is regarded to be an important quality

parameter. No significant differences in the Hunter color

values among the treatments during 7 days of storage were

found. It has been previously reported that the ClO2 and

CaO treatments did not affect the color quality of

vegetables [24, 29, 38]. According to a report by Lee et al.

[24], no changes in the Hunter color values of romaine

lettuce and kale treated with a 50 ppm ClO2 solution

during storage was noted. Kim et al. [29] also reported that

no color change in iceberg lettuce treated with different

concentrations of a ClO2 solution was observed during

storage. Therefore, these results clearly indicate that a

combined treatment with ClO2 and CaO at 55°C is an

effective method for inactivating microorganisms on kale

leaves without affecting the color quality.

Fig. 3. Combined effects of aqueous chlorine dioxide with calcium oxide or/and mild heat treatment on the inactivation of

microorganisms on kale leaves. 

Control, no treatment; water at 25°C, water washing at room temperature; 30 and 50 ppm, aqueous ClO2 solution of 30 and 50 ppm, respectively;

30 ppm+0.2%, combined with 30 ppm ClO2 and 0.2% CaO; 50 ppm+0.2%, combined with 50 ppm ClO2 and 0.2% CaO; 30 ppm+ALL, combined

with 30 ppm ClO2 and 0.2% CaO at 55°C; 50 ppm+ALL, combined with 50 ppm ClO2 and 0.2% CaO at 55°C. ■ : Naturally existing bacteria; □ :

E. coli O157:H7. Each vertical bar represents the standard deviation (n = 3). Different capital letters on the bars indicate a significant (p < 0.05)

difference.  *, No detection of microorganisms (below the detection limit, 1 log CFU/g).
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In conclusion, to develop an appropriate sanitizing

method, we examined the effects of a combined treatment

of ClO2 with or without CaO and mild heat on the

inactivation of microorganisms on kale leaves. Our results

suggest that a combined treatment of ClO2 and CaO at 55°C

is an appropriate method to attain microbiological safety

and maintain the color quality of kale leaves. Therefore,

this combined treatment can be used on fresh-cut vegetables

as a novel sanitizing method. Further study is necessary to

examine the antimicrobial effect of highly activated CaO in

combined treatments with other chemical sanitizers.
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