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Most environmental biofilms contain a variety of species. These species can establish

cooperative and competitive interactions, possibly resulting in an increase or a

decrease in antimicrobial resistance. Therefore, results obtained following inactivation

of single-species biofilms by means of different technologies (e.g., Cold Atmospheric

Plasma, CAP) should be validated for multi-species biofilms. First, a strongly adherent

and mature Listeria monocytogenes and S. Typhimurium dual-species biofilm was

developed by altering different incubation conditions, i.e., growth medium, incubation

temperature, inoculum ratio of L. monocytogenes and S. Typhimurium cells, and

incubation time. Adherence and maturity were quantified by means of optical density

measurements and viable plate counts, respectively. Secondly, both the (1 day old)

reference biofilm and a more mature 7 days old biofilm were treated for different

CAP treatment times (0–30min). Viable plate counts were again used to determine

the (remaining) cell density. For both the biofilm development and inactivation,

predictive models were applied to describe the growth/inactivation kinetics. Finally,

the kinetics of the [1 and 7 day(s) old] dual-species biofilms were compared with

those obtained for the corresponding single-species biofilms. Results implied that a

strongly adherent and mature reference dual-species biofilm was obtained following

24 h of incubation at 25◦C using 20-fold diluted TSB and an inoculum ratio of

1:1. Main observations regarding CAP inactivation were: (i) the dual-species biofilm

age had no influence on the CAP efficacy, although a longer treatment time was

required for the oldest biofilm, (ii) for the 1 day old biofilms, CAP treatment became

less efficient for S. Typhimurium inactivation when this species was part of the

dual-species biofilm, while L. monocytogenes inactivation was not influenced by the

biofilm type, and (iii) for the 7 days old biofilms, CAP inactivation of both species became
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more efficient when they were part of the dual-species biofilms. It can be concluded that

the efficacy of the CAP treatment is altered when cells become part of a dual-species

biofilm, which is quite important with respect to a possible application of CAP for biofilm

inactivation within the food industry.

Keywords: cold atmospheric plasma (CAP), biofilms, inactivation, dual-species, single-species,

L. monocytogenes, S. Typhimurium

INTRODUCTION

A biofilm consists of microbial cells embedded in a matrix of
self-produced extracellular polymeric substances (EPS) and is
attached to a biotic or an abiotic surface (Bakke et al., 1984;
Costerton et al., 1987; Garrett et al., 2008; Giaouris et al., 2014).
The compounds present in the EPS matrix are dependent on
the microbial species, however, the matrix generally contains
exopolysaccharides, extracellular DNA, and proteins (Ciofu and
Tolker-Nielsen, 2011). Biofilms are omnipresent in nature and
in many industrial environments. Due to their high resistance
toward currently applied cleaning methods for (abiotic) surfaces,
they can cause both economic and health related problems
such as contamination/spoilage of food products, impeded heat
transfer in heat exchangers, and corrosion of surfaces (Kumar
and Anand, 1998; Garrett et al., 2008; Barry and Kanematsu,
2015; Javaherdashti, 2015). Annually, this results in a worldwide
cost of billions of euros (Yang et al., 2011). To reduce this
high cost, extensive studies concerning (novel) highly effective
methods for biofilm inactivation/removal are required.

To date, most biofilm-related studies have been focusing
on single-species biofilms. These studies have extended our
general knowledge concerning biofilm formation, structure, and
resistance. However, in natural environments (outside of the
lab), biofilms mostly contain a variety of species (Yang et al.,
2011; Elias and Banin, 2012; Burmølle et al., 2014). Due to
the cooperative interspecies interactions within this type of
biofilms, they can become more resistant toward antimicrobial
agents than single-species biofilms (e.g., due to an increased
biomass and/or an altered composition of the EPS matrix).
Consequently, within the food industry, this could result in
an increased risk of (cross) contamination of food products
following contact with an ineffectively cleaned/decontaminated
surface (Yang et al., 2011; Elias and Banin, 2012). However, apart
from cooperative behavior, there might as well be competition
between the different species (Yang et al., 2011; Elias and Banin,
2012; Rendueles and Ghigo, 2012; Burmølle et al., 2014; Liu
et al., 2016). In that case, if competition within the multi-species
biofilm is the dominant mode of interaction, antagonistic effect
can occur (e.g., due to the production of toxins by one of the
species). As a consequence, the biofilm-associated cells might
show an increased sensitivity toward inactivation methods such
as the use of antimicrobial agents (Elias and Banin, 2012).

In previous studies, Cold Atmospheric Plasma (CAP) has
been investigated as a novel method for inactivation of biofilms
(e.g., Vleugels et al., 2005; Niemira et al., 2014, 2018; Ziuzina
et al., 2015; Govaert et al., 2018a, 2019). Plasma is a partially or

wholly ionized gas which consists of a large variety of (reactive)
species, including ions (positive and negative), photons, free
electrons, and activated neutral species (excited and radical)
(Tendero et al., 2006; Kudra and Mujumdar, 2009; Banu et al.,
2012; Fernández and Thompson, 2012; Lu et al., 2013; Bourke
et al., 2017). The use of plasma has some advantages over the
currently applied disinfection methods for abiotic surfaces such
as the use of (hot) water and antimicrobial agents. CAP treatment
is relatively fast, it can be created at a low temperature, no
water or chemicals are required, most plasma components fade
out immediately after treatment, and cells can be inactivated by
multiple inactivation mechanisms (Banu et al., 2012; Fernández
and Thompson, 2012). The plasma species can interact with
the microbial cells, possibly resulting in (i) a damaged (outer)
membrane, (ii) an altered structure and/or altered functional
properties of the macromolecules, and (iii) a negative influence
on the DNA (Misra et al., 2011; Fernández and Thompson,
2012; Puligundla and Mok, 2017). Due to these multiple
inactivation mechanisms, CAP already proved to be a promising
method for inactivation of strongly adherent and mature single-
species biofilms developed by two important pathogenic species,
i.e., Listeria monocytogenes (Gram positive) and Salmonella
Typhimurium (Gram negative) (Govaert et al., 2019). Following
10min of CAP treatment at optimal conditions, log-reductions
up to 3.5 log10 (CFU/cm²) have been obtained for these specific
biofilms (Govaert et al., 2019). However, as mentioned before,
multi-species biofilms can promote antimicrobial resistance
(Yang et al., 2011; Elias and Banin, 2012), possibly resulting in an
overestimation of the efficacy of the CAP treatment. Therefore,
one should be careful extrapolating previously obtained results
for single-species biofilms to (more realistic) multi-species
biofilms without validation.

In this study, both the development and the CAP inactivation
of a mature and strongly adherent dual-species model biofilm
were investigated. The biofilm consisted of two pathogenic
species (i.e., L. monocytogenes and S. Typhimurium) and the
effect of different (incubation) conditions on the adherence and
maturity of the biofilm was determined. These conditions were:
(i) growth medium, (ii) incubation temperature, (iii) inoculum
ratio of L. monocytogenes and S. Typhimurium cells in the
inoculum, and (iv) incubation time. Once the optimal conditions
for the dual-species model biofilm development were established,
themodel biofilmwas treated with CAP. Optimal (single-species)
CAP treatment conditions were applied as determined in the
research of Govaert et al. (2019) and biofilms were treated for
different treatment times ranging between 0 and 30min. Optical
density (OD) measurements and viable plate counts were used to
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quantify the adherence and the (remaining) cell density of the
biofilm, respectively. Predictive models were finally applied to
determine the growth and inactivation kinetics.

MATERIALS AND METHODS

Experimental Design
In the first part of this research, a dual-species model biofilm
consisting of L. monocytogenes and S. Typhimurium was
developed. In order to obtain a strongly adherent and mature
model biofilm, different (incubation) conditions were altered, i.e.,
(i) growth medium, (ii) incubation temperature, (iii) inoculum
ratio of L. monocytogenes and S. Typhimurium cells, and (iv)
incubation time. The adherence of the biofilm at each of the
different (incubation) conditions was quantified by means of
crystal violet staining and subsequent optical density (OD)
measurements. To determine the cell density/maturity of the
biofilm, viable plate counts were used. General and selective
media were applied to determine the total biofilm cell density and
the contribution of each individual species (i.e., L. monocytogenes
and S. Typhimurium) to this total cell density. In addition, the
Baranyi and Roberts (1994) model was used to determine the
growth kinetics. During this part of the study, generally three
biological (independent) replicates were performed in order to
comment on the influence of the different incubation conditions
on the adherence and the maturity of the dual-species biofilm.
Only for the adherence as function of time, five biological
(independent) replicates were used.

In the second part of this study, the obtained dual-species
model biofilm was treated with CAP at optimal CAP treatment
conditions previously determined (Govaert et al., 2019). These
conditions involved the use of a Dielectric Barrier Discharge
(DBD) electrode, helium as working gas, and an input voltage
of 21.88V (which resulted in a high voltage signal of ∼6.5 kV).
Biofilms were treated for 0, 1, 2, 5, 7.5, 10, 15, 20, 25, and
30min and the remaining cell density following CAP treatment
was determined by means of viable plate counts. General and
selective media, combined with the Geeraerd et al. (2000) model,
were used to determine the CAP inactivation kinetics of the total
population and those corresponding to each species separately.
As for the biofilm development part, again three biological
(independent) replicates were performed in order to comment
on the CAP inactivation kinetics for dual-species biofilms.

Microorganism and Pre-culture Conditions
In this research, L. monocytogenes LMG23775 (isolated from
sausages) and S. Typhimurium LMG14933 (isolated from bovine
liver), both acquired from the BCCM/LMG bacteria collection
of Ghent University in Belgium, were used. Stock-cultures were
stored at −80◦C in Brain Heart Infusion broth (BHI, VWR
International, Belgium) and Tryptic Soy Broth (TSB, Becton
Dickinson, US), respectively, which were both supplemented
with 20 (v/v) % glycerol (VWR International, Belgium). For every
experiment, a purity plate was prepared by spreading a loopful
of stock-culture onto a LB agar plate [Lennox LB agar (Becton
Dickinson, US) supplemented with 5 g/L NaCl (Sigma-Aldrich,

US)]. The purity plates for L. monocytogenes and S.Typhimurium
were incubated for 24 h at 30 and 37◦C, respectively.

Starting from the purity plates, pre-cultures were prepared
by transferring one colony into an Erlenmeyer flask containing
20mL of LB medium [Lennox LB broth (Becton Dickinson,
US) supplemented with 5 g/L NaCl]. L. monocytogenes and
S. Typhimurium pre-cultures were incubated for 24 h at
30 and 37◦C, respectively. Following this incubation period,
stationary phase cultures with a cell density of ∼109 CFU/mL
were obtained.

Biofilm Development Conditions
The stationary phase pre-cultures were used to develop a 100-
fold diluted inoculum with a cell density of ∼107 CFU/mL.
Dependent on the specific (incubation) conditions, different
ratios of L. monocytogenes and S. Typhimurium pre-cultures
were mixed and different dilution/growth media were applied
to obtain this inoculum. The investigated pre-culture ratios
(L. monocytogenes over S. Typhimurium) were 1:1, 1:2, 2:1, 1:3,
and 3:1 and the selected dilution/growth media were BHI and 20-
fold-diluted TSB (TSB/20), which proved to be the optimal media
for single-species biofilm development by L. monocytogenes and
S. Typhimurium, respectively (Govaert et al., 2018b).

To develop the biofilms, 1.2mL of the inoculum was
transferred to a small Petri dish made out of polystyrene (50mm
diameter, 9mm height, Simport, Canada). After inoculation,
Petri dishes were closed and gently shaken to make sure the
inoculum covered the entire surface. Dependent on the applied
(incubation) conditions, Petri dishes were incubated for 0–
24 h at 25 or 30◦C, which were the optimal temperatures for
S. Typhimurium and L. monocytogenes single-species biofilm
formation, respectively (Govaert et al., 2018b).

Once the optimal biofilm formation conditions were
established during the first part of this study, this optimal set of
(incubation) conditions was used during the second part of the
research (i.e., for CAP inactivation of the dual-species biofilm)
as reference model biofilm. However, apart from this reference
biofilm, a more mature biofilm with a longer incubation period
(i.e., 7 days) was CAP treated as well since previous research
proved that L. monocytogenes and S. Typhimurium single-species
biofilms became more resistant toward CAP treatment with an
increasing biofilm age (Govaert et al., 2018a). For this 7 days old
biofilm, the same growth medium, incubation temperature, and
ratio of L. monocytogenes and S. Typhimurium cells were applied
as established during the first part of this study.

CAP Equipment and Biofilm Inactivation
Procedure
As mentioned before, the dual-species model biofilms were
CAP treated at the optimal plasma characteristics previously
determined in the research of Govaert et al. (2019). This
optimal combination involved (i) the use of a DBD electrode
configuration, (ii) helium as working gas (purity 99.996 %; flow
rate 4 L/min), (iii) an input voltage of 21.88V (resulting in a
high voltage signal of ∼6.5 kV), and (iv) a frequency of 15 kHz.
For a detailed overview of the characteristics of the applied DBD
electrode, the authors refer to previously mentioned study.
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For the CAP treatment, rinsed and dried biofilm samples
(see section Quantification of Biofilm Cell Density/Maturity
by Means of Viable Plate Counts) were placed in between
the electrodes and the reactor chamber was flushed for 4min
to ensure a homogeneous gas mixture. After this, the high-
voltage power source was energized to generate the plasma.
Samples were treated up to 30min and immediately after the
treatment removed from the reactor chamber to determine the
remaining cell density (see section Quantification of Biofilm Cell
Density/Maturity by Means of Viable Plate Counts).

Quantification of Biofilm Adherence by
Means of Crystal Violet Staining
The method used for quantification of the biofilm adherence
at each (incubation) condition has been discussed in detail in
the research of Govaert et al. (2018b). Similar as for previously
mentioned study, biofilms were considered to be strongly
adherent if the OD of the sample was four times higher than the
cut-off value (OD sample > 4 × ODc). Here, the cut-off value
(ODc) is defined as the average OD of the controls (fresh growth
medium without cells) plus three times the standard deviation of
these negative controls (Stepanović et al., 2000).

Quantification of Biofilm Cell
Density/Maturity by Means of Viable Plate
Counts
In the first part of this study, the biofilm cell density/maturity
at the different (incubation) conditions was determined by
means of viable plate counts. Following 0–24 h of incubation,
biofilms were removed from the incubator and three times rinsed
with phosphate buffered saline (PBS) solution to remove the
remaining planktonic cells. After the rinsing procedure, biofilms
were allowed to dry in the laminar flow cabinet. Next, 2mL of
sterile PBS solution was added to the rinsed and dried biofilms
and a cell scraper (blade width 20mm, Carl Roth GmbH+Co,
Germany) was used to remove the biofilm from the surface.
Serial decimal dilutions of the obtained cell suspension were
prepared [0.85 (v/v) % NaCl] and plated on agar plates. For
each of the serial dilutions, three drops of 20 µL were plated
on general and selective media in order to examine the total
biofilm cell density and the cell density of each individual
species (i.e., L.monocytogenes and S.Typhimurium), respectively.
Brain Heart Infusion agar (BHIA, BHI supplemented with 14
g/L biological agar, VWR Chemicals, Belgium) was used as
general medium to determine the total cell density of the
biofilm. PALCAM (VWRChemicals, Belgium) and Xylose Lysine
Deoxycholate Agar (XLDA, Merck & Co, USA) were used as
selective media for L. monocytogenes and S. Typhimurium,
respectively. On these selective media, only healthy cells are able
to form colonies, so only these cells were taken into account
while determining the cell density of the individual species.
Therefore, a (slight) underestimation of the total number of
L. monocytogenes and S.Typhimurium cells present in the biofilm
could occur as a consequence of the induction of sub-lethal injury
(Noriega et al., 2013; Govaert et al., 2019). Before counting the
colonies, agar plates were incubated for (at least) 24 h at 30◦C

(BHIA and PALCAM) or 37◦C (XLDA). The detection limit
of the applied plate counting method was 3.9 ln(CFU/cm²) [or
1.7 log10(CFU/cm²)].

In the second part of this research, biofilms were treated with
CAP following rinsing and drying (see section CAP Equipment
and Biofilm Inactivation Procedure). Immediately after the CAP
treatment, the cell density (on general and selective media)
was determined according to the procedure described above.
Nevertheless, in this case, drops of 100 µL were applied to be
able to detect lower cell concentrations, i.e., the detection limit
became equal to 1.0 log10(CFU/cm²) [or 2.3 ln(CFU/cm²)].

Modeling and Parameter Estimation
In the first part of this research, the experimental data for the OD
as function of time was fitted as described in Baka et al. (2015).
For the cell densities as function of time, the growth model of
Baranyi and Roberts (1994) was used (Equations 1–3).

dN(t)

dt
= (

Q

1+Q
)·µmax · (1−

N (t)

Nmax
) · N(t) (1)

dQ(t)

dt
= µmax · Q (t) (2)

λ · µmax = ln(1+
1

Q(0)
) (3)

Since the experiments in this study were conducted at static
conditions, the model was, however, simplified to Equations (4)
and (5).

ln (N (t)) = ln (N (0)) + µmax · A (t) − ln(1+
eµmax·A(t) − 1

e(Nmax−N(0))
) (4)

A (t) = t +
1

µmax
· ln

(

e−µmax·t + Q (0)

1+ Q (0)

)

(5)

Here, N(t) [CFU/cm2] is the cell density at time t [h], N(0)
[CFU/cm2] is the initial cell density at time 0, Nmax [CFU/cm2]
is the maximum cell density, µmax [1/h] is the maximum specific
growth rate, Q [-] represents the physiological state of the cells,
Q(0) is a measure of the initial physiological state of the cells, and
λ [h] is the lag time of the cells.

The model of Geeraerd et al. (2000), describing a microbial
inactivation curve consisting of a log-linear inactivation phase
and a tail (Equation 6), was used to fit the experimental data
obtained following CAP treatment of the biofilms.

N (t) = (N0 − Nres) · e
−kmax·t + Nres (6)

Here, N(t) [CFU/cm²] is the cell density at time t [min], N0

[CFU/cm²] is the initial cell density, Nres [CFU/cm²] is a more
resistant subpopulation, and kmax [1/min] is the maximum
specific inactivation rate. Based on the difference between log10
N0 and log10 Nres, the final log-reduction values (following
30min of CAP treatment) were calculated.

The parameters of the Baranyi and Roberts (1994) and
Geeraerd et al. (2000) model were estimated via the minimization
of the sum of squared errors (SSE), using the lsqnonlin routine
of the Optimization Toolbox of Matlab version R2016a (The
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Mathworks, Inc.). At the same time, standard errors of the
parameter estimations were determined based on the Jacobian
matrix. The Root Mean Squared Error (RMSE) served as an
absolute measure of the goodness of the model to fit the actual
obtained data.

Statistical Analysis
In the first part of this study, analysis of variance (ANOVA)
tests were performed to determine whether there were any
significant differences amongst means of OD values or
logarithmically transformed viable counts at the different
(incubation) conditions. A confidence level of 95.0 % (α =

0.05) was applied and Fisher’s Least Significant Difference (LSD)
test was used to distinguish which means were significantly
different from others. In addition, ANOVA tests were performed
to determine whether there were significant differences between
the estimated model parameters obtained for the cell density
as function of time for each population type (i.e., total,
L. monocytogenes, and S. Typhimurium).

In the second part of this research, ANOVA tests were
again used to determine whether there were significant
differences between the estimated model parameters (obtained
at both biofilm ages) for the total population and those
obtained for the individual populations (i.e., L. monocytogenes
and S. Typhimurium). In addition, the inactivation kinetics
observed for the dual-species biofilms were compared with
those previously observed for the single-species biofilms
(Govaert et al., 2019).

All statistical analyses were performed using the Statgraphics
18 software (Statistical Graphics, Washington, USA). Significant
differences between sample values/estimated model parameters
were indicated with different (uppercase) letters or numbers (e.g.,
“a,” “b,” “A,” “B,” “1,” “2,” . . . ), with “a,” “A,” or “1” indicating the
lowest value.

RESULTS

Influence of the Growth Medium, the
Incubation Temperature, and the Inoculum
Ratio on the Adherence and the Cell
Density of the Dual-Species Biofilm
For the first series of experiments, the influence of the
(incubation) conditions was tested for one certain incubation
time, i.e., 24 h of incubation. This initial incubation period
was selected based on previous research where 24 h of
incubation proved to be optimal to obtain strongly adherent and
mature single-species biofilms developed by L. monocytogenes
and S. Typhimurium (Govaert et al., 2018b). The three
other influencing factors (i.e., the growth medium, the
incubation temperature, and the ratio of L. monocytogenes
and S. Typhimurium in the inoculum) were altered to determine
their effect on the adherence (Figure 1) and the cell density
(Figure 2) of the dual-species biofilm. To determine if one
incubation condition significantly influenced the adherence

or cell density of the biofilm, different ANOVA tests were
performed while keeping the other influencing factors constant.

Based on Figure 1, it can be concluded that for all tested
conditions, strongly adherent biofilms were obtained since
the average sample values were always higher than their
corresponding 4 × ODC-value. Nevertheless, it should be
stressed that all three altered incubation conditions significantly
influenced the adherence of the dual-species biofilm. For the
growth medium, the highest OD values were in general obtained
using TSB/20. Only for one ratio (i.e., 3:1), no significant
differences were observed between BHI and TSB/20 at 30◦C.
With respect to the influence of the incubation temperature,
significant differences were only observed using TSB/20 as
growth medium and at certain ratios (i.e., 1:1, 1:3, and 3:1).
Here, the highest OD values were obtained using 25◦C as
incubation temperature. Finally, for the ratio of L. monocytogenes
and S. Typhimurium, the influence on the adherence was again
dependent on the other incubation conditions. Using BHI as
growth medium, significantly higher OD values were observed
while using ratios 2:1 and 3:1, and this for both temperatures.
Using TSB/20 on the other hand, significant differences were only
observed at 30◦C. At this latter temperature, the ratio 3:1 resulted
in significantly lower OD values compared to the ratios 1:1, 1:2,
and 2:1.

Based on aforementioned results, it was decided to use
only TSB/20 as growth medium for the investigation of the
influence of the different (incubation) conditions on the cell
density/maturity of the dual-species biofilm. Even though both
TSB/20 and BHI resulted in the formation of strongly adherent
biofilms, the OD values obtained using the former medium
were at least two times higher than the corresponding values
observed using the latter medium. As most biofilm studies relate
the antimicrobial resistance of biofilm-associated cells to their
incapsulation in the biofilm matrix (e.g., Costerton et al., 1987;
Kumar and Anand, 1998), the higher biomass obtained using
TSB/20 was deemed to result in a better protection of the biofilm-
associated cells toward inactivation methods such as CAP. The
effect of (i) the incubation temperature and (ii) the ratio of
L. monocytogenes and S. Typhimurium in the inoculum on the
biofilm cell density/maturity were further investigated, although
25◦C tended to be more optimal at the ratios 1:1, 1:3, and 3:1.

Based on Figure 2, one can comment on the cell density of the
biofilms following 24 h of incubation. It can be observed that the
incubation temperature only had an influence on the cell density
at two different ratios, i.e., 1:1 and 1:2. For these cases, the highest
total cell density (and L. monocytogenes cell density for ratio 1:2)
was obtained if the inoculated Petri dishes were incubated at
30◦C. Regarding the influence of the inoculum ratio, only minor
differences were observed. At 25◦C, only the L. monocytogenes
cell density was slightly influenced by this factor, i.e., the lowest
cell density was obtained at ratio 1:2. At 30◦C, the lowest cell
densities were obtained at ratio 1:3 as here both the total cell
density and the S. Typhimurium cell density were significantly
lower than those obtained at all other ratios.

Combining the results obtained for the OD and the cell
density of the dual-species biofilm, one incubation temperature
and one ratio have been selected to further investigate the
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FIGURE 1 | Influence of the incubation conditions (i.e., growth medium, incubation temperature, and the ratio of L. monocytogenes and S. Typhimurium in the

inoculum) on the adherence (OD) of the dual-species biofilm (n = 3). Biofilms were incubated for 24 h prior to the quantification procedure and were considered to be

strongly adherent as the average OD values were higher than their corresponding 4 × ODC-value. For the influence of the growth medium: for each temperature and

each ratio, significant differences have been indicated by means of small letters, with “a” bearing the lowest value. For the influence of the incubation temperature: for

each growth medium and each ratio, significant differences have been indicated by means of capital letters, with “A” bearing the lowest value. For the influence of the

inoculum ratio: for each growth medium and each incubation temperature, significant differences have been indicated by means of numbers, with “1” bearing the

lowest value.

adherence and the cell density/maturity of the biofilm as function
of the incubation time. For the temperature, 25◦C was selected
since this resulted for most ratios in the highest OD. As a more
dense biofilm matrix might result in an increased resistance
(Govaert et al., 2018a), this biofilm characteristic was deemed to
bemore important than the slightly higher cell densities observed
at 30◦C. For the ratio of the inoculum, 1:1 has been selected
since at this ratio, the L. monocytogenes and S. Typhimurium
cell densities appeared to be more or less equal following 24 h
of incubation at 25◦C. In conclusion, for the investigation of
the adherence and the maturity of the dual-species biofilm
as function of time, the following incubation conditions were
selected: (i) TSB/20 as growth medium, (ii) 25◦C as incubation
temperature, and (iii) 1:1 as inoculum ratio.

Influence of the Incubation Time on the
Adherence and the Cell Density/Maturity of
the Dual-Species Biofilm
For the adherence of the biofilm as function of time (Figure 3),
OD measurements were again used to quantify the total
biofilm mass at each time point. An initial “lag phase” can
be observed with a duration of ∼8 h. During this phase, there
was (almost) no increase in OD as function of time. However,
upon further incubation, there is a steep increase in OD
until ∼14 h of incubation, indicating a strong increase in cell
density and/or production of EPS matrix. Finally, this steep

increase was followed by a plateau without further increase of
the OD. Although this plateau was only observed following
∼18 h of incubation, the dual-species biofilm became already
strongly adherent starting from ∼8.5 h of incubation (OD
sample > 4× ODC).

For the maturity of the biofilm as function of time (Figure 4),
the total cell density as well as the cell densities of the individual
species were determined by means of viable plate counts. The
estimated model parameters of the Baranyi and Roberts (1994)
model have been included in Table 1. It can be observed
that starting from 0 h of incubation, some cells were already
attached to the surface, i.e., the initial total cell density was 8.4
ln(CFU/cm²) and the initial cell densities for L. monocytogenes
and S. Typhimurium were 7.5 and 4.9 ln(CFU/cm²), respectively.
Despite the fast initial attachment of the cells, they did not
immediately start to multiply, i.e., a (relatively short) lag-phase
was observed for each of the population types (total: 4.6 h,
L. monocytogenes: 2.3 h, and S. Typhimurium: 3.3 h). Upon
further incubation, the total population as well as the population
of the individual species started to increase. The specific growth
rate for S. Typhimurium (1.7 h−1) was, however, higher than
for L. monocytogenes (1.0 h−1). Finally, a stationary phase was
observed for all population types, i.e., there was no further
increase in cell density starting from ∼10 h of incubation. In
other words, the dual-species biofilm became mature following
this incubation period. It should be mentioned, however, that the
maximum cell density of S. Typhimurium [14.0 ln(CFU/cm²)]
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FIGURE 2 | Influence of the incubation conditions (i.e., incubation temperature and the ratio of L. monocytogenes and S. Typhimurium in the inoculum) on the cell

density of the dual-species biofilm (n = 3). Biofilms were incubated for 24 h prior to the quantification procedure. For the influence of the incubation temperature: for

each ratio, significant differences have been indicated by means of capital letters, with “A” bearing the lowest value. For the influence of the inoculum ratio: for each

incubation temperature, significant differences have been indicated by means of small letters, with “a” bearing the lowest value.

in the dual-species biofilm was higher than the maximum cell
density of L. monocytogenes [13.0 ln(CFU/cm²)].

Based on the combined results of the OD and the cell density
as function of time, it can be concluded that strongly adherent
and mature biofilms were already obtained following ∼10 h of
incubation. However, as the OD of the biofilm only became
constant following ∼18 h of incubation, a longer incubation
period of 24 h was selected as optimal incubation time, similar
to the research of Govaert et al. (2018b).

CAP Inactivation of the Dual-Species
Model Biofilm
Inactivation Kinetics of the 1 and 7 Day(s) Old

Dual-Species Model Biofilm
As mentioned before, both the reference biofilm (1 day old)
and a more mature biofilm (7 days old) were CAP treated to
examine (the influence of the biofilm age on) the inactivation
kinetics for dual-species biofilms. In Figure 5, the cell density
[log10(CFU/cm²)] of the 1 and 7 day(s) old dual-species biofilms
as function of the CAP treatment time have been presented. The
total population as well as the population of the individual species

FIGURE 3 | Adherence (OD) of the dual-species biofilm as function of the

incubation time (n = 5). Biofilms were considered as strongly adherent if the

OD of the sample exceeded the 4 × ODC-value (dash-dot line).
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FIGURE 4 | Maturity of the dual-species biofilm as function of time (n = 3).

Both the experimental data (symbols) and the global fit (line) of the Baranyi and

Roberts (1994) model are represented: total population on general medium

(�, black line), L. monocytogenes population on Palcam medium (x, blue line),

and S. Typhimurium population on XLD medium (⋄, red line).

TABLE 1 | Estimated parameters of the Baranyi and Roberts (1994) model for

growth of the 1 day old dual-species biofilm.

Model parameters 1 day old dual-species biofilm

λ total (h) 4.56 ± 0.42b

λ Listeria (h) 2.25 ± 0.83a

λ Salmonella (h) 3.28 ± 0.45a

Ln N0 total [ln(CFU/cm2 )] 8.39 ± 0.42c

Ln N0 Listeria [ln(CFU/cm2)] 7.54 ± 0.42b

Ln N0 Salmonella [ln(CFU/cm2 )] 4.93 ± 0.36a

µmax total (1/h) 1.70 ± 0.26b

µmax Listeria (1/h) 1.04 ± 0.19a

µmax Salmonella (1/h) 1.71 ± 0.18b

Ln Nmax total [ln(CFU/cm
2)] 14.80 ± 0.16c

Ln Nmax Listeria [ln(CFU/cm2)] 13.00 ± 0.17a

Ln Nmax Salmonella [ln(CFU/cm2)] 14.02 ± 0.19b

For each model parameter, a seperate ANOVA test has been performed to determine if

these growth kinetics were influenced by the population type. Significant differences (p

≤ 0.05) have been indicated with a different lowercase letter, with ‘a’ bearing the lowest

value.

have been included. For each biofilm age and each population
type (i.e., total, L. monocytogenes, and S. Typhimurium), the
estimated model parameters of the Geeraerd et al. (2000) model
have been included in Table 2.

Based on this figure, it can be observed that the shapes of
the inactivation curves were similar for both biofilm ages, i.e.,
for all population types, a log-linear inactivation phase was
followed by a tail. Based on Table 2, it can be concluded that
the age of the dual-species biofilm generally did not influence the
inactivation kinetics, i.e., only for the residual S. Typhimurium
population, a significantly higher cell density was observed for
the 1 day old biofilm than for the 7 days old biofilm. However, it

should be stressed that, despite the lack of significant differences
between themodel parameters obtained for both biofilm ages, the
required treatment time to obtain the residual (total) population
appeared to be higher for the 7 days old biofilm than for the 1
day old biofilm (Figure 5). For the former biofilm age, ∼17min
of CAP treatment was required, while for the latter biofilm
age, ∼12min was sufficient to reach the residual cell density.
Consequently, the efficacy of the CAP treatment was similar for
both biofilm ages, but a longer treatment time was required (for
the 7 days old biofilms) to obtain similar log-reduction values.

Regarding the effect of the population type (i.e., total,
L. monocytogenes, and S. Typhimurium) on the inactivation
kinetics, it can be observed that for the 1 day old dual-
species biofilm, differences were only observed for the residual
cell density, i.e., significantly lower values were obtained for
L. monocytogenes. For the 7 days old dual-species biofilm,
significant differences were observed for all model parameters,
apart from the log-reduction values. For all these other
parameters, significantly higher values were obtained for
S. Typhimurium.

Comparison Between the Inactivation Kinetics and

the Efficacy of CAP Treatment for Inactivation of

Dual-Species and Single-Species Model Biofilms
In Figure 6, the cell density [log10(CFU/cm²)] of the (i)
dual-species, (ii) L. monocytogenes single-species, and (iii)
S. Typhimurium single-species biofilms as function of the CAP
treatment time have been presented. Results have been included
for both investigated biofilm ages, i.e., 1 and 7 day(s) old.
For each model biofilm and each biofilm age, the estimated
model parameters of the Geeraerd et al. (2000) model have been
included in Table 2. The results obtained for the single-species
biofilms (on selective media) have been presented in detail in the
research of Govaert et al. (2018a).

For the 1 day old biofilms, it can be observed that the shape
of the inactivation curves was again similar for all population
and biofilm types, i.e., a log-linear inactivation phase was always
followed by a residual population. The latter indicates that
none of the biofilm types can be completely inactivated while
applying the investigated (optimal) CAP treatment conditions.
There were, however, some differences between the inactivation
kinetics obtained for the individual populations of the dual-
species biofilms and their corresponding inactivation kinetics
obtained for the single-species biofilms. The initial cell density
of the L. monocytogenes population in the dual-species biofilm
is significantly lower than the corresponding value obtained for
the L. monocytogenes single-species biofilm. In addition, also the
inactivation rate and the residual cell density obtained for the
L. monocytogenes population in the dual-species biofilm were
significantly lower than the corresponding values obtained for
the L. monocytogenes single-species biofilm. Nevertheless, when
comparing the obtained log-reductions, the CAP treatment was
equally effective for inactivation of L. monocytogenes in both
biofilm types. For the S. Typhimurium population in the dual-
species biofilm, significantly lower initial cell density values were
obtained compared to the initial population of the single-species
S. Typhimurium biofilm. Although there were no significant
differences for the inactivation rate and the residual population,
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FIGURE 5 | Cell density [log10 (CFU/cm²)] of the 1 (black) and 7 (red) day(s)

old dual-species biofilm as function of the CAP treatment time (n = 3). Both

the experimental data (symbols) and the global fit (line) of the Geeraerd et al.

(2000) model are represented: total population on general medium (�, solid

line), L. monocytogenes population on Palcam medium (x, dashed line), and

S. Typhimurium population on XLD medium (♦, dotted line).

due to the difference in initial cell density (log10 N0), significantly
higher log-reduction values were obtained for the single-species
S. Typhimurium biofilm (in comparison to the S. Typhimurium
population in the dual-species biofilm). As a consequence, it
can be concluded that CAP treatment became less efficient for
inactivation of the S. Typhimurium cells when they were part of
the dual-species biofilm.

For the 7 days old biofilms, some significant differences
were again observed. The initial L. monocytogenes cell density
of the single-species biofilm was significantly higher than
the corresponding cell density in the dual-species biofilm.
The maximum inactivation rate, on the other hand, was
significantly higher for L. monocytogenes in the dual-species
biofilm than for the single-species biofilm. In addition, the
residual cell densities for L. monocytogenes and S. Typhimurium
in the dual-species biofilm were significantly lower than for
the corresponding single-species biofilms. Consequently, the
obtained log-reductions within the former biofilm type were also
significantly higher than for the latter biofilm types, indicating an
increased efficacy of the CAP treatment for both biofilm forming
species when they are part of a mixed (7 days old) biofilm.

DISCUSSION

Influence of the Growth Medium, the
Incubation Temperature, and the Inoculum
Ratio on the Adherence and the Cell
Density of the Dual-Species Biofilm
In literature, biofilm formation has been reported to depend
on different environmental conditions, including the growth
medium, temperature, pH, incubation time, and oxygen tension
(Gerstel and Römling, 2001; Stepanović et al., 2004; Harvey

et al., 2007; Nilsson et al., 2011; Kadam et al., 2013; Nguyen
et al., 2014; Tomičić et al., 2016; Govaert et al., 2018b). The
influence of these environmental factors on the formation
of biofilms is valid for single-species as well as multi-species
biofilms. Marsh and Bowden (2000) reported for example that
the ability of species to (i) attach to a surface, (ii) grow, and (iii)
possibly dominate the community, is dependent on their habitat.
Within the presented research, it was observed that the optimal
dual-species biofilm formation conditions (following 24 h of
incubation) included the use of (i) TSB/20 as growth medium,
(ii) 25◦C as incubation temperature, and (iii) 1:1 as ratio for
L. monocytogenes and S. Typhimurium in the inoculum. Based
on this, it can be concluded that S. Typhimurium predominantly
determined the required environmental conditions since
these optimal dual-species biofilm formation conditions were
identical to previously observed optimal conditions required
for single-species S. Typhimurium biofilm formation (Govaert
et al., 2018b). Within this latter study, L. monocytogenes and
S. Typhimurium biofilm formation required opposite nutritional
requirements, i.e., a high vs. low nutrient content. Consequently,
one could assume that within the dual-species biofilm, a
certain form of metabolic cooperation was established, i.e.,
one species (S. Typhimurium) provided nutrients for the other
(L. monocytogenes) (Bradshaw et al., 1997; Elias and Banin,
2012). In this case, byproducts formed by S. Typhimurium,
as a consequence of its metabolic activity, could be used as a
substrate for L. monocytogenes. Another possible explanation
for S. Typhimurium not overgrowing L. monocytogenes could
be that the initial attachment of S. Typhimurium cells to
the surface facilitated the attachment and further growth of
L. monocytogenes. Nevertheless, when the initial attachment
of L. monocytogenes in the dual-species biofilm following
0 h of incubation (Figure 4) was compared with its initial
attachment within the single-species biofilm (Govaert et al.,
2018b), similar values were obtained for both biofilm types.
Moreover, an additional test was performed to visualize the
biofilm-associated cells by means of confocal laser scanning
microscopy in combination with fluorescent Gram stains
(results not shown). This indicated that on the bottom of the
biofilm, mainly L. monocytogenes cells were present, while the
top of the biofilm mainly consisted of S. Typhimurium cells.
Consequently, the fact that S. Typhimurium does not completely
overgrow L. monocytogenes is more likely the result of the
first hypothesis, i.e., metabolic cooperation. As the observed
(layered) microcolonies contained both cell types, the cells
were most likely able to exchange nutrients (Elias and Banin,
2012). In addition, cells being in close proximity of each other
is also required for inter- and intra-species communication
since the maximum calling distance between cells (within a
Pseudomonas Putida biofilm) has been reported to be 78µm
(Gantner et al., 2006). Co-aggregation of the cells could facilitate
these interactions since Egland et al. (2004) reported that (within
an oral dual-species biofilm) signaling mainly occurred within,
rather than across, cell clusters. Nevertheless, more research
would be required in order to confirm the claimed hypothesis.

Regarding the influence of the incubation temperature on
the dual-species biofilm formation, L. monocytogenes already
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TABLE 2 | Estimated parameters of the Geeraerd et al. (2000) model for inactivation of the 1 and 7 day(s) old dual-species biofilms.

Model parameters 1 day old dual-species

biofilm

1 day old single-species

biofilm

7 days old dual-species

biofilm

7 days old single-species

biofilms

2 Log10 N0 total3
1 [log(CFU/cm²)] B 5.95 ± 0.15 a NA B 5.98 ± 0.13 a NA

2 Log10 N0 Listeria3
1 [log(CFU/cm²)] A 5.30 ± 0.21 a

1 7.15 ± 0.07 2
A 5.09 ± 0.19 a

1 6.22 ± 0.24 2

2 Log10 N0 Salmonella3
1

[log(CFU/cm²)]

A,B 5.63 ± 0.20 a
1 6.14 ± 0.09 2

B 5.69 ± 0.24 a
1 5.40 ± 0.25 1

2 kmax total3
1 (1/min) A 0.75 ± 0.12 a NA A 0.62 ± 0.07 a NA

2 kmax Listeria3
1 (1/min) A,B 1.12 ± 0.20 a

1 1.74 ± 0.17 2
A 0.76 ± 0.12 a

2 0.28 ± 0.08 1

2 kmax Salmonella3
1 (1/min) B 1.15 ± 0.23 a

1 1.53 ± 0.20 1
B 1.54 ± 0.33 a

1 2.60 ± 0.69 1

2 Log10 Nres total3
1 [log(CFU/cm2)] C 3.00 ± 0.17 a NA C 2.65 ± 0.16 a NA

2 Log10 Nres Listeria3
1 [log(CFU/cm2)] A 1.51 ± 0.23 a

1 2.94 ± 0.13 2
A 1.12 ± 0.24 a

1 3.50 ± 0.56 2

2 Log10 Nres Salmonella3
1

[log(CFU/cm2)]

B 2.30 ± 0.20 b
1 2.13 ± 0.16 1

B 1.80 ± 0.23 a
1 2.68 ± 0.17 2

2 Log-reduction total3
1

[log(CFU/cm2)]

A 2.95 ± 0.23 a NA A 3.32 ± 0.21 a NA

2 Log-reduction Listeria3
1

[log(CFU/cm2)]

B 3.79 ± 0.31 a
1 4.22 ± 0.15 1

B 3.97 ± 0.31 a
2 2.72 ± 0.61 1

2 Log-reduction Salmonella3
1

[log(CFU/cm2)]

A,B 3.33 ± 0.28 a
1 4.01 ± 0.18 2

A,B 3.89 ± 0.33 a
2 2.72 ± 0.30 1

RMSE total (-) 0.50 NA 0.44 NA

RMSE Listeria (-) 0.70 0.43 0.66 0.76

RMSE Salmonella (-) 0.65 0.55 0.78 0.63

1 Influence biofilm age on dual-species biofilm: for each population type, model parameters bearing different superscripts (no small letters in common) are significantly different (P≤ 0.05).
2 Influence population type on dual-species biofilm: for each biofilm age, model parameters bearing different superscripts (no capital letters in common) are significantly different (P≤ 0.05).
3 Influence biofilm type (dual-species vs. single-species): for each biofilm age, model parameters bearing different subscripts (no numbers in common) are significantly different (P≤ 0.05).

proved to be able to form strongly adherent single-species
biofilms at 25◦C (Govaert et al., 2018b). Therefore, the incubation
temperature was deemed to be less important than the growth
medium since both biofilm forming species should be capable
of forming a biofilm at 25◦C. This was indeed confirmed within
the presented research, i.e., the influence of the incubation
temperature on the OD and the cell density of the biofilm
was not as pronounced as the influence of the growth medium
(Figures 1, 2).

Influence of the Incubation Time on the
Adherence and the Cell Density/Maturity of
the Dual-Species Biofilm
Based on the results obtained for the cell density as function
of time (Figure 4 and Table 1) and on the additional confocal
laser scanning microscopy experiment (results not shown), it
can be concluded that L. monocytogenes can more easily attach
to the polystyrene surface than S. Typhimurium. This can
be the result of the specific interactions that are established
between the polystyrene surface and the surface of the cells. As
polystyrene is a hydrophobic surface, hydrophobic interactions
are very important. The more hydrophobic the cells, the
more likely they will adhere to the surface (Kochkodan
et al., 2008; Giaouris et al., 2009). According to Sinde and
Carballo (2000), L. monocytogenes and Salmonella spp. are both
hydrophobic pathogens. However, the cell surface properties are
not only dependent on the cell type (e.g., occurrence of cell

appendages, the composition of the (outer) membrane, etc.), but
also on the environmental conditions (e.g., temperature, pH,
ionic strength, etc.) (Borecká-Melkusová and Bujdaková, 2008;
Bujdakova et al., 2013). As the initial cell density (following
0 h of incubation) observed for L. monocytogenes was higher
than for S. Typhimurium (Table 1), the cell surface properties
were (within the presented research) more favorable for the
former species. Another possible explanation for the lower
initial adherence of the S. Typhimurium cells is related to the
occurrence of competitive interactions. According to Rendueles
and Ghigo (2012), certain species can produce biosurfactants,
which are able to weaken bacteria-surface and bacteria-bacteria
interactions. Consequently, the ability of other (competitive)
species to form a biofilm is reduced. In addition, adhesion
of certain species can be avoided/inhibited by another species
due to surface blanketing. This latter phenomenon refers to
the ability of certain species to occupy all available adhesion
sites on a certain surface (Rendueles and Ghigo, 2012). Since
L. monocytogenes mainly occurred in the lower layers of the
biofilm, this could have resulted in an inhibited initial attachment
of the S. Typhimurium cells.

Despite the (relatively fast) initial attachment of the cells, there
was a lag phase observed for both the adherence (Figure 3) and
the cell density (Figure 4) as function of time. This implies that
there was (almost) no increase in cell density and (almost) no
production of EPS matrix during the first hours of incubation.
Since the “lag phase” for the adherence was slightly longer
than for the cell density of the biofilm, it can be concluded
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FIGURE 6 | Cell density [log10 (CFU/cm²)] of the 1 and 7 day(s) old (i)

dual-species biofilm (black), (ii) single-species L. monocytogenes biofilm (red),

and (iii) single-species S. Typhimurium biofilm (blue) as function of the CAP

treatment time (n = 3). Both the experimental data (symbols) and the global fit

(line) of the Geeraerd et al. (2000) model are represented. For the dual-species

biofilm: total population on general medium (�, solid line), L. monocytogenes

population on Palcam medium (x, dashed line), and S. Typhimurium population

on XLD medium (♦, dotted line). For the single-species biofilms:

L. monocytogenes population on Palcam medium (x, dashed line) and

S. Typhimurium population on XLD medium (x, dotted line).

that a minimal number of cells needs to be attached to the
surface before they can be detected with the applied crystal
violet staining method and/or before they start to produce (a
significant) amount of EPS matrix. This latter phenomenon
has been explained before by Jamal et al. (2015), i.e., biofilm-
associated cells produce chemical signals upon replication and
once a certain threshold is reached, the cells start to produce EPS.

Due to cell replication and by exceeding the chemical signal
threshold, the initial lag phase was followed by a steep increase
in cell density and OD (Figures 3, 4). The maximum specific
growth rate (µmax) obtained for S. Typhimuriumwas higher than
for L. monocytogenes (Table 1), which again indicates that the
applied growth conditions were more favorable for the former
biofilm species.

The steep increase observed for both the adherence and
the cell density was followed by a plateau (Figures 3, 4). The
incubation time to obtain this plateau was longer for the

adherence than for the cell density, indicating that the cells
continue to produce EPS matrix even after reaching their
maximum cell density. Consequently, they can possibly become
even more protected from stressing environmental conditions.
The maximum cell density was, however, significantly higher
for S. Typhimurium than for L. monocytogenes (Table 1),
demonstrating again that the environmental conditions were
slightly more favorable for the former biofilm forming species.
Nevertheless, in comparison with the single-species maximum
cell densities previously observed (Govaert et al., 2018b), it
can be concluded that within the dual-species biofilm, lower
L. monocytogenes and S. Typhimurium maximum cell densities
(Table 1) were observed than within their corresponding single-
species biofilm. This hints that, despite their ability to form
a strongly adherent and mature dual-species biofilm, the
conditions within this biofilm were in general less favorable
for both species than within their corresponding single-species
biofilm. Based on this, one can assume that within the dual-
species biofilm, competitive effects are occurring as well. Cell
growth can be inhibited as a consequence of waste accumulation,
production of inhibitory agents, and/or nutrient limitations
(Yang et al., 2011; Elias and Banin, 2012; Burmølle et al.,
2014). In addition, dispersion of bacterial cells could have
been induced as well by means certain compounds (e.g.,
matrix-degrading enzymes) produced by one of the species
(Rendueles and Ghigo, 2012).

CAP Inactivation of the Dual-Species
Model Biofilm
Only a few prior studies focused on investigating the inactivation
efficacy of CAP for multi-species biofilms. Three of these recent
studies have been performed by Niemira et al. (2014), Modic
et al. (2017), and Patanga et al. (2019). Within the first study,
an air-based plasma jet was used to treat a multi-species biofilm
containing three different Salmonella species. For the second
research, an air-based plasma system was used to treat multi-
species (and single-species) biofilms containing Pseudomonas
aeruginosa, Klebsiella pneumoniae, Enterococcus faecalis,
and Staphylococcus aureus cells. Finally, the third research
investigated the inactivation of a dual-species biofilm containing
L. monocytogenes and Pseudomonas fluorescens cells by means
of an air-based plasma set-up. A direct comparison between
the presented study and previously mentioned researches
is, however, not possible due to the difference in applied (i)
biofilm-forming species (and biofilm architecture) and (ii)
plasma characteristics, of which the most important one is
the operating gas (i.e., helium vs. air). In addition, previously
mentioned studies did not all include a comparison between
the CAP inactivation results/kinetics obtained for the multi-
species biofilm and their corresponding single-species biofilms.
Consequently, the findings observed within the presented
research were mainly explained based on general knowledge
regarding (multi-species) biofilms and their resistance toward
traditionally used inactivation methods such as the use of
antimicrobial agents.
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Inactivation Kinetics of the 1 and 7 Day(s) Old

Dual-Species Model Biofilm
Main observations regarding the inactivation kinetics of the
1 and 7 day(s) old dual-species model biofilms were: (i) for
each population type and each biofilm age, all inactivation
curves had a similar shape, (ii) the model parameters were
influenced by the population type, but in general not by
the biofilm age, and (iii) although the efficacy of the CAP
treatment (based on log-reductions) did not decrease at an
increased biofilm age, a longer treatment time was required
to obtain similar log-reductions as for the reference (1 day
old) biofilm.

All inactivation curves consisted of a log-linear phase
followed by a tail (Figure 5). The tail phase implies the
presence of a more resistant subpopulation, which cannot be
inactivated with CAP (at the applied treatment conditions),
even if the treatment time would be further increased. Since
there was no shoulder phase observed, the destruction of
the cells was faster than the internal repair mechanism of
the cells, resulting in an immediate inactivation upon CAP
treatment (Geeraerd et al., 2000).

Although the shapes of the inactivation curves were similar
for all population types within the dual-species biofilms,
some significant differences were observed between the model
parameters obtained for L. monocytogenes and S. Typhimurium
(for the same biofilm age) (Table 2). Nevertheless, despite
these (significant) differences between the initial cell densities
(log10 N0), inactivation rates (kmax), and residual cell densities
(log10 Nres), the obtained log-reduction values for both biofilm
forming species were similar. This is in contradiction to the
research of Kostaki et al. (2012) were treatment of 6 days
old L. monocytogenes and S. enterica dual-species biofilms
with four different antimicrobial agents resulted in a higher
inactivation of the latter species. Nevertheless, one should
be careful comparing these results since (i) CAP inactivation
involves a different inactivation mechanism, (ii) different biofilm
development conditions were applied, and (iii) different strains
were used. In previous studies, it was reported that the cells
located in the bottom layers of a biofilm can become more
resistant toward antimicrobial treatments due to a limited
diffusion of the reactive components into the 3-dimensional
biofilm matrix and/or a decreased metabolic activity of the cells
located in the lower layers (Kumar and Anand, 1998). The similar
log-reduction values obtained for both L. monocytogenes (mainly
located in the bottom layers) and S. Typhimurium (mainly
located in the top layers) indicate, however, that the diffusion
of the plasma species into the dual-species biofilm matrix was
not hindered.

The lack of significant differences between the model
parameters obtained for the 1 and 7 day(s) old dual-species
biofilms is (partially) in contradiction to previous research
investigating the effect of the biofilm age on the resistance of
single-species L. monocytogenes and S. Typhimurium biofilms
toward CAP treatment (Govaert et al., 2018a). For the initial cell
density (log10 N0) of these single-species biofilms, a decrease in
biofilm-associated cells was observed as the biofilm age increased.

This was deemed to be a consequence of biofilm-associated cells
that died due to starvation and/or waste accumulation (Anwar
et al., 1992). The absence of a decrease in initial cell density at an
increased dual-species biofilm age implies that the cells within
the dual-species biofilm are more protected against nutrient
depletion and/or waste accumulation than their corresponding
single-species biofilms. As mentioned before, this was possibly
the result of a certain form of metabolic cooperation, where
one species (i.e., S. Typhimurium) provides nutrients for the
other species (i.e., L. monocytogenes) (Bradshaw et al., 1997;
Elias and Banin, 2012). Nevertheless, other mechanisms could
be involved as well, e.g., the composition of the EPS matrix can
change as function of the biofilm age and/or a difference in
gene expression can occur, both resulting in an altered biofilm
resistance. The lack of an effect of the biofilm age on the CAP
inactivation efficacy (based on log-reductions) is in compliance
to the research of Niemira et al. (2014), while it is again partially
in contradiction to the research of Govaert et al. (2018a). Within
the former study, the CAP efficacy for inactivation of a multi-
species biofilm containing three different Salmonella species
proved not to be influenced by the biofilm age. Within the
latter study, on the other hand, the efficacy of the treatment
following 30min of CAP treatment decreased at an increased
single-species S. Typhimurium biofilm age, while it remained
the same for the L. monocytogenes biofilm. Nevertheless, for the
latter biofilm forming species, an increased CAP treatment time
was required to obtain similar log-reductions for both tested
biofilm ages [i.e., 1 and 7 day(s)]. This is in compliance to
currently presented research as an increased treatment time was
required for the 7 days old dual-species biofilm to obtain a
similar log-reduction as for the 1 day old reference dual-species
biofilm. This increased treatment time is very important to take
into account as this could result in an increased risk of cross-
contamination following a long period of equipment downtime.
More research would again be required [e.g., by studying the
penetration of plasma species within the 1 and 7 day(s) old
biofilms] to determine the cause of this required increase in
treatment time.

Comparison Between the Inactivation Kinetics and

the Efficacy of CAP Treatment for Inactivation of

Dual-Species and Single-Species Model Biofilms
When the inactivation kinetics obtained for the 1 day old
dual-species biofilm were compared with those obtained for
the corresponding single-species biofilms, most important
findings were the fact that (i) significantly lower initial
(L. monocytogenes and S. Typhimurium) cell densities were
obtained within the dual-species biofilms, (ii) the residual
L. monocytogenes cell density was significantly lower within the
dual-species biofilm, and (iii) the CAP efficacy (based on log-
reductions) for inactivation of L. monocytogenes was similar
for both biofilm types, while the efficacy for S. Typhimurium
inactivation was significantly higher within the dual-species
biofilm. For the 7 days old biofilms, on the other hand,
it was concluded that (i) the initial cell density within
the dual-species biofilms was only significantly lower for
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L. monocytogenes, (ii) the residual cell densities were for both
species significantly lower when they were part of the dual-
species biofilm, and (iii) the obtained log-reductions were
for both biofilm forming species significantly higher within
the dual-species biofilm than for their corresponding single-
species biofilms.

Although L. monocytogenes and S. Typhimurium were
clearly able to form strongly adherent and mature [1 and
7 days(s) old] dual-species model biofilms, the significantly
lower initial cell densities observed for the dual-species
biofilms (in comparison to their corresponding single-species
biofilms) again indicate that the environmental conditions
within the dual-species biofilm were for both species not
equally optimal as when they formed single-species biofilms.
As mentioned before, L. monocytogenes required a high
nutrient concentration at 30◦C in order to develop a strongly
adherent and mature single-species biofilm (Govaert et al.,
2018b). Consequently, although metabolic cooperation
might have occurred, the limited nutrient concentration
of the dual-species growth medium possibly limited the
L. monocytogenes growth. For S. Typhimurium, the limited
growth could have been caused as well by nutrient depletion.
However, as optimal single-species S. Typhimurium biofilm
formation was also obtained while using a similar nutrient
poor growth medium, waste accumulation/product inhibition
was more likely the cause of the limited S. Typhimurium
growth. In addition, S. Typhimurium cell dispersion could
have been induced by L. monocytogenes in order to limit
the (competitive) nutrient uptake of the S. Typhimurium
cells (Rendueles and Ghigo, 2012).

Regarding the residual cell densities obtained following
CAP treatment of the 1 and 7 days old model biofilms,
in general lower values were obtained for the dual-species
model biofilms. Only for the 1 day old biofilms, the biofilm
type had no influence on the residual S. Typhimurium cell
density. Consequently, this general observation indicates
that the L. monocytogenes and S. Typhimurium cells became
less resistant toward CAP treatment when they were part
of the dual-species biofilms. A possible explanation for
this phenomenon can be found in the study of Elias
and Banin (2012). Although most multi-species biofilms
generally exhibit an increased resistance toward antibiotics
and antimicrobial agents, competition within a mixed
biofilm can result in an increased sensitivity of the cells,
i.e., if (one of) the species produced bacteriocins, addition
of an external antimicrobial agent can result in a highly
effective inactivation.

In contrast, the (significantly) lower log-reductions
obtained for L. monocytogenes and S. Typhimurium within
the 1 day old dual-species biofilm (in comparison with the
corresponding single-species biofilms) indicate that CAP
treatment becomes less effective when the cells are part
of a dual-species biofilm. This observation can be related,
however, to the lower initial cell densities [log10(N0)] obtained
for L. monocytogenes and S. Typhimurium present within
the dual-species biofilm. For the 7 days old dual-species
biofilms, on the other hand, the lower residual cell densities

observed following CAP treatment of the dual-species
biofilm resulted as well in higher log-reductions obtained.
Consequently, CAP treatment becomes more effective when
the L. monocytogenes and S. Typhimurium cells are present
within the (7 days old) dual-species biofilm. As mentioned
before, this can be explained based on the possible production
of bacteriocins, resulting in an overall higher efficacy of the
CAP treatment.

Although some hypotheses regarding the specific effect of
CAP on the 1 and 7 day(s) (dual-species) model biofilms have
been formulated within this section, further research would
be required to confirm these theories. Future studies could,
for example, focus on investigating (i) the composition of the
generated plasma (type and quantity of reactive species), (ii)
the specific 3-dimensional structure of each model biofilm, (iii)
the ability of the different plasma species to penetrate into the
different model biofilms, and (iv) phenotypic changes occurring
within the L. monocytogenes and S. Typhimurium cells due to
their growth within the different model biofilms. In addition,
as the CAP treatment conditions applied within this study were
optimal for single-species biofilm inactivation (Govaert et al.,
2019), further optimization of the CAP treatment conditions
for more complex model biofilms could be examined. This is
of high importance since the efficacy of the CAP treatment
was, similar as for biofilm treatment with antimicrobial agents
(Costerton et al., 1987; Kumar and Anand, 1998; Jefferson,
2004; Giaouris et al., 2014), not sufficiently high to obtain
complete inactivation.

CONCLUSIONS

A strongly adherent and mature reference dual-species biofilm
was obtained following 24 h of incubation at 25◦C using
20-fold diluted TSB and an inoculum ratio of 1:1. Initially,
attachment of the L. monocytogenes cells was higher than
for the corresponding S. Typhimurium cells, which was the
result of the specific environmental conditions promoting
(hydrophobic) interactions between the L. monocytogenes cells
and the polystyrene surface. Nevertheless, the S. Typhimurium
cell density of the mature dual-species biofilm proved to
be higher than for L. monocytogenes, which was caused by
competitive interactions between the species. Main conclusions
regarding CAP inactivation were: (i) the dual-species biofilm
age had no influence on the CAP efficacy, although a longer
treatment time was required for the oldest biofilm, (ii) for
the 1 day old biofilms, CAP treatment became less efficient
for S. Typhimurium inactivation when this species was
part of the dual-species biofilm, while L. monocytogenes
inactivation was not influenced by the biofilm type, and
(iii) for the 7 days old biofilms, CAP inactivation of both
species became more efficient when they were part of the
dual-species biofilm. These observations were caused by
competitive and cooperative interactions between the species,
differences in 3-dimensional biofilm structure, differences in
EPS matrix composition, and/or phenotypical changes. As
the efficacy of the CAP treatment proved to be influenced
by the biofilm-type (i.e., single-species vs. dual-species)
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and the biofilm age, this should be taken into account
with respect to a possible application of CAP within the
food industry.
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