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ARTICLE INFO ABSTRACT

Keywords: Chemical disinfectants along with various mechanical methods are still commonly used in the food industry to
Carvacrol disinfect food contact surfaces. A new strategy that could replace them is by encapsulating carvacrol (CAR) and
Thymol . thymol (THY) in monolayer (ML) and layer-by-layer (LBL) nanocapsules. ML nanocapsules were developed using
IS\ISSI;ZT::?ZS;:;:)“ a single carrier material maltodextrin, whereas pectin was additionally added to the LBL nanocapsules. Physi-
Biofilms cochemical characterizations (size, charge, polydispersity index) and microscopy observations of nanocapsules

revealed increased size and thickness of the wall shell with the additional layer in the LBL nanocapsules. The
release kinetics of CAR and THY over a 20 h period fitted into the Korsmeyer-Peppas model and followed a
Fickian release behavior combining dissolution and diffusion. ML nanocapsules revealed an initial burst release
of terpenes with 90.52% released during the first 2 h, followed by a steady release phase. Whereas, only up to
50.71% of terpenes were released from the LBL nanocapsules during the first 2 h, with a progressive continuous
release over time until reaching up to 95.68% after 20 h. The activity against Listeria innocua biofilms was
consistent with the release curves of CAR and THY. A successive exposure of biofilms to ML followed by LBL
nanocapsules ensured a 99.99% inhibition of biofilms for up to 6 h. It is thus confirmed that a successive
application of nanocapsules is a promising strategy to ensure a long-term protection of food contact surfaces.

Listeria innocua

1. Introduction acquire increased resistance to stress conditions and disinfectants

compared to their planktonic counterparts [5,6]. In 2020, the European

Foodborne illnesses and outbreaks are increasingly attracting global
attention. Among the major foodborne pathogens, Listeria monocytogenes
is able to survive under acidic conditions and refrigeration tempera-
tures, making it a pathogen of serious concerns in the food processing
industry. L. monocytogenes is a Gram-positive bacterium that can be
found in food and in processing areas. This psychrophilic bacterium is
also capable of adhering to surface equipment like stainless steel, rubber
or glass [1]. One of the main concerns facing the food industry remains
in the persistence of pathogens on surfaces and their subsequent
contamination and formation of complex biofilm structures [2,3]. Bio-
films are a community of bacterial cells adsorbed on a surface and
embedded within an extrapolymeric matrix that provides protection
from various environmental factors [4]. As a result, bacterial cells

Food Safety Authority (EFSA) and the European Center for Disease
Prevention and Control (ECDC), reported that L. monocytogenes was
involved in the most severe zoonotic diseases with the highest number of
fatalities (13%) [7]. In this study, the non-pathogenic L. innocua was
used instead of the pathogenic L. monocytogenes due to the consider-
ations of containment and as previous works suggested that L. innocua
may surrogate L. monocytogenes as they react similarly in biofilm for-
mation and chemical and physical treatments [8-10]. L. innocua is a
rod-shaped Gram-positive bacterium commonly found in the same
processing environments or foods as L. monocytogenes [11]. It is mobile,
non-hemolytic, and can grow at temperatures as low as 4 °C posing a
threat to the food industry [12].

To control biofilms, environmentally-friendly biologically based
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antimicrobial agents such as carvacrol (CAR) and thymol (THY) have
been emphasized as effective alternatives to chemical disinfectants [13,
14]. CAR and THY are two geometric isomers, phenolic monoterpenoids
found as major constituents in the essential oils (EOs) of various plants,
especially oregano, thyme, wild bergamot, and pepperwort [15]. An
extensive literature has been reported about their potent antibiofilm
activities against several microorganisms such as Salmonella sp., Staph-
ylococcus aureus, and Pseudomonas aeruginosa [16-19].

However, the use of EOs in their free forms remains a major limita-
tion for the food industry. Therefore, successful encapsulation tech-
niques have been widely used to entrap EOs and increase their stability,
reduce their volatility, and improve their water solubility by preserving
and protecting them from environmental conditions [20]. Encapsulation
could also ensure a controlled and sustained release of EOs, widely
spreading their various applications, and in particular their extended
disinfection effect with better protection of surfaces from a potential risk
of recontamination [21].

Therefore, two types of nanocapsules encapsulating CAR and THY
were developed and characterized in this study. The in vitro mechanisms
and kinetics of release of CAR and THY from both types of capsules were
studied and determined by different mathematical models. Further-
more, the antibiofilm activity of ML and LBL nanocapsules, applied
alone or in a sequential treatment, was evaluated against L. innocua
biofilms developed on stainless steel surfaces over time. This was per-
formed to clarify the effect of the sustained release properties of the
capsules for long-lasting disinfection of food contact surfaces.

2. Materials and methods
2.1. Chemicals and antimicrobial agents

CAR (98% purity) and THY (>99% purity) were purchased from
Sigma-Aldrich (St. Louis, MO, USA). For the formation of ML capsules,
maltodextrins DE 21 (MD) purchased from Roquette-Freres SA (Lestrem,
France) were used as the carrier material. For LBL capsules, low-
methoxyl pectin (LMP) from Cargill (Baupte, France) was added as a
second layer. Sodium caseinate (CAS) powder from Thermo Fisher Sci-
entific (United Kingdom) was used as an emulsifier for both types of
capsules. A neutralizing solution containing Tween 80 (30 g L™1), So-
dium Thiosulphate (5 g L’l), Saponin (30 g L’l), Tryptone salt (TS)
broth (9.5¢g L’l), -Histidine (1 g L’l), and Lecithin (30 g L’l) was used
to stop the antimicrobial activity of the various antimicrobial solutions
used for biofilm treatment.

2.2. Monolayer and layer-by-layer nanocapsules formation

The two types of capsules encapsulating CAR and THY were devel-
oped using the spray-drying technique. Spray-drying is a cost-effective
technique in which different parameters can be controlled to achieve
the desired properties of the final product [22]. In addition, it ensures
high retention of the encapsulated materials and produces low-moisture
particles in powder form, which facilitates handling [23]. ML nano-
capsules were developed using MD, a natural polysaccharide, as a car-
rier material combined with CAS, an animal-based protein, as an
emulsifier. For the formation of LBL nanocapsules, an additional LMP
polysaccharide carrier layer was added to MD and CAS. For both types of
nanocapsules, primary emulsions were prepared by complete hydration
of CAS in distilled water at room temperature. The pH of the emulsion
was adjusted to 3 by adding HCl or NaOH (0.1 or 1.0 M). Weighted
amounts of CAR and THY were then added to the stock solutions and
homogenized using an Ultra Turrax PT 4000 homogenizer (Polytron,
Kinematica, Switzerland) operating at 20 000 rpm for 5 min. The ho-
mogenized emulsions were further microfluidized at 500 bar and five
recirculation using an LM20 Microfluidizer (Microfluidics Co., MA,
USA). For subsequent preparation of ML-CAR and ML-THY, stock solu-
tions of MD (50% w/v) were added to the emulsions to obtain final
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compositions (w/w) of: 20.0% MD, 0.5% CAS and 1.0% CAR or 1.0%
THY. For the formation of LBL-CAR and LBL-THY, previously prepared
LMP stock solutions and MD solutions (50.0% w/v) were added to the
primary emulsions to obtain final compositions (w/w) of: 20.0% MD,
0.5% CAS, 0.5% LMP and 1.0% CAR or 1.0% THY. The pH of the final
solutions was adjusted to 3 before the spray-drying process. The feed
emulsions were continuously stirred and then injected into a 0.5 mm
nozzle of the drying chamber of a laboratory spray-dryer (Mini
Spray-Dryer Biichi B-290, Switzerland). The operating conditions for the
drying process were previously optimized to the following parameters:
180 + 2 °C air inlet temperature, 80 + 5 °C air outlet temperature, 0.5 L
h! feed flow rate and 3.2 bar for air pressure. The collected powder
particles were separated from the cyclone and stored in sealed con-
tainers at 4 °C until further analysis.

2.3. Characterization of the encapsulated oily droplets and capsules

The size, polydispersity index (PDI) and electrical charge known as
zeta potential ({-Potential) of the encapsulated oily droplets were
assessed using a Zetasizer Nano ZS90 (Malvern Instruments, Malvern,
United Kingdom). One gram of the prepared dried capsules was sus-
pended in 50 mL imidazole-acetate buffer with a pH of 3 and gently
shaken. All measurements were made in triplicate, and average sizes
were expressed in nanometers (nm), while {-Potential values were
expressed in millivolts (mV).

Moreover, the internal and external morphology of the spray-dried
capsules were examined using scanning electron microscopy (SEM) fa-
cility of the Advanced Characterization Platform of the Chevreul Insti-
tute (SEM; model JSM-7800FLV, JEOL, Japan) with a scanning voltage
of 3 kV. For the inner observations, a layer of powder particles was
crushed with a razor blade, while for the outer observations, powder
particles were used directly without crushing them. A thin layer of the
prepared powders was spread and fixed on a double-sided adhesive tape
(Agar scientific, Oxford) mounted on a specimen stub. Prior to micro-
scopic observations, the samples were sputter-coated with a carbon
layer using a precision etching coating system (PECS; Gatan 682) to
achieve electrical conductivity.

2.4. Invitro release profile of carvacrol and thymol from nanocapsules

The in vitro release profile of CAR and THY from nanocapsules pre-
pared with different wall materials was performed according to previous
studies [24-28] with slight modifications. The nanocapsules were sus-
pended at 10 mg/mL in a phosphate buffer saline solution (PBS, pH 7.0)
with constant stirring at room temperature. The suspensions were then
transferred to a dialysis bag (Molecular Weight cut-off of 3500 Da,
Thermo Fisher Scientific, United Kingdom) permeable to CAR and THY
(MW < 200 Da) but not to MD, CAS or LMP (MW > ~ 20 kDa) and their
nanoparticles [24]. The bag was sealed and then immersed in 25 mL of
PBS solution (pH 7.0) with gentle magnetic stirring at room tempera-
ture. The release assays of CAR or THY were carried out at preset time
intervals (7 min, 15 min, 30 min, 1 h, 1 h 30 min, 2 h and then until
reaching 20 h), by withdrawing aliquots of 3 mL from the outer phase of
the dialysis bags and replacing it with an equivalent volume of fresh PBS
solution to maintain a constant total volume. The amounts of CAR and
THY released were determined by measuring the absorption intensity
with a UV-visible spectrophotometer (SAFAS UVmc2, Monaco) at a
wavelength of 275 nm and 277 nm, the maximum absorbance of CAR
and THY, respectively, in a neutral solution. The amounts of CAR and
THY released were then calculated using previously generated standard
calibration curves: Absorbance = 0.2173 x + 0.0709; R? = 0.9991, and
Absorbance = 0.2238 x + 0.0744; R% = 0.9993, for free CAR and THY,
respectively. Tests were performed in triplicate and the cumulative
release percentages of CAR and THY from the nanocapsules were
calculated using the following equation:
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1
Cumulative release (%) = (%)x 100

=0 0

where Q; is the cumulative amount of CAR or THY released at each
sampling time t, and Qp is the initial amount of CAR or THY loaded in the
samples.

2.5. Mathematical modelling of carvacrol and thymol release

In order to explain the release mechanism of CAR and THY from both
types of nanocapsules, the release data were fitted to different mathe-
matical kinetic models that best describe the release of components from
polymeric delivery systems [29]. Mathematical models have become
important tools to predict and generalize the experimental data [30,31].
As a result, experimental data can be adjusted to optimize release con-
ditions and minimize the number of experiments [32]. The used math-
ematical models were: (1) zero-order, (2) first-order, (3) Higuchi and (4)
Korsmeyer-Peppas kinetics based on the following equations:

0: =0 + Kot (€))
InQ,=1n Qy + Kt @)
0, =Ky *3 (3)
O: = Kpt" C)

where Q; is the cumulative amount of CAR or THY released at time t, Qo
is the initial amount of CAR or THY loaded into the nanocapsules, Ky, K1,
Ky, Kgp, are the release rate constants for the zero order, first order,
Higuchi and Korsmeyer-Peppas models, respectively. n in equation (4)
represents the release exponent that indicates the release mechanism of
CAR and THY. If n < 0.43, it corresponds to a Fickian mechanism
combining dissolution and diffusion, 0.43 < n < 0.85 represents a non-
Fickian transport combining diffusion and swelling mechanisms, n =
0.85 corresponds to a zero-order release model and n > 0.85 represents a
super case- II transport [33]. Correlation coefficients (R?) were calcu-
lated for each model. K constants and n values were determined by
estimation using Microsoft Excel 2021.

2.6. Determination of the minimal inhibitory concentrations (MIC)
against L. innocua planktonic cells

Experiments were carried out on L. innocua (ATCC 33090) strains
grown overnight in Tryptic Soy Broth (TSB; Biokar Diagnostics, Pantin,
France) until mid-exponential phase was reached. Bacterial cells were
then harvested by centrifugation at 5000 rpm for 5 min at 20 °C and
washed twice with Potassium Phosphate Buffer (PPB; 100 mM, pH 7.0).
For MIC determination, 100 pL of 10° CFU mL ™! bacterial suspensions
were added to the wells of a microtiter plate assay containing 100 pL of
Miiller-Hinton broth (MHB; Biokar Diagnostics, Pantin, France) and 100
pL serial two-fold dilutions of ML and LBL capsules to yield final con-
centrations ranging from 0.156 to 10 mg mL~L. For positive control
wells, bacterial suspensions were added to MHB without the antimi-
crobials tested. MHB was used alone as negative control. Microdilution
plates were then incubated at 37 °C with a continuous agitation in a
Bioscreen C (Labsystems, Helsinki, Finland) and optical density at 600
nm (ODggp) was measured every 2 h for 24 h. MIC values were deter-
mined as the lowest concentration of an antimicrobial agent that pre-
vents the visible growth of bacteria. All tests were performed in
triplicate using different microplates.

2.7. Time-kill curve assay

The bactericidal activity of ML and LBL nanocapsules was tested
using the plate colony counting method. Briefly, overnight cultures of
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L. innocua were used to prepare a cell suspension with a final concen-
tration of 10® CFU mL™!. The bacterial suspensions were then exposed to
the different antimicrobial solutions previously prepared in MHB based
on their MIC values and kept under constant shaking. At different time
intervals: 1 min, 5 min, 30 min, and 1 h to 8 h after inoculation, cultures
were plated onto Mueller Hinton agar (MHA, Difco Pont-de-Claix,
France) at an appropriate dilution. Subsequently, colony counting was
performed after incubation for 24 h at 37 °C. Control sets were similarly
performed without the antimicrobial agents. All tests were performed at
least three times.

2.8. Antibiofilm assays

2.8.1. Biofilms formation

Stainless steel (SS) slides (INOX 304L, Equinox, France) 1 mm thick
and 41 mm in diameter were previously sterilized with ethanol and
autoclaved at 121 °C for 20 min. Subsequently, the sterile slides were
placed in the reactor chambers of the NEC biofilm system as previously
described by Ref. [34]. Three mL of 107 CFU mL ! L. innocua cell sus-
pensions were deposited on the slides and allowed to adhere for 1 h at
20 °C. The slides were then rinsed with 5 mL of PPB to remove
non-adherent cells and covered with 3 mL of TSB and incubated at 37 °C
for 24 h to allow biofilm formation. Biofilms were then rinsed with PPB
and used for the various antimicrobial treatments.

2.8.2. Exposure of biofilms to encapsulated carvacrol and thymol

To determine if there was a relationship between antibiofilm activity
and the cumulative amounts of CAR and THY released from the nano-
capsules, SS slides with biofilms developed overnight were immersed in
3 mL of the different antimicrobial solutions (ML-CAR, ML-THY, LBL-
CAR, and LBL-THY) prepared in TS broth according to their ! MIC
values. The antibiofilm activity of the ML and LBL capsules was recorded
over several exposure times (30 min, 1 h,2h,3h,4h,5hand 6 h). Ina
second part, to evaluate the efficacy of initial use of ML nanocapsules to
reduce biofilms, followed by application of LBL nanocapsules to provide
prolonged antibiofilm activity and surface protection, L. innocua bio-
films were sequentially exposed to s MIC of the ML capsules for 30 min
followed by direct exposure to the LBL capsules for the same previous
exposure times. After immersion in the various antimicrobial solutions,
for the specific treatment time, the slides were removed and immersed in
5 mL of neutralizing solution for 10 min. Then, for detachment and
quantification of bacterial cells, the slides were transferred to 20 mL TS
broth, vortexed for 30 s, and sonicated at 37 kHz for 5 min (Elmasonic
S60H, Elma, Germany). Detached cells were plated on Tryptic Soy Agar
(TSA; Biokar Diagnostics, France) and counted after 24 h incubation at
37 °C. Results were then expressed as log CFU cm 2. For control assays,
slides were immersed in TS broth. Results represent the mean values of
three independent experiments, using two slides for each experiments.

2.9. Scanning electron microscopy observations for L. innocua biofilms

The morphology of the untreated control bacterial cells and those
exposed to the MIC of the different antimicrobial agents for 15 min was
assessed using the scanning electron microscopy (SEM). Treated and
untreated bacteria recovered from the biofilms were serially diluted
tenfold in TS broth, and 1 mL of the suspension was filtered using a 0.2
pm polycarbonate membrane filter (Schleicher & Schuell, Dassel, Ger-
many). The filter was then immersed in cacodylate buffer (0.1 M; pH
7.0) containing 2% glutaraldehyde for 4 h at 4 °C. The fixed samples
were then dehydrated in graded ethanol series for 10 min at each con-
centration (50, 70, 95 and twice 100% (v/v)), critical point dried and
further coated with a thin layer of carbon prior to SEM observations.

2.10. Statistical analysis

Experiments were performed in triplicate, and results were expressed
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as mean + standard deviation (S.D.). Statistical analysis was performed
by the Analysis of variance (ANOVA) followed by Tukey’s test using
Matplotlib software (Version 3.3.4., Python). Significance between the
means of the results was determined at p < 0.05.

3. Results and discussion

3.1. Characteristics of the encapsulated droplets and the developed
nanoparticles

The average size, PDI and (-Potential values of the encapsulated
droplets are shown in Table 1. The sizes reported for the ML droplet
emulsions were significantly different from those of the LBL emulsions
(p < 0.05). The size differences could be attributed to the additional
layer of pectin carrier material in the formulation of LBL emulsions.
Pectin may contribute to a higher viscosity of the emulsions and thus an
increase in their size [35]. The PDI values of all droplets were less than
0.3, indicating a uniform size distribution of the droplets in the formu-
lations [36]. On the other hand, the {-Potential values determined for
the ML droplet emulsions were positive due to the positively charged
CAS at pH 3 below its isoelectric point (pHi ~ 4.5). In the LBL emulsions,
there was a transition to negative {-Potential values, which could be due
to the presence of negative carboxyl groups on the surface of the added
pectin [35]. Pectin with low degree of esterification, as used in this study
(LMP), has a higher amount of negative charges that allow easier for-
mation of bonds and thus better contact with CAS chains [35]. The
negatively charged pectin polymers in LBL emulsions cause more pro-
nounced electrostatic attraction with the positively charged CAS. This
explains why the absolute {-Potential values of the LBL emulsions were
lower than those measured for the ML emulsions. The lower {-Potential
values and stronger interparticle attraction reported for the LBL emul-
sions reduce the stability of the particles. Nevertheless, the stability is
not only dictated by {-Potential values, but could also be related to other
factors such as size, viscosity, and density of the emulsions.

As shown in Fig. 1, SEM microscopic images of the external
morphology of most types of dried capsules revealed well-defined
spherical capsules with a smooth surface. Some of the capsules
showed little evidence of cracks on their external surfaces, probably due
to the slow diffusion of water during the spray-drying process [37]. As
for the internal morphologies, the capsules exhibited a shell structure
with voids in the center. A thicker shell layer was observed in the in-
ternal structure of the LBL capsules (Fig. 1) g), and 1) h)) which could be
related to the additional presence of pectin that increases the thickness
of the shell.

3.2. Sustained release profile of carvacrol and thymol from capsules

CAR and THY in vitro release profile was assessed to understand the
release kinetics from capsules prepared with different carrier materials.
The release kinetics were studied in a PBS solution with a pH 7.0, and
the results are shown in Fig. 2. As can be seen, the concentrations of CAR
and THY released over 20 h were dependent on the type of capsule,
which can be attributed to the different compositions of the carrier
materials and their subsequent efficient retentions. The release of CAR

Table 1

Average size, polydispersity index (PDI) and zeta potential (({-Potential) of
carvacrol (CAR) and thymol (THY) droplet emulsions encapsulated in mono-
layer (ML) and layer-by-layer (LBL) capsules.

Type of Capsule Size (nm) PDI {-Potential (mV)
ML-CAR 184.76 + 7.88 0.27 + 0.03 24.66 + 0.90
ML-THY 159.25 +£7.23 0.23 +£0.01 23.60 + 1.35
LBL-CAR 316.09 + 4.33 0.18 + 0.02 —6.41 + 0.33
LBL-THY 283.62 £ 2.47 0.19 +£0.01 —3.45+0.15

Means + standard deviations are illustrated in Table 1.
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and THY from the ML nanocapsules was characterized by an initial rapid
release followed by a sustained slower release of terpenes over 20 h. The
initial phase of rapid release occurred during the first 7 min after
resuspension of the ML nanocapsules in a PBS solution, with 65.67% and
55.09% of CAR and THY released, respectively. Thus, more than 50% of
the encapsulated agents were released from the ML nanocapsules in the
first 7 min. Analogous results were reported by Ref. [38]; who showed
that most of the microencapsulated Mentha spicata EO was released in
the first 7 min. This initial phase of release lasted for up to 2 h for the ML
nanocapsules, with 90.52% and 82.55% of CAR and THY released,
respectively. The rapid release phase from the ML nanocapsules could be
ascribed to the hydrophilicity of the MD carrier polymers, which leads to
rapid hydration of the capsules once they are suspended in PBS solution,
resulting in rapid diffusion of the encapsulated agents [37,39]. In
addition, it is strongly believed that CAR and THY released during this
initial stage were located near or adsorbed on the surface of the capsules
and have a weak affinity to the carrier materials [26,40]. Two hours
after the re-suspension of the ML nanocapsules in the release medium,
the release rates of CAR and THY were slowed down and reached a
steady state with the highest cumulative release percentages of 96.18%
and 93.14% after 20 h, respectively. The subsequent release phase of
CAR and THY from the ML nanocapsules was characterized by a slow
and sustained release over several hours, which might be mainly due to
the longer period required for the diffusion of CAR and THY from the
shell coating. In contrast, a different release trend was observed for the
LBL nanocapsules, as there was no initial burst release phase, but rather
a continuous and progressive release over time. In the first 7 min after
re-suspension of the LBL-CAR and LBL-THY nanocapsules in the release
medium, the cumulative release percentages were of only 25.97% and
22.03%, respectively. Five hours were required to release 75.96% and
70.18% of the encapsulated CAR and THY, respectively. The results
showed that the ML nanocapsules emphasized a superior dissolution
behavior compared to the LBL nanocapsules, which allowed faster
diffusion of the encapsulated agents. The lower and delayed released
amounts of CAR and THY from the LBL nanocapsules during the first
hours could be attributed to the presence of the additional pectin layer,
which could explain the longer time required for the diffusion of CAR
and THY through the capsule shell [41]. In addition, capsules acquire a
more compact and dense coating structure when MD and LMP carrier
materials are combined, which impedes the release and diffusion of the
encapsulated agents. After 5 h, the release rates of CAR and THY from
the LBL nanocapsules slowed down but gradually continued to increase,
reaching the highest cumulative release percentages of 95.68% and
89.83%, respectively, after 20 h. Our results show that diffusion of the
encapsulated CAR and THY from the LBL nanocapsules takes more time
due to the thicker and more complex shell coating [42]. After 20 h, the
released amounts of CAR and THY from both types of nanocapsules did
not reach the initial loaded amounts. For a complete diffusion and
release of the encapsulated CAR and THY, further exposure time might
be required.

It should also be noted that the release rate of the encapsulated
agents depends not only on the carrier materials used, but also on the
size and (-Potential values, which could play an important role in the
release mechanism, as reported by Ref. [43]. A decrease in particle size
increases the subsequent release rate of the encapsulated agents due to
the larger surface area that exposes more particles to the release medium
[24]. ML nanocapsules with small size showed higher release rates of
both CAR and THY compared to LBL nanocapsules. In addition, the
C-Potential results could explain the slower release of CAR and THY from
the LBL nanocapsules. The lower (-Potential values could lead to
stronger aggregation and attraction between the LBL particles. As a
result, the surface area of the capsules exposed to the release media is
smaller, leading to a lower release of the encapsulated agents [44].

Our results also showed that the release of CAR was higher than that
of THY from both types of capsules. This could be explained by the
crystallizable nature of the phenols of THY, which could hinder their
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External morphology

Internal morphology
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LBL-THY

Fig. 1. SEM micrographs of the external structures of a) ML-CAR (4000 x ), b) ML-THY (3300 x ), c¢) LBL-CAR (4000 x ), d) LBL-THY (5000 x ), and the internal
structures of e) ML-CAR (5000 x ), f) ML-THY (2500 x ), g) LBL-CAR (5000 x ), and h) LBL-THY (5000 x ).
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Fig. 2. In vitro cumulative release profile of CAR and THY from ML and LBL nanocapsules in phosphate buffer saline solution (PBS, pH 7.0) at room temperature.

Results are expressed as mean + SD.

diffusion through the shell of the carrier materials [45]. In contrast, CAR
in its liquid form could diffuse more easily through the shell. Since CAR
is more hydrophilic than thymol due to steric hindrance by the hydroxyl
group, a higher release of CAR is expected when the capsules come into
contact with a release medium [46].

3.3. Mathematical release kinetics of carvacrol and thymol

To evaluate the mechanism of release of CAR and THY from ML and
LBL nanocapsules, the experimental release data were fitted with
different kinetic equations such as the zero-order model, the first-order
model, the Higuchi model, and the Korsmeyer-Peppas model, which best
describe the release of compounds from polymeric carrier systems.
Mathematical modelling can help to understand whether or not the
release rate depends on the concentration of the compound, or whether
the release follows a specific behavior such as diffusion, dissolution,

desorption or surface erosion [47]. Understanding the release kinetics of
CAR and THY from nanocapsules could help predict their behavior over
time and determine what amounts are released at specific time points.
For each mathematical model, the constants as well as the correlation
coefficients (Rz) and the values of the diffusion exponent n for the
Korsmeyer-Peppas model are given in Table 2. The highest R? values
yielded the best-fitting model for the release mechanism. Analysis of the
results revealed that the Korsmeyer-Peppas model best described the
release kinetics of CAR and THY from ML and LBL nanocapsules in
neutral pH medium, as the reported R? values were the highest
(0.8800-0.9829). According to this model, the release exponent n could
dictate the mechanisms associated with the release of CAR and THY. n
should be less than or equal to 0.43 to represent a Fickian mechanism
combining diffusion and dissolution, whereas an anomalous mechanism
resulting from combined diffusion and swelling mechanisms occurs
when n values are between 0.43 and 0.85 [48]. n = 0.85 corresponds to a
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Table 2
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Kinetic parameters of the different mathematical fitting models for the release of carvacrol and thymol from ML and LBL nanocapsules in PBS solution (pH = 7.0).

Model Zero-order First-order Higuchi Korsmeyer-Peppas

Ko R? Ky R? Ky R? Kip n R?
ML-CAR 1.0448 0.5067 0.0126 0.4832 41.2957 0.6992 78.8157 0.0786 0.8800
ML-THY 1.1321 0.6364 0.0146 0.6169 36.7297 0.7841 71.3060 0.0848 0.9168
LBL-CAR 3.0593 0.7549 0.0488 0.6503 33.9703 0.9103 45.9990 0.2739 0.9616
LBL-THY 3.0590 0.8339 0.0540 0.7297 31.3855 0.9553 39.7280 0.2900 0.9829

Abbreviations: ML-CAR: monolayer carvacrol, ML-THY: monolayer thymol, LBL-CAR: layer-by-layer carvacrol, LBL-THY: layer-by-layer thymol.

case II transport dominated by an erosion release mechanism, and a
super case-II transport mechanism dominated by relaxation and swelling
occurs when n > 0.85 [33,49]. The reported low n values (n < 0.43)
suggest that the mechanisms associated with the release of CAR and THY
from both types of capsules are dominated by a Fickian mechanism [50].
This mechanism could be explained by the combination of two phe-
nomena: dissolution of carrier materials and diffusion of CAR and THY
based on the concentration gradient as reported by Ref. [51]. It can also
be noted that the Higuchi model provides a good fit for the release of
CAR and THY from the LBL nanocapsules following the
Korsmeyer-Peppas model (R? > 0.9). This confirms that the release trend
from the LBL nanocapsules follows a diffusion mechanism as reported by
Ref. [52]. Since the R? values obtained for the zero and first-order
models were lower, it can be concluded that the release rates of CAR
and THY were neither constant over time nor proportional to their
concentrations [42,52,53]. Thus, it can be confirmed that the release of
CAR and THY was mainly controlled by diffusion and dissolution
mechanisms. Moreover, Kgp diffusion constants were significantly (p <
0.05) higher for the ML nanocapsules indicating a higher diffusion rate
as compared to the LBL nanocapsules [50]. These results demonstrate
facilitated diffusion of CAR and THY from the ML nanocapsules, which
are composed of one type of carrier material, compared with the LBL
nanocapsules, which provide sustained and prolonged release due to
their complex bilayer structure.

3.4. Determination of the minimal inhibitory concentrations of monolayer
and layer-by-layer CAR and THY nanocapsules against L. innocua

The MIC of ML and LBL nanocapsules were determined against
planktonic cells of L. innocua. Regular bacterial growth curves were

reported for the control groups. The MIC values determined for ML-CAR
and ML-THY nanocapsules against planktonic cells of L. innocua were
0.31 and 0.62 mg mL~}, respectively. L. innocua was more sensitive to
CAR than to THY. For LBL-CAR and LBL-THY, both determined MIC
values were reduced by two-folds with values of 0.15 and 0.31 mg mL ™,
respectively. The LBL nanocapsules had lower MIC values and thus
higher inhibitory activity against L. innocua compared to the ML nano-
capsules. The lower MIC values of the LBL nanocapsules may be related
to the sustained release of terpenes over time, which likely ensures more
efficient antimicrobial activity and a longer inhibitory effect on bacterial
cells than in the case with the ML nanocapsules, which exhibit a burst
inhibition with lower efficiency.

3.5. Assessment of the required time to kill more than 99% of a bacterial
population of approximately 6 log

Time-kill assays were performed to investigate the time required to
kill more than 99% of an initial L. innocua cell suspension of approxi-
mately 6 Log when exposed to encapsulated CAR and THY. This is a
suitable method to understand the dynamic interaction between the
antimicrobials and the exposed microorganisms. The control group
without treatment had a bacterial population of approximately 6 log
CFU mL!. The results presented in Fig. 3 show that the ML and LBL
nanocapsules were able to exert deleterious effects on L. innocua at their
MIC values, but at different exposure times. ML-CAR and ML-THY
induced a reduction of more than 6 logs (99.99% eradication) of
L. innocua in 10 and 30 min, respectively. These results highlight the
potential of ML nanocapsules to reduce microbial populations in a
relatively short time. In another study, reduced microbial growth below
the detection limit was observed after a 15 min exposure to encapsulated

7 -
T
6 d
5 4
= 4 —e— Control
;E) ML-CAR
3] —m— LBL-CAR
23 —& MLTHY
3 —— LBLTHY
2 i
1 -l
0 & & &
0 1 2 3 a4 5 6 7 8
Time [h]

Fig. 3. Time-kill curves of monolayer carvacrol (ML-CAR), monolayer thymol (ML-THY), layer-by-layer carvacrol (LBL-CAR), and layer-by-layer thymol (LBL-THY)
nanocapsules against L. innocua planktonic cells.
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carvacrol, although the MIC values were higher than those reported in
our study [5,6]. This rapid action of ML nanocapsules suggests that CAR
and THY may have directly affected bacterial membranes integrity due
to the large amounts released. The LBL nanocapsules required longer
periods to achieve bactericidal activity against L. innocua. For the
LBL-CAR and LBL-THY nanocapsules, the cell count progressively
decreased within few hours after treatment. More than 6 log reductions
in the initial population were observed after 3 h 30 min and 5 h,
respectively. At these specific times, approximately 70% of CAR and
THY were released from the LBL nanocapsules. The delayed effect could
be related to the longer time required for diffusion of CAR and THY
through the thick complex structure of the LBL nanocapsules, which
consists of two types of carrier materials. The delayed release could slow
down the bactericidal effect of the encapsulated agents. This explains
why the LBL nanocapsules took up to 5 h to exert a bactericidal effect.

3.6. Antibiofilm activity of carvacrol and thymol nanocapsules

The antibiofilm activities of ML and LBL capsules were evaluated
against L. innocua biofilms developed on SS after different treatment
times (Fig. 4). Exposure of the biofilms to % MIC of the capsules not only
served to highlight their strong antibiofilm activities, but was also per-
formed to verify the relationship between the cumulative percentages of
CAR and THY released from the nanocapsules and their corresponding
antibiofilm activities, as higher concentrations could not show this effect
(data not shown). The control group showed an initial biofilm count of
7.1 log CFU cm? after 24 h of incubation. The applied capsules resulted
in a time-dependent reduction of biofilms. After 30 min exposure to ML-
CAR and ML-THY, 2.2 and 2.8 log reductions were induced, respec-
tively. For the same exposure time, LBL-CAR and LBL-THY achieved 1.2
and 1.1 log reductions, respectively. Lower and insufficient concentra-
tions of CAR and THY released in the first 30 min (31.50-35.23%) may
explain why LBL nanocapsules achieved lower reductions than ML
nanocapsules, which released 68.36% and 70.65% of CAR and THY,
respectively. The results demonstrate that the additional LMP layer in-
creases the thickness of the core shells of the LBL capsules, resulting in
additional protection and slower diffusion of the encapsulated agents
with consequent lower antibiofilm efficiency. Additional reductions of
3.2 and 3.1 logs were measured after 1 h exposure to the ML-CAR and
ML-THY nanocapsules, respectively. The significant (p < 0.05) re-
ductions elicited by ML nanocapsules during the first hour could be
explained by the high concentrations of CAR (82.41%) and THY
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(71.36%) that diffused from the capsules. Nevertheless, after about 2 h
of exposure to the ML nanocapsules, no antibiofilm effect was observed
anymore, as the reduction of biofilms remained around 3.2-3.4 log until
the 6th hour. This could be related to the released amounts of CAR and
THY from the ML nanocapsules, which have reached a steady state after
2 h, so no further antibiofilm effect was observed. In contrast, with
increasing exposure time, the LBL nanocapsules caused further re-
ductions of L. innocua biofilms. In the first 2 h of exposure to the LBL
nanocapsules, a reduction of less than 2 log was measured as no more
than 50.71% and 46.27% of CAR and THY were released, respectively.
The amounts released from the nanocapsules were probably not suffi-
cient to induce higher population reduction. However, after the third
hour of exposure to CAR and THY LBL nanocapsules, a progressive in-
crease in the antibiofilm activity was achieved with reductions of 2.64
and 2.20 logs, respectively. Moreover, after 6 h, a reduction in the initial
biofilm population of 3.14-3.40 logs was observed. The continuous
decrease in bacterial counts over time after treatment with the LBL
nanocapsules, is attributed to the sustained diffusion of CAR and THY,
which reached 81.03% and 71.42%, respectively after 6 h. This suggests
that the antibiofilm activity results are consistent with the release curve
trends, as higher antibiofilm activities were reported with higher release
rates. Other studies also reported prolonged antimicrobial activity of
eugenol-entrapped ethosome nanoparticles against fruit anthracnose
due to the slower release over time [54]. In addition, thyme, ginger, and
cinnamon EOs encapsulated in chitosan nanoparticles exhibited sus-
tained release over a long period of time, prolonging their antimicrobial
activities against Bacillus subtilis, Escherichia coli, and Staphylococcus
aureus [55].

3.7. Antibiofilm activity assessment using a successive treatment of
monolayer and layer-by-layer nanocapsules

For the second part of the antibiofilm assessment, L. innocua biofilms
were sequentially exposed to /2 MIC of the ML nanocapsules for 30 min
followed by direct exposure to /2 MIC of the LBL nanocapsules for up to
6 h. The sequential treatment was performed to determine the efficacy of
the ML nanocapsules for immediate disinfection of SS surfaces following
the immediate release of CAR and THY. In addition, the long-term
bactericidal activity of the LBL nanocapsules was evaluated against re-
sidual surviving bacterial cells not previously eliminated by the ML
nanocapsules. The number of bacterial cells encountered by the LBL
nanocapsules was already reduced from 7.1 log (control) to 4.9 log and
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Fig. 4. The antibiofilm activity of ML and LBL nanocapsules applied alone or successively against L. innocua biofilms.
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5.1 log after 30 min exposure to ML-CAR and ML-THY, respectively. The
LBL nanocapsules were then introduced to achieve a sustained reduction
in bacterial counts over a longer period of time. After exposure to the
LBL nanocapsules, it is clear from Fig. 4, that bacterial counts continued
to decrease over time, until they were eventually undetectable (<2 logs).
This resulted in a biofilm bacterial reduction of 99.99% after 6 h. These
results confirm that LBL nanocapsules can provide sustained removal of
bacterial biofilms and prolonged disinfection efficacy. The progressive
release from LBL nanocapsules would protect CAR and THY from the
degradative reactions, thus prolonging their antimicrobial efficacy for a
longer period of time until release. The results demonstrate that ML
nanocapsules could be more effective for initial disinfection of surfaces
due to the rapid release of CAR and THY. In contrast, LBL nanocapsules
are an important tool to ensure a long-lasting disinfection of surfaces due
to their sustained release properties. Sustained disinfection protects
surfaces from potential risks of recontamination, and especially during
non-operational periods in the food industry.

3.8. Scanning electron microscopy observation of control and treated
L. innocua biofilms

The morphologies of the biofilms of control L. innocua and those
exposed to MIC of ML and LBL CAR and THY nanocapsules were
examined using SEM (Fig. 5). The microscopic images of the control
biofilms show an intact rod-like structure of L. innocua with a relatively
smooth surface. No signs of cytolysis were observed on the surface of the
untreated bacterial cells. In contrast, after 15 min exposure to the
various treatments, the integrity of the bacterial cells decreased, which
was clearly evident from the change in shape from rod-shaped structures
to irregularly shrunken bacterial cells. According to the literature, CAR
and THY have the ability to destabilize bacterial cell membranes and
trigger the release of intracellular components [56]. This was confirmed
by the SEM observations of the treated cells showing a complete
destruction and deformation of the integrity of the bacterial cells. It can
also be concluded that the encapsulated CAR and THY had the ability to
penetrate the matrix of biofilms and cause the observed morphological
changes.
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4. Conclusion

A positive relationship was demonstrated between the amounts of
CAR and THY released from the nanocapsules and their antibiofilm
activities, as higher inhibition of L. innocua biofilms was observed at
higher release percentages of CAR and THY. The results of this study
highlight the potential of successive use of ML nanocapsules followed by
LBL nanocapsules, to inhibit biofilms over a longer period of time. ML
nanocapsules provided an initial rapid disinfection efficacy over short
periods of time, followed by LBL nanocapsules, which offered more
benefits for sustained and persistent disinfection of food contact surfaces
and provided a long-term efficacy. The LBL nanocapsules provided
sustained release of CAR and THY over a 20 h period, which could be
proved useful in eliminating residual bacterial biofilms and protecting
surfaces from bacterial contamination even during non-operational pe-
riods. These results are promising for future applications where the
combined antibiofilm effect of both types of capsules can be used for
disinfection purposes.
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