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ABSTRACT

The sanitising effect of low concentration acidic electrolysed water (AEW, free available chlorine (FAC): 4 mg/L)
combined with levulinic acid (LA, 3% v/v) on fresh organic lettuce during 7-day storage was evaluated. The
combined sanitising method showed additional bactericidal efficacy against naturally existing microbiota, while
LA alone and combined with AEW could reduce survival population of Escherichia coli ATCC 25922 and Listeria
innocua Seeliger ATCC 33090 inoculated on lettuce surface effectively, with 3.5-4.0 log CFU/g reduction for
both during storage. Moreover, the modified Gompertz model provided a good fitness to the sanitising results
during storage, with highest R? in AEW group for E. coli (0.99) and in combination group for L. innocua (1.00),
respectively. In addition, the physicochemical properties of organic lettuce treated by each sanitising treatment
were not changed significantly during storage. Epifluorescence microscopy and atomic force microscopy (AFM)
revealed that the cell permeability and morphology of E. coli and L. innocua were changed after sanitising
treatments, with damaged cell membrane and disordered cellular structure in different degrees. Besides, the size
of cells became smaller after combined sanitising treatment, with 2.12 and 1.24 um? for E. coli and L. innocua,
respectively, indicating some cytoplasm leakage. Sodium dodecyl sulphate polyacrylamide gel electrophoresis
(SDS-PAGE) showed the number and intensities of the protein bands of E. coli were reduced, while those of L.
innocua remained similar after sanitising treatments. The results suggest that low concentration AEW combined

with LA is a potential effective approach to sanitise organic produce.

1. Introduction

The purchases of organic food have been dramatically increased
over the past decades. For instance, organic sales in the U.S. have in-
creased rapidly from $3.6 x 10° in 1997 to $49.4 x 10° in 2017 (OTA,
2018; Sow, Tirtawinata, Yang, Shao, & Wang, 2017). However, as a
primary part of organic food, organic produce is vulnerable to be
contaminated by pathogens due to using organic fertilisers, bringing
microbiological safety concerns to consumers (llic et al., 2012). Among
them, organic lettuce (Lactuca sativa) is most likely to become a major
source of spreading pathogens, considering it is often consumed as
ready-to-eat salad and responsible for many outbreaks of foodborne
illnesses (Zhang & Yang, 2017). Therefore, appropriate sanitisation
before consumption is required to enhance microbiological safety of
organic lettuce.

When only limited numbers of synthetic sanitisers have been

allowed for organic food processing due to strict regulations (Chen
et al., 2019), acidic electrolysed water (AEW), which is generated by
electrolysing the dilute sodium chloride solution, can act as an efficient
sanitiser against various kinds of pathogenic bacteria, like Escherichia
coli O157:H7, Salmonella spp. and Listeria monocytogenes. The anti-
microbial mechanisms of AEW could be mainly attributed to three
factors, free available chlorine (FAC), oxidation reduction potential
(ORP) and pH (Hati et al., 2012). There exist interaction effects among
them, for example, the FAC and ORP values were found to decrease
significantly when the pH increased (Rahman, Ding, & Oh, 2010). Be-
sides, high ORP played an important role in the bactericidal effects of
AEW, as it could damage cell membrane and increase membrane pe-
netrability to make intracellular components released, leading to ne-
crosis of bacteria (Liao, Chen, & Xiao, 2007). In addition to strong
antimicrobial activity, environmentally-friendly nature, safe char-
acteristic, and economical running expense also account for the
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popularity of AEW in food industry. However, for chlorine-based sa-
nitisers, the National Organic Program (NOP) of US Department of
Agriculture (USDA) regulates that the FAC concentration in organic-
compatible sanitisers after processing cannot exceed 4mg/L (NOP
5026, 2011). Therefore, in order to achieve a desirable sanitising result,
low concentration AEW should be combined with another method for
organic food application.

Levulinic acid, a 5-carbon organic acid, has been designated as
Generally Recognised as Safe (GRAS) by FDA. It could be derived from
degradation of cellulose or produced by heating hexose (Smith, 2011).
Like other organic acids, levulinic acid also possesses a certain anti-
microbial effect. By combining 0.5% levulinic acid with 0.05% sodium
dodecyl sulphate as a sanitising method, the population of Shiga tox-
in—producing E. coli in a pure culture was reduced to an undetectable
level (Zhao et al., 2014). Besides, the salt of levulinic acid like sodium
levulinate also exhibited an effective sanitising ability for spoilage
bacteria in fresh sausage (Vasavada, Carpenter, Cornforth, & Ghorpade,
2003). However, studies related to the sanitising effect of levulinic acid
on microorganisms during the preservation of organic produce are
limited.

Therefore, the main objective of this study was to evaluate the sa-
nitising effect of low concentration AEW (4 mg/L FAC) combined with
levulinic acid (LA) on E. coli ATCC 25922 and L. innocua Seeliger ATCC
33090 of organic lettuce during 7-day storage by model fitting test, and
its influence on physicochemical qualities of lettuce. Furthermore, the
antimicrobial mechanisms of this combined sanitising treatment were
also elucidated, by determining the damage to membrane permeability,
morphological changes and protein profile changes, respectively. The
results would contribute to the development of a potential sanitising
approach to enhance food safety of organic produce as a novel food
preservation technology.

2. Materials and methods
2.1. Materials

Certified organic lettuces were purchased from an organic farm in
Singapore. After being transported to laboratory, the lettuces were
stored at 4.0 °C and used within 24 h. The injured leaves of lettuces
were removed and the remaining intact leaves similar in size and colour
were gently rinsed by sterilised water to remove the soil (Zhang & Yang,
2017). Lettuces were cut into pieces of 3cm X 4 cm. Each single set
contained around 10g of lettuces and triplicate samples from each
treatment were analysed.

2.2. Bacterial strains and inoculation

E. coli ATCC 25922 and L. innocua Seeliger ATCC 33090 were ob-
tained from ATCC. After grown to the stationary phase, they were
adapted to the media supplemented with 200 ug/mL nalidixic acid
(Sigma-Aldrich, USA), which was added by stepwise increments after
each transfer. This was to rule out any effects that naturally existing
microbiota on lettuce surface might exert for later enumeration.
Adapted E. coli and L. innocua were diluted in 0.1% peptone water to
achieve final cell concentration of 107 colony forming unit (CFU)/mL
for the inoculums. Submerged in E. coli and L. innocua suspensions for
5 min respectively, the inoculated lettuces were air-dried for 30 min in a
laminar flow biosafety cabinet.

2.3. Sanitising treatments

Uninoculated (for natural microbiota analysis) and inoculated let-
tuces (10 g) were dipped into 200 mL of following sanitiser solutions for
7 min respectively: (i) AEW (with 4 mg/L FAC, generated by electro-
lysing 0.9% NaCl solution in an electrolysis device (ROX-10WB3,
Hoshizaki Electric Company, Japan)); (ii) LA (3% v/v, prepared from a
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Table 1

The concentration, pH and ORP of different treatment solutions.
Solution Concentration pH ORP* (mV)
DW - 7.11 * 0.13¢ 300.0 + 20.0"
LA 3% (v/v) 2.66 + 0.02° 513.0 + 10.5%
AEW 4 mg/L (FAC*) 3.84 = 0.12° 920.5 + 30.5¢
Combination 4 mg/L + 3% 2.66 + 0.03% 1007.5 + 10.5"

*FAC: Free available chlorine; ORP: oxidation reduction potential.

Within each column, mean values with different lowercase letters are sig-
nificantly different pH among different treatment solutions (P < 0.05), and
mean values with different capital letters are significantly different ORP among
different treatment solutions (P < 0.05). DW, deionised water; LA, levulinic
acid; AEW, acidic electrolysed water; Combination: AEW + LA.

solution of 97% v/v, Sigma-Aldrich, USA); (iii) the combination of AEW
and LA. Besides, the deionised water (DW) was served as control. The
properties of each sanitising treatment are shown in Table 1. The FAC
value was measured by using a chlorine test kit (Merck, Darmstadt,
Germany), followed by measuring pH value using a pH meter (Thermo
Orion pH meter, Waltham, USA) and the ORP value using an ORP meter
(HM Digital ORP-200, Culver City, USA). After the dipping, all lettuce
samples were air-dried again. Then all the treated lettuces were stored
in zipper bags (16.8 cm x 8.2 cm) and refrigerated (7.0 = 1.0°C) up to
a period of 7 days with different sampling time point (Day 0, 1, 3, 5 and
7) being analysed.

2.4. Microbiological analysis

At each sampling time point, a 10 g of lettuce in each group were
put in a stomacher bag containing sterile peptone water (0.1%, 90 mL)
for 3-min homogenisation by using a Stomacher (Masticator Stomacher,
IUL Instruments, Germany). Serial dilution was performed and the de-
sired dilution (0.1 mL) of each group was used for spread plating. For
aerobic mesophilic count (AMC), plate count agar (PCA, Oxoid, Britain)
was utilised for inoculation, followed by incubation at 37 °C for 48 h.
Yeasts and moulds were incubated on potato dextrose agar (PDA,
Oxoid, Britain) at 25 °C for 72h. For inoculated bacteria, E. coli was
enumerated by counting the colonies grown on tryptic soy agar (TSA,
Oxoid, Britain) containing 200 pg/mL nalidixic acid at 37 °C for 24 h,
while L. innocua counts were determined from tryptic soy agar with
0.6 g/100 mL yeast extract (TSAYE) containing 200 pg/mL nalidixic
acid at 37 °C for 48 h. The results were showed as log CFU/g sample
(Liu, Tan, Yang, & Wang, 2017a).

2.5. Mathematical modeling of sanitising effect

A modified Gompertz model was used to describe the changes of
microbial loads on organic lettuces during storage (Valdivia-Najar,
Martin-Belloso, Giner-Segui, & Soliva-Fortuny, 2017):

y = y1 +Aexp{-exp[-B(t-M)]}

where y is the cell population surviving at representative day (log
(CFU/g), y1 is the initial cell population at the beginning of storage
period (log (CFU/g), A is the different asymptotic values from the be-
ginning of the storage to the end, B is the relative rate of change at time
M, M is the time (day) with the maximum absolute rate of change, and t
is the storage time (day).

The goodness of the model fitting was tested by R-square (R?») and
Residual Mean Square Error (RMSE) values using MATLAB R2018a
(The Mathworks, Inc., Natick, USA). Besides, the Akaike Information
Criterion (AIC) values were also calculated to analyse the overfitting
using following formula:

AIC = nIn(SSE) +2p

where n is the number of data points used for modeling, SSE is the Sum
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of Squares for Error and p is the number of parameters used in the
model (Josewin, Ghate, Kim, & Yuk, 2018).

2.6. Physicochemical property analyses

After each sanitising treatment, firmness, electrolyte leakage and
colour changes of lettuces were measured during storage. The firmness
of samples was determined by using a TA-XT2i Texture Analyser (Stable
Micro Systems Ltd., Goldaming, UK) following a reported approach
(Salgado, Pearlstein, Luo, & Feng, 2014). Moving at a speed of 5 mm/s,
the blade plunger was stopped once it was 1 cm below the bottom of the
press holder. Twenty independent replicates were performed for each
group and the results were exhibited as the maximum cut force.

The electrolyte leakage changes of treated lettuces were measured
according to a previous method with some modifications (Kim, Luo,
Tao, Saftner, & Gross, 2005). The lettuces (2g) were cut into small
pieces and transferred into a centrifuge tube containing 20 mL deio-
nised water for 0.5h interaction. A conductivity meter Horiba ES-14
(Horiba. Ltd., Kyoto, Japan) was used to measure the electrical con-
ductivity, which was noted as conductivity of sample at 0.5 h. Then the
sample was boiled for 15 min, cooled to room temperature and mea-
sured its conductivity again. The electrolyte leakage rate was calculated
based on the following formula:

Electrolyte leakage (%)
_ conductivity of sample at 0.5 h—conductivity of deionised water

X 100%

conductivity of sample after 15 min boiling

The colour of lettuce samples was analysed using a Minolta
Colorimeter CM-3500d (Konica Minolta, Inc., Tokyo, Japan) after ca-
libration. Hunter's colour parameters (L, a, b) were tested at 2 locations
of each lettuce piece and a total of 20 readings for each group were
obtained. Overall colour difference was calculated according to the
following formula (Zhang & Yang, 2017):

AE" = J(AL)? + (Aa")? + (AB)?

where AE* represents the overall colour difference, AL*, Aa* and Ab*
were generated by the colourimeter as colour changes compared to the
corresponding values of lettuce untreated initially.

2.7. Antimicrobial mechanism analysis

2.7.1. Determination of cell membrane permeability

Cell membrane permeability after each sanitising treatment was
observed using epifluorescence microscopy (Olympus BX51, Melville,
USA) after the cells were stained by two dyes in the LIVE/DEAD’
BacLight™ Viability Kit L-7007 (Molecular Probes™, Eugene, USA). The
preparation of samples was conducted according to the previous
methods with some modifications (Kim, Miks-Krajnik, Kumar, & Yuk,
2016). The two dyes were SYTO®9 and propidium iodide (PI) and after
they were mixed thoroughly by equal volumes, 3 pL of the mixture was
added into 1 mL of treated E. coli and L. innocua suspension for a 15-min
incubation in the dark at room temperature. Afterwards, 10 uL of the
suspension was placed onto glass slides covered with square coverslips
and examined immediately by microscopy which was equipped with a
set of fluorochrome filters.

2.7.2. AFM analysis of morphological changes

Atomic force microscopy (AFM) has recently been introduced to
food safety as a powerful tool to study bacterial morphology. After the
bacterial suspension was prepared, treated and neutralised according to
the methods in our previous study (Zhao, Zhang, & Yang, 2017), about
20 uL of treated E. coli and L. innocua solutions were pipetted onto
freshly cleaved mica sheets which were stuck to AFM specimen discs.
After drying, characterisation of bacterial morphology was carried out
by AFM (TT-AFM workshop, Signal Hill, USA) using a Sensaprobe
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Fig. 1. Sanitising effect of different treatments on aerobic mesophilic counts (A)
and yeasts and moulds (B) of organic lettuce during storage. Data are presented
as mean values * standard deviation. Mean values within the same storage
time by different treatments with different capital letters are significantly dif-
ferent; mean values for the same treatments at different storage times with
different lowercase letters are significantly different (P < 0.05). DW: deionised
water; LA: levulinic acid; AEW: acidic electrolysed water; Combination:
AEW + LA.

TM190-A-15 tip (Applied Nanostructures, Mountain View, USA) in the
mode of 512 pixels/line and 0.5 Hz scan rate. The AFM images were
processed and analysed offline using Gwyddion software (Liu & Yang,
2018).

2.7.3. SDS-PAGE protein analysis

Sodium dodecyl sulphate polyacrylamide gel electrophoresis (SDS-
PAGE) has become an ideal technique to investigate the mechanism of
antimicrobial action (Walker, 2002, pp. 11-14). For whole protein ex-
traction, cell pellets (~1.0 g) were resuspended in 10 mL of chilled lysis
buffer and cooled on ice for 10 min, followed by sonication (22.5 kHz,
100 W) on wet ice with 10 cycles of 10s pulse and 30s stops. Lysis
buffer contained 50 mM Tris-HCl (pH 7.5), 100 mM NaCl, 5mM 1,4-
dithiothreitol (DTT) and 1 mM phenylmethylsulfonyl fluoride (PMSF).
The protein supernatant from lysed cells were obtained by centrifuga-
tion at 5000 x g at 4°C for 10 min. 100 uL. of 20% SDS mixed with
900 uL of STB (sample treatment buffer) was prepared as SDS-STB for
use with proteins. STB was the mixture of 950 pL of 2x Laemmli sample
buffer (Bio-Rad, Singapore) and 50 uL of 2-mercaptoethanol (Sigma-
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Fig. 2. E. coli (A) and L. innocua (B) counts on treated organic lettuce through
storage. Points are the mean of three determinations. Lines represent the fit of a
modified Gompertz model to the experimental data. DW: deionised water
(black circle); LA: levulinic acid (blue diamond); AEW: acidic electrolysed
water (red triangle); Combination: AEW + LA (yellow inverted triangle). (For
interpretation of the references to colour in this figure legend, the reader is
referred to the Web version of this article.)
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Aldrich, USA). Then equal volumes of SDS-STB and protein supernatant
were mixed, followed by heating for 3 min at 96 °C. Subsequent steps of
performing SDS-PAGE, staining and destaining of proteins were based
on the methods of Cloete, Thantsha, Maluleke, and Kirkpatrick (2009).

2.8. Statistical analysis

All experiments were repeated thrice. Means with standard devia-
tion were compared using ANOVA (P < 0.05) and Duncan's multiple-
range test to assess the difference among different treatment groups
with an IBM SPSS statistical software (version 24; IBM Corp., Armonk,
USA). For AFM and epifluorescence microscopy, parallel images were
compared to get representative results.

3. Results and discussion
3.1. Sanitising effect on natural microbiota of lettuce

Fig. 1 shows the sanitising effect of different treatments on natural
microbiota of organic lettuce. The concentration of LA (3% v/v) and the
treatment time (7 min) used in current study were based on our per-
vious study in vitro, which were the optimal conditions. The initial
population of aerobic mesophilic counts (AMC) and yeasts and moulds
on lettuce before treatments were approximate 6.72 and 6.68 log CFU/
g, respectively (data not shown). As shown in Fig. 1A, decreased po-
pulation of AMC was observed immediately (day 0) after AEW, LA and
combination treatments, with around 1.02, 1.80 and 2.47 log CFU/g
reduction, respectively, compared to the untreated lettuces. For yeasts
and moulds, all treatment groups resulted in a significant reduction
immediately (day 0) compared to the untreatment, with around 0.46,
1.02, 2.48 and 2.53 log CFU/g reduction in DW, AEW, LA and combi-
nation groups, respectively (Fig. 1B). Besides, during 7 days of storage
at 7°C, the populations of AMC and yeasts and moulds increased in
both DW and AEW groups, while the most dramatic reduction hap-
pened in the combination groups, with more than 4.0 log CFU/g re-
duction for AMC and 4.5 log CFU/g reduction for yeasts and moulds,
respectively, compared to the control group (Fig. 1A and B).

The antimicrobial mechanism of LA could be attributed to its un-
dissociated form, which can passively diffuse through the bacterial cell
membrane. Once in the cell, the higher intracellular pH will lead to
proton dissociation, making cellular pH drop and then setting off a
series of metabolic reactions, and finally the cell death occurs (Guo &
Olsson, 2014). Continuous microbial reduction was observed in LA
treated groups during 7-day storage in current study, mainly because
the decline of internal pH can persist over the storage period. Therefore,
LA is able to impart residual inhibition of microorganisms for some days
after treatment (Chhetri, Janes, King, Doerrler, & Adhikari, 2019). AEW
was found to be less effective against bacteria on lettuce than in vitro,
which could be attributed to the biofilm formation, a complex structure

Table 2
Fitting parameters of each treatment by modified Gompertz model.
Inoculum Treatment yi* A* B* M* R? RMSE SSE AIC
E. coli DW 5.90% —-2.07° 0.50" 2.55° 0.94¢ 0.23° 0.16" -5.16"
LA 4.74° -2.514 0.50° 2.07¢ 0.97° 0.19° 0.11¢ —7.04¢
AEW 5.30° -1.53° 0.64° 2.36° 0.99° 0.09¢ 0.02¢ -15.56¢
Combination 4,324 -2.19¢ 0.45¢ 3.17° 0.924 0.28% 0.23% —-3.35%
L. innocua DW 5.93% —-0.412 21.49% 0.10¢ 0.35¢ 0.30° 0.28" -2.36"
LA 5.64° -2.83¢ 0.53¢ 1.98¢ 0.93¢ 0.34° 0.34° -1.39°
AEW 5.76° -1.33° 0.49¢ 2.21% 0.97" 0.11¢ 0.04¢ —-12.09¢
Combination 5.58¢ —-2.57¢ 0.64° 2.10° 1.00% 0.08¢ 0.02¢ —-15.56¢

*The parameters of modified Gompertz model. y = y; + Aexp{-exp[-B(t-M)]}.

Note: y,;, decimal logarithm of initial load (log (CFU/g)); A, difference in value of the upper and the lower asymptotes (log (CFU/g)); B, relative growth or death rate
at time equal to M(log (CFU/g)/day); M, time at which growth or death rates (B) are maxima (day); Regression coefficient (R?); Root Mean Squared Error (RMSE);
Sum of Squares for Error (SSE); Akaike Information Criterion (AIC). Different letters within the column indicate that the mean values are significantly different in
each strain (P < 0.05). DW, deionised water; LA, levulinic acid; AEW, acidic electrolysed water; Combination: AEW + LA.
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surrounding the cells to protect them from adverse environmental
stresses (Flemming & Wingender, 2010). Besides, the chemically re-
active molecules of AEW could interact with the organic materials on
lettuce surfaces, such as dusts, soil particles and organic fertiliser re-
sidues, which could decrease chlorine availability of AEW and reduce
its bactericidal effect (Hao et al., 2013). In addition, the microbial re-
duction in combination group was more than LA and AEW each used
alone, indicating that additional sanitising action might occur when
combining LA and AEW. The possible reason for additional sanitising
effect is that LA with low pH and its undissociated form can act as a
permeabiliser of the bacterial cell membrane as well as act as a po-
tentiator to enhance the bactericidal effect of AEW (Tango, Mansur,
Kim, & Oh, 2014).

3.2. Model fitting of sanitising effect on E. coli and L. innocua of lettuce

The model fitting curves of each treatment during storage are pre-
sented in Fig. 2. The initial inoculums of E. coli and L. innocua on let-
tuces were 6.28 and 6.77 log CFU/g, respectively (data not shown). A
decreasing trend of all treatment groups during storage was observed
for both bacteria, except the population of L. innocua on DW-treated
lettuces, remaining almost unchanged (Fig. 2A and B). The combined-
treated lettuces provided the most adverse environment for the two
bacteria to grow, causing 3.5-4.0 log CFU/g reduction for them during
storage, a similar result to that in LA group.

The modified Gompertz model provided a good fitness to the ex-
perimental data. As can be seen in Table 2, high R? values (0.92-1.00)
were shown in each treatment group (control group excluded) for both
bacteria, with highest in AEW group for E. coli (0.99) and in combi-
nation group for L. innocua (1.00), respectively. On the contrary, lowest
RMSE and AIC values were also observed in that two groups. Moreover,
to validate the model's fitness, additional data of Day 4 were conducted
to determine the error percentage between the predicted value from the
model and the actual experimental value. All error percentages of Day 4
were less than 10% in all treatment groups for both bacteria (data not
shown), indicating good predictability. Considering RMSE can act as
the most simple and informative indicator of goodness-of-fit for in-
activation curves and AIC can check the overfitting of the model by
taking into account the sample size and parameter number, the overall
results demonstrated good appropriateness of the modified Gompertz
model in current study (Pla, Oltra, Esteban, Andreu, & Palop, 2015).

To further analyse the sanitising effect during storage in detail, the
model parameters in each treatment group are also shown in Table 2.
For E. coli, the time at which death rates were maxima (M) was ex-
tended in combination group as compared to the control. However,
decreasing trend of relative death rate (B) was recorded in most of the
treated groups, which might be attributed to the lower initial microbial
loads on lettuces that the sanitising treatments had caused at the be-
ginning (Valdivia-Najar et al., 2017). For L. innocua, the lower value of
B and the higher value of M were observed in all treated groups com-
pared to the control. However, the microbial loads at the beginning of
storage after being treated immediately (y; values in Table 2) were
higher than those for E. coli, showing L. innocua exhibited more re-
sistance to sanitising solutions (Ahn & Balasubramaniam, 2007).

Mathematical models can predict microbial safety and provide
practical guidance for food industry. While most of the models were
applied to describe the inactivation behaviour during sanitising process,
modeling the changes of microbial growth or death on food matrix
during storage period is limited. For example, Gil, Miller, Brandao, and
Silva (2011) used Gompertz model to predict microbial thermal in-
activation under static and dynamic temperature during 200 min,
showing that Gompertz model was effective if re-parameterised forms
were applied. Besides, other models like Weibull and Baranyi models
were used to describe the inactivation effect of light emitting diode
illumination on Salmonella spp. on fresh-cut pineapples during a certain
sanitising time, demonstrating good fitness (Ghate et al., 2017). Not
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similar to the inactivation process, which generally presents a shape
containing a shoulder, linear phase and tail residual for microbial sur-
vival under model description (Koyama, Hokunan, Hasegawa,
Kawamura, & Koseki, 2017), describing microbial growth or death on
food matrix during storage through models needs to be investigated
further, as it involves more complicated factors, like the storage tem-
perature, food matrix, biofilm formation and organic materials on food
surfaces, which could all have a cross-impact on microbial behaviour
(Adhikari, Syamaladevi, Killinger, & Sablani, 2015).

3.3. Physicochemical property of lettuce

The physicochemical properties of lettuce can directly affect its shelf
life, therefore, postharvest treatments on reducing microorganisms and
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figure legend, the reader is referred to the Web version of this article.)

maintaining produce's quality are of equal importance (Qi, Hu, Jiang,
Tian, & Li, 2011).

Fig. 3 shows the effects of different treatments on firmness and
electrolyte leakage of organic lettuce during storage. As shown in
Fig. 3A, firmness of each group's samples increased significantly as the
storage time increased. Considering the firmness was represented by
maximum cut force, which can be higher if produce's tissues become
softer (Ali, Chin, & Lazan, 2004), the increased firmness results in-
dicated some loss of freshness of lettuce in our current study. It is
generally believed that changes of cell wall structures and components
can result in increased firmness of produce, and the reactions that
happened between the sanitising components and related macro-
molecules within lettuce could also be a reason (Saftner, Bai, Abbott, &
Lee, 2003). Although some slightly different values were observed for
different treatments, there was no significant difference in firmness
among different treatment groups after the same storage period.

For electrolyte leakage shown in Fig. 3B, an increasing trend ap-
peared in all treatment groups over storage time, with the highest
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electrolyte leakage happening in combination group from the third day
of storage (~25%). Considering electrolyte leakage is connected with
cell membrane integrity (Demidchik et al., 2014), higher electrolyte
leakage means more tissue damage of produce. The oxidised un-
saturated fatty acids located in cell membranes could be one of the
reasons that caused ion leakage in some fruits and vegetables (Wang,
Feng, & Luo, 2004). When AEW was combined with LA, its oxidation
property might be improved due to lower pH and higher ORP values,
which could promote unsaturated fatty acid oxidation and decrease
membrane fluidity, causing increased electrolyte leakage in produce
(Salgado et al., 2014).

The results of colour changes of organic lettuce treated by different
sanitisers during storage are shown in Fig. 4. No significant difference
was observed among different treatment groups on the same day for L*,
a* and b*, individually. However, the overall colour difference, AE*,
showed to be with more fluctuations and more obvious increasing
trends as storage time going on (Fig. 4D). Considering colour is an in-
dicator of the degree of freshness (Zhang & Yang, 2017), our results
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Fig. 5. Fluorescence microscopy images of E. coli (first column) and L. innocua
(second column) cells stained with LIVE/DEAD" BacLight™ after different sa-
nitising treatments. (A and a) DW; (B and b) LA; (C and c¢) AEW; (D and d)
Combination. DW: deionised water; LA: levulinic acid; AEW: acidic electrolysed
water; Combination: AEW + LA.

demonstrated that different sanitisers did not accelerate the loss of
freshness of organic lettuce, compared to DW treatment. Colourimetric
data is frequently used to show the degree of browning, which is also a
sign of vegetable aging in fresh-cut products (Cho & Moon, 2014). The
higher a* values and the lower L* and b* values of lettuces after 7-day
storage indicated the loss of lightness and fresh green colour due to
vegetable aging.

3.4. Loss of cell membrane permeability after sanitising treatments

To further analyse the antimicrobial mechanism of each sanitising
treatment, LIVE/DEAD’ BacLight™ assay kit was used to examine the
cell membrane permeability. The kit comprises of two stains, SYTO 9
and propidium iodide (PI). SYTO9 showing green fluorescence could
penetrate both intact and damaged cells’ membranes as its molecular
weight is lower (~400Da), while PI of higher molecular weight
(668 Da) could only penetrate the damaged cell membrane, showing
red fluorescence (Bleichert, Santo, Hanczaruk, Meyer, & Grass, 2014).

In this study, the control group after 7-min DW treatment revealed
green fluorescent signal of SYTO®9, whereas other three treatment
groups all showed red fluorescence (Fig. 5). The results showed that the
cells under LA, AEW and their combination treatments all lost their
membrane integrity, which was quantified and shown in Table S1. The
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Fig. 6. AFM images of E. coli (first column) and L. innocua (second column) cells
after different sanitising treatments. (A and a) DW; (B and b) LA; (C and c)
AEW; (D and d) Combination. DW: deionised water; LA: levulinic acid; AEW:
acidic electrolysed water; Combination: AEW + LA. AFM: Atomic force mi-
Croscopy.

percentages of membrane integrity loss were significantly increased
after all sanitising treatments, with more than 95% in combination
group for both bacteria. The permeability change could be attributed to
many factors, such as membrane potential, enzyme activity and pump
activity (Joux & Lebaron, 2000). However, in current study, the
membrane permeability change caused by the loss of a permeability
barrier might be the primary cause, considering only PI is able to enter
the cells when permeability barrier is absent.

However, as the epifluorescence microscopy could only determine
the cell membrane permeability in a macroscopic scale, the specific
damage level of cell membranes caused by each sanitising treatment
remained unclear. Therefore, it is necessary to further understand the
disinfection mechanism on a nanoscale basis using AFM.

3.5. AFM analyses of cell morphological changes
Applications of AFM involve many areas, such as analysing food

components and investigating the structural properties of microbial
surfaces related to food safety issues (Liu & Yang, 2018). The
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Table 3
Effects of different treatments on the quantification of E. coli and L. innocua dimension.
Treatment E. coli L. innocua
Length (um) Width (pm) Area (um?) Length (um) Width (um) Area (um?)
DW 2.31 = 0.08* 0.88 + 0.04* 2.83 + 0.09* 1.32 = 0.14* 0.75 = 0.08* 1.53 = 0.11*
LA 1.86 = 0.05° 0.52 + 0.04° 2.15 + 0.13° 1.10 = 0.09¢ 0.49 + 0.08° 1.28 = 0.10¢
AEW 2.16 + 0.11° 0.62 + 0.05° 2.44 + 0.09" 1.24 + 0.13° 0.64 + 0.06° 1.42 + 0.08°
Combination 1.89 + 0.09° 0.52 * 0.06° 2.12 * 0.10° 1.14 + 0.10° 0.50 * 0.08° 1.24 + 0.10°

Within each column, means with different letters are significantly different among different treatments (P

acidic electrolysed water; Combination: AEW + LA.
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Fig. 7. SDS-PAGE whole protein profiles from E. coli (A) and L. innocua (B) after
different sanitising treatments. M: molecular weight marker; DW: deionised
water; LA: levulinic acid; AEW: acidic electrolysed water; Combination:
AEW + LA.

nanostructures of E. coli and L. innocua after each treatment are shown
in Fig. 6. There were no visible damages for both cells after 7-min DW
treatment, showing typical rod-shaped morphology with smooth sur-
faces and intact membranes (Fig. 6Aa). After being treated with AEW,
there were some slight wrinkles in the surface, but the profiles were still
normal with well-defined outer walls (Fig. 6Cc). However, in the groups
of LA alone and LA combined with AEW, both E. coli and L. innocua cells
were observed with more disordered cellular structure, irregular and
wrinkled surfaces and damaged cell wall (Fig. 6Bb, Dd). In addition to
profile changes, some small substances could also be observed, which
might be the leakage of intracellular contents of the cells or the ag-
gregation of the cytoplasmic components caused by the change of cell
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< 0.05). DW, deionised water; LA, levulinic acid; AEW,

membrane permeability. The results were in good accordance with the
epifluorescent micrographs shown in Fig. 5. However, L. innocua cells
were observed with smaller damage and fewer substances surrounded,
compared to E. coli cells treated by the same sanitiser (Fig. 6bcd),
showing L. innocua was more resistant to sanitisers as mentioned in 3.2.

Dimensions of two strains after each sanitising treatment were
quantified (Table 3). For each strain in each group, the parallel number
was ca. 100 to make results more representative. The cell bodies of both
bacteria became smaller after being treated by LA, AEW and their
combination, compared to the control group, which might be due to the
leakage of cytoplasm as mentioned above (Osafune, Ehara, & Ito, 2006).

In other studies, the structural changes to bacterial cells treated with
organic acids and AEW were also examined by TEM. For example,
Feliciano, Lee, and Pascall (2012) found that when an organic acidic
formulation was used to treat E. coli and L. innocua cells respectively,
the former was more susceptible with a phase separation of the cyto-
plasm, while the latter could keep its structure intact better, although
some losses of definition appeared in the cell wall. The results shown in
Feliciano's study supported the current results.

3.6. Analysis on protein SDS-PAGE

After each treatment, the whole cell protein bands of E. coli and L.
innocua in SDS-PAGE are shown in Fig. 7. For E. coli, more and clearer
protein bands were observed for DW and AEW treated cells, while fewer
and fainter bands were observed for the cells treated by LA alone or
combined with AEW (Fig. 7A). Besides, the coefficients of similarity of
whole cell protein patterns between each two treatments were calcu-
lated, which are shown in Table S2. For E. coli, the whole cell protein
patterns after DW and AEW treatments were very similar with a coef-
ficient of 100%, whereas much lower coefficients of similarity were
observed after LA and combined treatments, with 68.7% between DW
and LA and 62.5% between DW and combination group. The results
obtained for L. innocua showed some differences. The number and in-
tensities of the protein bands for all treated cells were similar, with
higher coefficients of similarity of whole cell protein patterns between
each two treatments, suggesting that current sanitising methods might
cause the bacteria death of L. innocua not through the destruction of
cellular proteins (Fig. 7B, Table S2).

The protein profiles of bacteria can be altered during exposure to
stressed environment. Previous studies found that anolyte solution
could break down the covalent bonds in proteins and cause the de-
struction, which might be attributed to the oxidising compounds existed
in anolyte (Zinkevich, Beech, Tapper, & Bogdarina, 2000). Moreover,
bacteria can synthesise and replace damaged proteins under stress, by
activating related encoding genes (Kochhar & Kochhar, 2005). These
results are in agreement with our current results, although our change
might not be so evident due to our low chlorine concentration in AEW.
In addition to protein profile change, some metabolic pathways of
bacteria could also be altered under AEW treatment, such as aminoacyl-
tRNA biosynthesis, arginine and proline metabolism, which need fur-
ther investigations (Liu et al., 2017b, 2018).
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4. Conclusion

The combination of low concentration AEW (4 mg/L FAC) and LA
(3% v/v) showed additional microbiocidal efficacy on fresh organic
lettuce in a broad-spectrum range (aerobic bacteria, yeasts and moulds,
E. coli and L. innocua), and did not change the lettuce qualities sig-
nificantly during storage. Through epifluorescence microscopy and
AFM studies, the membrane permeability and morphologies of E. coli
and L. innocua showed visible changes after being treated by LA alone
or LA + AEW combination, observed from a macro and micro per-
spective, respectively. Further analysis of protein profile revealed that
E. coli and L. innocua had different levels of protein degradation due to
oxidative stress. Therefore, AEW in combination with LA could be de-
veloped as a potential sanitising approach to enhance food safety of
fresh organic produce.
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