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Abstract

The demand for products that are minimally processed and produced in a sustainable way,
without the use of chemical preservatives or antibiotics have increased over the last years.
Novel non-thermal technologies such as cold atmospheric plasma (CAP) and natural
antimicrobials such as grape seed extract (GSE) are attractive alternatives to conventional food
decontamination methods as they can meet the above demands. The aim of this study was to
investigate the microbial inactivation potential of GSE, CAP (in this case, a remote air plasma
with an ozone-dominated RONS output) and their combination against L. monocytogenes on
five different 3D in vitro models of varying rheological, structural, and biochemical
composition. More specifically, we studied the microbial dynamics, as affected by 1% (w/v)
GSE, CAP or their combination, in three monophasic Xanthan Gum (XG) based 3D models of
relatively low viscosity (1.5%, 2.5% and 5% w/v XG) and in a biphasic XG/Whey Protein
(WPI) and a triphasic XG/WPI/fat model. A significant microbial inactivation (comparable to
liquid broth) was achieved in presence of GSE on the surface of all monophasic models
regardless of their viscosity. In contrast, the GSE antimicrobial effect was diminished in the
multiphasic systems, resulting to only a slight disturbance of the microbial growth. In contrast,
CAP showed better antimicrobial potential on the surface of the complex multiphasic models
as compared to the monophasic models. When combined, in a hurdle approach, GSE/CAP
showed promising microbial inactivation potential in all our 3D models, but less microbial
inactivation in the structurally and biochemically complex multiphasic models, with respect to
the monophasic models. The level of inactivation also depended on the duration of the exposure
to GSE. Our results contribute towards understanding the antimicrobial efficacy of GSE, CAP
and their combination as affected by robustly controlled changes of rheological and structural
properties and of the biochemical composition of the environment in which bacteria grow.

Therefore, our results contribute to the development of sustainable food safety strategies.
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1. Introduction

Nowadays, the demand for minimally and environmentally friendly processed food products
is rising (Davila-Avifa et al., 2015; Pereira & Vicente, 2010). Therefore, researchers and the
food industry have been focusing on replacing chemical preservatives and/or antibiotics with
natural antimicrobials. In that context, fruit and vegetable by-products can be a valuable source
of natural antimicrobials with the added benefit of valorising food waste (Chandrasekaran,
2012; Costello et al., 2018, 2019, 2021a, 2021b; Sabater et al., 2020; Sharma et al., 2021). At
the same time, non-thermal technologies (NTTs) such as cold atmospheric plasma (CAP),
ultrasound, pulsed electric fields and high-pressure processing have gained a lot of attention
over the last years, as they can be considered more sustainable and less disruptive of the food
product quality as compared traditional thermal processing technologies i.e., sterilization,
pasteurisation (Bahrami et al., 2020; Costello et al., 2021a, 2021b; El Kadri et al., 2021; Mandal
et al., 2018; Pankaj et al., 2018; Pereira & Vicente, 2010; Sunil et al., 2018; Tewari & Juneja,

2007).

Grape seed extract (GSE) is a grape by-product generated from the wine and juice industry,
which is obtained from the seeds of the grapes (Chedea & Pop, 2019; Costa et al., 2022;
Karnopp et al., 2017; Shrikhande, 2000). GSE is rich in polyphenols, and it can be an effective
antioxidant and antimicrobial agent. The antimicrobial activity of GSE has been linked to
multiple mechanisms of action, including the polyphenols’ ability (i) to penetrate the bacterial

cell wall, (ii) to inactivate extracellular enzymes and (iii) to form complexes with metal ions
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depleting the bacterial environment of those ions (Begg, 2019; Corrales et al., 2009; Silvan et
al., 2013). The most frequent methods used to determine the antimicrobial effect of grape by-
products are the agar/disk diffusion test and the minimum inhibitory concentration (Baydar et
al., 2004; Delgado Adamez et al., 2012; Katalini¢ et al., 2010; Oliveira et al., 2013; Silva et al.,
2018; Xu et al., 2016). With these methods, grape by-products have demonstrated substantial
antibacterial activity against Gram-positive bacteria such as Listeria monocytogenes, Bacillus
cereus, Enterococcus faecalis, Enterococcus faecium, Staphylococcus aureus, Staphylococcus
epidermidis and Mycobacterium smegmatis (Baydar et al., 2006; Corrales et al., 2009; Silva et
al., 2018). However, studies regarding the antimicrobial activity against Gram-negative
bacteria are contradictory. For example, Corrales et al., (2009) have shown that 1% (w/v) GSE
did not inhibit E. coli and S. Typhimurium based on an agar diffusion test (Corrales et al.,
2009). On the contrary, in a study by Baydar et al., (2006) using the same methodology,
inhibition was observed for those bacteria (Baydar et al., 2006). The above methods are
valuable for the preliminary evaluation of the antimicrobial activity of a substance. However,
no information is provided regarding the precise quantitative inactivation dynamics of the
microorganism under study. Therefore, the robust design of an industrial or clinical treatment
procedures cannot be based solely on those data. To the author’s best knowledge, limited
number of studies exist on the quantification of the antimicrobial efficacy of GSE (microbial
dynamics). Most of those studies have tested the antimicrobial activity of GSE in nutrient
broths or/and certain food products, primarily meat and fish products, making the results very
specific to the actual food product (Ahn et al., 2004, 2007; Sagdic et al., 2011; Sivarooban et
al., 2007; Zhao et al., 2020). For example, Sivarooban et al. (2007) observed a reduction of 2
log CFU/mlI in the concentration of L. monocytogenes after 24h of exposure to 1% (w/v) GSE
in liquid nutrient medium (TSBYE). The initial inoculum population was approx. 5x10°

CFU/ml (Sivarooban et al., 2007). We recently investigated the microbial dynamics of L.
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monocytogenes, E. coli and S. Typhimurium in the presence of GSE in liquid nutrient medium
(TSBYE). We observed that GSE had great inactivation efficacy against L. monocytogenes at
1% (w/v) GSE concentration. The level of inactivation after 24 hours was affected by the initial
microbial inoculum level, the GSE concentration and the growth phase of the cells, i.e.,
stationary phase was more resistant to GSE as compared to exponential phase cells. E. coli
and S. Typhimurium were more tolerant to GSE in comparison to L. monocytogenes (Kitsiou
et al., 2023). Previous studies on the antimicrobial activity of GSE in real food products have
reported good antimicrobial efficacy of GSE when treating fresh produce such as tomato
surfaces. However, when GSE were utilized in more complex food products with higher
structural complexity as well as higher protein and fat content such as ground beef and turkey
frankfurters, the antibacterial activity was diminished (Ahn et al., 2007; Bisha et al., 2010;

Sivarooban et al., 2007).

Indeed, the biochemical composition and the physicochemical and structural characteristics
of a food system can influence the microbiological response to any hurdle/process/treatment
(Costello et al., 2019, 2021a; El Kadri et al., 2021; Garcia-Gonzalez et al., 2009; Smet et al.,
2017; Vandekinderen et al., 2009; Verheyen et al., 2019, 2020). Therefore, results on
antimicrobial efficacy from screening tests in simple controlled laboratory nutrient media such
as Tryptic Soy or Brain Heart Infusion broths are not fully representative, as the planktonic
nature of microbial broth and the lack of concentration gradients of the stress factor (e.g.,
natural antimicrobial concentration) can lead to a completely different microbial response as
compared to a solid or a solid(like) environment. In the latter, bacteria are immobilised and
form colonies, aggregates or biofilms which can respond very differently to a stress factor or a
treatment approach, due to (i) gradients that can occur within the sold matrix (ii) accumulation
of metabolic by-products such as acid for example which can lead to an increased bacterial

resistance to the treatment via cross-protection mechanisms (Baka et al., 2017; Costello et al.,
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2018, 2019, 20214, 2021b ; Skandamis & Jeanson, 2015; Smet et al., 2017; Velliou et al., 2013;
Wang et al., 2017). For this reason, the scientific community has been focusing lately on
performing microbial studies in 3D in vitro models, using a variety of gelling agents and
compositions i.e., gelatin, dextran, xanthan gum, agar as well as their combinations (Aspridou
etal., 2014; Costello et al., 2018, 2019, 2021a; Das et al., 2015; Mertens et al., 2009; Skandamis
et al.,, 2000; Velliou et al., 2013; Wang et al., 2017). For example, Smet et al. (2018)
demonstrated higher CAP inactivation of cells grown planktonically as compared to cells
grown on structured 3D models i.e., gelatin at 5% (w/v). Additionally, Costello et al. (2021a)
observed that cells inactivated in a liquid carrier, regardless of whether they were (pre-) grown
planktonically or as surface colonies, were more tolerant to the CAP treatment compared to
those that were inactivated on a 3D in vitro model with 1.5% (w/v) XG. This indicates that
liquid systems/carriers provide a protective effect against CAP treatment. Additionally,
Costello et al., (2018) showed that the antimicrobial effect of nisin (140 1U/ml) against L.
innocua was reduced when incorporated in 3D models (3-7% w/v Xanthan Gum) for
submerged growth but increased for surface growth when combined with a suboptimal
incubation temperature (10 °C). Similar findings showing substantial differences in microbial
growth and/or inactivation in solids as compared to liquid systems have been reported in other
studies (Antwi et al., 2008; Aryani et al., 2016; Baka et al., 2016; El Kadri et al., 2021; Karina
et al., 2011; Piyasena et al., 2003; Pol et al., 2001; Wang et al., 2017). Overall, using 3D in
vitro models, enables better reproducibility and better control of biochemical, biomechanical
and structural components, as compared to actual food products (that vary even from batch-to-
batch and have properties very specific to the product). Furthermore, those models allow a
more realistic spatial organisation and growth of microorganisms as compared to simple in
vitro systems (liquid broths). Consequently, 3D models enable the conduction of mechanistic

studies of microbial responses to treatment approaches.
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The aim of this work is to investigate, for the first time, the impact of structural and
biochemical complexity of 3D in vitro models, i.e., monophasic Xanthan Gum-based 3D
models of various gelling agent concentrations as well as multiphasic Xanthan Gum-based 3D
models containing additional protein and fat phases, on the microbial response of L.
monocytogenes., i.e., foodborne pathogen that causes major public health concern, to (i) GSE
(i) CAP and (iii) GSE in combination with CAP. As described above, CAP is a NTT which
has generally shown good microbial inactivation potential in broths, some 3D models and some
foods (Costello al., 2021a; EI Kadri et al., 2021; Mandal et al., 2018; Patange et al., 2019; Smet
et al., 2018; Thirumdas et al., 2014). Such a hurdle approach is promising, considering that
both GSE and CAP treatments are mild processes which might have a higher microbial
inactivation potential when acted in combination, in contrast to individual treatments that,
generally, have lower inactivation potential (especially in comparison to classic approaches
such as heat treatment) (Costello et al., 2021a; Cui et al., 2016a, 2016¢; Khan et al., 2017;
Leistner, 2000; Matan et al., 2014, 2015; Millan-Sango et al., 2015; Mosqueda-Melgar et al.,
2008; Peleg, 2020). Our work sheds light on the understanding of the impact of structural
complexity on the response of L. monocytogenes to GSE as well as GSE combined with CAP,

therefore, contributing to the design of alternative, sustainable microbial inactivation strategies.

2. Materials and methods

2.1. Inoculum preparation

Stock cultures of L. monocytogenes 10403S were stored in Tryptone Soy Broth (TSB, Oxoid
Ltd, UK) supplemented with 15% glycerol at -80 °C. The inoculum preparation took place as
previously described (Costello et al., 2018, 2019, 2021a, 2021b; Kitsiou et al., 2023; Velliou
et al., 2010, 2011a, 2011b, 2012, 2013). More specifically, a loopful of thawed culture was

inoculated in 20 ml TSB supplemented with 0.6% w/v of Yeast Extract (Oxoid Ltd, UK)
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(TSBYE) and cultured for 9.5 h in a shaking incubator at 37 °C and 175 rpm. Thereafter, 20 ul
were transferred in 20 ml TSBYE and cultured for another 15 h until early stationary phase

was reached (approximately 10° CFU/m).

2.2. Grape seed extracts (GSE)

The present study used commercially available grape seed extract (GSE) (Bulk, UK). The
GSE powder contained a minimum of 95% oligomeric proanthocyanidin. We, therefore,
consider the powder almost pure on oligomeric proanthocyanidins. The GSE powder was
dissolved in TSBYE at concentration 1% wi/v for both the liquid (broth) and 3D model
experiments. This GSE concentration was determined based on our previous study in TSBYE
broth, which showed that GSE (1% w/v) substantially inactivated (~3 log CFU/mlI after 24 h)
L. monocytogenes in liquid nutrient medium (TSBYE) (Kitsiou et al., 2023). Additionally,
other studies previously demonstrated that 1% w/v GSE significantly inactivated L.
monocytogenes, as determined by agar diffusion tests (Ahn et al., 2007; Baydar et al., 2006;

Corrales et al., 2009).

2.3 Preparation of viscoelastic food model systems

The preparation of the monophasic and biphasic 3D models followed a similar procedure to
our previously published work (Costello et al., 2018, 2021a; El Kadri et al., 2021; Velliou et
al., 2013).

More specifically, for the monophasic system, Xanthan Gum (XG) (Xantural® 75; CP
Kelco, UK) at concentrations 1.5%, 2.5% and/or 5% (w/v) was added to TSBYE. These
concentrations of XG were selected to cover a wide range of viscosities, as we have previously

studied (Costello et al., 2018, 2021a; Mertens et al., 2009; Velliou et al., 2013). Thereafter, the
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mixtures were mechanically stirred (2,000 rpm) for at least 5 min until complete homogeneity
was achieved (Omni Mixer Homogenizer, Omni International Inc., USA). The homogenized
mixture was then added in 15 ml falcon tubes (approx. 9 g of the mixture per falcon tube) and
centrifuged at 4000 xg for at least 30 min to eliminate the entrapped air bubbles. Thereafter,
the 3D models were autoclaved at 121°C for 30 min. To remove the remaining air bubbles, the
autoclaved 3D models were centrifuged again at 4000 xg for 15 min.

For the biphasic system, 10% (w/v) Whey Protein Isolate (WPI) (Bacarel, UK), 5% (w/v)
XG and NaCl (1% w/v) (Fisher Scientific, UK) were added in TSBYE and magnetically stirred
(Bibby Sterilin Ltd, UK). The addition of NaCl ensured phase separation by increasing the
ionic strength of the system (Polyakov et al., 1997). This low concentration of NaCl is
insufficient to induce osmotic stress in the cells (Noriega et al., 2014). Thereafter, the same
procedure as the monophasic 3D models was followed i.e., the biphasic system was
mechanically stirred, centrifuged, autoclaved, and centrifuged again. (Costello et al., 2018,
2021a; El Kadri et al., 2021; Velliou et al., 2013)

For the triphasic system, the previous biphasic system was enriched with 10% (v/v) of
commercially available sunflower oil (made in the UK using sunflower seeds from EU/non-
EU countries for Co-operative Group Ltd). More specifically, the fat phase was added to the
homogenous solution of WPI, NaCl and TSBYE and mechanically stirred (2 min at 2,000 rpm)
before the addition of XG. Afterwards, the procedure was carried on as previously described
for the biphasic system. Images of the developed 3D models can be seen in Figure A2 in the
Appendix.

For the evaluation of the effect of natural antimicrobials, GSE was added to TSBYE along
with the other model components to a final concentration in the models of 1% (w/v) (see also

section 2.2).
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To prepare the models for the microbial dynamic studies, the following procedure was
followed: For the monophasic systems, the models were placed into a 24-well plate, i.e., surface
area of approx. 2 cm?), to ensure reproducibility of their size. This took place via pipetting,
using pipettes for viscous media (MICROMAN® E, Gilson Ltd., USA). For the biphasic and
triphasic systems, due to their structure, pipetting was not possible and, therefore, the models
were initially shaped using 3D printed moulds of the same size and surface area as the
monophasic XG-based models. Thereafter, they were moved with a sterile tweezer into a 50
mm petri dish for the conduction of the microbial kinetic experiments and in 12 well-plates for

any experimentation involving CAP treatment.

2.4. Rheological Characterization
For the rheological characterization of the 3D models the storage modulus G’ (Pa) and the
loss modulus G”* (Pa) were determined. Examination was carried out at 37 °C (as microbial
growth took place at that temperature in the 3D models, which is the optimal temperature for
growth of L. monocytogenes) conducting dynamic oscillatory measurements, as previously

described by Costello et al. (2018).

The storage modulus G” (Pa) and the loss modulus G** (Pa) were measured as functions of
angular frequency o from 0.1 to 100 (rad/s) using a rotational Physica MCR 200 rheometer
(Physica MCR 200, Anton Paar GmbH, Germany) with a maximum strain of 2% and a Paar
Physica circulating water bath to control the temperature (Viscotherm VT2, Anton Paar GmbH,
Germany). For each viscoelastic system, a minimum of two independent replicates of at least
two samples were analysed using a cone and plate geometry (50mm diameter, 2° angle). G’

and G’ represent the elasticity and viscosity of the model, respectively. At least three

10
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independent experiments were performed per condition/model to ensure statistical

significance.

2.5. Scanning electron microscopy

Scanning electron microscopy analysis of the monophasic 5% (w/v) XG model has been
previously described and published by our group (Costello et al., 2019). For the complex
biphasic and triphasic 3D model systems microscopic analysis was carried out via SEM, (as
previously described (Costello et al., (2019). More specifically, the samples (3D models) were
fixed with 3% (v/v) formaldehyde solution for 1 h and then serially dehydrated in 20%, 40%,
60%, 80% and 100% ethanol (99.6%) and washed twice with Dulbecco’s Phosphate Buffered
Saline (DPBS). Thereafter, the dehydrated, fixed samples were mounted on a 13 mm 14
aluminium stub (Agar Scientific) and sputter coated with gold twice to a 272 thickness of 6 nm
using an Emitech K550X Sputter Coater (Quorum Technologies, Ashford, UK) with a target
current of 20 mA for 1 min. Then, the samples were observed under a JEOL JSM-7100F SEM

microscope operated at 5 kV.

2.6. Microbial dynamics in the presence of GSE

To examine the antimicrobial activity of 1% (w/v) GSE added in TSBYE, monophasic,
biphasic and triphasic systems (as described in section 2.3), early stationary phase cells of L.
monocytogenes (grown as described in section 2.1), were appropriately diluted and inoculated
(by pipetting) in either TSBYE (3 ml) or on the surface of the various 3D models as we have
previously described (Costello et al., 2018, 2019). The initial cell concentration was
approximately 10° CFU/ml for all systems under study. This initial inoculum concentration

was selected as the most appropriate as it enables the observation of the microbial dynamics

11
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i.e., inhibition or growth in the presence of the GSE. Additionally, L. monocytogenes was added

in liquid and on the surface of the 3D models not containing GSE (controls).

After inoculation, the samples were incubated at 37 °C, i.e., optimal growth temperature for
Listeria. The bacterial survival was systematically monitored for up to 24 h post-treatment (at
0, 2, 4, 8, 12, 18, 24 h). Thereafter, all samples were analysed, i.e., determination of colony
formation units, as previously described (Costello et al., 2018, 2019). Briefly, the samples were
added in phosphate buffered saline (PBS, Oxoid Ltd., UK) at a 1/10 dilution. The monophasic
XG-based models were homogenised using a vortex mixer (Onilab LLC., USA) and the
multiphasic systems using a stomacher for at least 1 minute (Colworth Stomacher 80, Seward,
UK). The surviving population was enumerated using the spread plate count method in non-
selective agar i.e., Tryptone Soy Agar supplemented with 0.6% of Yeast Extract (TSAYE,

Oxoid Ltd, UK).

2.7. CAP experimental set-up

The CAP device used (Figure 1) in this study has been developed and provided by Fourth
State Medicine Ltd. We have previously characterised the configuration of the device (El Kadri
et al., 2021). Briefly, the generator of CAP in this apparatus is a dielectric barrier discharge in
a remote and enclosed configuration, whereby the plasma source is contained in an electrically-
shielded enclosure and separated from the treatment target by a tube, with no direct line of
sight. The gas used for ionization is compressed air (25 °C, 3 bars), and its flow rate (0-5 L/min)
is controlled by a needle valve and a flow meter mounted on the enclosure. The chemical
composition of the plasma output varies based on the input air flow rate (Please see table Al
of appendix). For example, at flow rate 1 L/min more reactive nitrogen species (RNS—

primarily NOx compounds, NO. and NO) are produced in comparison with 5 L/min at which

12
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the air flow is enriched with more reactive oxygen species (ROS- primarily Os). To that end,
measurements were obtained using a calibrated Sauermann E4500 flue gas analyser and a
calibrated 2B technologies Model 106-MH ozone monitor. The data were collected by Fourth
State Medicine Ltd. by connecting the generator output to each piece of equipment and
measurements were taken at different flow rates. The NO sensor exhibits cross-sensitivity to
Os. Therefore, to ensure accurate measurements, Oz was first monitored until the sensor reading
was below 10ppb, followed by the measurement of NO2 and NO contents. Additionally,
measurements provided by Fourth State Medicine Ltd using a similar device running on
compressed air, showed the presence of other nitrogen-containing, NO,, compounds, including
a mixture of N2O, HONO, and other compounds, alongside Os. The total concentration of these
NO; species was approximately 100-200 ppm and decreased with increasing flow rates (Fourth
State Medicine Ltd, 2023). The concentration of ROS followed an opposite trend i.e., increased

with increasing flow rates reaching approximately 960 ppm at flow rate 5 L/min.

In terms of the structure of the device, the plasma effluent (air flow containing RONS)
passes through a 1m plastic tube (Tygon®, 6.4 mm outer diameter, 1.6 mm wall thickness,
VWR, UK) which is connected to a nozzle. Nozzles of various sizes can be fitted to cover a
well of a 12 and/or 24-well plate (2.2 and 1.55 cm diameter respectively) and therefore direct
the gas to the sample. All CAP experiments were conducted under a fume hood to allow the
produced gas to safely escape. The plasma device was turned on at least 30 min before the
sample treatment to ensure consistency of RONS outputs throughout the experiment. For the
CAP treatment experiments, as described in section 2.3, monophasic 3D models were placed
in 24-well plated and biphasic and triphasic systems in 12-well plates. The samples were treated
with 5 L/min flow rate for 2 minutes. It should be stated that no experiments in liquid were
conducted, and the microbial response to CAP (or CAP combined with GSE as described in

the following section) was compared only between different 3D model systems. This is because
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preliminary experiments have shown that for efficient inactivation in a liquid carrier a different
flow rate of 1 L/min is required, which is enriched in RNS as compared to the used flow rate
which contains more ROS. Therefore, additionally to structural differences of the carrier the
CAP treatment would involve different reactive species, making a sound comparison between

liquid and 3D model inaccurate.

2.8. Combined treatment: CAP and GSE

For the combined treatment of GSE and CAP in the 3D model systems, L. monocytogenes
was inoculated on the surface of systems under study (monophasic, biphasic and triphasic) as
described in section 2.4. All 3D models contained 1% (w/v) GSE, and the initial microbial
population was 10° CFU/mI as described in section 2.4. The 3D models were incubated for a
total of either 2 h or 8 h at 37 °C prior to CAP treatment. These incubation times were selected
following our initial kinetic experiments with GSE only (section 2.4), to ensure we induce mild
and moderate microbial inactivation from the exposure to GSE (but not very high inactivation,
so that the combined experiments with CAP are meaningful). Thereafter, the 3D models were
treated with CAP for 2 min at a flow rate of 5 L/min as described in section 2.7. The post-
treatment survival of the microbial population was determined with plating, as described in

section 2.4.

2.9. Statistical analysis

At least two independent experiments with three replicate samples were conducted for all
conditions under study. When comparing two mean values, a t-test was used to confirm
statistical significance (p < 0.05) while for multiple comparisons, a two-way ANOVA followed
by Tukey’s HSD post hoc was used to confirm statistically significant (p < 0.05) differences

between independent experimental groups. In the plots below, the mean value is presented with
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error bars representing the standard deviation. In cases where the viable cell count was below
the detection limit (<10 CFU/mI) the number was set to 1 log CFU/mI. All statistical analysis

was performed using GraphPad Prim and Microsoft Excel.

3. Results and discussion

As previously mentioned, in order to study the impact of grape seed extract (GSE) on the
microbial dynamics of L. monocytogenes in in vitro 3D models, GSE was incorporated in three
monophasic 3D models, with varying xanthan gum (XG) concentration (1.5, 2.5 and 5% w/v)
as well as in structurally complex biphasic systems, containing XG and Whey Protein (WPI)
(5% wiv XG, 10% w/v WPI) and triphasic systems, containing XG, WPI and fat (5% w/v XG,
10% w/v WPI, 10% v/v fat). Additionally, all developed 3D models were used to investigate

the effect of the combination of GSE and CAP against the growth of L. monocytogenes.

To the authors’ best knowledge this is the first study systematically investigating the
antimicrobial effect of GSE individually and/or in combination with a novel non-thermal
technology such as CAP in such solid-like 3D models, of robustly controlled structural and

biochemical composition.

3.1. The impact of GSE on the microbial dynamics of L. monocytogenes on the surface of

3D multiphase 3D models.

As can be seen in Figure 2, 1% (w/v) GSE caused significant microbial inactivation in both
liquid broth (TSBYE) as well as in all three monophasic 3D models, regardless of their
viscosity (the inactivation rate, Kmax, is approximately 0.9/min). The level of inactivation of the
treated liquid samples was equal to 1.5, 2.4, and 2.9 log CFU/ml, after 8, 12, and 24 h

respectively. The microbial dynamics also showed that 1% (w/v) GSE inhibited L.
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monocytogenes in liquid to a similar level as all the monophasic 3D models, i.e., ~3 log CFU/ml
after 24 h. More specifically, after 8, 12, and 24 h the average microbial inactivation of the
treated samples was equal to 1.4, 2.2, and 2.9 log CFU/ml, respectively. Additionally, the
difference between the treated samples and the control samples for the three monophasic XG-
based systems was on average 6.5 log CFU/ml after 24 h. These findings collectively show that
changes in the surface viscosity of the monophasic gels did not affect the antimicrobial action

of GSE against L. monocytogenes.

The microbial dynamics shown in Figure 2 (e, f), demonstrate that the antibacterial activity
of GSE was greatly reduced when incorporated in the biphasic and triphasic 3D models. More
specifically, there was no bacterial inactivation in presence of 1% (w/v) GSE and even growth
of L. monocytogenes was observed (the microbial growth rate, pmax, is approximately 1.2/h).
However, a slight but statistically significant disturbance in the microbial growth can be seen
as compared to the untreated samples (Figure 2e, 2f). More specifically, for the biphasic 3D
model, the difference in the viable cell population between the control and the treated sample
(1% wi/v GSE) ranged from 0.2 to 0.5 log CFU/mI depending on the time point. After 24 h the
difference was equal to 0.4 log CFU/ml (Figure 2e). For the triphasic 3D model, the highest
disturbance in the growth was observed after 12 h (0.4 log CFU/mI) but after 24 h there was

no significant difference (p>0.05) between the treated and untreated sample (Figure 2f).

To the author’s best knowledge this is the first study investigating the microbial inactivation
of GSE in 3D in vitro models with controlled biochemical composition and changing viscosity
and structure. As mentioned in the Introduction section, most studies investigating the
antimicrobial activity of GSE to date, have used liquid nutrient media or they have been
conducted in specific food products. Studies in liquid nutrient media, including our recently
published study (Kitsiou et al., 2023), show a clear and substantial effect of GSE against L.

monocytogenes, with the level of microbial inactivation depending on factors such as the initial
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microbial load, the GSE concentration and the microbial growth phase, i.e., exponential or
stationary growth (Ahn et al., 2004, 2007; Sagdic et al., 2011; Sivarooban et al., 2007; Zhao et
al., 2020, Kitsiou et al., 2023). However, when moving from simple liquid systems to food
products, the GSE antimicrobial effect hugely varies, depending on the food product. For
example, Bisha et al. (2010) observed good antimicrobial efficacy of GSE against L.
monocytogenes on (smooth) tomato surfaces. The tomatoes were dipped in GSE solution
(0.125% wi/v) for 2 and 10 min and the microbial inactivation directly after each treatment was
2 and 4 log CFU/ml, respectively. However, when GSE was utilized on more complex food
products with higher structural complexity as well as higher protein and fat content such as
ground beef and turkey frankfurters, the antibacterial activity was diminished (Ahn et al., 2007;
Bisha et al., 2010; Sivarooban et al., 2007). For instance, Ahn et al., (2007) reported growth
(instead of inactivation) of L. monocytogenes in cooked beef which was treated with 1% GSE
and stored at 4 °C for 9 days. These results follow a similar trend to our 3D models, i.e., good
antibacterial effect against L. monocytogenes on simple solid systems and very limited
antibacterial effect on biochemically and structurally complex food systems. Further to food
products, GSE has been utilised as part of 3D films, for packaging materials with antibacterial
properties (Corrales et al., 2009; Deng & Zhao, 2011). GSE incorporated in films, showed
some antimicrobial efficacy for both Gram-positive and Gram-negative bacteria tested. For
example, Deng & Zhao (2011), developed three types of films adding grape pomace extracts
(25% wiv) with either low methoxyl pectin, sodium alginate, and/or a mixture of sodium
alginate carrageenan, and cellulose gum. The antimicrobial activity was tested against E. coli
and L. innocua at initial load of approximately 10° CFU/mI. All GSE films had similar
antimicrobial effect against the tested microorganisms. More specifically, GSE had a
bacteriostatic effect against E. coli throughout the 24 h. However less antimicrobial effect was

observed against L. inoccua, whose final cell concentration after 24 h was 1.7 to 3.0 log
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CFU/ml lower than the control. Additionally, when Corrales et al., (2009) added 1% GSE in
pea starch films to control Brochothrix thermosphacta in pork loins, the results showed a
reduction of 1.3 log CFU/mI (in comparison with the control) after 4 days at 4 °C. However,
after an initial reduction (until 4 days), growth was reported similar to the untreated sample

(Corrales et al., 2009).

Overall, the changes in the antimicrobial inactivation potential of GSE that we observe in
our 3D models, i.e., varying from substantial microbial inactivation on the surface monophasic
system regardless of their viscosity to only a slight microbial growth disturbance on the surface
of biphasic and triphasic 3D models, can be attributed to several reasons. Factors that could
affect the antimicrobial activity could be linked to the rheological properties, the 3D
microstructure, the biochemical composition of the developed systems as well as the

environmental conditions (e.g., incubation temperature) or the combination of those factors.

Existing literature in the presence of natural antimicrobials in controlled 3D in vitro models
has emerged but is limited. For example, we have previously investigated the effect of
sublethal concentration of nisin (140 IU/ml) against L. innocua in liquid and monophasic XG
based 3D models, of varying XG concentration (3-7% w/v XG). The antimicrobial effect of
nisin was generally low both in liquid and in the 3D models, in contrast to the effect of GSE
that we observed in our current study (Figure 2). However, similarly to our current findings for
GSE, no differences in the response to nisin between liquid broth and the 3D monophasic XG
gum models was observed at 37 °C, regardless of the changes in viscosity. The synergistic
impact of structure (more rigid gel as compared to gels of lower XG gum concentration or
liquid both) with nisin was observed only at 10 °C which is a much lower temperature than the

optimal growth temperature for Listeria (37 °C) (Costello et al., 2018).
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As shown on Table 1, when comparing the rheological properties of the monophasic (5%
w/v XG) to the multiphasic systems, i.e., biphasic (5% w/v XG and WPI) and triphasic (5%
w/v XG and WPI and fat), the latter have a higher viscosity (an increased firmness/rigidness
of the gels). Generally, it has been reported that increasing the firmness can cause diffusion
limitations of nutrients leading to a reduced microbial growth but, at the same time, it can cause
diffusional limitations of antimicrobials, which can lead to reduced microbial inhibition
(Aspridou et al., 2014; Costello et al., 2018, 2019; Makariti et al., 2021; Skandamis & Jeanson,
2015; Velliou et al., 2013). For example, Skandamis et al., (2000) challenged cells of
Salmonella Typhimurium (10 CFU/mI) with oregano essential oil (0.03% wi/v) in liquid media
(TSB) and in gelatin-based system. This study demonstrated that the antimicrobial efficacy of
oregano essential oil was reduced when the oil was added in the 3D model, in comparison with
the liquid nutrient media. The decrease in the antibacterial activity was attributed to the
microstructure, which limited the diffusion of the antimicrobial agent (P. Skandamis et al.,
2000). The rheological properties of gelatin are significantly different from XG which is used
in our study and that can impact the microbial dynamics (Costello et al., 2018). Additionally,
on more rigid solid surfaces, the size of the bacterial colonies generally increases, due to a
reduction in surface tension (Costello et al., 2018; Verheyen et al., 2019). Therefore, the colony
itself can add an additional protection to the cells located in the centre of the colony, that cannot

be in contact with the antimicrobial.

Further to the effects of the rheological properties, additional effects on the cell-
antimicrobial component interactions can be induced by the structure/surface topography. As
seen in Figure 3, the biphasic and triphasic 3D models developed in this study are highly pitted,
with cavities and microchannels in comparison with the monophasic model (5% w/v XG) that
has a smoother and much more homogeneous surface, as we previously reported (Costello et

al., 2019). Such structural differences can affect the colony spreading/distribution and 3D
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spatial organisation/growth. Increased cavities can lead to more space available for colonies to
grow not only on the surface but within the 3D model’s cavities, leading to potentially larger
aggregates wherein only the periphery of the colony would be exposed to the antimicrobial
compound (Costello et al., 2018, 2019; Skandamis & Jeanson, 2015). At the same time,
colonies that can potentially grow within the surface cavities would have different access to
nutrients and a higher level of self-induced acid stress that could lead to a higher tolerance to
the antimicrobial via cross-protection mechanisms (Aspridou et al., 2014; Noriega et al., 2010;

Velliou et al., 2012, 2013)

Further to structural and rheological properties the differences we see between our 3D
systems can be also attributed to differences in their biochemical composition (presence of
protein and fat). For example, when comparing the biphasic 3D model (XG/WPI) to the
triphasic 3D model (XG/WPI/fat) in terms of rheological properties those are quite similar
between them (Table 1, Figure Al in appendix), indicating that the protein (WPI) is the main
factor affecting the rheological behaviour of those models. The similarities in the microbial
response to GSE on those two 3D models (Figure 2), also confirm that the rheological
properties are a key factor affecting the antimicrobial action of GSE. However, when observing
the surface topography, there are some (small) differences between the two 3D models (Figure
3). More specifically, the surface of the triphasic system is slightly more rough and irregular in
comparison with the biphasic. Additionally, small craters on the surface of the triphasic 3D
food model are visible (red arrows in Figure 3) representing fat rich areas. The presence of fat
could affect the bioavailability of the antimicrobial, explaining why GSE had no effect at all
against L. monocytogenes at 24 h of incubation (Figure 3f). Indeed, it has been reported in
literature, that oils or proteins can affect the activity of natural antimicrobials. For example,
Gutierrez et al (2008) studied the potential interaction between essential oils and basic food

ingredients i.e., carbohydrate, protein and/or oil in simple in vitro models. They showed
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reduced antimicrobial efficacy of essential oils whzn added in sunflower models. Conversely,
the antimicrobial activity of thyme and oregano oil was greater when added in the models with
high protein content (beef extract) (Gutierrez et al., 2008). However, other studies, have
observed reduced antimicrobial activity of essential oils added in presence milk proteins (Pol
et al., 2001; Smith-Palmer et al., 2001). In our case, the GSE are mainly composed by
proanthocyanidins which can form complexes with the WPI (milk protein) contained in our
biphasic and triphasic 3D models (Bisha et al., 2010; Li & Girard, 2023; Tang et al., 2021).
These complexes can enhance the stability and antioxidant activity of the phenolic compounds
but can lower the bioavailability to the bacterial cells. In other words, the complexes formed
by polyphenols and WPI limit the development of comparable complexes between phenolic
components and proteins or other components of the cell envelope, particularly the cell
membrane, which is considered one of the main mechanisms of inactivation of GSE.
Additionally, due to the WPI-phenolic compounds binding there are less phenolic compounds

available to penetrate the cell and cause further intracellular damage.

Overall, our findings indicate that GSE has great antimicrobial activity against surface
growth of L. monocytogenes, when added in liquid and simple single phase 3D model systems
of relatively low viscosity. However, when introducing structural and biochemical complexity,
i.e., adding protein or protein and oil, the antimicrobial activity of GSE is diminished, due to a
variety of factors, i.e., changes in rheology, structure-topography, biochemical composition
and/or their combination. Therefore, in order to use natural antimicrobials in complex food
products, the rheological, structural and biochemical properties of the food product need to be

taken into consideration.
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3.2. Combined treatment of GSE and CAP against L. monocytogenes in monophasic and

multiphasic 3D in vitro models.

As shown in the previous section (section 3.1), GSE caused a substantial decrease on the
cell population of L. monocytogenes on our monophasic 3D models of relatively low viscosity
(regardless of their viscosity) and only a slight disturbance in the microbial growth on our
multiphasic, i.e., biphasic and triphasic 3D models. Combining GSE with another
method/process, such as CAP, could result in higher microbial inactivation, leading to a more
efficient and sustainable strategy to achieve microbial safety. CAP can have antimicrobial
activity via destruction of the cell wall, DNA damage, lipid peroxidation and protein
dysfunction (Guo et al., 2015; Niemira, 2012; Pankaj & Keener, 2017). Moreover, CAP could
possibly reduce the metabolic activity of the cell resulting in the loss of the pathogenicity and
interfere with the biofilm formation by destroying the extracellular polymeric substances (
Bourke et al., 2018; Gilmore et al., 2018). As previously described (section 2.7), for the
combined treatment of GSE and CAP, cells of L. monocytogenes were firstly inoculated on the
surface of the monophasic and multiphasic 3D models containing 1% (w/v) GSE and incubated
for 2 and 8 h. These time points were selected as they represent different levels of L.
monocytogenes inactivation/growth disturbance by GSE, as shown in section 3.1 (Figure 2).
After 2 h and 8 h of incubation, 3D models with or without GSE were treated with CAP for 2
min at 5 L/ min flow rate (primarily ozone composition) to assess the individual effect of CAP

as well as the effect of CAP combined with GSE.

CAP (individual) treatment on monophasic and multiphasic 3D models

As shown in Figure 4 and Table 2, overall, the individual CAP treatment applied after 2 h

and 8 h of incubation at 37 °C appears to have very little to no antimicrobial effect on the
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surface of the monophasic XG based 3D in vitro models. When comparing the trend for the
multiphasic 3D models, CAP treatment caused microbial inactivation for both 2 h and 8 h of
incubation and for both the bi-phasic and the trip-phasic 3D model (Figure 5). The differences
we observe between our models can be attributed to the stage of growth as well as the model
structure and the spatial organisation of the cells on the models. More specifically, at 2 h of
incubation, especially for the low viscosity monophasic models, i.e., 1.5 and 2.5% (w/v) XG,
part of the bacterial population could be still planktonic and moving within less viscous areas
of the surface (Skandamis & Jeanson, 2015; Skandamis & Nychas, 2012). The presence of
such planktonic (sub-)populations would be more likely at earlier stages of incubation (2 h) as
compared to later stages (8 h), where more colonies/cell aggregates are formed. Such a
microenvironment (more likely at the earlier stages of incubation) is similar to a liquid system
and, therefore, less favourable for microbial inactivation by CAP, as it hinders gas penetration
and gas-cell interactions (Chizoba Ekezie et al., 2017; Costello et al., 2021a; Guo et al., 2015;
Mandal et al., 2018; Smet et al., 2018; Surowsky et al., 2015). When the viscosity increases,
i.e., for the 5% (w/v) XG monophasic 3D model (Figure 4) or for the biphasic and triphasic
systems (Figure 5), as also discussed in the previous section, the colonies are more spread on
the surface of the model, therefore leading to better CAP (gas)/colony contact and to higher
CARP efficiency in causing inactivation (Costello et al., 2018). When comparing the impact of
CAP on the microbial inactivation for early incubation (2h) as compared to the late incubation
(8h) for the multiphasic models (Figure 5), the latter results in less microbial inactivation for
both models. A possible explanation is that after 8 h, larger colonies have been formed along
with early extracellular polymeric substances (EPS) overproduction, therefore there is
additional protection for the cells located in the centre of the bigger colonies by hindering the
diffusion of the reactive species (El Kadri et al., 2021; Flemming et al., 2016; Smet et al., 2019;

Sun et al., 2022). Furthermore, as also discussed in section 3.1, the multiphasic models have
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rougher surfaces, and this can be a hindering parameter for plasma treatment because it
provides a natural protection for the bacteria by attaching to the available cavities, especially

for large colonies at a later stages of growth (Surowsky et al., 2015).

CAP studies reported in literature to date for microbial inactivation are primarily conducted
in specific food products and consequently show very high variations of the magnitude of
microbial inactivation, i.e., ranging from no inhibition to several log (CFU/mL) reduction. This
is due to variations of the food properties such as the matrix, the water activity and pH, as well
as by the sensitivity of the bacterial strain and the initial cell concentration (Bahrami et al.,
2020; Chizoba Ekezie et al., 2017; Niakousari et al., 2018; Sharma et al., 2014) For example,
CAP induced microbial inactivation in meat products has been reported to range from 0.34-

6.52 log (Misra & Jo, 2017).

Collectively, the variation of the CAP antimicrobial potential reported to date in literature
with our results, show the importance of the conduction of fundamental studies in systems of
robustly controlled properties. Such studies will increase our understanding of the CAP action

in relation to cell-matrix and CAP-matrix interactions.

Combined CAP and GSE treatment on monophasic and multiphasic 3D models

In our study, the combination of GSE and CAP was generally more effective than the
individual treatments in all 3D models under study (Figures 4 & 5 and Table 2). As can be seen
in Figure 4, the microbial inactivation on the surface of the monophasic XG based systems was
0.43,0.85 and 1.46 log, for 1.5%, 2.5% and 5% (w/v) XG respectively. These data demonstrate
that the microbial inhibition resulting from hurdle approach was greatest for the higher XG
concentration, similarly to the trend observed for the independent CAP treatment (Figure 4, see

also previous sub-section). A higher microbial inactivation when the hurdle approach, i.e., CAP
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and GSE, was observed for both multiphasic 3D models as well, as compared to the individual
CAP and GSE treatments (Figure 5). When comparing the microbial inactivation induced by
the hurdle approach between monophasic (Figure 4) and multiphasic 3D models (Figure 5) a
much lower inactivation is observed for the latter, which is expected, considering the very low
impact of GSE on the microbial dynamics in those systems (Figures 2, 5, see also section 3.1).
This, combined with the observation that CAP caused microbial inactivation as an individual
treatment in both multiphasic 3D models and at levels similar to the combined CAP/GSE,
indicates that the microbial inactivation imposed by the hurdle approach on the multiphasic 3D

models can be mostly attributed to the action of the CAP treatment.

Overall, our results show that the combined treatment of GSE and CAP have a positive
combined antimicrobial effect against L. monocytogenes in all the 3D models. However, the
effect is much greater in the simple monophasic 3D models (Figure 4) as compared to the
multiphasic models (Figure 5). To the best of our knowledge, there are no other studies to date
combining GSE with CAP, however, there are previous studies investigating the combination
of CAP with other natural antimicrobials. Those studies have also concluded that the hurdle
approach was generally more effective than the individual treatments (Costello et al., 2021a;
De la Ossa et al., 2021). For instance, Costello et al., (2021a) investigated the combined
treatment of nisin (35 IU/ml, 30 min) and CAP (directly applied dielectric barrier discharge, 4
L/min helium and 40 mL/min oxygen, 30 min) against L. innocua in/on liquid and solid like
3D in vitro models (1.5% w/v XG) and observed greater microbial inactivation of the combined
CAP/nisin treatment as compared to the individual treatments. De la Ossa et al., (2021),
investigated the combined treatment of olive leaf extract (100 mg/ml total phenolic content)
and CAP (using the same device employed in this study, 5 L/min, 1 min) in liquid nutrient
broth against L. innocua. CAP combined with the olive leaf extract completely inactivated L.

innocua after 6 h whereas no inhibition was noted by the individual treatments.
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There are also some studies investigating the combined effect of CAP and natural
antimicrobials in actual food products. The food products used by those studies were egg shells,
dragon fruit and meat products on which different bacteria were inoculated such as E.coli, S.
Typhimurium, S. aureus and L. monocytogenes. (Cui et al., 2016a, 2016b, 2017; Matan et al.,
2015). Those studies have concluded that the hurdle approach using CAP with the respective
natural antimicrobial per study had good synergistic effect. For example, Matan et al. in 2015,
reported a synergistic effect of plasma (radio frequency 40W) and green tea extracts (5% w/v)
against E. coli, S. typhimurium, and L. monocytogenes on the surface of freshly-cut dragon fruit
(with a 106 CFU/ml initial microbial concentration). More specifically, plasma treatment was
able to reduce the bacterial count by 1-1.5 logs, but the combined treatment with green tea
extracts achieved total inactivation. In addition, when the dragon fruit was treated individually
with green tea extracts no inhibition was shown (Matan et al., 2015). The same group also
studied the synergistic effect of radio frequency plasma with essential oils from clove, sweet
basil and lime in concentrations 0.5-2% (w/v) The most effective treatment was the combined
treatment of plasma with clove oil (1% wi/v), which led to a total microbial (E. coli, S.
typhimurium, S. aureus) inhibition on eggshells (Matan et al., 2014). Similarly, Cui et al.,
(2016b) studied the effect of the combination of cold nitrogen plasma (400W) and thyme oil
(0.05% w/v) against S. typhimurium and S. enteritidis on eggshells. The combination achieved
a very high microbial reduction, i.e., below the detection limit 10 CFU/egg, that lasted for 14
days of storage (Cui et al., 2016b). The same year, Cui et al., (2016a) also showed that cold
nitrogen plasma combined with Helichrysum italicum essential oil inhibit the population of S.
aureus on food packaging. The microbial concentration decreased more than 5 logs, in contrast
with individual treatments which caused only 2 logs reduction of the microbial concentration

(Cui et al., 2016a).
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Overall, considering the promising, yet contradictory results reported so far in literature
regarding the combined treatment of CAP with natural antimicrobial compounds against
various food-borne bacteria in different laboratory models or different food systems, along with
the data we present in our study, it is evident that more research is required in this field. More
specifically, normalisation or control of some parameters affecting the antimicrobial action —
like the CAP composition (most importantly, RONS gas- and liquid-phase concentrations
applied to targets), the type of natural antimicrobial, the structural and biochemical properties
of the system used — will enable more accurate comparisons as well as the generation of more
robust data to build accurate predictive microbiology tools for those novel processing

approaches.

Conclusion

In this study we perform a novel systematic investigation of the antimicrobial activity of
grape seed extracts (GSE), cold atmospheric plasma (CAP- in this case, a remote air plasma
with an ozone-dominated RONS output) and their combination against L. monocytogenes on
five different 3D in vitro models of varying rheological, structural, and biochemical
composition. More specifically, we studied the microbial dynamics (as affected by GSE and
CAP) in three monophasic Xanthan Gum (XG) based 3D models of relatively low viscosity
(1.5%, 2.5% and 3% w/v XG) and in a biphasic XG/Whey Protein (WPI) and a triphasic

XG/WPI/fat model.

A significant microbial inactivation (comparable to liquid broth) was achieved in presence
of GSE on the surface of all monophasic models regardless of their viscosity. However, the
GSE antimicrobial effect was diminished in the multiphasic systems, resulting to only a slight

disturbance of the microbial growth. In contrast, CAP showed better antimicrobial potential on
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the surface of the complex multiphasic models as compared to the monophasic models. When
combined, in a hurdle approach, GSE/CAP showed promising microbial inactivation potential
in all our 3D models, but less microbial inactivation in the structurally and rheologically
complex multiphasic models, with respect to the monophasic models. The level of inactivation

was also dependent on the duration of the GSE exposure.

Our findings shed light on the potential of GSE, CAP and their combination as a sustainable
antimicrobial strategy in the food industry. Furthermore, we show how the structural properties
and biochemical composition of our models can affect the antimicrobial efficacy of GSE, CAP
or their combination against L. monocytogenes. Future work should focus on testing this
combined treatment against Gram-negative bacteria which are known to be more resistant to
natural antimicrobials along with food storage and transportation temperatures. Furthermore,
generally, more comparative systematic studies of novel antimicrobial approaches (natural
antimicrobials, NTT, or both) in environment of robustly controlled structural and biochemical
properties will lead to the generation of more reliable predictive tools for the design of

industrial antimicrobial strategies.
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1052  Table legends

1053  Table 1. Average values for storage modulus G, loss modulus G, tand and their associated
1054  average standard deviations for the 5% monophasic XG and the multiphasic 3D models at 37

1055  °C.

1056  Table 2. Summary of findings on the combined treatment of GSE and CAP against L.

1057  monocytogenes.
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Figure legends

Figure 1. A flow diagram of the CAP set-up.

Figure 2: Inactivation dynamics of L. monocytogenes 10403S WT (a) in liquid broth (TSBYE),
on the surface of monophasic 3D models containing (b) 1.5% XG (c) 2.5% XG (d) 5% XG
(w/v) and on the surface of (e) biphasic 3D models (5% w/v XG/ 10% w/v WPI), and (f)
triphasic 3D models (5% w/v XG/ 10% w/v WPI/ 10% v/v fat). In all plots, (®) control (w/o
GSE), (xX) 1% (w/v) GSE. Each time point represents the average of three independent

experiments with two technical replicates per experiment. Error bars show standard deviation.

Figure 3: SEM images of the structure of the (a) Biphasic 3D model (5% w/v XG and 10%
w/v WPI), (b) Triphasic 3D model (5% w/v XG, 10% w/v WPI and 10% v/v fat). The red

arrows indicate the fat rich areas of the 3D triphasic model.

Figure 4: Inactivation of L. monocytogenes 10403S WT inoculated on the surface of
monophasic 3D models with 1.5%, 2.5% and 5% (w/v) XG, incubated for 2 h and 8 h at 37 °C.
In all plots, (m) control, (m) CAP treatment for 2 minutes at a flow rate of 5 L/min (primarily
0zone composition), (=) 1% (w/v) GSE incorporated in the 3D models, (=) Combination of 1%
(w/v) GSE and CAP treatment for 2 min. Each bar represents the average of three independent
experiments with two technical replicates per experiments. Error bars show standard deviation.
Connecting lines with asterisks indicate significant differences between control and treated

samples (* if 0.01<p < 0.05, ** if 0.001<p < 0.01, *** if p < 0.001)

Figure 5: Inactivation of L. monocytogenes 10403S WT inoculated on the surface of biphasic
3D models (5% w/v XG, 10% w/v WPI) and triphasic 3D models (5% w/v XG, 10% w/v WPI,
10% v/v fat), incubated for 2 h and 8 h at 37 °C. In all plots, (m) control, (m) 2’CAP treatment
at 5 L/min, (=) 1% (w/v) GSE incorporated in the 3D model, (+) Combination of 1% (w/v)

GSE and CAP treatment for 2 minutes at a flow rate of 5 L/min. Each bar represents the average
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1116  List of Tables

1117 Tablel

Food model Temperature G’ G" tano (= G"/ G")
Monophasic* o

596 X 37°C 376 + 745 61 + 13.9 0167 + 0.004
Biphasic 37°C 1061 + 841 399 + 126 0210 + 0.005
5% XG + 10% WPI = o = e S
Triphasic 37°C 2159 + 79.3 407 + 109 0194 + 0.004

5% XG + 10% WPI + 10% fat

*from Costello et al., 2018
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1120

1121

1122

1123

1124

1125

1126

1127

1128
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1129 Table 2
Type of 3D model CAP GSE GSE + CAP
2 h no chanaes microbial inactivation (<1 log microbial inactivation (<1 log
_ g CFU/mI) CFU/mI)
Monophasic
1'5% XG - - - - - - - - - -
8h no chandes microbial inactivation (>1 log microbial inactivation (>1 log
g CFU/mI) CFU/mI)
2h microbial inactivation (<1 log microbial inactivation (<1 log microbial inactivation (<1 log
CFU/ml) CFU/mlI) CFU/ml)
Monophasic
2.5% XG
8h microbial inactivation (<1 log microbial inactivation (>1 log microbial inactivation (>1 log
CFU/ml) CFU/mlI) CFU/ml)
2 h microbial inactivation (<1 log microbial inactivation (<1 log microbial inactivation (>1 log
CFU/ml) CFU/mlI) CFU/ml)
Monophasic
5% XG - - - - - - - - - - - - - - -
8h microbial inactivation (<1 log microbial inactivation (>1 log microbial inactivation (>1 log
CFU/ml) CFU/ml) CFU/mI)
2 h microbial inactivation (>1 log microbial inactivation (<1 log microbial inactivation (>1 log
Biphasic CFU/ml) CFU/ml) CFU/mI)
5% XG +
10% WPI gh | Mmicrobial inactivation (<1 log microbial inactivation (<1 log microbial inactivation (<1 log
CFU/ml) CFU/ml) CFU/mI)
) ) 2h microbial inactivation (<1 log no chanaes microbial inactivation (<1 log
Triphasic CFU/ml) g CFU/ml)
5% XG +
10% WPI + - - - - - - - - - - - - - - -
10% fat 8h microbial inactivation (<1 log microbial inactivation (<1 log microbial inactivation (<1 log
CFU/ml) CFU/mlI) CFU/ml)
1130
1131
1132
1133
1134
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1141 Figure 3
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1164  Figure 4
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1180  Figure5
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Appendix

Analysis of the developed biphasic and triphasic 3D models with a rheometer confirmed their
viscoelasticity, similarly to our previously reported analysis for the monophasic systems
(Costello et al., 2018). The storage modulus, G', is much larger than the loss modulus, G”, with
a loss tangent tand < 1 for all gels, indicating that the elastic component dominates the flow
properties (Figure Al and also Table 1).

10000
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Figure Al. Rheological characterization of the biphasic and triphasic 3D viscoelastic models.
Storage modulus G’ and the loss modulus G’ as a function of the angular frequency at 37 °C.
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A N

1212 Figure A2. Images of the developed 3D models: (a) monophasic (XG), (b) biphasic (XG/
1213 WPI), (c) triphasic (XG/ WP/ Fat) system.

1211

1214

1215  Table Al. RONS produced by CAP device at different flow rates using compressed air.

Flow rate (L/min) NO (ppm) NO, (ppm) O; (ppm)

0.1 764 609

0.2 738 449

0.3 557 350

0.4 354 327

0.5 227 352

0.6 92 411

0.7 9 300

0.8 1.1
0.9 45
1.0 316
15 827
2.5 1074
3.0 1176
3.5 1170
4.0 1140
4.5 1014
5.0 959
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