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Atmospheric cold plasma (ACP) is an eﬀective method for microbiological decontamination. This study evaluated an alternative water-based decontamination approach for inactivation of bacterial population from fresh
produce and in the wash water generated from fresh produce washing. The study characterised ACP inactivation
of attached Listeria innocua and Pseudomonas ﬂuorescens inoculated on lettuce in comparison to chlorine treatment. P. ﬂuorescens was sensitive to ACP treatment and was reduced below detection limit within 3 min of
treatment. L. innocua population was reduced by ∼2.4 Log10 CFU/g after 5 min of treatment; showing similar
inactivation eﬃcacy to chlorine treatment. The microbial load in wash water was continuously decreased and
was below detection limits after 10 min of ACP treatment. Micro-bubbling along with agitation assisted the
bacterial detachment and distribution of reactive species, thus increasing bacterial inactivation eﬃcacy from
fresh produce and wash water. A shift in pH of plasma functionalised water was observed along with high
concentration of nitrate and ozone with a relative amount of nitrites which increased with plasma exposure time.
Further, L. innocua treated at diﬀerent independent pH conditions showed minimal or no eﬀect of pH on ACP
bacterial inactivation eﬃcacy. Aqueous ACP treatment poses a promising alternative for decontamination of
fresh produce and the associated wash-waters which could be applied in the food industry to replace continuous
chlorine dosing of process waters.

1. Introduction
The role of fresh vegetables and fruits in providing nutrients and for
a healthy diet is well recognized. However, as produce is often consumed raw, fresh produce can serve as a vehicle for many food-borne
pathogens to survive and cause human infections. In 2016, a total of
4786 food-borne outbreaks, including waterborne outbreaks were reported in the EU alone, resulting in 49,950 cases of illness, 3869 hospitalizations and 20 deaths (EFSA, 2017).
The routes of fresh produce contamination are during growth in
ﬁeld, harvesting, post-harvest handling, washing or during storage and
distribution. Some of the microbes are capable of colonizing, creating
lesions and internalizing in healthy plant tissues. Internal tissues are
rich in nutrients (water activity > 0.90) and have neutral pH which
provides the microorganism ideal conditions for microbial growth inside the produce (Barth et al., 2009). During the production of fresh cut
or minimally processed fruits and vegetables, washing with water or
diﬀerent sanitizer solutions is a frequent method to loosen and remove

∗

dirt and disinfect produce. Eﬀorts to resolve food safety problems
linked to fresh or minimally processed produce are essential and timely,
but should also consider end-user concerns, energy demands and the
potential for toxicity. New non-residual chemical intervention technologies are needed to ensure microbial safety with minimum eﬀects on
sensory and nutritional quality of fresh produce.
Chlorine remains widely used for disinfection in fresh produce
preparation. Although several reports have shown great eﬃciency of
chlorine washes in eliminating bacterial populations, the practice of
using a higher concentration of chemical sanitizers has raised concern
regarding its possible generation of by-products and its impact on
human health and environment (Gil et al., 2009; Van Haute et al.,
2013). Atmospheric cold plasma is a novel technology which has attracted interest for disinfection of microbial population from diﬀerent
surfaces. The role of cold plasma from air at or near atmospheric
pressure and room temperature has been extensively studied and has
exhibited excellent antibacterial eﬃcacy against target food pathogens
and their spores and bioﬁlms (Bourke et al., 2017). In-package ‘dry’
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2. Materials and methods

atmospheric cold plasma (ACP) treatment along with post treatment
retention time of plasma reactive species has demonstrated bacterial
inactivation eﬃcacy for decontamination of fresh produce (Ziuzina
et al., 2014). Besides antimicrobial activity of the gas plasma, application of plasma activated water has recently been introduced in bacterial inactivation studies for food safety (Ma et al., 2015; Schnabel
et al., 2015). Until recently, plasma discharged water has been widely
studied in the context of environmental and wastewater treatment
(Cubas et al., 2016; Patange et al., 2018; Sarangapani et al., 2017). In
this study, we investigated the inactivation eﬃcacy and mechanism of
plasma activated water against microbial populations on fresh produce.
ACP generated using dielectric barrier discharge submerged in water
was used in combination with co-axial diﬀusor assisted micro-bubble
generation to disperse the plasma eﬄuent through the treatment
chamber. The plasma eﬄuent is at the gas-liquid interface of the bubbles; which facilitates the transfer of oxidative species produced in the
plasma directly to the liquid phase. Inatsu et al. (2013) demonstrated
micro-bubbles increased oxidation eﬃciency of ozone which enhanced
microbial collapse; micro-bubbles reduced Escherichia coli (E. coli)
O157:H7 viability more than ozonated water on the surface of leafy
vegetables.
The dissolution of plasma species in liquid phase triggers dynamic
chemical reactions and forms several reactive species which are shortlived and diﬃcult to detect. It has been well established that hydrogen
peroxide, nitrates, and nitrites are longer-lived species and play important roles for biological eﬀects (Guo et al., 2015). Consequently,
quantitative detection of reactive species could serve as a useful indicator for plasma source characterization with regards to biological
eﬀects. One of the important advantages of employing a plasma discharge in water is in avoiding the damage that may be caused to a
biological/sensitive product by charged particles, electrons, chemicals,
and ultraviolet rays due to etching and degradation of bioactive compounds after the surface treatment (Thirumdas et al., 2018). This can be
avoided by this liquid mediated indirect form of treatment, which
makes it more suitable for study with fresh produce. The purpose of this
study was to determine the eﬃcacy of a submerged Dielectric Barrier
Discharge plasma (DBD)-ACP system with diﬀusor assisted microbubbles against Listeria innocua and Pseudomonas ﬂuorescens on fresh
produce surface and for potential as a continuous process water decontamination treatment. Listeria spp. and Pseudomonas spp. are psychrotolerant and ubiquitous microorganisms that contaminate ReadyTo-Eat produce (Møretrø and Langsrud, 2017; Oliveira et al., 2011).
The resistance of these species to chemical treatments aids their viability and infection potential in the environment. This research focuses
on using alternative methods to remove these organisms from fresh
produce as well as process wash water. L. innocua has been frequently
proposed as a surrogate of L. monocytogenes because the two species are
related closely phylogenetically (den Bakker et al., 2010; Glaser et al.,
2001). Previous studies by Vaz-Velho et al. (2001) demonstrated
comparable ozone resistance with L. innocua and L. monocytogenes, indicating L. innocua could be used as an appropriate surrogate for L.
monocytogenes in experiments with reactive oxygen species as major
inactivation factors. Since L. innocua is non-pathogenic, we employ this
species directly in trials in custom built submerged DBD-ACP device, to
investigate its persistence and sanitizer susceptibility rendering valuable data to predict L. monocytogenes behaviour without causing contamination issues.
The studies also compared the independent and combined eﬀects on
bacterial inactivation of cold plasma micro bubbling and agitation,
micro-bubbling and agitation in deionized water without cold plasma to
treatment with chlorinated water set at a standard chlorine concentration (100 ppm). Of importance for practical application and to
establish potential as a replacement technology for chlorine assisted
decontamination, the eﬃcacy of ACP to reduce bacterial load transferred from lettuce wash into wash water was also investigated.

2.1. Strain and inoculum preparation
Pseudomonas ﬂuorescens LZB065 and Listeria innocua NCTC 11288
was obtained from the microbiology stock culture of the School of Food
Science and Environmental Health of the Dublin Institute of
Technology. Both stock cultures were maintained in the form of protective beads at −70 °C. One protective bead of culture of P. ﬂuorescens
and L. innocua was streaked onto separate tryptic soy agar (TSA, Biokar
Diagnostics, France) plate and incubated at 30 °C & 37 °C, respectively
for 24 h. The plates were further maintained at 4 °C.
A single colony was inoculated into tryptic soy broth (Scharlau
Chemie, Barcelona, Spain) and incubated overnight (18 h). Bacteria
were washed thrice with phosphate buﬀer saline (1X PBS, Oxoid LTD,
UK) by centrifugation at 10,000×g for 5 min. The ﬁnal bacteria concentration was adjusted using 0.5 McFarland standard (BioMerieux,
Marcyl'Etoile, France) and conﬁrmed by plating on TSA (approx. 7–8
Log10 CFU/mL).
2.2. Produce preparation
Fresh iceberg lettuce was purchased from the local supermarket on
the day of the experiment and stored 4 °C until use. The outermost
leaves of the lettuce were removed and the next layers of leaves were
detached and used for the experiments. Lettuce pieces were cut
(5 × 5 cm) aseptically and rinsed with sterile distilled water to clean
and to remove unattached bacteria. Washed lettuce samples were dried
in bio-safety cabinet for 20 min. For lettuce inoculation, 100 μL of
prepared bacterial suspension was spot inoculated and dried in biosafety cabinet with air ﬂow for 2 h to promote attachment. The samples
were then transferred to sterile containers and stored for 0 or 24 h at
4 °C.
2.3. ACP system
Fig. 1(a) shows the schematics of atmospheric cold plasma (ACP)
treatment system used in this study. The ACP treatment system is based
on a submerged DBD plasma source. The submerged DBD plasma
source employs a conventional coaxial electrode conﬁguration which is
submerged into the liquid and held in the direction required. The
custom built high voltage electrode is sealed in a quartz tube (NUOK
LTD, Hong Kong), and the ground electrode is inserted into the liquid.
The gap between the two coaxial quartz tubes was 2 mm. The liquid
serves as both an additional dielectric barrier layer and the coolant for
the discharge. Therefore, the plasma column length is determined by
the depth of the liquid in the beaker. In this study, the liquid was
contained in a cylindrical borosilicate glass beaker (internal diameter of
100 mm and height 135 mm- Thermo-ﬁsher Ltd, Ireland) with a total
volume of 800 mL. Air was the plasma working gas and its ﬂow rate
controlled by a mass ﬂow controller (KOFLOC DF300C). The diﬀusion
of the post-discharge afterglow plasma eﬄuent into the liquid was assisted using four ceramic gas diﬀusers attached at the end of the tubes.
These gas diﬀusors generated micro-bubbles, leading to both agitation
and the distribution of the plasma eﬄuent in the open cylindrical
container. The plasma discharge is driven by a high voltage (HV) AC
power supply (PVM500, Information Unlimited). Applied voltage and
discharge current were monitored by a HV probe (Tektronix P6015A)
and a wideband current transformer (Stangenes Industries CT 0.5 W),
respectively. Lissajous Q-V ﬁgure was measured to calculate the DBD
plasma power. The measurement capacitance is 4.7 nF. Fig. 2 (a) shows
the waveforms of applied voltage, plasma current, and voltage across
the measurement capacitor, the frequency of the applied voltage is
25.8 kHz. Fig. 2 (b) shows the Lissajous Q-V ﬁgure of the single discharge period, from which it is calculated that the average DBD power
is about 7.45 W.
2
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Fig. 1. The experimental setup for treatment of lettuce and wash-water using Submerged DBD-ACP system: (a) system setup, (b) geometry of submerged DBD plasma
source.

g of L. innocua and P. ﬂuorescens respectively and samples treated with
sterile distilled water temporarily bubbling of untreated water without
plasma forming was the negative control.
Appropriate dilutions were made and plated onto Palcam agar
(Scharlau Chemie, Spain) supplemented with Palcam Listeria Selective
Supplement (Oxoid Ltd, England) for L. innocua and onto Pseudomonas
Agar Base (PAB, Oxoid, England) supplemented with Cetrimide Fucidin
Cephalosporin (CFC, Oxoid Ltd, England) for P. ﬂuorescens. Results
were expressed as Log10 colony forming units per gram (CFU/g). Wash
water samples were assessed to measure the surviving bacterial populations remaining water. Viable bacteria were enumerated according to
Standard Methods for Examination of Water and Wastewater (APHA,
2012) by membrane ﬁltration method. Results for wash water analysis
are represented in Log10 colony forming unit (CFU) per 10 mL on TSA
and selective agar plates.

The diﬀusion of the micro-bubbles was further assisted using a
magnetic stirrer at an approximate speed of 450 rpm (IKA C-MAG HS
7). Plasma treatment was operated at voltage of 20 kV for treatment
periods of 0–10 min. The temperature of the plasma functionalised
water was continuously monitored and remained below 30 °C. For each
treatment, ﬁve inoculated lettuce samples were immersed in the submerged discharge plasma reactor containing 700 mL of sterile distilled
water. The ratio of vegetable sample to plasma functionalised wash
water was 15 g–700 mL (∼1:50).
2.4. Microbiological analysis
Microbiological analysis was carried out immediately after processing. Lettuce samples were aseptically cut and 10 g portions of lettuce
(treated/control) were stomached with 10 mL of sterile maximum recovery diluent (MRD, Scharlau Chemie, Spain) for 3 min. Bacterial
populations attached to lettuce at time point 0 was 6.2 and 6.8 Log cfu/

Fig. 2. (a) Waveforms of applied voltage, discharge total current and voltage across the measurement capacitor, (b) Lissajous Q-V ﬁgure for energy consumption
measurement in one period of applied voltage.
3
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2.5. Antimicrobial eﬀect of the independent pH control

for ACP treatment, but plasma was not turned on.

ACP treatment is known to cause a reduction in pH from neutral to
acid, therefore to determine the extent to which acidiﬁcation was responsible for the observed antimicrobial activity, a pH control experiment was performed. Lettuce inoculated with L. innocua was exposed to
diﬀerent acidic conditions (pH 3–5) for exposure time equivalent to
those of the plasma functionalised wash water. The working solution
was prepared by adding 1 N Hydrochloric acid (HCl) to sterile deionized water and adjusting the pH to 3, 4 and 5. The prepared acid
solutions were then exposed to the same ratio of vegetable to water
(∼1:50) of 107−8 CFU/mL L. innocua and held for 0–10 min in submerged DBD system with micro-bubbling and agitation without plasma
treatment. Colony count assay was performed for quantiﬁcation of
surviving bacteria as described previously.

2.9. Statistical analysis
Each experiment was repeated three times. Statistical mean diﬀerences between various treatment groups and controls were compared
using a one-way ANOVA using GraphPad Prism 5 (GraphPad Software,
La Jolla California USA). Statistical diﬀerences among the treatments
were performed using Tukey pairwise comparison test. Results were
considered signiﬁcant at p ≤ 0.05.
3. Results and discussion
Fresh produce can be contaminated with a range of bacterial population which can pose a serious health risk as this category of product
are prepared, distributed, stored and consumed raw. Produce washing
is widely used method to minimize the microbial risk and maintain the
quality of raw fresh produce from farm to consumer food chain. The
eﬃcacy of plasma treatment to control microorganisms is dependent on
many systems and process related parameters including inducer gas, the
geometry of the system and the type of device used; thus, the key antimicrobial eﬀectors and resulting eﬃcacy may also diﬀer (Han et al.,
2016; Liao et al., 2017). This study demonstrated the use of a submerged dielectric barrier discharge into water assisted by coaxial diffusers in addition to the agitation of micro-bubbles to indirectly treat
fresh produce with plasma functionalised water.

2.6. Scanning electron microscopy (SEM) analysis
Samples treated with ACP treatment with L. innocua and P. ﬂuorescens attached on lettuce piece were analysed by SEM. SEM sample
processing was performed as described by Ziuzina et al. (2015) with
minor modiﬁcations. The treated/untreated lettuce samples were cut in
1 × 1 cm pieces and immersed in aliquots of 2.5% glutaraldehyde
(Sigma Aldrich, Ireland) in 0.05 M sodium cacodylate buﬀer (pH 7.4)
(SCB, Sigma Aldrich, Ireland) for overnight. The samples were then
washed with SCB three times and ﬁxed with 1% osmium tetroxide
(Sigma Aldrich, Ireland) for 2 h at 4 °C. After 2 h ﬁxing, the samples
were washed with the same buﬀer followed by washing with sterile
distilled water for three times. The samples were subjected to series of
dehydration process with ethanol solutions (30%, 50%, 70%, 80%,
95%, and 99.5%) followed by dehydration with 33%, 50%, 66%, and
100% of hexamethyldisilazane (Sigma Aldrich, Ireland). The dried
samples were then sputter-coated with gold particles using Emitech
K575X Sputter Coating Unit resulting in a coating of 10 nm after 30 s.
The samples were examined visually using a FEI Quanta 3D FEG Dual
Beam SEM (FEI Ltd., Hillsboro, USA) at 5 kV.

3.1. Inactivation of P. ﬂuorescens on fresh lettuce
Lettuce inoculated with P. ﬂuorescens and refrigerated for 24 h to
allow attachment was treated with plasma functionalised water in the
treatment chamber. Eﬃcacy in relation to agitation on or agitation oﬀ
was compared. High speed agitation using magnetic stirrer enhanced
the ability of the plasma to inactivate bacteria on lettuce surface
(Fig. 3). The purpose of washing fresh produce is to remove dirt and
loosen microbial attachment to surfaces so they may be removed or
subject to the action of any additive treatment within the water. High
speed agitation may help distribute the plasma reactive species in the
reaction mixture generated from plasma treatment, thus helping to
remove and inactivate ﬁrmly attached microbial cells present at

2.7. Detection of reactive species
Hydrogen peroxide concentrations in plasma treated water were
determined using oxidation of potassium iodide to iodine and spectrophotometric measurement at 390 nm. A standard curve of known
hydrogen peroxide concentrations was included on each plate and used
to convert absorbance into peroxide concentrations. Nitrite concentrations were determined using Griess reagent and spectrophotometric
measurement at 548 nm after 30 min incubation and compared to a
sodium nitrite standard curve. Nitrate concentrations were assessed by
2,6-dimethyl using the Spectroquant nitrate assay kit (Merck
Chemicals, Darmstadt, Germany). Further dissolved ozone concentration was measured by the indigo method as described in Bader and
Hoigne (1981).
2.8. Chlorine treatment
Sodium hypochlorite solution and its derivatives are commonly
used for sanitizing fresh produce (Warriner et al., 2009) and in fact,
chlorine is a very potent disinfectant with powerful oxidizing properties
(Suslow, 1997). High concentrations of sanitizers (100–300 mg/L) are
commonly applied in the food industry (Beuchat, 1998; MartínezHernández et al., 2015). Chlorinated water was included as the standard washing agent for comparison in terms of eﬃcacy and prepared by
adding sodium hypochlorite (NaOCl) solution containing 6–14% active
chlorine (EMPLURA® Sigma-Aldrich Ireland Ltd) to sterile distilled
water to obtain concentrations of 100 mg/L free chlorine. The pH of the
washing solutions was adjusted to 7.1–7.3 using 1 M hydrochloric acid.
The treatment set up and sample analysis were the same as described

Fig. 3. Eﬀect of ACP (▧) with or (∎) without agitation on viable counts of P.
ﬂuorescens inoculated on lettuce. Vertical bars indicate standard deviation.
Dotted lines indicate limit of detection (1 Log10 CFU/g). Column with diﬀerent
letters indicate a signiﬁcant diﬀerence between treatment method and treatment time (p < 0.05).
4
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diﬀerent niches on lettuce surface. Moreover, previous studies have
demonstrated pre-treatment with sanitizers using micro-bubbles generation improved the bactericidal eﬀect for decontamination of fresh
produce (Kim et al., 1999; Soli et al., 2010). Micro-bubbles have demonstrated high stability and surface areas that can maintain ozone,
which may improve antimicrobial eﬃcacy. Marui (2013) demonstrated
small micro-bubble increased the dissolved potential of ozone and free
radicals by cracking of the bubbles. Diﬀusor assisted bubbling of plasma
generated eﬄuent in conjunction with high speed stirrer agitation was
eﬃcient and was selected for further experiment conditions.
3.2. Antimicrobial eﬀect of micro-bubbling plasma functionalised water on
lettuce
The eﬀect of ACP on the microbial load attached on iceberg lettuce
was assessed, and challenge microorganisms allowed to attach for 1 h
and 24 h were compared. As a control, washing the lettuce with sterile
deionized water with no bubbling yielded approx. 1–0.5 Log10 CFU/g
reduction after 10 min (Table S1). Plasma bubbling into the produce
treatment chamber was also compared with bubbling without plasma
discharge, and it was observed that plasma bubbling increased the
antimicrobial eﬃcacy for lettuce samples signiﬁcantly by comparison
with bubbling of untreated water alone; Fig. 4 (p < 0.05). Washing
with untreated water had limited eﬃcacy for microbial reduction regardless of the washing time. Values represent the average population
recovered with a detection limit of 1 Log10 CFU/g. The inactivation
pattern for P. ﬂuorescens population inoculated on lettuce followed a
linear trend, showing signiﬁcant reduction during 1–10 min of ACP
treatment (p < 0.05). In the case of L. innocua a signiﬁcant reduction
of 1.9–2 Log10 CFU/g was observed after 3 min of ACP treatment;
however, survival curves for L. innocua showed a tailing eﬀect even
after increasing the treatment time to 10 min.
Gram negative bacteria have been shown to be more susceptible to
ACP than Gram positive bacteria due to diﬀerences in cell wall structure
(Mai-Prochnow et al., 2016). The thick peptidoglycan layer of the Gram
positive bacteria poses a barrier for plasma reactive species to penetrate
through the cell wall and impacts its antimicrobial eﬃcacy. This agrees
with our study where despite similar initial inoculation levels on lettuce
surface, P. ﬂuorescens decreased signiﬁcantly in number after exposure
to ACP treatment compared to L. innocua. In addition to target cell
characteristics, the stage, strength, and nature of bacterial attachment
to produce may also impact overall ACP inactivation eﬃcacy. Some
foodborne pathogens attach and internalize into plant tissue thus contributing to elevated resistance to antimicrobial agents. Rough food
surfaces or those characterised by stomata or seeds on surfaces present
protective niches requiring longer treatment times. SEM micrographs of
lettuce surface show that treatment with plasma functionalised water
for 1 and 3 min did not lead to any visible damaging eﬀect on the lettuce surface (Fig. 5), while signiﬁcantly decreasing the bacterial population. Changes in the bacterial morphology were observed, showing
damaging eﬀect after 1 min of plasma treatment in the case of P.
ﬂuorescens and after 3 min of treatment, the lettuce integrity was
maintained whilst P. ﬂuorescens populations remaining were at the
detection limit.

Fig. 4. Eﬀect of ACP on (a) P. ﬂuorescens (b) L. innocua attached to lettuce
leaves for (∎) 1 h and (▧) 24 h. Each column represents average bacterial population recovered after ACP treatment. Vertical bars indicate standard deviation. Dotted line indicates limit of detection 1.0 Log10 CFU/g. NC: Negative
control; ND: Not detected (counts below detection limit). Column with diﬀerent
letters indicate a signiﬁcant diﬀerence between bacterial attachment and
treatment time (p < 0.05).

survival of microbes released into the process eﬄuent. The microbial
load in wash water declined continuously and was below the detection
limit for P. ﬂuorescens after 10 min contact time with plasma generated
reactive species. Limitations associated with common chemical disinfectants include minimal eﬃcacy, operational costs, the safety management of the technology at the processing site, formation of hazardous by-products and the need for monitoring ambient
concentration levels (Van Haute et al., 2015). In the case of ACP
treatment, the continuous generation of plasma reactive species in the
wash water provides a reservoir of active agent that can overcome
scavenging by organic debris or contaminants and can also serve as a
continuous treatment to either clean or refunctionalise wash water
during and after the produce processing. This is advantageous from
both cost and water sustainability perspectives.

3.3. Wash water analysis
Contaminated produce wash water can be a vehicle for microbial
cross-contamination through the transfer of microbial contaminants;
usually requiring removal from process or addition of chemicals to
decontaminate the water prior to re-use. Developing a chemical free
intervention to enhance the safe recycle-ability of wash water is an
important step for water and energy sustainability as well as microbiological safety. The surviving bacterial load released from lettuce to
the process eﬄuent is illustrated in Fig. 6. Continuous bubbling and
agitation of plasma eﬄuent through the process water reduced the

3.4. Eﬀect of pH
Fig. 7 illustrates the changes in pH of the samples after plasma
5
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Fig. 5. SEM images of (a) P. ﬂuorescens (b) L. innocua inoculated on lettuce; (I) Untreated control after water-wash, (II) 1 min ACP treatment and (III) 3 min ACP
treatment.

pH 5; where the bacterial population was reduced by 1.3 ± 0.13
Log10 CFU/g after 10 min treatment time. Satoh et al. (2007) reported
that inactivation of E. coli in an acidiﬁed liquid (pH 3.4) needed a
longer period of time compared to plasma treatment. However, others
have demonstrated that an acidic environment along with the addition
of nitrate ions or hydrogen peroxide could not induce signiﬁcant inactivation of microorganisms comparable to plasma treatment (Ercan
et al., 2013; Oehmigen et al., 2010). The acidic environment alone did
not have signiﬁcant bacterial inactivation properties for the contact
times used in this study; however, the acid conditions generated may be
complementary to the action of plasma functionalised water.

treatment. The initial pH of water used for treatment was 7.2 ± 0.1,
which decreased with increasing plasma treatment time. The shift in pH
can be attributed to the production of acids including nitrates, nitrites
and hydrogen peroxides (Oehmigen et al., 2010). Similar results were
obtained where plasma discharges lead to acidiﬁcation of treated water
(Lu et al., 2017; Traylor et al., 2011). Lower pH is favourable for reactive species to penetrate the cell wall, further aﬀecting bacterial
membrane system (Bourke et al., 2017; Ikawa et al., 2010). To account
for any independent eﬀect of the acidic conditions, L. innocua was
treated at diﬀerent pH conditions. The bacterial inactivation was nonsigniﬁcant at the diﬀerent pH conditions equivalent to those generated
by 1, 3, 5 or 10 min of plasma treatment (Fig. 8), with the exception of
6
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Fig. 9. Concentration of (▧) Nitrate and (∎) Nitrite reactive species in plasma
functionalised water. Vertical bars represent standard deviation. Experimental
conditions: 1, 3, 5 and 10 min treatment at 80 kV with 0 h post treatment storage time.

Fig. 6. Survival of (▧) L. innocua and (∎) P. ﬂuorescens in the wash water after
washing lettuce in plasma functionalised water. ND: not detected (below detection limit of 1 Log CFU/10 mL); Vertical bars indicate standard deviation.
Column with diﬀerent letters indicate a signiﬁcant diﬀerence between bacteria
and treatment time (p < 0.05).

3.5. Chemical analysis
3.5.1. Measurement of hydrogen peroxide, nitrite, and nitrate
concentrations
Plasma discharged in water produces reactive species such as superoxide, the hydroxyl radical, singlet oxygen, and nitric oxide
(Schmidt-Bleker et al., 2016). These short-lived species are converted
rapidly to relatively longer lived species such as hydrogen peroxide,
nitrites, nitrates and other uncertain intermediate species (Shimizu
et al., 2011). These diverse RONS play an important role in antimicrobial activity (Joshi et al., 2011). The concentration of hydrogen
peroxide (H2O2), nitrate (NO3−) and nitrite (NO2−) reactive species
generated after ACP treatment in water is presented in Fig. 9. The
plasma functionalised water generated using this submerged DBD diffuser contained higher concentrations of nitrate but no detectable levels
of hydrogen peroxide. The concentration of nitrate increased with respect to treatment time in the range of 250–400 μM. However, a very
low concentration of 12.63 μM nitrite was detected only after 10 min of
ACP treatment.
The concentration of dissolved ozone concentration in water was
measured by the indigo degradation method. Ozone is another long
lived ROS generated by atmospheric cold plasma discharge and is a
powerful oxidant, capable of inactivating various classes of pathogens.
ACP treatment for 90 s increased the ozone concentration to 6 mg/L,
but this remained constant after 120 s exposure time (Fig. 10). The
reactive species content in the plasma functionalised water indicated
increased concentrations of nitrate and ozone with increasing plasma
treatment time, with some nitrite detectable at 10 min. The type and
concentration of RONS generated by plasma system depends on several
factors including plasma-liquid interactions at the liquid surface
(sputtering, high electric ﬁeld induced hydrated ion emission, and
evaporation), plasma source, discharge setup, gases and liquids used for
treatment (Lukes et al., 2014). Each plasma system oﬀers diﬀering reactive species composition, with diverse antimicrobial and cytotoxic
activities, which points to the need for target or function led design of
the appropriate plasma functionalised liquid.

Fig. 7. pH value of wash water after DBD-ACP treatment.

3.6. Comparison of plasma functionalised water with sodium hypochlorite
washing for bacterial reduction on lettuce
Fig. 8. Bacterial inactivation assay in acidic solutions. L. innocua (107−8 CFU/
mL) inoculated on lettuce exposed to diﬀerent acidic conditions (∎) pH 3, (●)
pH 4 and (▲) pH 5. Dotted line indicates detection limit (1.0 Log CFU/g).
Vertical bars indicate standard deviation. Column with diﬀerent letters indicate
a signiﬁcant diﬀerence between L. innocua treated in diﬀerent pH solutions and
treatment time (p < 0.05).

Sodium hypochlorite solution and its derivatives are commonly
used for sanitizing fresh produce (Warriner et al., 2009). The eﬀectiveness of ACP was compared to commonly used NaOCl for decontamination of L. innocua and P. ﬂuorescens attached on lettuce. The initial
number of L. innocua and P. ﬂuorescens attached to lettuce leaves was
5.2–5.6 Log10 CFU/g and 5.0–5.4 Log10 CFU/g, respectively. Both the
7
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Fig. 11. Eﬀect of (●) NaOCl or (∎) ACP treatment on (a) L. innocua and (b) P.
ﬂuorescens inoculated on lettuce. Dotted line indicates detection limit (1.0 Log
CFU/g). Vertical bars indicate standard deviation.

Fig. 10. (a) Absorption spectra of Indigo Reagent degradation by DBD-ACP
Liquid Treatment System and (b) Concentrations of dissolved ozone in water
generated during plasma exposure time.

continuous monitoring and dosing. Plasma functionalised water
achieved control comparable to chlorine treatment of L. innocua, but
eradicated P. ﬂuorescens populations below the detection limit, oﬀering
a potential for delayed spoilage and shelf-life improvement. In addition,
micro-bubbling of the plasma eﬄuent and high speed agitation helped
distribute RONS, providing greater microbial reactive species interactions.

treatments caused a signiﬁcant reduction in bacterial counts when
compared to corresponding controls. For L. innocua, both treatments
(chlorine and ACP) showed a similar reduction of 2.4–2.9 Log10 CFU/g
on lettuce after increasing the treatment time to 10 min (p > 0.05).
However, greater reduction in P. ﬂuorescens population was observed
with plasma water washing when compared to chlorine wash. With the
same exposure duration, 100 mg/L chlorine wash achieved reduction of
4 Log10 CFU/g while ACP treatment reduced the P. ﬂuorescens population below the detection limit (Fig. 11).
The disinfection eﬃciency of chlorine washes varies; for example,
sanitizing with 0.02% sodium hypochlorite (200 mg/L free chlorine)
reduced background microbiota on strawberry, cherry tomato, and red
bayberry by approximately 0.20–2.07 log CFU/g (Wei et al., 2017).
Other studies reported 0.76 log CFU/g, 0.79 log CFU/g, and 0.47 log
CFU/g log reductions of initial coliform from fresh-cut radishes, zucchini, and green bell peppers after washing with 100 mg/L sodium
hypochlorite (Sun et al., 2012). Although chlorine is commonly applied
as a disinfectant in washing fresh produce, a challenge is to maintain a
stable free chlorine concentration during washing, necessitating

4. Conclusions
The eﬃcacy of ACP to inactivate microbial load treatment depends
on many factors, for example, the target microorganism, product type,
pH of wash water and contact time of treatment. These ﬁndings demonstrate aqueous plasma treatment can eﬀectively reduce viable
counts of pathogenic and spoilage micro-organisms attached on lettuce.
ACP functionalised water was eﬃcient to control L. innocua while reducing P. ﬂuorescens population below detection limit from lettuce, as
well as from the wash water used for the treatment. In addition, microbubble and high speed agitation aided distribution of the active agents
and enhanced microbial: reactive species interactions.
The fresh produce industry currently lacks an eﬀective control
method to ensure removal or elimination of food-borne microorganisms
8

Food Microbiology 84 (2019) 103226

A. Patange, et al.

from fresh or minimally processed fruits and vegetables, which is
compounded by increasing consumer concerns with standard chemicals
including chlorine. Extending the safe shelf life of minimally processed
fresh produce is of paramount importance to promote increased safe
consumption and consumer conﬁdence, pre-washing the fresh cut lettuce in plasma functionalised water could be an eﬃcient replacement
or additional technology for commercial processing lines. It would be
anticipated that in scaled up and continuous systems, the concentration
of organic debris, both particulate and dissolved may interfere with the
action of plasma functionalised water; physical removal of particulate
matter in addition to inline conductivity measurements could be useful
approaches to retain water eﬃcacy and reusability. Moreover, ACP
shows potential for improving water recycling by minimizing contaminant load in wastewater. Thereby, signiﬁcantly lowering the consumption of free chlorine and organic chlorine residues in the wastewaters.
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