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Abstract

Essential oils (EOs) of Thymus capitatus (Th) carvacrole chemotype and Origanum vulgare
(Or) thymol and carvacrol chemotype were encapsulated in biocompatible poly(e-
caprolactone) nanocapsules (NCs). These nanosystems exhibited antibacterial, antifungal, and
antibiofilm activities against Staphylococcus aureus, Escherichia coli, and Candida albicans.
Th-NCs and Or-NCs were more effective against all tested strains than pure EOs and at the
same time were not cytotoxic on HaCaT (T0020001) human keratinocyte cell line. The
genotoxic effects of EO-NCs and EOs on HaCaT were evaluated using an alkaline comet
assay for the first time, revealing that Th-NCs and Or-NCs did not induce DNA damage
compared with untreated control HaCaT cells in vitro after 24 h. The cells morphological
changes were assessed by label-free live cell Raman imaging. This study demonstrate the
ability of poly(e-caprolactone) nanocapsules loaded with thyme and oregano EOs to reduce
microbial and biofilm growth and could be an ecological alternative in the development of

new antimicrobial strategies.

Keywords: Antimicrobial, Antibiofilm, Poly(e-caprolactone) nanocapsule, Essential oils, Label-free

Raman imaging
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1. Introduction

Biofilm provide the barrier to even small molecule antimicrobial agents affording the suitable
support for colonization and development of highly organized communities. This is in part
due to their ability to adhere to the surface and develop biofilm, a multilayered structure
comprising of bacterial communities embedded within the extracellular hydrated polymeric
matrix (Costerton et al., 1995)0. Also because biofilm structure allows bacteria to resist any
types of environmental stress including UV, lack of nutrients, and the presence of
antimicrobials (Reffuveille et al., 2017)0. Medical devices commonly infected by biofilms
include intravenous catheters, vascular prosthesis, prosthetic heart valves, urinary catheters,
joint prostheses, cardiac pacemakers, and contact lenses (Han et al., 2017)0. Consequently,
searching for effective and biofilm preventing bactericidal agents is deemed necessary in the
clinical perspective of antibacterial therapy (Beyth et al., 2015). Designing new generation or
derivative of antibiotics is incredibly costly investment process and it wastes much time until
it is distinguished in the pharmaceutical production pipelines, however, protection through a
smart delivery system can potentiate the bactericidal efficacy of existing antibiotics and
adequately address a solution to cease the current progression of resistant bacteria (Shaaban et
al., 2017). The failure of existing strategies to treat biofilm-associated infections necessitates
the development of an improved drug delivery system and alternative strategies to overcome
the limitations of conventional antibiotics including short half-life, low bioavailability, and
systemic toxicity (Han et al., 2017). Microorganisms can adhere to various surfaces in food
industries, medical equipment, air conditioning units and various indoor and outdoor
environment and produce biofilms (Jun et al., 2010; Valeriano et al., 2012). The ability of

some essential oils (EOs) to prevent the formation of Listeria monocytogenes (de Oliveira et
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al., 2010)0 and Salmonella enterica (Valeriano et al., 2012) biofilm on stainless steel surfaces
has previously been demonstrated.

Staphylococcus aureus is a Gram-positive, ubiquitous bacterial species. S. aureus is
acknowledged as a key pathogen implicated in industries as well as in the medical domain
(Reffuveille et al., 2017). Escherichia coli is a Gram-negative bacterium which is a facultative
anaerobic in nature. E. coli, either pathogenic or of environmental origin, are able to colonize
surfaces through production of adhesion determinants and develop as a biofilm, which could
result in longer persistence in the environment and in possible reiterated contamination and
infection (Castonguay et al., 2006). Candida albicans is an opportunistic pathogenic yeast and
a its major virulence attribute is ability to form biofilms (Gulati and Nobile, 2016; Lee et al.,
2019).

Nanotechnology is an extremely promising way to improve and enhance drug delivery to
microbial biofilm. Various antimicrobial agents could be loaded in a wide range of carriers
such as mesoporous silica nanoparticles (NPs), dendrimers, polymeric micelles, and lipid-
based NPs. The encapsulation allows them to freely circulate in the blood without causing
further damages and also better penetration to the biofilm structure (Malaekeh-Nikouei et al.,
2020). Several studies have reported on the use of antibiotic-loaded polymeric particles to
improve the antimicrobial susceptibility towards biofilms (Birk et al., 2021). Torge et al.
(2017) used ciprofloxacin-loaded lipid-core nanocapsules for the treatment S. aureus biofilm.
Tireli et al. (2017) tested ciprofloxacin-loaded in poly (lactide-co-glycolide) (PLGA)
nanoparticles against cystic fibrosis P. aeruginosa lung infections. Takahashi et al. (2017)
studied of efficacy of clarithromycin-loaded nanocarriers for the treatment of Staphylococcus
epidermidis biofilm infection disease. Dimer et al. (2020) demonstrate to efficiency PLGA
nanocapsules improve the delivery of clarithromycin to kill intracellular Staphylococcus

aureus and Mycobacterium abscessus.In our study, we used essential oils as natural
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antimicrobial agents. EOs are volatile phytocomplexes extracted from aromatic plants by
distillation. They are very complex mixture of compounds belonging to different chemical
classes (hydrocarbons, alcohols, esters, ecthers, aldehydes, ketones, phenols), possessing
numerous biological activities (Napoli and Ruberto, 2012). Among the many biological
activities reported in the literature for essential oils, their antimicrobial effects are well known
and have been widely reviewed previously (Bakkali et al., 2008; Schillaci et al., 2013; Napoli
et al., 2020). Due to their multi-component nature, the antimicrobial mechanism of EOs is
multitarget and up to now, there is no evidence of the occurrence of essential oils resistance.
Additionally, EOs could be used to fight multi-drug resistance of pathogenic microorganisms
(Buckova et al., 2018; Granata et al., 2018a). Their large-scale industrial application has up to
now been limited by the problems linked to the volatility, hydrophobia and degradability of
these phytocomplexes (Napoli et al.,, 2021). EOs are compounds which easily evaporates
and/or decomposes during food processing, drug formulation, and preparation of
antimicrobial film, etc., owing to direct exposure to heat, pressure, light, or oxygen (Hosseini
et al., 2013). There is a growing interest of using essential oils in nanotechnology due to their
biological and medical properties, such as bactericidal, virucidal, fungicidal, antiparasitical,
insecticidal, analgesic, anti-inflammatory and other properties (Lammari et al., 2020)0.

Nanoencapsulation of EOs represents a viable and efficient approach to increase their
physical stability, water solubility, potential antimicrobial and decrease of toxicity, improving
bioaccessibility and bioavailability. Compared to large capsule, nanocapsules have higher
surface area to volume ratio that represents an important factor for the reactivity. In fact, their
subcellular size could favor an enhancement of EOs in water-rich phase or liquid solid
interfaces, where the microorganisms are located (Weiss et al., 2009). In particular, the
improved penetrative ability of antimicrobial EOs by encapsulation could allow to overcome

the microbial biofilm barrier and achieve the eradication of the biofilm (Du et al., 2015).
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Numerous microbial antibiofilm agents have been encapsulated in different nanocarriers
including solid lipid nanoparticle, liposome, nanostructured lipid carrier, metal or polymeric
nanoparticle. Generally, these nanosystems possess enhnaced anti-biofilm activity compared
to antimicrobials alone (Malaeckeh-Nikouei, 2020).

The discovery of new biodegradable and biocompatible nanosystems with antibiofilm activity
is a topic of great interest. In this work we focus our attention on the realization of new eco-
friendly nanosystems able to combat microbial biofilm, by using a polymeric nanocarrier
loaded with plant EO as natural antibiofilm agents.

Poly(e-caprolactone) (PCL) is a promising polymer for the development of nanoparticles.
PCL is a biodegradable and biocompatible polyester polymer, having a semicrystalline
structure with low glass transition temperature 7g (- 60°C) and low melting point temperature
(60°C). Due to the presence of hydrolysis-unstable aliphatic ester linkage, PCL is biodegraded
in vivo to low molecular weight non-toxic substances (e.g. 6-hydroxycaproic acid),
completely metabolized in the human body (Espinoza et al., 2020). Compared to other
polymers, [e.g. polylactid (PLA) and PLGA), PCL biodegrades more slowly and its
biodegradation does not generate an acidic environment (Hamoudeh et al., 2006). For this
reason, PCL finds various applications including tissue bioengineering, implants and surgical
adsobable sutures, wound healing, and antimicrobial and oral vaccine delivery (Benoit et al.,
1990; Woodruff and Hutmacher, 2010; Sharifi et al., 2016).

Several studies have been conducted regarding the genotoxic properties of EOs (Ortiz et al.,
2016; Puskarova et al., 2017; Shokrzadeh et al., 2017; Kampke et al., 2018; Kozics et al.,
2019; Mesic et al., 2021) but only a few studies for nanomaterial containing EOs. Examples
of nanomaterial-induced oxidative DNA damage have been reported by some authors and
oxidative stress is considered the major action mechanism of nanomaterial genotoxicity (Zijno

et al., 2015; Platel et al., 2016).



143

144

145

146

147

148

149

150

151

152

153

154

155

156

157

158

159

160

161

162

163

164

165

166

With this in mind, we prepared two PCL-based nanocapsules (NCs) loaded with thyme and
oregano essential oils and their antibacterial, antifungal and antibiofilm activity was assayed.
The concentrations of nanoencapsulated EOs able to prevent the growth and the biofilm
formation of Staphylococcus aureus, Escherichia coli and Candida albicans were determined.
We also report the first in vitro results on the cytotoxic and genotoxic activities of these EO-
NCs in human keratinocyte cell line HaCaT (T0020001). The cell morphological changes
induced by EOs, NCs and EO-NCs are visualized by label-free Confocal Raman Microscopy

imaging.

2. Materials and methods

2.1. Essential oils and Nanocapsule characterization

The essential oils and essential oil-loaded nanocapsules (EO-NCs) were obtained and
characterized as performed in our previous works (Granata et al., 2018a; Granata et al., 2018b;
Avola et al., 2020; Kapustova et al., 2021). Nevertheless, some information such as
characterization of essential oil starting material by GC-FID and GC-MS, preparation of EO-
NCs, physicochemical characterization of EO-NCs (including encapsulation efficiency (EE)
and loading capacity (LC) determinations, particle size, polydispersity, and zeta potential

measurements) are briefly described in Supplementary Material (Table S1 and Fig. S1).

2.2. Microorganisms and grow conditions
Staphylococcus aureus CCM 4223 and Escherichia coli CCM 3988 were obtained from the
Czech Collection of Microorganisms, Masaryk University (Brno, Czech Republic). Bacterial

cultures were subcultured from freezer stocks onto Mueller-Hinton agar (MHA) plates and
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incubated at 37 °C overnight. All subsequent liquids subcultures, grown in Mueller-Hinton
broth (MHB), were derived from colonies grown from the MHA plates.

Candida albicans SC 5314 (Gillum et al., 1984) was subcultured from freezer stocks onto
yeast extract peptone dextrose medium (YPD) agar plates and incubated at 30 °C overnight to
generate C. albicans yeast for experiments. All subsequent liquid subcultures, grown in YPD

broth, were derived from colonies isolated from these plates.

2.3. Cell Culture

The human keratinocyte cell line HaCaT (T0020001) was purchased from AddexBio (San
Diego, USA). The cells (HaCaT) were cultivated in Dulbecco’s Modified Eagle Medium
(DMEM) supplemented with 10% fetal calf serum (FCS) and antibiotics (penicillin 100
U/mL; streptomycin 100 pg/mL). The cells were cultured in a humidified atmosphere of 5%
CO; at 37°C. The media and chemicals used for cell cultivation were purchased from Gibco

BRL (Paisley, UK).

2.4. Minimum inhibitory concentration (MIC), minimum bactericidal concentration
(MBC) and minimum fungicidal concentration (MFC)

Microtiter plate assays were performed according to Poaty et al. (2015) with modification to
determine the MIC, MBC, and MFC of Th-NCs, Or-NCs and Th-EO, Or-EO against bacteria
and yeasts. EOs were diluted with 5% dimethyl sulfoxide (DMSO) to 50 mg/mL. Th-NC (5.7
mg/mL of EO) and Or-NC (5.8 mg/mL of EO) nanosuspensions were diluted in MHB
medium for bacteria and in YPD for yeast to working solution with concentration of 5
mg/mL. Next dilutions were performed from working solution in same media to final
concentration of 3 to 0.03 mg/mL. The empty NC nanosuspension was prepared as described

in Supporting Material and was used as NC antimicrobial activity controls and wells with
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sterile MHB or YPD as sterility controls. Subsequently, each well was inoculated 100 puL 10°
CFU/mL of the bacteria or yeasts. Microplates were incubated for 18 h at 37 °C. After
incubation, in each well 10 pL of 3-(4,5-dimethyl-thiazoyl)-2,5-diphenyltetrazolium bromide
(MTT) (5 mg/mL) were added, and the microplates were incubated again for 2 h at 37 °C.
Then, 100 pL of detergent (isopropyl alchol and HCI) were added, mixed, and optical density
was measured at 540 nm by 800 TS Absorbance Reader (BioTek, Winooski, USA). MIC
value was determined at the lowest concentrations of the antimicrobial agent inhibiting
bacterial/yeasts growth, MBC and MFC as the lowest concentration of each antimicrobial

agent resulting in microbial death.

2.5. Microtiter biofilm assay

Biofilms formation was processed as described previously (Hariott and Noverr, 2009) with
small modifications. The overnight cultures, grown in broth, were washed twice in sterile
phosphate buffer saline (PBS) by centrifugation at 3000 g for 5 min at room temperature.
Suspension of cells (S. aureus, E. coli) was diluted and the optical density at OD 600 was
adjusted to 0.5 in the medium by spectrophotometer measurement. C. albicans was diluted to
final concentration in media on 2x10°® CFU/mL. 100 pL of microbial suspension was added to
the microtiter plate. This plate was incubated 90 minutes at 37 °C. After incubation, the
supernatant that contained the non-adhered cells was removed and the well was rinsed 2 times
with sterile PBS. EOs were diluted with 5% DMSO to 50 mg/mL. Th-NC (5.7 mg/mL of EO)
and Or-NC (5.8 mg/mL of EO) nanosuspensions were diluted in MHB media for bacteria and
in YPD for yeast to working solution with concentration of 5 mg/mL. Next dilutions were
performed from working solution in same media to final concentration of 0.5 to 0.03 mg/mL.
Empty NCs were used as NC antimicrobial activity controls and wells with sterile MHB or

YPD as sterility controls. Subsequently, the media and concentration of EO or EO-NCs were
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added to the wells containing the adhered cells. The final volume of each well was 200 pL.
This plate was incubated 24 h at 37 °C. After incubation, the supernatant was removed and
the well was rinsed 2 times with sterile PBS, and 90 pL of media was added to each well. For
measurement of the optical density was added 10 pL of MTT (5 mg/mL), and the plate was
incubated 2 h at 37 °C. After incubation was added 100 pL of detergent, mixed and optical

density was measured at 540 nm by 800 TS Absorbance Reader (BioTek).

2.6. Determination of cytotoxicity

The metabolic activity of EOs, empty NCs, and Th-NCs, Or-NCs was determined by MTT
method. Briefly, 2x10* cells were seeded in 96-well plates and cultured in complete DMEM
medium. Studied compounds (0 — 2.08 mg/mL) were then added, and cells were incubated at
37°C in a 5% CO; atmosphere for 24 h. At the indicated time point, the samples were washed
with PBS, followed by the incubation with 1 mg/mL of MTT for 4h. Then, MTT was
removed and the formazan crystals were dissolved with dimethyl sulfoxide for 30 min. As a
positive control, hydrogen peroxide (300 pM, Sigma-Aldrich) was used. Absorbance at a
wavelength of 540 nm was measured using xMark™ Microplate Spectrophotometer (Bio-Rad

Laboratories, Inc.) and background absorbance at 690 nm was subtracted.

2.7. Determination of genotoxicity

Exponentially growing cells were pre-incubated in the presence of Th (6.25 x 10 — 1.1 x 107
mg/mL), Or (3.75 x 102 — 6 x 102 mg/mL), NCs (1.46 x 10* — 2.34 x 10~ mg/mL), Th-NCs
(4.38 x 10 — 7 x 102 mg/mL), Or-NCs (3.25 x 10* — 5.4 x 10 mg/mL) or without studied
compounds (control) for 24 h. Then the cells were washed, trypsinized, re-suspended in a
fresh culture medium and used for testing of the level of DNA lesions by the comet assay.

The procedure was used with minor modifications suggested by Singh et al. (1998). Slides

10
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were examined with Zeiss Imager.Z2 fluorescence microscope using the computerized image
analysis (Metafer 3.6, Meta Systems GmbH, Altlussheim, Germany). The percentage of DNA
in the tail (% of tail DNA) was used as a parameter for measurement of DNA damage (DNA

strand breaks). One hundred comets were scored per each sample in one electrophoresis run.

2.8. Confocal Raman Microscopy measurements

1.5%10° cells were seeded in 6-well plates and cultured in complete DMEM medium. The
next day, cells were pre-incubated in the presence of Th-EO (0.1 mg/mL), Or-EO (0.08
mg/mL), empty NCs (0.0468 mg/mL), Th-NCs (0.004 and 0.1 mg/mL), Or-NCs (0.0219 and
0.00219 mg/mL) or without studied compounds (control) for 24 h. Then the cells were
washed and examined with confocal Raman microscopy. Confocal Raman Microscopy
(CRM) was applied (Alpha300 R+, WITec, Ulm, Germany) on living cells in PBS (pH=7.4,
Oxoid, Basingstoke, UK) using an immersive objective (W Plan-Apochromat 63x, NA=1,
Zeiss, Germany). Before measurement the glass slides were gently washed three times in 3
mL of PBS. During measurement they were immersed in 4 mL of PBS solution in individual
plastic Petri dishes. The samples were excited at a wavelength and power of 532 nm and 5
mW, respectively (Spectra-Physics Excelsior 532-60 Multi Mode). The Raman spectra were
acquired through a 50 um diameter multimode optical fibre, also acting as a pinhole providing
confocality, into a spectrometer (UHTS 300, WITec, Ulm, Germany) equipped with a
600gr/mm grating (blazed at 500 nm) and coupled to an EMCCD camera (Newton DU970N-
BV-353, Andor, Belfast, UK). The probing volume is limited to approximately 320 nm and
1000 nm in lateral and transversal directions, respectively. Bright field imaging served to
select the scanned areas (individual cells). The obtained spectra were subjected to cosmic ray
removal. Subsequently, the Principal Component Analysis (PCA) was applied to reduce the

initial hyperspectral data dimensionality and increase the experimental signal to noise ratio.
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Finally, the k-means clustering method enabled the classification of similar regions (cell
components) under individual clusters, based mainly on the presence and ratio of different
Raman vibrational peaks from organic molecules in the so called fingerprint spectral
region (600 - 1800 rel.cm™), and in the region of 2700 - 3000 rel.cm™, where vibrational

peaks from lipids and proteins manifest as well (Shipp et al., 2017).

2.9. Statistical analysis

The data are given as means of 3 experiments + one standard deviation (SD). The differences
between the given groups were tested for statistical significance using Student’s t-test (*p <
0.05; **p < 0.01; ***p < 0.001). Because the antibacterial activity datasets were normally
distributed, the independent samples t-test was performed to test for significant differences

between groups.

3. Results

3.1. Antimicrobial activities of EO-NCs and pure EQOs

The MICs, MBCs, MFCs of Th-NCs, Or-NCs along with pure EOs of Thymus capitatus and
Origanum vulgare against S. aureus, E. coli, C. albicans are summarized in Table 1. From
these results, we observed that MIC and MBC values of EO-NCs against E. coli were twelve
or sixteen folds lower than values of pure EOs. The MIC of Th-EO and Or-EO against E. coli
was reduced from 2 mg/mL to 0.125 mg/mL by both EO-NCs. The MIC of EO-NCs against
S. aureus was 0.5 mg/mL, whereas MIC against E. coli and C. albicans was 0.125 mg/mL.
The MIC, MBC values of EO-NCs against S. aureus were two or four folds lower than values
of pure EOs whereas values of EO-NCs against C. albicans were eight-fold lower. These

results indicate that EO-NCs have the bactericidal and fungicidal activities at least at one-fold
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higher than MIC on tested strains. On the other hand MIC of EO-NCs were four-sixteen fold
lower than it was observed in case of EOs. At the same time, no antimicrobial effects were

determined by empty NCs against all microorganisms.

3.2. Biofilm inhibitory activity

In this study, Th-NCs, Or-NCs, pure NCs and Th-EO, Or-EO were evaluated for their biofilm
inhibitory activity in microtitre plates at sub MIC concentrations depending on the determined
MIC of each isolate. The inhibition of biofilm growth by Th-NCs, Or-NCs was confirmed at
tested MIC and two sub MIC concentrations ranging from 0.5 to 0.125 mg/mL for S. aureus
(Fig. 1A), from 0.125 to 0.03 mg/mL for E. coli (Fig. 1B) and C. albicans (Fig. 1C). As
shown in Fig. 1, sub MIC concentrations Th-NCs and Or-NCs for S. aureus and E. coli
resulted in significant inhibition of biofilm formation (*p<0.05, **p<0.01, ***p<0.001)
compared to control untreated samples. However, for C. albicans (Fig. 1C), no significant
reduction was observed for Th-NCs (0.03 and 0.06 mg/mL) and for Or-NCs (0.03 mg/mL),
compared to the control untreated cultures. On the other hand, sub MIC of Or-NCs (0.06
mg/mL) showed viability of cells of C. albicans as significant result (*p<0.05). The data of S.
aureus cell biofilm inhibition at 0.25 and 0.125 mg/mL of Th-NCs were as follows 91.1% and
52.9% and 0.25 and 0.125 mg/mL of Or-NCs revealed 75% and 43% inhibition, respectively.
The biofilm inhibition of data for E. coli at 0.06 and 0.03 mg/mL of Th-NCs were as follows:
58.27% and 51.01% and Or-NCs (0.06 and 0.03 mg/mL) followed the order: 38.81%, 27.88%
inhibition. Sub MICs of Or-NCs (0.06 mg/mL) showed 25.95% biofilm inhibition of cells of
C. albicans. The results clearly revealed the biofilm inhibiting potential of Th-NCs, Or-NCs.
The inhibition of biofilm growth by Th-EO, Or-EO ranging from 2 to 0.125 mg/mL for S.
aureus (Fig. 1A) and E. coli (Fig. 1B) and from 1 to 0.125 mg/mL for C. albicans (Fig. 1C)

which were higher in comparison to MIC and sub MIC concentations of Th-NCs, Or-NCs.
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Sub MIC concentrations of Th-EO showed no significant inhibition of biofilm formation for
all tested isolates. Sub MIC concentrations of Or-EO revealed no significant antibiofilm effect
for C. albicans. Tested Or-EO (0.25 mg/mL) showed 40% (***p<0.001) inhibition of biofilm
formation for E. coli in comparison to untreated cells. The results of biofilm inhibition at 1
and 0.5 mg/mL of Or-NCs showed 89% and 75.7% inhibition for S. aureus. In our study Th-
NCs, Or-NCs were more effective against biofilms than EOs.

The data of antibiofilm activity against S. aureus, E. coli and C. albicans revealed the biofilm
inhibiting potential Th-NCs, Or-NCs. Inhibition of biofilm formation was in a dose related
manner. The results show that Th-NCs and Or-NCs had the antibiofilm effect already at low

concentration of 0.03 mg/mL.

3.3. Cytotoxic and DNA-damaging effects of EOs, NCs and EO-NCs

The cytotoxic effect of EOs and Th-NCs, Or-NCs on HaCaT cells was evaluated by MTT
assay in the concentration range 0 — 2.08 mg/mL. The results are summarized in Figure 2. The
following ICso values (median inhibitory concentrations that cause approximately 50% cell
death) have been determined: 0.044 mg/mL for Or-NCs; 0.0625 mg/mL for NCs; 0.093
mg/mL for Or-EO; 0.114 mg/mL for Th-NCs; 0.176 mg/mL for Th-EO.

Further studies aimed at the genotoxic effects of EOs and Th-NCs, Or-NCs were assessed at
IC~10-40. The level of DNA strand breaks induced in HaCaT cells by studied compounds was
determined by the Comet assay (SCGE). For the induction of DNA single strand breaks in
HaCaT cells, H2O> at a concentration of 500 uM was selected (determined by SCGE, data not
shown) and further used as a positive control. The H>O»-induced DNA damage (percentage of
DNA in the tail) was about 50%. Five non-genotoxic concentrations for each EO and Th-NCs,
Or-NCs were selected for the Comet assay (Fig. 2). Studied compounds did not induce DNA

damage compared with untreated control HaCaT cells (Fig. 3).
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3.4. Label-free Raman imaging of cell morphology changes induced by EOs, NCs and
EO-NCs

HaCaT cells were subjected to CRM analysis after 24 h incubation with Th-NCs, Or-NCs at
both low (non-cytotoxic) and high concentrations (Th-NCs: 0.004 and 0.1 mg/mL; Or-NCs:
0.00219 and 0.0219 mg/mL), and with Th-EO, Or-EO and empty NCs at high concentrations
(Th-EO: 0.1 mg/mL; Or-EO: 0.088 mg/mL; NCs: 0.0468 mg/mL). As control samples,
HaCaT cells without additives were imaged (control). Figure 4 presents bright field images of
scanned HaCaT cells from samples incubated with EO-NCs at high concentrations and the
resulting false-colored images after PCA and cluster analysis with corresponding Raman
spectra. Figure 5 displays the case of cells incubated with EO-NCs at non-cytotoxic
concentrations together with the CRM results for control cells. Individual cell components are
differentiated: membrane, intracellular matrix, nucleus, organelles and lipo-protein
aggregates. The color code for false-colored images and associated graphs is the same. For
more clarity, not all corresponding spectra are shown on the graphs (shades of individual
colors correspond to slightly different spectral signatures in individual clusters). The wide
peak at around 3300 rel.cm™!, common in every spectra, is related to the OH stretching modes
of water (the OH bending modes of water are observed around 1600 rel.cm™, see spectrum of
nextracellular matrix®). A significant difference in the case of incubation with high
concentrations of EO-NCs (Fig. 4) with regard to control samples (Fig. 5), are the lipo-protein
aggregates in the intracellular space for the former case. They are easily distinguishable, as
for all other cell compartments the CH3 symmetric stretch vibrational mode of proteins
dominates in this spectral region. Figure 6 displays examples of CRM false-colored images of
HaCaT incubated with NCs, Th-EO, Or-EO at high concentrations. These latter

measurements allowed to ascertain the morphological changes of HaCaT without considering
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the combined effects of EOs and NCs. The lipo-protein aggregates are present likewise,
however in reduced numbers and sizes. It indicates, that the cytotoxic effect on HaCaT in the

case of high concentrations of EO-NCs can be a synergistic one caused by both EOs and NCs.

4. Discussion

The physicochemical characteristics of PCL nanoparticles loaded with essential oils of thyme
and oregano are shown in fig. S1. The z-average diameters of TC-NC and OV-NC are 198 nm
and 200 nm, respectively. Furthermore, the EO-NCs showed unimodal size distribution
curves and low PDI values (Figure S1). The nanosuspensions exhibited a negative zeta
potential and no aggregation and flocculation phenomena were observed. This is attributable
to the Tween 80 covering the polymeric wall of the nanocapsules, that is able to stabilize them
in solution by steric hindrance. The percentages of EE and LC, (84% and 52% for the TC-NC
and 80% and 51% for the OV-NC), calculated as reported in the supplementary material, are
promising for a future scaling-up in the preparation of these systems.

The antimicrobial and antibiofilm activities of Th-NCs, Or-NCs along with pure EOs and
empty NCs were evaluated against bacterial strains and yeasts which are able to form biofilm.
Before performing the studies to determine the antibiofilm activity, the antimicrobial assays
(MIC and MBC) were performed to confirm the S. aureus, E. coli and C. albicans
susceptibility to the nanosuspensions of Or-NCs, Th-NCs, NCs, and pure EOs. Similarly to
what was reported in our previous works (Granata et al., 2018a; Kapustova et al., 2021)
antimicrobial activity of the thyme and oregano essential oil encapsulated in poly(e-
caprolactone) was higher than the corresponding pure essential oils, highlighting the
effectiveness of the nanoencapsulation strategy in improving the delivery of nanoencapsulated

EOs. Both Th-NCs and Or-NCs showed the lowest MIC values for C. albicans and E. coli
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(0.125 mg/mL) while highest for S. aureus (0.5 mg/mL). Contrary to what was expected, the
gram negative bacterial strain (E. coli) was more sensitive than the gram positive strain (S.
aureus). This could be attributed to the remarkable variety and versatility of the microbial
strain in the treatment with nanoparticles.

It is noteworthy that in addition to our aforementioned works, only one article on the
antimicrobial activity of EOs encapsulated in polycaprolactone-based nanocapsules is
reported in the literature. In this article the authors evaluated the antibacterial activity of PCL
nanocapsules loaded with Cymbopogon martinii essential oil against Staphylococcus aureus
and Escherichia coli by agar diffusion methods (Jummes et al., 2020).

Differently, numerous works concerning antimicrobial and/or antibiofilm activity of different
polymer nanosystems containing essential oils have been reported in the literature and and
some examples are shown below. Unfortunately, the use of different methods to determine the
antimicrobial activity, the diversity of the essential oils loaded into the nanocapsules together
with the different type of polymer used, do not allow easy comparison of the results obtained
from different polymeric nanosystems with antimicrobial activity.

Spherical nanocapsules of cellulose acetate contening essential oils of peppermint, cinnamon
and lemongras, prepared by solvent/antisolvent technique, showed good antimicrobial effect
against P. aeruginosa, S. aureus, E. coli, and C. albicans with MIC values 0.25%, 0.125%,
0.06%, 0.031%, respectively. The different nanoencapsulated EOs also exhibited good
antibiofilm activity and cinnamon nanocapsules were more effective in eradicating the
microbial biofilm, especially against C. albicans (Liakos et al., 2018).

Essential oil of Mentha piperita entrapped into chitosan nanoparticle, prepared by sol-gel
method, showed at 0.05 mg/mL ability to inhibit the biofilm of Streptococcus mutans

associated with dental plaque (Ashrafi et al., 2019).
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Liakos et al. (2016) also reported the synthesis of functional nanocapsules of polylactic acid-
lemongrass essential oil with good antimicrobial and antibiofilm activity against P.
aeruginosa, E. coli and C. albicans. For all microorganisms the MIC value was 0.25% and the
highest antibiofilm effect was observed for C. albicans and E. coli.

In the present study, Th-NCs, at both concentrations 0.06 and 0.03 mg/mL, demonstrated the
ability to prevent biofilm formation of E. coli and they did not display cytotoxicity. The
lowest tested concentration of Th-NCs (0.03 mg/mL) showed 51.01% biofilm inhibition for E.
coli cells. Considering S. aureus and C. albicans, their biofilm formation was inhibited by the
concentration 0.125 mg/mL of Th-NCs that is very close to the value 0.114 mg/mL
representing the no cytotoxic concentraction of these nanocapsules.

The Or-NCs at concentration 0.03 mg/mL were able to inhibit the E. coli biofilm formation
without showing cytotoxicity too. At the same time, the control nanoparticles showed no
activity on the bacterial and fungal growth, highlighting that the antimicrobial effects were
only obtained from the essential oils encapsulated in polymer-based nanocapsules itself. Th-
NCs (0.03 mg/mL) showed the ability to inhibit the biofilm of E. coli at lower concentration
than it was demonstrated in the previous study by Ashrafi et al., 2019, when they tested
chitosan nanoparticles with essential oil from Mentha piperita at concentration 0.05 mg/mL
against to Streptococcus mutans biofilm. Much greater amounts of pure essential oils were
needed to inhibit biofilm formation and the Or-EO were more effective than Th-EO in
preventing biofilm formation. This could be attributed to the different EO composition in
bioactive substances, its physicochemical characteristics and above all to the complex
mechanism of action involved in the inhibition of microbial biofilm. As expected, no
antibiofilm effect was observed for empty NCs. In light of these results, we reported for the
first time the ability to inhibit biofilm formation of three severe pathogenic microorganisms

by using two effective nanostructured systems, based on polycaprolactone polymer containing
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essential oils of oregano and thyme. The biodegradability and biocompatibility of the
polymeric carrier (PCL) together with bioactive natural compounds (EOs) make these
nanosystems as eco-friendly antibiofilm agents for potential applications in the medical, food
and environmental fields.

Encapsulation can reduce the loss of activity of the active compounds. On the other hand, it
has been found that high concentrations of some essential oils and nanoparticles contributed
to tumor development and other harmful changes in the body (Maistro et., 2010). Therefore, it
needs to be verified the potential risk of EOs/NPs to human health. In this study we aimed to
evaluate the biosafety of the Th-EO, Or-EO as well as of the respective prepared polymer-
based nanocapsules (Th-NCs and Or-NCs) and to compare their biological effects on human
normal keratinocyte cell line HaCaT. The cytotoxic effect of Th-EO, Or-EO, Th-NCs and Or-
NCs was determined by the MTT assay. The results showed that the 24 h treatment of studied
cells with Or-EO, Th-EO, Or-NCs and Th-NCs affected cell viability in a dose-dependent
manner. Studied compounds exhibited variable potencies (ICso) according to the following
sequence: Or-NCs < Or-EOs < Th-NCs < Th-EO. Results showed that thyme encapsulated in
polymer-based nanocapsules (Th-NCs) was safer on HaCaT cell line compared to oregano
encapsulated in polymer-based nanocapsules (Or-NCs). In particular, ICs values obtained for
Th-NCs 0.114 mg/mL which is ~2.6-fold higher than those obtained for Or-NCs (0.044
mg/mL). Result showed that encapsulation of EOs increased cytotoxicity of pure studied
essential oils. Results obtained in this study are in very good correlation with those published
by Carbone et al. 2018. They found that mediterranean EOs loaded-NLC (nanostructured lipid
carriers), induce an increase in the ability of the EO in reducing the RAW 264.7 (murine
macrophage), HaCaT, A431 (human epidermoid carcinoma) cells viability when it was
encapsulated in the NLC structure (Carbone et al., 2018). Al-Otaibi et al. (2018) have studied

the effect of NEs (nanoemulsions)-based EOs on the viability HeLa and MCF-7 cells. Our
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findings are in agreement with studies which previously confirmed that the cytotoxicity of the
EOs were enhanced when included in different nanodelivery systems (Periasamy et al., 2016;
Farshi et al., 2017; Le Kim et al., 2017; Milhomem-Paixdo et al., 2017; Pereira et al., 2017,
Khan et al., 2018). The level of DNA strand breaks induced in HaCaT cells by the studied
EOs and EO-NCs was determined by the comet assay. The select concentrations of EOs and
EO-NCs, NCs for comet assay were not cytotoxic. The treatment with studied compounds did
not induce any significant increase in DNA strand breaks compared to the untreated control
cells. These results for EOs are in very good correlation with our previous study, where Or-
EO and Th-EO, similarly, did not induce DNA damage in the HEL 12469 cells (Puskarova et
al., 2017). Nevertheless, our studied empty NCs did not induce DNA damage in either tested
cells at non-cytotoxic concentrations. However, a direct measurement of DNA damage as an
element of nanomaterial testing is highly justified because, as shown by Zijno et al. (2015)
some nanomaterials may potentiate DNA lesions by disturbing DNA repair machinery.
Karabasz et al. (2018; 2019) demonstrated that the nanomaterials (six-layer negatively
charged PGA-terminated nanocapsules (NC6)-PGA and five-layer PEGylated nanocapsules
(NC5-PEQ)) neither decreased viability, nor caused oxidative stress, nor DNA damage in the
human cells of hepatic origin, HepG2 cell line. Dalcin et al. (2019) found that the highest
concentrations of NC-E (Eudragit RS100® nanocapsules) induced a decrease in cell viability
and increased DNA damage. Furthermore, no cytogenotoxicity was demonstrated for the NC-
DMY (nanocapsules-dihydromyricetin), since it did not decrease cell viability, as well as did
not induce DNA damage (Dalcin et al., 2019). This is in very good correlation with our
results. Therefore, our data suggest the in vitro safety of these nanoparticles.

Finally, CRM imaging of HaCaT cells showed the existence of lipo-protein aggreagates inside
the cells, after applying high concentrations of EOs, NCs and EO-NCs for a 24 h incubation

time. Lipid-rich protrusions are a response of cells to stress environment, as was reported
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before by Huang et al. (2020)0 in their study on human pancreatic cancer cells by Stimulated
Raman Scattering (SRS) imaging cytometry. Lipid aggregates manifest themselves as
intensive Raman peaks at 2845 and 2880 rel.cm™' (Shipp et al., 2017; Bugarova et al., 2020)0.
At low concentrations of EO-NCs, and in control cells without additives, lipo-protein
aggregates were not found. This is in consistence with the study of cytotoxicity, which was
found to be concentration dependent. CRM imaging of live cells presents a non-disruptive
label-free method in cell biology studies (Klein et al., 2012; Shmith et al., 2016; da Costa et
al., 2019). In our group we successfully employed this technique previously for the
localization of nanoconjugates within cancer and healthy cells (Sohova et al., 2018; Bugarova
at al., 2020; Kalosi et al., 2020). In the present paper, CRM measurements were used for the
first time to assess the morphological changes on HaCaT cell line after application of EOs,

NCs, and EO-NCs.

5. Conclusion

Biofilm-associated microorganisms are a serious problem not only in hospitals but also in
food industries and various indoor and outdoor environments. This is the first study that
determined the antibiofilm effect of essential oils of Thymus capitatus and Origanum vulgare
encapsulated in polymer-based nanocapsules against S. aureus, E. coli, and C. albicans
biofilms. This study allowed a first assessment of the cytotoxic and genotoxic activities of Th-
NCs, Or-NCs in human keratinocyte cell line HaCaT (T0020001). Label-free live cell Raman
imaging confirmed morphological alterations concerning control cell cultures in the case of
high concentration EOs, NCs, and EO-NCs.

The data presented in this study shows that the nanoencapsulation of essential oils increases
the antimicrobial and antibiofilm effect of thyme and oregano essential oils. Th-NC and Or-

NC nanosuspensions showed antibiofilm activity, against E. coli, at low concentrations and no
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cytotoxic activity against HaCaT human keratinocyte cells at the same tested concentrations.
These ecofriendly nanosystems could be an ecological alternative in the development of new
antimicrobial and antibiofilm strategies for applications in different fields including medicine,

food and environmental
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Table 1: MIC, MBC and MFC values of encapsulated essential oils with respect to pure
essential oils against S. aureus, E. coli and C. albicans.

Th-NC Or-NC Th-EO Or-EO
Strain
MIC | MBC/MFC | MIC | MBC/MFC | MIC | MBC/MFC | MIC | MBC/MFC
S. aureus 0.5 1 0.5 1 2 3 1 2
E. coli 0.125 | 0.25 0.125 | 0.25 2 3 2 3
C. albicans | 0.125 | 0.25 0.125 | 0.25 1 2 1 2

*MIC, MBC and MFC are expressed in mg/mL of essential oil

Figure captions:

Figure 1. Effect of NCs, EO-NCs, EOs on viable cells of S. aureus (A), E. coli (B), C.
albicans (C) in the biofilm. Notes.**p<0.01.***p<0.001 indicate statistically significant
differences compared to each control treatment without test substances (Student’st-test).

Figure 2. Cytotoxicity/viability of HaCaT cells treated with NCs, EO-NCs, EOs (0.00-2.08
mg/mL) for 24 h.

Figure 3. The levels of DNA single strand breaks (% of tail DNA) in HaCaT cells after the
exposure to NCs, EO-NCs, EOs for 24 h. Data represent means + SD of three independent
experiments. Positive control - hydrogen peroxide (300 pmol/l).

Figure 4. CRM imaging of HaCaT cells after 24 h incubation with Th-NCs (0.1 mg/mL) and
Or-NCs (0.0219 mg/mL). The red squares on bright field images display the scanned areas.
The false-colored images present the results after PCA and cluster analysis. In some cases the
corresponding Raman spectra are showed.

Figure 5. CRM imaging of HaCaT cells after 24 h incubation with Th-NCs (0.004 mg/mL)
and Or-NCs (0.00219 mg/mL), and imaging of control HaCaT cells without additives. The
red squares on bright field images display the scanned areas. The false-colored images and
corresponding Raman spectra obtained after cluster analysis are presented.

Figure 6. False-colored images as a result of cluster analysis of hyperspectral Raman images

of HaCaT cells after 24 h incubation with NCs (0.0468 mg/mL), Th-EO (0.1 mg/mL) and Or-
EO (0.088 mg/mL).
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