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A B S T R A C T

Carvacrol (CAR) is a natural bioactive compound with antioxidant and antimicrobial activity that is present in
essential oils. The application of CAR in food preservation is hampered by its high volatility, low solubility in
water, and susceptibility to light, heat and oxygen degradation. Polylactide (PLA) is an FDA-approved polymer
derived from renewable resources. Controlled release of CAR from PLA nanoparticles (NPs) could improve its
antimicrobial efficacy and storage. In this study, negatively charged CAR-NPs and positively charged poly-
ethylenimine (PEI)-coated CAR-(PEI)NPs were formulated by nanoprecipitation methods and characterised by
dynamic light scattering, electron microscopy, encapsulation efficiency, and drug loading capacity. The posi-
tively charged (PEI)NPs enhanced the in vitro antimicrobial activity of CAR against Escherichia coli, Listeria
monocytogenes, Salmonella enterica and Staphylococcus aureus. Bacterial uptake, evaporation tests, release studies
and NP stability after storage were assessed to provide evidence supporting CAR-(PEI)NPs as a potential na-
nocarrier for further development in food preservation.

1. Introduction

Food security for the growing population is an important concern
for governmental authorities. Intensifying sustainable food production
requires process optimisation and new alternatives to food preservation
(Van Impe et al., 2018). The risk of bacterial resistance to chemical
products used to control bacterial contamination and consumer pre-
ferences for food free of synthetic additives have motivated the appli-
cation of plant-based essential oils in the food industry (Preedy, 2016).
These essential oils contain natural bioactive compounds such as
thymol, carvacrol, geraniol, eugenol, and citral, which have antioxidant
and antimicrobial activities against foodborne pathogens like Escher-
ichia coli, Salmonella enterica and Listeria monocytogenes (Pandey,
Kumar, Singh, Tripathi, & Bajpai, 2017).

Carvacrol (CAR) is the predominant monoterpenic phenol in

essential oils of many aromatic plants from the family Lamiaceae. CAR
is extracted from oregano and thyme plants, where it makes up 50–80%
of the essential oil obtained by steam distillation or hydrodistillation
(Marchese et al., 2018). In addition, CAR can be obtained by chemical
methods from carvone (Gozzi, Convard, & Husset, 2009). CAR has
strong antioxidant (Liolios & Gortzi, 2009) and antimicrobial activity
(Marinelli, Di Stefano, & Cacciatore, 2018) and a spicy flavour com-
patible with some foods, and thus CAR is one of the most intensively
studied natural food preservatives. In addition, CAR can positively af-
fect the intestinal microbiota. In an in vivo study, CAR increased Lac-
tobacillus population in the ileum and reduced necrotic enteritis caused
by Clostridium perfringens (Yin et al., 2017). Although CAR has GRAS
status as a food according to the FDA (U.S. Food and Drug Adminis-
tration, GRAS reference 2245), its application remains hampered by its
high volatility, low solubility in water, and susceptibility to light, heat
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and oxygen degradation.
There are two different strategies for formulating essential oils to

prevent microbial growth on foods. The first is the use of antimicrobial
packaging in which antimicrobial agents are incorporated directly into
a polymer film to suppress the activities of the targeted microorganisms
by release to head space surrounding the packed food (Jafarizadeh-
Malmiri et al., 2019). However, this strategy is still limited by the
sustainability of antimicrobials, the need to develop new polymers, and
regulatory concerns (Huang, Qian, Wei, & Zhou, 2019). The second
option is the use of micro- and nanocarriers for controlled release of
antimicrobial agents (Lam, Wong, Boyer, & Qiao, 2018). Such con-
trolled release could enhance bioavailability, minimise volatility and
prolong the storage life of bioactive molecules. Methods of food in-
corporation are possible, direct mixing with liquid food products or
with food ingredients, washing of food surfaces or infusion in porous
foods. Biopolymeric nanoparticles with high food compatibility showed
reduction of lipid oxidation and microbial growth by infusion in meat
patties (Fathi, Vinceković, & Jurić, 2019). In fact, these strategies are
often combined, and packaging material enriched with nanoparticles
containing antimicrobial substances has superior properties (Zanetti
et al., 2018). CAR encapsulation in nanoemulsions (Khan et al., 2019;
Mazarei & Rafati, 2019; Ribes, Fuentes, Talens, & Barat, 2018; Syed,
Banerjee, & Sarkar, 2020); microcapsules (Sun, Cameron, & Bai, 2019);
silica supports (Ribes, Ruiz-Rico, Pérez-Esteve, Fuentes, & Barat, 2019);
polymeric nanoparticles (Campos et al., 2018; Chen, Shi, Neoh, & Kang,
2009; Iannitelli et al., 2011; Shakeri, Shakeri, & Hojjatoleslami, 2014;
Sotelo-Boyás, 2017); liposomes (Engel, Heckler, Tondo, Daroit, & da
Silva Malheiros, 2017); and solid lipid nanoparticles (He et al., 2019;
Shakeri, Razavi, & Shakeri, 2019); has been reported. Simultaneous
entrapment of CAR and astaxanthin in stabilised solid lipid nano-
particles extended the antimicrobial efficacy of CAR on solid food
matrices (Shakeri et al., 2019). However, the difficulty of storing nano
matrixes limits their further application. Enhanced in vitro anti-
microbial activity of CAR against Escherichia coli and Zygosaccharomyces
rouxii was reported after immobilisation on mesoporous silica micro-
particles, but silica devices without further modifications are often
neither biodegradable nor biocompatible (Ribes et al., 2019). En-
capsulation of CAR in a pectin-alginate matrix by spray drying methods
yielded very high CAR cargo and encapsulation efficiency but micro-
sized particles (Sun et al., 2019). CAR was successfully incorporated
into liposomes and evaluated against Staphylococcus aureus and Sal-
monella enterica (Engel et al., 2017); but the poor stability of the na-
nocarriers should be considered.

The encapsulation of CAR in natural and synthetic nanoparticles
(NPs) represents an efficient strategy to overcome the limitations of the
above methods (de Souza Simões et al., 2017). In fact, successful en-
capsulation of CAR in chitosan (Campos et al., 2018); poly-
hydroxybutyrate (Shakeri et al., 2014); and poly(D,L-lactide-co-glyco-
lide) (Iannitelli et al., 2011) NPs has been reported. In particular,
natural chitosan-polymeric NPs have been studied extensively (Campos
et al., 2018; Chen et al., 2009; Sotelo-Boyás, 2017). However, since the
release profiles and cargo of CAR can be modulated by the polymeric
structure itself (Kamaly, Yameen, Wu, & Farokhzad, 2016); tailor-made
biodegradable and biocompatible synthetic polymers should be pursued
for the generation of NPs with direct applicability in food preservation.
As a representative example, chitosan and poly(lactic acid-co-glycolic
acid) (PLGA) were recently successfully copolymerised to generate NPs
for triggered release of antimicrobials (Pola et al., 2019).

Synthetic polymeric NPs can be decorated by incorporating cationic
moieties. Polymeric NPs with an overall cationic charge can interact
with bacterial cell walls to facilitate microbial membrane penetration
(Ivanova et al., 2018). Polymeric NPs coated with polyethylenimine
(PEI) can function as positively charged nanodevices (Niza et al., 2019);
moreover, PEI has been shown to enhance the antimicrobial activities
of essential oils (Wright & Brehm-Stecher, 2016).

Controlled release may resolve the low solubility, high volatility,

and heat, light and oxygen degradation of CAR to allow its further
application in food preservation. Polylactide (PLA) is an FDA-approved
polymer derived from renewable resources such as corn or sugar
feedstock and is used in several medical applications, such as resorbable
sutures or controlled release systems. Positively charged biodegradable
and biocompatible PLA NPs might improve the bacterial uptake and
antimicrobial activity of CAR. Thus, the main objective of this work was
to encapsulate CAR in PEI-coated PLA NPs to generate positively
charged biodegradable and biocompatible nanocarriers. The NPs were
characterised in terms of particle size, shape, zeta potential (Z-poten-
tial), cargo and release profiles, and the antimicrobial effects of CAR-
loaded NPs against Escherichia coli, Listeria monocytogenes, Pseudomonas
aeruginosa, Salmonella enterica and Staphylococcus aureus were com-
pared with those of empty NPs and free CAR. Finally, the stability of the
formulations after storage was assessed for further applicability in food
preservation.

2. Materials and methods

2.1. Materials

Following previous works, poly(rac-lactide) (PLA) was synthesised
under nitrogen using standard Schlenk techniques by ring-opening
polymerisation using zinc alkyl as an initiator (Alonso-Moreno et al.,
2008) (see the 1H NMR spectrum of PLA in the Electronic supporting
information). Rac-lactide was purchased from Sigma-Aldrich (Spain),
sublimated three times and stored in a glovebox. Toluene was pre-dried
over sodium wire and distilled under nitrogen from sodium. Deuterated
solvents were stored over activated 4 Å molecular sieves and degassed
by several freeze–thaw cycles. Zinc compounds were prepared ac-
cording to literature procedures (Alonso-Moreno et al., 2008). The
solvents acetone (ACS reagent) and tetrahydrofuran (THF) (inhibitor-
free, for HPLC, ≥99.9%) were purchased from Sigma-Aldrich (Spain).
Carvacrol (CAR), polyethyleneimine (PEI), and poly(vinyl alcohol)
(PVA, 31000–50000, 98–99% hydrolysed) were purchased from Sigma-
Aldrich (Spain) and used as received. Escherichia coli ATCC 25922,
Listeria monocytogenes ATCC 7644, Pseudomonas aeruginosa ATCC
27853, Salmonella enterica ATCC 13076, and Staphylococcus aureus
ATCC 29,213 were used for antibacterial susceptibility testing.

2.2. Preparation of NPs

Four types of nanomaterials were prepared: PLA-NPs, polylactide
nanoparticles without cargo; CAR-NPs, PLA nanoparticles with en-
capsulated carvacrol; (PEI)NPs, PLA nanoparticles with PEI coating
without cargo; and CAR-(PEI)NPs, PLA nanoparticles with PEI coating
and loaded with CAR.

PLA-NPs. The NPs were prepared by the nanoprecipitation and
displacement solvent method (Niza et al., 2019). Briefly, 200 mg of PLA
was dissolved in 16 mL of acetone (9x10-3 M) and added dropwise into
20 mL of PVA (1% aqueous solution) under vigorous stirring. The
acetone was evaporated under reduced pressure during 30 min at 40 °C.
After centrifugation at 14000 rpm for 30 min, the NPs were collected
and resuspended in deionised (DI) water for subsequent freeze drying.

(PEI)NPs. The NPs were prepared by the nanoprecipitation and
displacement solvent method (Niza et al., 2019). Briefly, 200 mg of PLA
in 16 mL of THF (9x10-3 M) was added dropwise into a 20-mL aqueous
phase containing 0.6% w/w PEI and 0.2% PVA. The THF was evapo-
rated under reduced pressure during 60 min at 40 °C. The particle
suspension was centrifuged at 14000 rpm for 30 min at 4 °C to collect
the NPs, which were then resuspended in DI water for subsequent
freeze drying.

CAR-NPs. To form the organic phase, 200 mg of PLA and 50 mg of
CAR were mixed in 16 mL of acetone. The organic phase was subse-
quently added dropwise into 20 mL of PVA (1% w/w) aqueous solution
under vigorous stirring. The acetone was then evaporated under
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reduced pressure during 30 min at 40 °C. The particle suspension was
centrifuged at 14000 rpm for 30 min at 4 °C to collect the NPs, which
were resuspended in DI water for freeze drying.

CAR-(PEI)NPs. CAR-loaded NPs were produced by adding the or-
ganic phase described above dropwise into the aqueous phase con-
taining 0.6% PEI in 20 mL of 1% PVA under vigorous stirring. The THF
was then evaporated under reduced pressure during 60 min at 40 °C.
The particle suspension was centrifuged at 14000 rpm for 40 min at 4 °C
to collect the NPs, which were resuspended in DI water for freeze
drying.

CAR release studies. Ten milligrams of lyophilised nanoparticles
were sealed in a dialysis membrane and suspended in 25 mL of phos-
phate-buffered saline (PBS pH 7.4) (molecular weight cut off: 3500 Da).
A magnetic stirrer (300 rpm) was used to ensure homogeneity. After
different intervals of incubation at 37 °C, 3 mL of release medium was
removed and replaced with 3 mL of fresh medium (see Fig. 4). The
concentration of released CAR was measured in a spectrophotometer at
279 nm (see an example of a calibration curve in the Electronic sup-
porting information). CAR release was tested in three replicates.

2.3. Characterisation of nanoparticles

1H NMR spectra for PLA characterisation were recorded on a Varian
Inova FT-500 spectrometer and referenced to residual deuterated sol-
vent. PLA was characterised as described previously (Castro-Osma

Table 1
Average size, polydispersity (PdI), Z-potential, encapsulation efficiency (EE) and loading efficiency (LE) of the NP formulations. Data are expressed as the
mean ± s.e.m. of at least three independent experiments.

NP Formulation Average size (nm) PdI Z-potential (mV) %EE %LE

PLA-NPs 76.0 ± 0.71 0.09 ± 0.02 −14.4 ± 1.3 – –
CAR-NPs 88.9 ± 0.72 0.06 ± 0.01 −24.1 ± 0.6 29.6 3.6
(PEI)NPs 104.6 ± 5.12 0.12 ± 0.02 +55.7 ± 1.5 – –
CAR-(PEI)NPs 114.7 ± 1.02 0.17 ± 0.01 +54.7 ± 1.1 53.9 8.8

Fig. 1. (a) SEM and (b) TEM images of CAR-(PEI)NPs.

Fig. 2. (a) In vitro release profiles of the CAR-loaded NP formulations in
phosphate-buffered saline (pH 7.4) at 37 °C. A standard deviation of 2σ is
shown. (b) Evaporation profiles of free CAR and CAR-loaded NPs.

Table 2
Minimum inhibitory concentrations (μg/mL) of nano-formulated carvacrol.

Bacteria Vehicle MIC
0 h

MIC
24 h

MIC
48 h

MIC
72 h

E. coli CAR 256 512 1024 1024
CAR-(PEI)NPs 512 256 256 512

L. monocytogenes CAR 256 1024 >1024 >1024
CAR-(PEI)NPs 16 128 128 64

Ps. aeruginosa CAR >1024 >1024 >1024 >1024
CAR-(PEI)NPs >1024 >1024 >1024 >1024

S. enterica CAR 256 512 512 >1024
CAR-(PEI)NPs 256 256 256 512

S. aureus CAR 1024 >1024 >1024 >1024
CAR-(PEI)NPs 256 256 256 512

E. Niza, et al. Food Chemistry 328 (2020) 127131

3



et al., 2015). Gel permeation chromatography (GPC) measurements for
molecular weight determination were performed on a Polymer La-
boratories PL-GPC-220 instrument equipped with a TSK-GEL G3000H
column and an ELSD-LTII light-scattering detector (see GPC measure-
ment of PLA in the Electronic supporting information). Scanning elec-
tron microscopy (SEM) images were recorded on a low-vacuum Jeol
6490LV electron microscope equipped with secondary electron, back-
scattered electron, and energy-dispersive X-ray detectors to study the
particle size distribution and morphology of the NPs. Specimens were
coated with Au-Pt using a SC7620-Quorum Technologies sputter coater
to avoid charging-up problems on the specimen surface and to achieve
better image resolution. High-resolution electron microscope images
were obtained on a Jeol JEM 2100 TEMmicroscope operating at 200 kV
and equipped with an Oxford Link EDS detector. To avoid damage to
the specimens from beam irradiation, observation was performed under
low-dose conditions. The resulting images were analyzed using Digital
Micrograph™ software from Gatan. The average sizes, polydispersities
and Z-potentials of the formulations were measured using a Zetasizer
Nano ZS (Malvern Instruments) with the following parameters: number
of measurements, 5; medium viscosity, 1.054 cP; refractive index, 1.33;
scattering angle, 173°; λ = 633 nm; temperature, 25 °C. Data were
analysed using the multimodal number distribution software included
with the instrument.

The loading efficiency (LE) and encapsulation efficiency (EE) of
CAR were calculated according to the following equations:

LE % = (weight of encapsulated CAR (mg)) / (weight of total (CAR
encapsulated + scaffold weight) (mg)) × 100%

EE % = (weight of encapsulated CAR (mg)) / (weight of CAR feeding
(mg)) × 100%

2.4. Evaporation test

The evaporation test was carried out by gravimetric measurements.
Briefly, 5 mg of lyophilised CAR-loaded NPs and 5 mg of pure CAR were
maintained at room temperature for 6 days in open vials. The weight
loss of the samples was monitored over time.

2.5. In vitro antibacterial assay

Before the antibacterial assay, stock cultures were prepared from
Culti-Loops™ (Sigma-Aldrich) in Mueller Hinton Broth (Oxoid) at 37 °C
for 24 h. Standardised inocula were then created by dilution in PBS
(Sigma-Aldrich) to a final density of 0.5 McFarland units as measured
by a DEN-1B McFarland type densitometer (Biosan, Riga, Latvia). A
modification of the EUCAST (EUCAST, 2003) microdilution method
was used for antimicrobial testing. The antibacterial activity of the
synthesised materials was tested at concentrations from 1024 to 32 mg/
L calculated as pure CAR. The activity of the NPs without the active
substance was assessed simultaneously. To improve the solubility of the
tested substances, the stock concentrations were prepared in broth
supplemented with 1% Tween 80 (Roth Carl) and placed in an ultra-
sonic bath (Bandelin Sonorex Digitec) for 5 min. All tests were prepared
in three independent duplicates for four different inoculation times (T0-
T72 h after preparation). Microtitration plates were inoculated by a pin
replicator immediately after preparation (T0) and then re-inoculated
after 24, 48 and 72 h to assess the long-term effects of the new for-
mulation. The inoculated plates were incubated for 18 h at 37 °C, and
then the viability of the bacteria was visualised by the MTT colorimetric
assay. A 20-µL aliquot of MTT solution (600 µg/mL) was added to each
well, and the plate was incubated for 10–30 min. The minimal in-
hibitory concentration was recorded as the concentration with no

Fig. 3. Interaction of NPs with E. coli. (a) E. coli de-
posited on a poly-L-lysine-coated glass substrate. (b)
E. coli incubated with PLA-NPs. The white arrows
indicate aggregated NPs. (c) E. coli incubated with
PEI-NPs. The white arrows indicate free NPs. NPs
being taken up by bacteria can also be observed
(black arrows). (d) PEI-NPs at different stages of pe-
netration in bacteria. The white arrows indicate dif-
ferent PEI-NPs observed in a single E. coli cell.
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visible staining.
Interaction of NPs with bacteria. E. coli from an overnight culture

was washed twice with 0.1 M phosphate buffer pH 7.4. The pellet was
resuspended in 0.2 M phosphate buffer pH 7.4 and immediately mixed
with the NPs (PLA-NPs or (PEI)NPs). After incubation for 5 min at room
temperature, a drop of the mixture was deposited on a poly-L-lysine-

coated microslide and incubated for 1 h. Fixation was performed in 4%
glutaraldehyde in 0.1 M phosphate buffer 7.4, followed by dehydration
in increasing concentrations of ethanol. Finally, after 2 washes with
absolute ethanol, the samples were allowed to air-dry at room tem-
perature. The samples were then sputtered with Au-Pt (Emitech) to
avoid problems related to charging-up on the specimen surface and
provide better image resolution. Images were recorded using a Jeol
6490LV electron microscope operating at 20 kV via an Everhart-
Thornley secondary electron (SE) detector and low-vacuum mode.

2.6. Stability studies

Stability after storage. The hydrodynamic radius (RH) and poly-
dispersity index (PdI) of the PLA-NPs and (PEI)NPs were calculated
using suspension samples at predetermined intervals of time by dy-
namic light scattering (DLS) measurements during storage at 4 °C for
7 days.

Effect of thermal treatment. PLA-NPs and (PEI)NPs suspended in
PBS were placed in a water bath at 50 °C for 7 days. The hydrodynamic
radius (RH) and polydispersity index (PdI) of the PLA-NPs and (PEI)NPs
were calculated at predetermined intervals of time by DLS. CAR release
from CAR-(PEI)NPs at 50 °C was determined at predetermined intervals
following the procedure described above.

Effect of pH. Phosphate buffer at the lowest pH was selected to
study the effect of acid conditions. PLA-NP and (PEI)NP formulations
were incubated with PBS pH 5.8. The NPs were then stored at room
temperature (relative humidity of ~ 60%, 23 °C) for 7 days. The hy-
drodynamic radius (RH) and polydispersity index (PdI) of the PLA-NPs
and (PEI)NPs were calculated at predetermined intervals of time by
DLS. CAR release at pH 5.8 from CAR-(PEI)NPs was determined at
predetermined intervals following the procedure described above.

Effect of oxidative environment. PLA-NP and (PEI)NP formula-
tions were incubated in an oxidative solution composed of 1% v/v
H2O2. The NPs were then stored at room temperature for 7 days. The RH

and PdI of the PLA-NPs and (PEI)NPs were calculated at predetermined
intervals of time by DLS. The CAR release from CAR-(PEI)NPs under
oxidative conditions was determined at predetermined intervals fol-
lowing the procedure described above.

2.7. Statistical analysis

All experiments were performed independently in triplicate.
Analysis of variance (ANOVA) and Tukey's HSD 95% multiple range test
were performed at a significance level of p < 0.05 using SAS (one-
factorial variance analysis and multifactorial variance analysis ANOVA
16.1 statistical program). Graphs were prepared in Origin, including
statistics and curve fitting.

3. Results and discussion

3.1. Nanoparticle formulation and characterisation

Biodegradable and biocompatible negatively charged PLA-NPs and

Fig. 4. (a) Evolution of RH over time for PLA-NPs and (PEI)NPs under different
environmental conditions. A standard deviation of 2σ is included. (d) Release
profiles of CAR-(PEI)NPs under different environmental conditions. A standard
deviation of 2σ is included.

Scheme 1. Schematic representation of NP generation.
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CAR-loaded PLA-NPs (CAR-NPs) were formulated by nanoprecipitation
methods (see the Materials and Methods). The surface of the PLA-NPs
was modified with positively charged PEI to enable interaction with
bacterial cell walls and facilitate microbial membrane penetration.
Scheme 1 shows a schematic illustration of NP generation.

The NPs were characterised by DLS, SEM, and TEM. The average
size, size distribution (PdI) and Z-potential values are depicted in
Table 1. A unimodal size distribution close to 100 nm with narrow PdI
was obtained for all formulations. These values are smaller than the
values reported for CAR encapsulation in polymeric NPs by other au-
thors (Campos et al., 2018; Iannitelli et al., 2011; Shakeri et al., 2014)
and are similar to those reported for nanoemulsions (Khan et al., 2019;
Mazarei & Rafati, 2019; Syed et al., 2020). As expected, PEI modifica-
tion slightly increased the average particle size of the formulations.
After coating with PEI, the charge of the surface of the NPs was mod-
ified from negative to positive (Table 1). The PdI values of the CAR-NPs
were lower than those of the control NPs, indicating that the nano-
formulations were more homogeneous when prepared in the presence
of CAR. The PLA NPs showed a negative Z-potential related to the
presence of carboxyl groups on the PLA particle surface, as well as the
presence of PVA in the interface. The positive zeta potential of the (PEI)
NPs is related to the protonated amino groups of PEI. The Z-potential
did not differ significantly between non-loaded and loaded NPs. SEM
images of the formulations supported the values obtained by DLS
(Fig. 1a). TEM revealed a rough surface and core–shell morphology,
with a 5-nm shell surrounding the PLA-NPs after PEI coating (see
Fig. 1b).

The loading (%LE) and encapsulation efficiency (%EE) of the CAR-
loaded formulations are listed in Table 1. The %EE of the CAR-(PEI)NPs
was superior to the value of approximately 30% for polymeric CAR-NPs
(Iannitelli et al., 2011; Pola et al., 2019; Shakeri et al., 2019) but was
not as good as the values reported by Campos et al. for functionalised
chitosan NPs (90%) (Campos et al., 2018). An active %LE of approxi-
mately 8.8% w/w was obtained for the PEI formulations (Table 1). In a
previous study, a similar %LE (12.5%) was obtained for CAR en-
capsulated in polyhydroxybutyrate NPs with a smaller average size
(146 ± 30 nm) and Z-potential (-26 mV) (Shakeri et al., 2014).

In vitro release of CAR-NPs was carried out by dialysis. As illustrated
in Fig. 2a, both formulations exhibited controlled release of CAR. CAR-
(PEI)NPs showed CAR burst release of less than 15% at pH 7.4; there-
after, a sustained drug release profile was observed in which 90% of the
CAR was released after 8 h. Similar release profiles were reported for
CAR encapsulated in polymeric NPs (Iannitelli et al., 2011; Pola et al.,
2019). The PEI coating slightly affected the release of CAR from the
polymeric matrix over short periods of time.

The weight of the NPs and CAR-NPs was measured after CAR en-
capsulation. The evaporation test was performed to assess the changes
in the weight of each formulation over 7 days at 37 °C (Fig. 2b). Free
CAR evaporation was almost complete after 7 days, whereas less than
10% of CAR was released from CAR-NPs and CAR-(PEI)NPs in the same
period. The evaporation studies confirmed that encapsulation can
control the high evaporation rate of CAR, which is essential for further
application of CAR in food preservation.

3.2. Antimicrobial activity of CAR-loaded NPs

The ability of free CAR and CAR-loaded NPs to inhibit E. coli, L.
monocytogenes, P. aeruginosa, Salmonella enterica and S. aureus is sum-
marised in Table 2. After 24 h, all bacteria with the exception of P.
aeruginosa were inhibited by free CAR and positively charged CAR-(PEI)
NPs. No activity was observed for the negatively charged CAR-NPs or
the empty NPs during the whole experiment (data not shown). These
results confirmed the anticipated ability of the PEI coating to improve
bacterial uptake and support the activity of the formulation. After 48 h,
the differences between free CAR and PEI-coated NPs were more evi-
dent for gram-positive bacteria (L. monocytogenes and S. aureus), with

MIC values of 128–256 μg/mL for encapsulated CAR and greater than
1024 μg/mL for free CAR. After 72 h, the high activity of the CAR-(PEI)
NPs was maintained, and even higher activity was observed against
L. monocytogenes. In general, CAR is more effective against gram-posi-
tive than gram-negative bacteria due to differences in bacterial cell wall
composition. The negative surface of CAR-(PEI)NPs is likely responsible
for the enhanced effect against gram-negative E. coli compared with
gram-positive L. monocytogenes. However, other mechanisms cannot be
ruled out. Very recently, it was reported that CAR inactivates L.
monocytogenes through multi-target effects due to cell membrane dis-
ruption and subsequent cell lysis, as well as inhibition of respiratory
activity (Churklam, Chaturongakul, Ngamwongsatit, & Aunpad, 2020).
Since the repair of sublethal injuries is associated with high energy
production to regain the ability to repair membrane damage (Ait-
Ouazzou et al., 2013); it is possible that continuous depletion of the
energetic pool together with CAR from (PEI)NPs and the different
mechanism of uptake could be responsible for the long-term positive
effect.

Antibacterial effects of CAR are widely reported, with MICs ranging
from 125 μg/mL to greater than 1000 μg/mL depending on the mi-
crobial strain and type of antimicrobial assay used. The MIC values for
pure CAR obtained here are consistent with our previously published
results (Božik, Hovorková, & Klouček, 2018). Houdkova et al. obtained
a lower MIC for S. aureus, but that test was performed using the broth
microdilution volatilisation method in a closed system. Some other
recently published studies report greater antimicrobial effects of CAR in
different NPs. CAR prepared in a pectin-alginate matrix by a spray-
drying method inhibited the growth of E. coli with an MIC of 250 μg/mL
(Sun et al., 2019).

SEM is an outstanding method to study the uptake of polymeric NPs
by bacteria, as interest in the use of NPs as antimicrobial additives in
food production is increasing. Accordingly, the uptake of PLA-NPs and
PEI-NPs was studied by SEM. Fig. 3 shows images of E. coli (Fig. 3a) and
positively and negatively charged NPs near the membrane prior to
uptake (Fig. 3b and 3c, respectively). As expected, while the positively
charged NPs were homogeneously distributed, aggregation of the ne-
gatively charged NPs was observed. This aggregation and repulsion due
to the negative charges of the bacterial surface and the PLA-NPs are
likely responsible for the minimal uptake of these NPs and thus the lack
of activity of CAR when encapsulated within PLA-NPs. By contrast,
multiple PEI-NPs penetrated a single cell (Fig. 3d). These observations
support the initial hypothesis that positively charged NPs favour up-
take, thereby improving the antimicrobial efficiency of CAR.

3.3. Nanoparticle stability

The stability of the NPs with and without the PEI coating towards
different environmental conditions that may occur in commercial ap-
plications was investigated. The stability of the non-loaded NPs was
evaluated according to the RH of the formulations. Fig. 4 shows the
effect of temperature (50 °C, pH 7.4), pH (5.8) and oxidative conditions
(1% v/v H2O2) on PLA-NPs and (PEI)NPs. The hydrolytic rate of PLA is
dependent on the molecular weight of the polymers along with the pH,
oxidative conditions and temperature of the media (Elsawy, Kim, Park,
& Deep, 2017). The results showed that stability of the (PEI)NPs was
highest under the assessed temperature, storage, and acidic conditions
(Fig. 4a). Both formulations were very stable under oxidative condi-
tions.

The effect of environmental conditions on CAR release from (PEI)
NPs was also assessed (Fig. 4b). As expected, rapid release of CAR was
observed under acidic environments due to the higher degradation of
the NPs. No significant changes were observed under oxidative condi-
tions, whereas higher temperature increased CAR release by up to 80%
after 4 h at 50 °C.
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4. Conclusions

Biodegradable and biocompatible polymeric NPs have the potential
to improve food safety. The controlled release of natural bioactive
compounds from NPs can overcome their poor solubility and storage
limitations for further application as food preservatives. In this context,
the main objective of this work was to develop safe NPs to improve the
antimicrobial activity of CAR based on its encapsulation into PLA NPs.
The NPs were coated with PEI to obtain positively charged NPs and
facilitate their uptake by bacterial cells. The average NP size of the
nanocarriers obtained for this purpose was approximately 100 nm, with
very narrow polydispersities. In vitro release studies of the NPs showed
sustained release of CAR over 8 h. In addition, the positively charged
NPs exhibited higher antimicrobial activity than CAR alone. The ac-
tivity of the nanocarriers was directly related to the surface charge, as
demonstrated by bacterial uptake studies. The potential of this system
for further application is further supported by the results of stability
studies with respect to storage conditions. The non-toxic and biode-
gradable nanocarriers reported in this manuscript are good candidates
for further study as food preservatives. Plausible options for develop-
ment include incorporation of the nanocarriers in food packaging, di-
rect addition into foods or edible films. However, concerns regarding
technological and regulatory factors must be taken into account. The
use of encapsulated EOs is of interest not only to the food industry but
also in several other fields, such as organic farming, pest control or
luring, as well as in pest-repellent textiles, and cross-contamination
from/towards these fields should be looked with great interest in the
perspectives of identifying new materials, carriers or application.
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