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A B S T R A C T   

Wash water is circulated for use in the minimal processing industry, and inefficient disinfection methods can lead 
to pathogen cross-contamination. Moreover, few disinfection strategies are available for ready-to-eat fruits that 
do not need to be cut. In this study, the use of chlorine and ultrasound, two low-cost disinfection methods, were 
evaluated to disinfect winter jujube, a delicious, nutritious, and widely sold fruit in China. Ultrasound treatment 
(28 kHz) alone could not decrease the cross-contamination incidence of Escherichia coli O157:H7, non-O157 
E. coli, and Salmonella Typhimurium, and free chlorine treatment at 10 ppm decreased the incidence from 
55.00% to 5.00% for E. coli O157:H7, 65.00% to 6.67% for non-157 E. coli, and 70.00% to 6.67% for S. 
Typhimurium. The cross-contamination incidence was completely reduced (pathogens were not detected in 
sample) when the treatments were combined. The counts of aerobic mesophiles, aerobic psychrophiles, molds, 
yeasts, and three pathogens in the group subjected to combination treatment (28 kHz ultrasound + 10 ppm free 
chlorine) were significantly lower than those in the control, chlorine-treated, and ultrasound-treated groups 
during storage (0–7 d at 4 ◦C). Analysis of weight loss, sensory quality (crispness, color, and flavor), instrument 
color (a*/b*), soluble matter contents (total soluble solids, reducing sugar, total soluble sugar, and titratable 
acid), and nutritional properties (ascorbic acid and polyphenolic contents) indicated that treatment with ul-
trasound, chlorine, and their combination did not lead to additional quality loss compared with properties of the 
control. Additionally, the activities of phenylalanine ammonia-lyase and polyphenol oxidase were not signifi-
cantly increased in the treatment group, consistent with the quality analysis results. These findings provide 
insights into disinfection of uncut ready-to-eat fruits using a minimum dose of disinfectant for cross- 
contamination prevention under ultrasonication. The use of ultrasound alone to decontaminate fresh produce 
is accompanied by a high risk of pathogen contamination, and the use of sanitizers to decrease cross- 
contamination incidence is recommended.   

1. Introduction 

Consumption of fresh vegetable and fruit produce provides vitamins, 
minerals, and fiber to the body. The US Food and Drug Administration 
recommends consuming 2–4 different vegetables and 3–5 different fruits 
every day. Ready-to-eat fresh produce have convenient characteristics; 

however, because they have not been heat-treated, they also have many 
safety hazards, the most important being food-borne pathogen 
contamination. In Europe and the United States, Salmonella is the most 
common contaminant present in fresh produce and causes food-borne 
diseases, followed by Escherichia coli [1]. According to the US Centers 
for Disease Control and Prevention report, in July 2021, salad vegetables 

Abbreviations: FC, free chlorine; PAL, phenylalanine ammonia-lyase; PPO, polyphenol oxidase; TA, titratable acid; AMC, aerobic mesophilic count; APC, aerobic 
psychrotrophic count; M&Y, molds and yeasts. 
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contaminated with Salmonella were recalled, the contamination caused 
illness in 11 people, and two individuals were hospitalized in three 
states [2]; From August 10 to October 31, 2020, due to the consumption 
of leafy greens infected with E. coli O157: H7, 40 food safety incidents 
occurred in 19 states in the USA [3]. Therefore, disinfection is an 
effective strategy required for ensuring the safety of fresh produce. 

Various novel disinfection technologies for ready-to-eat agricultural 
products have been studied, such as the application of cold plasma, 
pulsed light, microbial-microbial interactions, and bacteriophages; 
however, owing to their high costs, they have not yet been applied on a 
large scale [4–6]. Ready-to-eat fresh produce need to be washed to 
remove the dirt and kill the attached bacteria before packaging. Owing 
to cost constraints, chlorine disinfectants are used extensively in the 
industry [7]. It is generally believed that the effect of chlorine disin-
fection is positively correlated with the concentration of free chlorine 
(FC). However, a review, which summarized the characteristics of 
chlorine disinfection for fresh produce, concluded that high and low 
concentrations of chlorine have similar disinfection effects at the in-
dustrial scale [8]; in addition, no chemical disinfection method can kill 
pathogens to an undetectable levels, mainly owing to the formation of 
biofilms and the presence of pathogens in difficult-to-clean sites such as 
stomata on the surface of produce [8–10]. Therefore, recent studies have 
focused on using a minimum amount of disinfectant to prevent cross- 
contamination during fresh produce washing, because if fresh produce 
are infected with pathogens before washing, the pathogens may enter 
the circulating wash water and infect additional produce that enter the 
washing tank. Thus, the disinfection of wash water is very important, 
and the use of chlorine-based disinfectants has not been challenged in 
this regard [10,11]. Additionally, a reduction in sanitizer dosage is 
required to adhere to the cost requirements of minimal processing in-
dustries [12,13]. Therefore, the use of low-concentration chlorine to 
disinfect fresh produce is a current hotspot in the field of minimal 
processing. 

Most disinfection studies have focused on cut produce, which exhibit 
characteristics of cut-based wounds, short shelf life, and rapid con-
sumption of oxidizing disinfectants caused by outflow solids. In 

addition, certain common fresh-cut fruits, such as mango, strawberry, 
and papaya, cannot be disinfected in aqueous solution, and can only be 
disinfected by gaseous disinfectants or radiation, such as ozone and 
ultraviolet-C radiation. Moreover, few fruits are not suitable for cutting; 
however, these fruits have a large demand. For example, currently in 
China, fine-packaged fruits are purchased by consumers at railway sta-
tions, airports, scenic spots, supermarkets, and during transportation 
(airplanes and trains). However, to the best of our knowledge, there are 
no ready-to-eat fruit products that can be directly consumed, and 
additional washing is needed. Therefore, it is necessary to establish a 
low-cost washing method for uncut, ready-to-eat fruits. Among these 
uncut fruits, winter jujube is a popular fruit that has the highest fre-
quency on the shelf (Fig. 1) since it is sweet, crisp, juicy, profitable, and 
has a low decay rate. Ultrasound (US) treatment has been widely used in 
the disinfection of fresh produce, and most studies combining US with 
other disinfection strategies have shown improved disinfection efficacy. 
Recently, Takundwa et al [14] combined US with nisin and oregano to 
disinfect E. coli and Listeria monocytogenes on lettuce and observed 
improved disinfection effects as compared to those with US alone. Li et 
al [15] used 55 ℃ hot water to improve the disinfection efficacy of US 
against Rhizopus stolonifer in sweet potato. Similarly, combination of 55 
℃ hot water with US showed a better effect on the control of E. coli 
O157:H7 on sprouting Brassicaceae seeds [16]. Moreover, slightly acidic 
electrolyzed water was found to improve the disinfection efficacy of US, 
killing naturally present microbes on cherry tomato and strawberries, 
without negatively affecting the quality [17]. However, little is known 
about the effects of the combination of disinfection treatments (US +
low-concentration chlorine) on cross-contamination prevention, disin-
fection efficacy, and quality during washing. In this study, winter jujube 
was selected as the model for these evaluations. 

2. Materials and methods 

2.1. Sample preparation 

Winter jujube (Zizyphus jujuba Mill. cv. Dongzao) was purchased 

Fig. 1. Packaged winter jujube in supermarket.  
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from a local market on the day of the experiment, and the sample with a 
red index (as calculated according to [18]) of 43.5 ± 3.8% and size of 20 
± 1 g were selected for further experiments. 

2.2. Pathogen inoculation 

E. coli O157:H7 (NCTC12900), a non-toxic strain that was previously 
used in fresh produce inoculation experiments [19–21], was selected in 
this experiment. Non-O157 E. coli (ATCC25922) and Salmonella Typhi-
murium (ATCC14028), two quality control strains recommended by the 
FDA for food safety testing [22,23], were selected as well. The inocu-
lation experiment was performed according to our previous study [6], 
with minor modifications. Pure cultures of E. coli O157:H7, non-O157 
E. coli, and Salmonella Typhimurium stored in 50% glycerol were 
cultured on modified sorbitol MacConkey agar (Hopebio, Qingdao, 
China), eosin methylene blue agar (Hopebio), and xylose lysine deoxy-
cholate agar (Hopebio), respectively. After incubation for 24 h at 37 ◦C, 
one bacterial colony was cultured in nutrient broth (Hopebio) overnight 
at 37 ◦C, and the cell density of the suspension was adjusted to 109 

colony forming units (CFU)/mL. The adjusted suspension (6.5 mL) was 
added to a stomacher bag containing sterilized 0.85% NaCl (200 mL) 
and 10 jujubes and massaged for 20 min. After air drying in a biological 
safety cabinet, infected samples were placed at 4 ◦C for 24 h. The cell 
counts of the pathogen on the sample were 105–106 CFU/g. 

2.3. Disinfection 

2.3.1. Wash water preparation 
Since the washing process causes mechanical damage and leads to 

the leakage of soluble solids into the wash water, many studies recom-
mend using fresh produce homogenates to prepare the wash water 
instead of clean water to simulate real conditions [12,24,25]. Winter 
jujube was cut into two parts, the core was removed, and it was 
immediately placed into the analytical mill (A11 basic; IKA, Germany) 
for 20 s processing. The resulting jujube homogenate was filtered under 
a vacuum and then stored at − 20 ◦C until use. Before the experiment, 
sterilized tap water was mixed with the homogenate and the chemical 
oxygen demand (COD) was adjusted to 415 ± 11 mg/L. The concen-
tration of FC and pH in the washing water was adjusted to 5 and 10 ppm, 
and pH 5.5 using sodium hypochlorite (Sinopharm, Beijing, China) and 
phosphoric acid (Sinopharm), respectively [12]. The COD and FC con-
centrations were determined using a COD and N,N-diethyl-p-phenyl-
enediamine test kit (Lohand, Hangzhou, China), respectively. 

2.3.2. Disinfection time screening 
A US frequency ranging from 25 to 40 kHz is generally used for 

produce surface disinfection [26–28], and before the experiment, we 
screened the disinfection effect with a 7 min treatment time and fre-
quencies of 20, 28, and 40 kHz with a power ranging from 200 to 600 W. 
We found that the disinfection effect at 40 kHz was significantly lower 
than that at 20 and 28 kHz. For 20 and 28 kHz, the disinfection efficacy 
was not further improved when the power exceeded 400 W, and similar 
disinfection effects between 20 and 28 kHz with 400 W were observed. 
Thus, disinfection time screening was carried out using a US parameter 
of 28 kHz and 400 W. Two cages (18 cm × 15 cm × 5 cm; Fig. 2) con-
taining infected samples (20 samples/cage) were immersed in an ul-
trasonic washer (JM-30D-28; Skymen, Shenzhen, China) containing 8 L 
of prepared wash water (4 ± 1 ◦C), and a submersible pump (3,500 L/h; 
Chuangning, China) was used to simulate the water flow. After pro-
cessing for 1, 4, and 7 min, six samples (three samples/cage) were 
randomly selected and homogenized for 2 min in a stomacher bag 
containing 240 mL of 0.85% NaCl. A serially diluted suspension (0.1 mL) 
was surface plated on the agar as described in Section 2.2. 

2.3.3. Cross-contamination incidence analysis 
The winter jujube sample was immersed in 75% ethanol for 5 min, 

rinsed with sterile water thrice, and then placed in cage 1 (Fig. 2) as an 
uncontaminated group. The same amount of inoculated sample was 
placed into cage 2 (a clamp was used to tightly fix it together with cage 
1) to reach a contamination incidence of 50% in the ultrasonic washer. 
The FC concentrations tested were 5 and 10 ppm, and the other treat-
ment conditions were as described in Section 2.3.2. After processing for 
4 min, each sample in cage 1 was analyzed using the agar method, as 
described in Section 2.2. Regardless of the cell count number, pathogen 
growth on the agar was recorded as infected, and no pathogen growth 
was recorded as uninfected. The cross-contamination incidence was 
calculated based on the total number of samples in cage 1. 

2.3.4. Disinfection efficacy for winter jujube 
After processing for 4 min in washing water with an FC concentration 

of 10 ppm, the sample was dewatered using an alcohol-sterilized salad 
spinner and sealed in a polyethylene terephthalate box using polyvinyl 
chloride cling film [29]. The samples were stored at 4 ◦C and analyzed 
on days 0, 3, and 7. Pathogens were analyzed as described in Section 
2.3.2. For naturally present microbes, 0.1 mL suspension was surface 
plated on Rose Bengal agar (Hopebio) and incubated at 30 ◦C for 3 d to 
quantify molds and yeasts (M&Y); 1 mL bacterial suspension was pour- 
plated onto plate count agar (Hopebio) and incubated at 37 ◦C for 2 d to 
obtain the aerobic mesophilic counts (AMCs) and at 7 ◦C for 10 d to 
obtain the aerobic psychrophilic counts (APCs). 

2.4. Quality analysis 

2.4.1. Liquid nitrogen grinding 
Eight samples were randomly selected from each package. After 

cutting it into two parts and removing the core, each sample was further 
cut into eight parts and one-eighth of each sample was combined for 
liquid nitrogen grinding. The ground powder was immediately trans-
ferred into a pre-cooled tube for subsequent analysis (Sections 
2.4.2–2.4.5). Peels from additional eight samples were ground under 
liquid nitrogen, and the ground powder was immediately transferred 
into a pre-cooled tube for analysis, as described in Section 2.4.6. 

2.4.2. Polyphenolic content analysis 
The ground powder was mixed with 80% methanol at a ratio of 1:15. 

After extraction for 2 h, centrifugation was performed at 12,000 × g for 
10 min. The supernatant (50 μL) was mixed with 250 μL of Folin- 
Ciocalteu reagent (Sinopharm) and 3 mL distilled water. The reaction 
was allowed to stand for 6 min, and then 750 μL of 20% sodium car-
bonate solution was added, and the mixture was incubated for 90 min in 
the dark. The absorbance was recorded at 765 nm, and the results were 
expressed as gallic acid equivalents (GAE, mg/kg) expressed on a fresh 
weight basis. 

2.4.3. Ascorbic acid content analysis 
The 2,6-dichlorophenolindophenol titration method was used for 

Fig. 2. Schematic diagram of ultrasonic washing.  
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analysis of ascorbic acid contents, referring to GB5009.86–2016. 

2.4.4. Total soluble solid (TSS) and titratable acid (TA) analysis 
The ground powder was mixed with distilled water at a ratio of 1:5 

and centrifuged at 12,000 × g for 10 min. The supernatant was analyzed 
using a refractometer (Suwei, Guangzhou, China) to determine the TSS 
content. TA analysis was performed according to GB/T 12293–1990. 

2.4.5. Total soluble and reducing sugar analysis 
The ground powder was mixed with distilled water at a ratio of 1:5 

and centrifuged at 12,000 × g for 10 min. The supernatant was analyzed 
according to GB/T 15038–2006. 

2.4.6. Polyphenol oxidase (PPO) and phenylalanine ammonia-lyase (PAL) 
analysis 

The ground powder was mixed with 0.1 mol/L potassium phosphate 
buffer (pH 7.0; containing 2 mmol/L EDTA, 1% poly-
vinylpolypyrrolidone, and 1 mmol/L phenylmethylsulfonyl fluoride) at 
a ratio of 1:2 and centrifuged at 12,000 × g for 10 min at 4 ◦C. The 
protein content in the supernatant was analyzed using a total protein 
quantitative assay kit (Jiancheng, Nanjing, China). 

For PAL analysis, 0.1 mL supernatant was mixed with 1.2 mL of 100 
mmol/L Tris–HCl buffer (containing 1 mmol/L 2-mercaptoethanol; pH 
8.5), 0.2 mL 15 mmol/L L-phenylalanine, and reacted for 30 min at 
45 ◦C. The reaction was stopped using 6 mol/L HCl, and the absorbance 
was measured at 278 nm. The results were defined as the amount 
required to transform 1 mmol of L-phenylalanine to t-cinnamic acid per 
min and expressed as U/mg protein. For polyphenol oxidase (PPO) 
analysis, 0.1 mL supernatant was mixed with 0.9 mL 10 mmol/L phos-
phate buffer (pH 7.0) and 0.5 mL 60 mmol/L catechol. After 2 min, the 
absorbance was measured at 420 nm to determine the initial formation 
rate of quinone. PPO activity (U) is expressed as an increase in absor-
bance by 0.001 per min per mg protein. 

2.4.7. Weight loss analysis 
Weight loss was analyzed using following formula: 

Weight loss
(

%
)

= 1 −
Weightday7

Weightday0  

2.4.8. Sensory analysis 
A three-point scale method was used for sensory evaluation at the 

end of storage (day 7), where 0 indicates extremely poor without any 
desirable characteristics, 5 indicates acceptability threshold, and 10 
indicates excellent without any defects. Ten trained panelists from 
Shijiashike Co. Ltd. (Liaoyang, China) evaluated the sensory crispness, 
flavor, and color. The samples were placed on a white plate marked at 
the bottom and reordered. Only one person was allowed to enter the 
room (no windows, with white wall, and equipped with a 40 W white 
fluorescent lamp) during the evaluation and were not allowed to 
communicate with each other after the evaluation. For flavor analysis, 
the panelists gargled thrice after evaluation, and the next evaluation was 
performed after 30 s. 

2.4.9. Instrument color analysis 
The values of a* and b* were analyzed using a colorimeter (CR400; 

Konica Minolta, Osaka, Japan). The illuminant was D65, and the color 
space used was the CIELab system. Before use, the colorimeter was 
calibrated using a white standard plate (Y = 82.80, X  = 0.3194, Y =
0.3264). Ten samples were randomly selected from each package and 
analyzed four times per sample for a total of 40 readings per replicate. 
The results are expressed as a*/ b* [30]. 

2.5. Statistical analysis 

Each experiment was independently replicated thrice. Differences 

between the mean values of groups were evaluated via one-way analysis 
of variance using SPSS v.20 (SPSS, Chicago, IL, USA), and differences in 
mean values were analyzed via post hoc Duncan’s multiple range tests. P 
values < 0.05 were considered significant. 

3. Results and discussion 

3.1. Wash time screening 

Low-frequency ultrasound is considered suitable for surface decon-
tamination. A recent study compared the disinfection efficacy between 
20 kHz + generally recognized as safe (GRAS) antibacterial substances 
and 1 MHz + GRAS antibacterial substances against E. coli and 
L. monocytogenes, and found that the 20 kHz treatment is more effective 
than the 1 MHz treatment, mainly because low-frequency ultrasound 
can cause cell membrane damage, whereas high-frequency ultrasound 
mainly induces intracellular oxidative stress [31]. The purpose of the 
present study was to perform surface disinfection, and the US time 
screening experiment showed that the counts of E. coli O157:H7, non- 
O157 E. coli, and S. Typhimurium were 5.21, 4.90, and 5.22 log CFU/ 
g after washing for 1 min, respectively, and no significant difference was 
observed in counts between the E. coli O157:H7 and the control groups 
(Fig. 3). After washing for 4 min, the counts of these three pathogens 
were all significantly lower than that of the control; however, similar 
counts of these pathogens were observed after washing for 7 min. In the 
context of industrialization, disinfection is one step of the entire pro-
cessing line; therefore, it is recommended that the washing time does not 
exceed 5 min [32]. Therefore, 4 min was used in further experiments. 

3.2. Cross-contamination prevention 

Once the pathogen enters the wash water and is not killed immedi-
ately, the entire batch of produce may get infected; thus, the incidence of 
cross-contamination should be as low as possible. We found that the 
cross-contamination incidence was not significantly reduced after US 
treatment alone (Fig. 4). When the sample was washed with 5 ppm FC 
alone, the cross-contamination incidence of E. coli O157:H7, non-O157 
E. coli, and S. Typhimurium decreased from 55.00% to 15.00%, 65.00% 
to 20.00%, and 70.00% to 11.67%, respectively, and further decreased 
to 5.00%, 6.67%, and 6.67% as FC concentration increased to 10 ppm. In 
a previous study, the minimum FC concentration required for cross- 
contamination prevention has been reported to be associated with the 
type of produce. For example, Luo et al. [24] found that maintaining at 
least 10 mg/L FC at an industrial scale can strongly reduce bacterial 
survival in lettuce wash water. Additionally, Gómez-López et al. [11] 
found that 7 mg/L FC is an effective concentration for preventing E. coli 
O157:H7 cross-contamination when washing spinach. In this study, we 
found that 10 ppm FC was insufficient to completely prevent cross- 
contamination of winter jujube; however, the pathogen was not detec-
ted when 10 ppm FC was combined with US treatment (Fig. 4). Previ-
ously, 20 kHz US treatment has been shown to be ineffective in 
inactivating Salmonella growth [31]; however, a synergistic inactivation 
effect is observed using the combination of carvacrol, limonene, gera-
niol, and citral. Another study reported a synergistic inactivation effect 
when using ultraviolet-A radiation and curcumin [33]. Taken together, 
these results indicate that treatment for 4 min using US + 10 ppm FC is 
an effective method to prevent cross-contamination. 

The transduction of US in water is associated with the organic matter 
content [34]. US can induce the generation of cavitation bubbles, and 
the collapsing bubbles lead to the generation of shear force to weaken 
the adhesion of pathogens to the jujube surface (Fig. 5). However, 
during fresh produce washing, the leakage of soluble solids dissolved in 
water from produce can weaken the transduction of the shear force. In a 
study by Huang et al [35], homogenate was used to prepare wash water 
and simulate the water flow, and they found that the contamination 
incidence of Salmonella in the US-treated group was similar to that in the 
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control. In this study, the jujube homogenate in the washing water might 
have weakened the transduction of the shear force (Fig. 5). Moreover, 
water flow was needed during produce washing, and we speculate that 
this might disperse the cavitation bubbles and the shear force and 
consequently incompletely prevent pathogen adhesion to the jujube 
surface (Fig. 5). In contrast, in a study by Huang et al [36], the water 
flow was not simulated, and they found that US treatment alone could 
significantly lower the cross-contamination incidence. Based on the in-
clusion of FC in washing water, the pathogen was inactivated via the 
combined effects of FC and US before the adhesion between the path-
ogen and the jujube surface occurred, thus completely preventing the 
occurrence of cross-contamination. 

The disinfection mechanism of US mainly includes sonoporation and 
sonochemistry. When low-frequency (20–100 kHz) ultrasound is used, 
physical effects including shear force and shock waves were induced to 
cause membrane perforation; meanwhile, a high frequency can induce 
the generation of hydrogen peroxide and ROS to inactivate pathogens, 
termed sonochemistry [37]. The antibacterial mechanism of FC is oxi-
dization of the cell membrane [38]. When 5 and 10 ppm FC were used, 
limited cell membrane damage was achieved, and thus, cross- 
contamination was not completely prevented. However, when low fre-
quency US was combined with 5 ppm FC, cell membrane damage was 
accelerated, and when the FC concentration was increased to 10 ppm, 
the cell membrane was completely damaged and FC was able to enter 

Fig. 3. Effects of different ultrasonic-assisted wash times on Escherichia coli O157:H7, non-O157 E. coli, and Salmonella Typhimurium in winter jujube. Bars show 
mean ± standard deviation values, and different lowercase letters in the same group indicate significant differences (P < 0.05). 

Fig. 4. Cross-contamination incidence of Escherichia coli O157:H7, non-O157 E. coli, and Salmonella Typhimurium during winter jujube washing. Bars show mean ±
standard deviation values, and asterisks above the column indicate non-significant differences (P＞0.05) as compared with control. US, ultrasonication; 
UD, undetected. 
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the cell to damage the intracellular component resulting in DNA 
breakdown and enzyme inactivation (Fig. 6). Similarly, Guo et al [39] 
found that US + FC can damage E. coli membranes and induce changes in 
the intracellular organization and protein conformation. These specu-
lations might explain why 10 ppm FC + US could completely prevent the 
occurrence of cross-contamination, which was superior to the effects 
with 5 ppm FC, 10 ppm FC, and 5 ppm FC + US. 

3.3. Effects of different treatments on the quality of winter jujube 

3.3.1. Effects on weight loss, nutritional properties, and soluble matter 
The shear force and pressure may cause mechanical damage, which 

can be applied in the medical field. A previous study improved the 
anticancer efficacy of titanium dioxide based on mechanical damage 
caused by high-intensity focused ultrasound [40]. Moreover, hypotonia 
has been shown to increase the sensitivity of cancer cells to ultrasonic- 
induced mechanical damage [41]. However, ultrasonic-induced 

mechanical damage may deteriorate the quality of produce, leading to 
browning, and weight and nutrition loss. Such deterioration cannot be 
observed immediately after treatment; thus, quality analysis was per-
formed at the end of storage (day 7), which is consistent with findings of 
previous studies [4,29,42]. The weight loss was not significantly 
different between the treatment and control groups (Fig. 7A). TSS 
mainly include soluble sugars; the TSS content reflects the ripening 
extent of winter jujube [30]. Generally, TSS increases as ripening pro-
gresses and decreases with senescence [43]. We found that US and US +
FC treatment did not negatively affect TSS content (Fig. 7B), which was 
consistent with the results of total soluble and reducing sugars (Fig. 7E, 
F). In addition, the TA content in fruits decreases with ripening, and in 
this study, TA content was not negatively affected by different treat-
ments at the end of storage (Fig. 7G). Similarly, the two main nutrition 
indicators, ascorbic acid and polyphenols, were not negatively affected 
(Fig. 7C,D). However, studies have shown that mechanical damage 
caused by food processing, such as fresh cut, can induce intracellular 

Fig. 5. Schematic diagram of proposed pathogen cross-contamination process under conditions of ultrasonication alone and ultrasonication plus free chlorine.  

Fig. 6. Schematic diagram of proposed antibacterial mechanism of ultrasonication plus free chlorine.  
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peroxidation, and ascorbic acid as a stress response substance reacts 
with reactive oxygen species, leading to a decrease in concentration 
during subsequent storage [44]. 

3.3.2. Effects on PAL and PPO 
In undamaged fruit tissues, PPO and phenols are not in contact with 

each other; PPO catalyzes the conversion of polyphenols to quinones 
when mechanical damage occurs, leading to poor color and odor [45]. 
As a plant stress response enzyme, PAL is involved in phenol synthesis, 
and when fruit and vegetable tissues are damaged, such as in cut and 
ultraviolet radiation-treated fruits, PAL activity increases to increase 
phenol synthesis to mediate self-repair [46,47]. US treatment primarily 
affects the surface of fruits and vegetables, especially leafy vegetables, 
and thin leaves are more sensitive to ultrasound than thick leaves. For 
example, a study showed that the quality of iceberg lettuce treated with 
sonication does not significantly differ from that of the control, whereas 
in Romaine lettuce, treatment without US treatment has a significantly 
higher overall quality score than that obtained using US treatment [48]. 
In this study, PAL and PPO activities in the peel were analyzed, and did 
not significantly differ between the treatment and control groups 
(Fig. 7H,I), which is consistent with the analysis of polyphenolic content 
(Fig. 7C). 

3.3.3. Effects on sensory quality and instrument color 
The sensory crispness, color, and flavor were not significantly 

affected by the different treatments at the end of the storage period 
(Fig. 8A–C), which was consistent with the findings of a previous study 
[48]. Color change is a key indicator for evaluating the extent of 
ripening in winter jujube. Instrument color analysis showed that the a*/ 
b* value in the control group was significantly higher than that on day 
0 (Fig. 8D), indicating post-ripening for 7 d, which was consistent with 

previous findings [18,49]. When comparing the treatment groups with 
the control group at day 7, the results indicated that US did not nega-
tively affect the instrument color, consistent with sensory analysis. 
Mechanical damage has been reported to accelerate the ripening process 
by stimulating ethylene production [50]. When analyzing a*/b* in 
combination with TSS and TA contents, our results suggest that US does 
not cause significant damage to accelerate the ripening process of winter 
jujube. 

Previous studies have shown that coating and fumigation are effec-
tive methods to control weight loss, decay, and nutrition loss in winter 
jujube [18,30]; however, US treatment is only effective during washing, 
without leaving any residue on jujube to affect its quality during storage 
and was considered a low-cost and effective decontamination method 
for fresh produce. In this study, we confirmed that US treatment did not 
deteriorate the quality during storage, by analyzing nutrients, soluble 
matter, instrument color, sensory quality, and stress response enzymes. 
Oxidizing sanitizers can cause the loss of fresh produce quality. For 
example, 10 ppm aqueous ozone can lead to ascorbic acid loss in fresh- 
cut rocket leaves during storage [51], whereas for FC, in general, fresh 
produce quality will not decline with an FC concentration that does not 
exceed 200 ppm [52]. In this study, a low concentration of FC (10 ppm) 
was used, and we found that US + 10 ppm FC did not cause additional 
quality loss as compared to that with the control, which was in consis-
tent with the results of US treatment. However, for other fragile fruits, 
US treatment leads to significant quality loss. A previous study used low- 
frequency US (25 kHz) to process fresh-cut mangoes and found that the 
color, firmness, soluble solids, and sugar content are negatively affected 
[53]. 

Fig. 7. Effects of different treatments on the quality of winter jujube. (A) Weight loss, (B) total soluble solids, (C) polyphenolic content, (D) ascorbic acid, and (I) PAL 
activity of winter jujube. Bars show mean ± standard deviation values, and different lowercase letters indicate significant differences (P < 0.05). PAL, phenylalanine 
ammonia-lyase; PPO, polyphenol oxidase; US, ultrasonication. 
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3.4. Decontamination efficacy of different treatments for winter jujube 

3.4.1. Effects on food-borne pathogens 
No significant difference was observed between US and FC treatment 

for disinfecting samples containing E. coli O157: H7, non-O157 E. coli, 
and Salmonella (Fig. 9) at day 0. However, when comparing the results 
regarding cross-contamination prevention and disinfection efficacy 
(Fig. 4 vs. Fig. 9), cross-contamination incidence did not decrease after 
US treatment, whereas 10 ppm chlorine treatment significantly 
decreased the incidence. Therefore, the decontamination of fresh pro-
duce using US treatment alone has a minor contribution to prevent 
cross-contamination. Therefore, it is important to use sanitizers during 
ultrasonic washing to prevent cross-contamination. 

When US was used in combination with FC disinfection, the counts of 
E. coli O157: H7, non-O157 E. coli, and Salmonella were 3.78, 3.67, and 
3.75 log CFU/g, respectively, which were significantly lower than those 
obtained using US and FC treatments separately (Fig. 9); however, a 
synergistic effect was not observed. Many studies have shown that 
hurdle technology cannot provide synergistic effects on the disinfection 
of produce; however, the technology enables additional microbial 
reduction when compared with single disinfection methods [54–56]. 

When fresh produce is contaminated by a pathogen, a layer-by-layer 
state of the pathogen is formed on the produce surface [34]. The use of 
US and FC alone will detach and inactivate the pathogen from the upper 
layer, respectively (Fig. 10); however, when US and FC are combined, 
shear force can weaken the adhesion between each pathogen layer, 
making it easier for FC to inactivate the pathogen in deeper layers 
(Fig. 10) [34]. This can explain why US + FC led to the highest disin-
fection efficacy against the pathogen on the surface of winter jujube. 

During storage, the treatment with US, FC, and their combination 
still led to significantly lower pathogen counts than that in the control 

group, and the count in the combination group was significantly lower 
than that in the US and FC-treated groups. In few cases, insufficient 
disinfection may stimulate pathogen growth on produce. A previous 
study found that L. monocytogenes shows growth on lettuce after washing 
with 0.5% propionic acid (PA), whereas 1% PA significantly reduces the 
cell counts of this bacterium; the authors suggested that this result may 
be explained by the fact that L. monocytogenes is more resistant to 0.5% 
PA than native microflora and is more competitive, whereas 1% PA can 
create an acidic environment that exceeds the resistance limit of the 
bacterium [57]. 

3.4.2. Effects on naturally present microbes 
A combination of different decontamination methods considerably 

inhibits the growth of microbes naturally present on fresh produce. A 
study found that 0.6% citric acid and 2% H2O2 can reduce AMC and 
M&Y by<1 log when used alone; however, they reduce the cell counts by 
2.26 and 1.28 log, respectively, when used in combination [58]. The 
combined use of chlorine, ozone, and electrolyzed water with organic 
acids exhibits better disinfection effects for lowering the AMC than that 
obtained using individual treatments [29,59]. It was observed that the 
AMC, APC, and M&Y in the treatment group were significantly lower 
than those in the control group, and the counts in the combination group 
were significantly lower than those in the US and FC groups (Fig. 11). 

When comparing microbial reduction between AMC and M&Y, the 
treatment with US, FC, and their combination reduced the AMC by 0.53, 
0.66, and 1.22 log CFU/g, respectively, and reduced M&Y by 0.38, 0.39, 
and 0.77 log CFU/g, respectively. The relatively weaker effect against 
fungi may be due to the relatively greater resistance of the fungal 
membrane to the treatment, which is the main target of the oxidizing 
agent, chlorine [4]. Similarly, the use of oxidizing sanitizers showed 
lower disinfection effects against fungi than that obtained using other 

Fig. 8. Effects of different treatments on the sensory quality of winter jujube. (A) Flavour, (B) color, (C) crispness, and (D) instrument color of winter jujube. Bars 
show mean ± standard deviation values, and different lowercase letters indicate significant differences (P < 0.05). US, ultrasonication. 
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sanitizers. Aqueous ozone reduces the M&Y by 0.78, 0.99, and 0.5-log 
for strawberries, lettuce, and durum wheat, respectively, which are 
significantly lower than those obtained using organic acids [60,61]. A 
study compared the disinfection efficacies of chlorine, aqueous ozone, 
and lactic acid (LA), and found that LA is more effective than ozone and 
chlorine in reducing M&Y during storage [51]. During storage, the 
combination group still had the lowest AMC, APC, and AMC, which were 
significantly lower than those of the other groups, which is consistent 
with the results of the pathogen experiment (Fig. 11). 

4. Conclusion 

In this study, we proposed a decontamination method combining 

low-concentration chlorine with US treatment and determined its effi-
ciency in preventing cross-contamination. US treatment (28 kHz) com-
bined with 10 ppm FC could effectively control cross-contamination 
during winter jujube decontamination; however, US treatment alone 
could not decrease the cross-contamination incidence. When analyzing 
the disinfection efficacy against winter jujube, we considered the mi-
crobial reduction in winter jujube to be mainly attributed to physical 
effects (shear force and pressure), unlike membrane damage caused by 
chlorine. Therefore, it is necessary to use sanitizers to control cross- 
contamination when washing fresh produce under ultrasonic condi-
tions. The disinfection efficacy of US + FC can lead to the lowest cell 
counts of E. coli O157: H7, non-O157 E. coli, and Salmonella during 
storage (0–7 d). The cell counts of the combination group were 

Fig. 9. Effects of different treatments on food-borne pathogen of winter jujube. (A) Escherichia coli O157:H7, (B) non-O157 E. coli, and (C) Salmonella Typhimurium 
of winter jujube. Bars show mean ± standard deviation values, and different lowercase letters indicate significant differences (P < 0.05). US, ultrasonication. 

Fig. 10. Schematic diagram of proposed antibacterial mechanism of ultrasonication, free chlorine, and ultrasonication plus free chlorine against the pathogens 
present on the winter jujube surface. 
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significantly lower than those of the control, US, and FC groups. Quality 
analysis including apparent indicators (nutrition, soluble matter, weight 
loss), sensory quality, and enzymatic activity suggest that US does not 
lead to quality loss in winter jujube. Currently, studying the relationship 
between disinfection and ecological changes has been proposed as an 
emerging strategy to elucidate the antimicrobial mode of action against 
naturally present microbes on fresh produce, and metatranscriptomic 
analysis can be performed to evaluate the disinfection mechanism of US 
+ FC in the future. 
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