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ABSTRACT: Targeted bactericide nanosystems hold significant promise to improve the
efficacy of existing antimicrobials for treatment of severe bacterial infections, minimizing the ) \) )
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side effects and lowering the risk of the development of antibiotic resistance. In this work, we
developed antibody-functionalized nanocapsules (NCs) containing antibacterial essential oil
(EO) for selective and effective eradication of Staphylococcus aureus. Antibacterial EO NCs
were produced via self-assembly nanoencapsulation in the plant-derived protein zein. The
obtained EO NCs were decorated with aminocellulose to provide more reactive surface
groups for carboxyl-to-amine immobilization of a antibody that is specific against S. aureus.
The antibody-enabled EO NCs (Ab@EO NCs) demonstrated 2-fold higher bactericidal
efficacy against the targeted bacterium compared to the pristine EO NCs at the same
concentrations. The improved antibacterial effect of the Ab@EO NCs toward S. aureus was
also confirmed in a real-time assay by monitoring bacterial cells elimination using a quartz
crystal microbalance. Furthermore, the Ab@EO NCs selectively decreased the load and
changed the cell morphology of the targeted S. aureus in a mixed inoculum with nontargeted Pseudomonas aeruginosa. Applying the
nanoformulated antibacterial actives to an in vitro coculture model of the bacteria and skin fibroblasts resulted in suppression of S.
aureus growth while preserving the human cells viability. The novel antibody-enabled antibacterial NCs showed potential for
improving the treatment efficacy of staphylococcal infections, minimally affecting the beneficial microbial and human cells.
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1. INTRODUCTION

Antimicrobial resistance (AMR) has emerged as a major public
health issue of the 21st century that threatens the effective

oils (EOs),” and antimicrobial peptides."” Our group has
nanoformulated antibiotics,""'* antimicrobial biopolymers,"*

1 . . .
and enzymes'* for increased antibacterial efficacy based on

prevention and treatment of bacterial infections." Resistance
development is a natural response of bacteria to survive in
hostile environments and it is significantly accelerated by the
mis- and overuse of antibiotics.” Antibiotic-resistant bacteria in
community and hospital settings can be easily transmitted by
direct contact between an infected person and a susceptible
person or indirectly upon contact with contaminated surfaces.’
AMR infections are the main reason for the increased
morbidity and mortality in healthcare facilities, longer hospital
stays, and elevated financial burden worldwide.* Assessment of
the future impact of AMR predicts almost 10 million deaths
annually worldwide by 2050 if new antibiotic alternatives are
not urgently developed.”® However, the high production costs
and long approval time hamper the engineering of new
antibacterials, considering the rapid emergence of new resistant
bacterial strains.

Nanoantibacterials have gained considerable attention for
overcoming AMR because of their unique physicochemical
properties.” Nanomaterials have been used as delivery
platforms for antibacterial agents such as antibiotics,® essential
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bacterial membrane disturbance and rapid bacterial elimination
at lower dosage than their bulk counterparts. Targeted delivery
of nanoantibacterials to the site of infection is a new approach
for potentiating the therapeutic efficacy of antibiotics and
reducing their side effects on the beneficial microbiome and
human cells."® To date, most targeted nanosystems have been
envisaged for improving cancer therapies and imaging
dieagnosis,16’17 while studies focusing on bacteria targeting are
scarcely reported. Previous works aimed to improve the
potency of the last-resort antibiotics gentamicin,"® ciproflox-
acin," and vancomycin' locally, reduce the systematic dose
needed, and minimize their side effect. Despite promising
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Figure 1. Fabrication and characterization of Ab@EO NCs. (A) Schematic representation of Ab@EO NCs preparation. (B) ¢-Potential values for
pristine EO NCs, AC_EO NCs, and Ab@EO NCs dispersed in Milli-Q water. (C) Green color development after antibody interaction with
targeted S. aureus. (D) Interaction of antibody-enabled EO NCs with FITC-labeled protein A. (E) Florescence microscopy images of FITC-protein
A-bound Ab@EO NCs. (F) TEM image of Ab@EO NCs. (G) Histogram of the Ab@EO NCs size distribution based on the total count of 60 NPs

using Image]J software.

outcomes, the use of antibiotics itself entails the possibility of
the development of antibiotic resistance.

In this study, we generated targeted nanocapsules (NCs)
loaded with antibacterial oregano essential oil (EO) for
effective elimination of Gram-positive Staphylococcus aureus
(S. aureus). S. aureus is one of the most common and
problematic bacterial pathogens nowadays that affects nearly
half a million people annually®’ and is the leading cause of a
variety of diseases, from mild skin infections (e.g, pimples,
impetigo, boils, cellulitis, and folliculitis) to life-threatening
bloodstream infections (e.g., pneumonia, meningitis, osteo-
myelitis, endocarditis, and toxic shock syndrome).”' The
bacterium is included in the list of high-priority pathogens
threating human health and has acquired resistance practically
to all antibiotics developed since the 1940s.>*

Plant EOs such as clove, cinnamon, oregano, and thyme oils
are among the most prospective antibacterial alternatives with
demonstrated potential for treatment of S. aureus infections
and the low possibility of inducing the development of
resistance.”>** Nevertheless, their direct use or incorporation
into disinfectant or drug formulations is precluded by low
solubility, chemical instability, high reactivity, and potential
toxicity/immunogenicity to human cells.”® Generating targeted
EO-containing NCs is expected to overcome these obstacles
and further improve the bactericidal potency of the oils
coupled with minor side effects on human cells. Herein, self-
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assembly proprietary nanoencapsulation technology”® based
on the biocompatible and biodegradable plant protein zein was
employed for the production of highly antibacterial oregano
EO-loaded zein NCs (here referred to as EO NCs). The
nanoformulation of the EO is envisaged to enhance its
antibacterial activity when compared to the pristine solution.
Coating of the EO NCs with aminocellulose (AC) is aimed at
providing reactive groups on the NCs surface for the grafting
of an antibody that is specific against S. aureus. The EO NCs
functionalization with a targeting antibody will increase the
NCs bactericidal efficacy against the Gram-positive S. aureus at
a lower dosage and, at the same time, will reduce the toxic
effects on nontargeted bacteria and human cells. A quartz
crystal microbalance with dissipation monitoring (QCM-D)
will be used to assess in real time and under dynamic
conditions the interactions of the targeted NCs with S. aureus,
leading to bacterial eradication. The selective antibacterial
activity of the antibody-functionalized EO NCs toward S.
aureus will be further evaluated in vitro in a single and mixed
bacterial inoculum with nontargeted Pseudomonas aeruginosa
(P. aeruginosa). Finally, the biocompatibility and the treatment
efficacy will be validated in an in vitro coculture model
comprising human fibroblast cells and S. aureus bacteria.

https://dx.doi.org/10.1021/acsami.0c09364
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2. RESULTS AND DISCUSSION

2.1. Targeted NCs Formulation and Characterization.
EO NCs were produced usinGg a proprietary self-assembly
nanoencapsulation technology® based on propylene glycol, a
water-miscible nonvolatile organic solvent, and zein, a
hydrophobic protein found in maize. The technology is simple
and versatile and allowed the formation of stable and
homogeneous zein NCs loaded with the hydrophobic oregano
EO from Thymbra capitata.”® High EO encapsulation
efficiency (EE), of about 86%, was determined by carvacrol
quantification with high-performance liquid chromatography
(HPLC). Zein NCs containing EO with an average size of 94
+ 3.7 nm, low polydispersity index <0.2, and =33 + 0.5 mV (-
potential (at pH 3.3) (Figure 1B), indicating uniform size
distribution and colloidal stability, were stored for 6 months at
room temperature without any visible signs of aggregation and
precipitation. The negative surface charge of the EO NCs
could be due to the surfactant excipients employed to provide
higher colloidal stability of the final formulation or modulation
of the zein conformation upon nanotransformation.”’ >’ As
anticipated, and based on our previous experience,' " the EO
encapsulation led to enhanced antibacterial efficacy against the
targeted S. aureus at lower dosage, when compared to the same
amount of the pristine oil (Supporting Information, Figure
S1).

The negatively charged EO NCs were further coated with
positively charged AC (36.4 + 0.75 mV), following the
principles of electrostatic-driven self-assembly, to introduce
more reactive amino groups onto the NCs surface for grafting
of the S. aureus targeting antibody (Figure 1A). AC is a
derivative of cellulose with improved cationic character, which
is obtained by applying chemo- and regioselective nucleophilic
displacement reaction of p-toluenesulfonic acid ester of
cellulose with ethylendiamine.'” The AC deposition onto the
EO NCs led to a change of the {-potential from —33 + 0.5 to
+33.8 + 0.4 mV (Figure 1 B), as well as an increase of the
average NCs size from 94 + 3.7 to 114 + 3.5 nm. The
presence of amino groups on the AC-decorated EO NCs
(AC_EO NCs) surface was confirmed by staining with
fluorescamine reagent. The amount of available primary
amino groups on the NCs was 27-fold higher in the case
with the AC_EO NCs than that of the pristine EO NCs, where
negligible amounts (1.4 ug mL™" + 0.2), originating from the
low-availability of lysine and arginine zein amino acids,”" were
determined. These AC_EO NCs demonstrated enhanced
antibacterial efficacy against S. aureus compared to the pristine
EO NCs at the same concentrations (~1.5 X 10° NCs mL™")
because of the higher availability of primary amino groups,
leading to improved interaction and disruption of the bacterial
membrane (data not shown)."”*° Consequently, those groups
were lost upon the immobilization of the targeting antibody.
This was confirmed by the changes in the zeta potential from
positive to negative for the antibody-enabled EO NCs (Ab@
NCs) (Figure 1B), suggesting that the AC would not play a
role in the NCs antibacterial activity.

The AC_EO NCs were functionalized with a antibody that
was specific against S. aureus'® by carboxyl-to-amine cross-
linking using 1-ethyl-3-(3-(dimethylamino)propyl)-
carbodiimide and N-hydroxysulfosuccinimide to obtain the
targeted Ab@EO NCs (Figure 1A). Prior to immobilization,
the specificity of the antibody toward the targeted bacterium
was confirmed using a secondary antibody conjugated to the
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enzyme horseradish peroxidase.** The development of the
green color was observed only in those samples where S. aureus
bacterium was present, but was not detected in the control
sample of the nontargeted P. aeruginosa, indicating the specific
interaction with the bacterium of interest (Figure 1C).

Considering the fact that the carboxyl groups are ubiquitous
throughout the antibody’s structure including the antigen
binding site, the binding affinity of the immobilized-on-EO
NCs antibody with the antigen was assessed using fluorescein
isothiocyanate (FITC)-conjugated protein A from S. aureus
(Figure 1D).* The FITC-protein A binding with the Ab@EO
NCs resulted in a green fluorescent light emission measured at
525 nm using a fluorescence spectrophotometer (Supporting
Information, Figure S3). The green light from the Ab@EO
NCs was also observed by a fluorescence microscope (Figure
1E). Such behavior was not found in the EO NCs, which
evidenced the successful grafting of the antibody, which was
able to interact with protein A at the S. aureus surface.

The developed Ab@EO NCs had a mean size of about 134.9
+ 132 nm and —28.63 + 1.19 mV {-potential (Figure 1B).
This high {-potential (>20 mv) was further reflected in the
high colloidal stability, without any visible signs of precip-
itation, for a long period (up to 6 months) of storage at 4 °C.
The Ab@EO NCs size distribution profile, obtained by
nanoparticle tracking analysis (NTA), showed predominantly
three size subtypes at 96.4 + 9.8, 133 + 8.6, and 180.9 + 23.7
nm, with a very narrow distribution profile and low
polydispersity (Supporting Information, Figure S2). Further-
more, the morphology and the size of the Ab@EO NCs were
examined by transmission electron microscopy (TEM). The
images revealed predominantly sphere-like-shaped Ab@EO
NCs with a size distribution in the range between 60 and 140
nm (Figure 1F,G), similar to the results obtained by NTA
(Supporting Information, Figure S2). Small aggregates due to
the samples drying during the preparation for TEM analysis
could also be observed.

2.2. Antibacterial Activity toward S. aureus. The
antibacterial efficiency of the developed nontargeted and
targeted EO NCs was assessed in vitro against S. aureus by
quantitative plate count method. EO NCs effectively reduced
the growth of S. aureus at 4-fold lower concentrations than the
bulk oil (Figure 2 and Supporting Information, Figure S1).
The active principle of the NCs—oregano EO—is composed
of oxygenated monoterpenes (77.5% of the composition), the
monoterpenoid carvacrol being the main antibacterial con-
stituent (73.8%).* This monoterpenoid is the component
responsible for the strong antimicrobial activity of the oregano
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Figure 2. Antibacterial activity of EO and Ab@EO NCs
(concentration ~1.5 X 10° NCs/mL) against S. aureus.
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Figure 3. Interaction of EO NCs and Ab@EO NCs with S. aureus assessed by QCM-D. The shift in the frequency and dissipation are represented
with solid and dashed lines, respectively. The numbers I, II, III, IV, and V indicate the different zones respectively the baseline with PBS, bacterial
adhesion, baseline after washing of loosely adherent cells, NCs insertion and PBS washing.

oil against both Gram-negative and Gram-positive bacteria and
its higher bactericidal effect at very low concentrations than
other known EOs such as clove bud and thyme.*” It has been
proved that carvacrol can affect the lipids’ ordering and
stability of bacterial membrane that in turn increases the
membrane permeability, causing cellular lysis and death.
Additionally, carvacrol may inactivate intracellular compo-
nents, such as enzymes involved in energy production, which
also leads to bacterial damage and elimination.*>*”

Although the nontargeted EO NCs were active against S.
aureus, they showed lower antibacterial activity than the
developed Ab@EO NCs at the same concentrations (1.5 X 10°
NCs mL™"). Up to 2-fold improvement was observed for Ab@
EO NCs because the antibody drives the bactericidal EO NCs
directly to the S. aureus, increasing the local bactericide
concentration on the bacterial surface for a short period of
time and thus potentiating its bactericidal efficacy (Figure 2).

2.3. Real-Time Monitoring of the NCs Interaction
with S. aureus. QCM-D was used to monitor in real time the
effect of the Ab@EO NCs on the targeted bacterium under
dynamic conditions. QCM-D allowed us to study the NCs—
cells interactions as the piezoelectric mass sensing together
with the monitoring of dissipation changes provide informa-
tion about the different stages of bacterial growth, for example,
cells attachment, biofilm formation, cellular lysis, and
dispersion.”® This technique has been routinely used in our
group to study the toxic effects of antibacterial nanomaterials
on biomimetic bacterial and mammalian membranes, as well as
to identify time-dependent changes in bacterial attachment and
growth.'* In this work, S. aureus was first deposited onto the
QCM sensor, and the changes in the frequency and dissipation
upon the circulation of the targeted and nontargeted EO NCs
were assessed (Figure 3). At first, the addition of the bacterial
inoculum caused a rapid decrease of the frequency (~20 Hz)
(Figure 3, zone II) from the 100 mM phosphate buffered saline
(PBS) baseline (Figure 3, zone 1), attributed to the combined
effect of a fast “bulk shift” caused by the change from PBS to
Mueller Hinton broth (MHB), and the adsorption of MHB
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components and bacterial cells onto the disk."* After 3 h of
circulation, adhesion of S. aureus was achieved, as confirmed by
the decrease of the frequency and increase in the dissipation
(Figure 3, zone II). This was supported by the results obtained
following a PBS rinse of loosely adhered cells (Figure 3, zone
III), leading to a slight frequency increase/dissipation decrease
and ultimately the establishment of a steady-state frequency
and dissipation signals at levels lower than the original baseline
(Figure 3, zone I).

Following the formation of a stable S. aureus adlayer, the
NCs were flowed through with a speed of 20 L min™" at 37
°C for 45 min. The injection of the Ab@EO NCs caused a
decrease of the frequency, possibly translating into a rapid
removal of the cells from the sensor (Figure 3, zone IV). Upon
PBS rinsing, the frequency decrease remained stable at the
level of the clean, that is, bacteria-free, crystal (Figure 3, zone
I), implying a decrease of the cellular mass and almost
complete S. aureus elimination from the surface.”**” Moreover,
the Ab@EO NCs led to changes in the dissipation shifts, which
was ascribed to increased water content, rearrangements of the
cells on the crystal surface, and morphology changes.'* A
similar tendency was obtained for the control EO NCs;
however, the frequency measurements reached a stable state at
higher levels (2 —15 Hz) than the Ab@EO NCs (= —S Hz),
suggesting a lower efficacy of these NCs against the targeted
cells (Figure 3, zone V). These results corroborated the
improved killing efficacy of the AbB@EO NCs compared to the
pristine EO NCs observed in the antimicrobial tests (Figure
2). Such behavior was not observed when the experiments
were performed with the nontargeted P. aeruginosa cells
(Supporting Information, Figure S4). Therefore, targeting via
an antibody that is specific against S. aureus could be a way to
ensure the rapid delivery of the nanoformulated bactericide
and the effective elimination of the pathogen from the site of
infection.

2.4. Selective Antibacterial Activity of the Ab@EO
NCs toward Targeted S. aureus. S. aureus is an
opportunistic human pathogen found in many skin in-

https://dx.doi.org/10.1021/acsami.0c09364
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respectively.

fections.” Currently, control of skin infections has been
obtained with antiseptics (e.g, chlorhexidine and triclosan)
and antibiotics (e.g., mupirocin and fusidic acid), which affect
the beneficial skin microbiota, increase the risk of the
development of AMR, and at higher amounts may cause side
effects.”’ In this work, we aimed to develop targeted
bactericidal nanosystems to selectively eradicate the S. aureus
pathogen, without affecting other beneficial bacterial strains.
The specific action of the Ab@EO NCs on the targeted S.
aureus was confirmed in vitro upon their incubation with a
mixed inoculum containing S. aureus and nontargeted P.
aeruginosa as model Gram-negative bacteria found in the skin
flora (Figure 4A). The bacterial viability after exposure to the
antibody-functionalized and nonfunctionalized EO NCs was
assessed by plating on selective-for-S. aureus and -P. aeruginosa
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agars. As expected, the EO NCs demonstrated antibacterial
effect on both bacteria (Figure 4B). Up to 1.9 and 1.3 log
reduction was obtained for S. aureus and P. aeruginosa,
respectively. In contrast, the EO NCs tagged with antibody
that was specific against S. aureus resulted in more localized
delivery of the nanosized bactericide to the target, and up to 3
log reduction of the initial bacterial load was obtained. Such
effect, however, was not observed for the nontargeted P.
aeruginosa because of the absence of the specific ligand that
could drive the antibacterial EO NCs to the target cells (Figure
4B).

The selective bactericidal activity of the AbD@EO NCs was
further studied using scanning electron microscopy (SEM).
The SEM images demonstrated that the control S. aureus and
P. aeruginosa cells without the NCs were intact and did not

https://dx.doi.org/10.1021/acsami.0c09364
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present any morphological changes (Figure 4C). S. aureus
appeared spherical with a size of up to 1 pgm in diameter,
whereas P. aeruginosa were rod-shaped, measuring 0.2—0.4 ym
in width and 1—-1.5 pym in length. Clear differences between
the control and the bacteria treated with EO NCs and Ab@EO
NCs were observed. In the case of EO NCs, changes in the
surface morphology of both S. aureus and P. aeruginosa cells
associated with cellular death could be detected (Figure 4C),
which is in agreement with the results from the live cells
counting (Figure 4B). On the other hand, the interactions
driven by the antibody functionalization do not seem to induce
any antibacterial effect on the nontargeted P. aeruginosa
because the overall microorganism morphology was not
affected and appeared similar to that of the control without
bactericidal treatment. This, however, was not found for S.
aureus and significant morphological changes were observed
after incubation with Ab@EO NCs (Figure 4C). The altered
cell morphology indicated cell damage, which eventually led to
leakage of cytoplasmic contents and cellular death. These
results corroborated the selective antibacterial eflicacy
observed in the quantitative plate count method (Figure 4B),
and therefore confirmed that in a mixed bacterial inoculum the
antibody-functionalized NCs specifically interact with the S.
aureus surface and could be used for effective elimination of
this bacterium at the site of infection.

2.5. Cytotoxicity of the Ab@EO NCs. Nanoformulation
of EO represents an effective approach to enhance their
physical stability and potentiate the bactericidal activity toward
both susceptible and AMR bacteria.”* However, the potential
toxicity of the nanosized materials, associated with their unique
physicochemical properties, may impede their biomedical
application. The cytotoxicity of the developed Ab@EO NCs
was evaluated in vitro on human fibroblast cells using
AlamarBlue reagent for quantification of the metabolically
active cells, and a live/dead viability/cytotoxicity assay kit for
microscopic visualization of live and dead cells. The Live/Dead
assay kit is based on the simultaneous determination of live
and dead cells with two fluorescence probes: (i) calcein, which
is well-retained within the live cells, producing green
fluorescence, and (ii) ethidium homodimer-1 that enters
cells with damaged membranes, producing red fluorescence in
the dead cells.

The results from both tests did not show any significant
cytotoxicity and antiproliferative effect of the Ab@EO NCs on
the human cells after 24 h of exposure at their bactericidal
effective concentration. Up to 80% of the skin fibroblasts were
metabolically active, as calculated in comparison to the
control—cells without NCs—indicating desirable innocuous-
ness of the novel Ab@EO NCs for therapeutic antibacterial
applications (Figure SA). Additionally, fluorescence micro-
scopic images after live/dead staining demonstrated that the
NCs did not induce any changes in the cellular morphology
and most of the cells were alive, thus appearing green (Figure
SB).

2.6. Antibacterial Efficacy of the Ab@EO NCs in an In
Vitro Coculture Model of S. aureus and Human Cells.
Finally, the selective bacterial eradication and treatment
efficacy of the AbD@EO NCs was evaluated in an in vitro
coculture model composed of the target S. aureus bacterium
and human skin fibroblasts, which are critical for skin healing
and recovery.” Human cells were infected with S. aureus and
then exposed to the Ab@EO NCs at their defined antibacterial
dosage. Afterward, S. aureus bacterial growth was quantified via
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Figure S. Cytotoxicity of Ab@EO NCs. (A) Viability (%) of human
fibroblasts exposed to Ab@EO NCs after 24 h of incubation,
determined by AlamarBlue assay. (B) The Live/Dead assay of human
fibroblasts after 24 h exposure to Ab@EO NCs. Overlapped images of
live (green) and dead (red) cells. The bars aside each image represent
the green and fluorescence intensities obtained after measuring at
Aexfem = 494/517 nm and Ayjem = 528/617 nm for calcein and
ethidium homodimer-1, respectively. Scale bar corresponds to 100

pum.

a plate count method, while the viability of the skin fibroblasts
was determined by a live/dead viability/cytotoxicity assay kit.
The fluorescence microscopy images after staining of the
cocultured cells demonstrated the negative (i.e., lethal) effect
of S. aureus on the human cells, supported by the increased
number of dead fibroblasts. S. aureus produces a variety of
toxins (e.g., hemolysins and leukotoxin) to damage biological
membranes and cause cell death during the infection
establishment. The bacterium has been reported to induce
direct cytotoxic effect on different human cells, organs, and
tissues.”® In contrast to the nontreated sample, single
supplementation of the targeted NCs protected the fibroblast
cells from the S. aureus-induced cellular damage, preserving the
cells’ viability and morphology (Figure 6). At the same time,
the S. aureus growth was inhibited by 80% (Supporting
Information, Figure SS). It is worth mentioning that despite
the promising antibacterial activity of pristine EO NCs
(Figures 2, 3 and 4), these demonstrated negligible bactericidal
effect on S. aureus in our in vitro infection model in comparison
to the Ab@EO NCs, and at the same time did not maintain
the skin fibroblasts viability (Supporting Information, Figure
S6). Therefore, the novel Ab@EO NCs developed in this work
are effective and safe antibacterial agents for selective
elimination of the pathogen. Antibody-enabled targeting of
the antibacterial EO is a promising strategy to boost their
bactericidal activity toward S. aureus and lower the adverse
effects on the human cells.

3. CONCLUSIONS

AMR has raised the need for engineering novel highly effective
antibacterials with reduced toxicity and lower selection for
resistant bacterial strains. Herein, a novel targeted antibacterial
strategy for selective elimination of Gram-positive S. aureus was
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Figure 6. Live/Dead kit staining of noninfected and S. aureus-infected human cells with and without treatment with Ab@EO NCs.

developed on the basis of plant-derived bactericidal EO with a
low potential for resistance development. At first, stable and
highly antibacterial EO NCs were formulated by self-assembly
nanoencapsulation technology employing the plant-derived
protein zein. The EO NCs with improved bactericidal efficacy
compared to the bulk oil were further coated with
biocompatible and biodegradable AC to introduce more
reactive groups onto the NCs surface for chemical immobiliza-
tion of the S. aureus-targeting antibody. The Ab@EO NCs,
combining the high reactivity of the nanoform with the specific
driving force of the antibody, generated a novel nanosystem
with enhanced antibacterial activity and the potential to
selectively eradicate S. aureus while keeping the nontargeted P.
aeruginosa bacterium alive. Moreover, the Ab@EO NCs
inhibited the S. aureus growth and protected the skin fibroblast
cells from this pathogen, as was confirmed in an in vitro
infection model. These results demonstrated the capacity of
the AbD@EO NCs to reach and attack only the pathogen of
interest, and thus could be an efficient therapeutic approach for
managing S. aureus infections, avoiding the use of antibiotics
and preventing the development of AMR.

4. MATERIALS AND METHODS

4.1. Materials. Zein, a protein extracted from maize, was obtained
from Flo Chemical Corporation (MA, USA) and used for the NCs
preparation. Oregano EO from Thymbra capitata (100% pure) was
kindly provided by the TELIC S.A. (Barcelona, Spain). 6-Deoxy-6-
(w-aminoethyl) AC was purchased from the Centre of Excellence of
Polysaccharide Research (Germany). MHB, obtained from Sigma-
Aldrich (Spain), was used as the growth medium in all antibacterial
tests. Baird-Parker and Cetrimide selective agars for culturing and
enumeration of S. aureus and P. aeruginosa, respectively, were also
purchased from Sigma-Aldrich (Spain). The bacterial strains S. aureus
(ATCC 25923), P. aeruginosa (ATCC 10145), and the human
foreskin fibroblast cells (ATCC CRL-4001, BJ-Sta) were obtained
from American Type Culture Collection (ATCC LGC Standards,
Spain). AlamarBlue cell viability reagent and Live/Dead BacLight kit
(Molecular Probes L7012) were purchased from Invitrogen, Life

Technologies Corporation (Spain). Live/Dead viability/cytotoxicity
assay kit for mammalian cells was obtained from Thermo Fisher
Scientific (Spain). Ultrapure water (Milli-Q plus system, Millipore)
with 18.2 MQ.cm resistivity was used in all experiments. All other
reagents were purchased from Sigma-Aldrich, if not specified
otherwise.

4.2. Protein A Antibody Interaction with S. aureus. The
specificity of the antibody was assessed against the targeted S. aureus
bacterium and nontargeted P. aeruginosa (as control). Briefly, bacteria
were allowed to grow and adhere on the surface of a 96-well
polystyrene plate overnight at 37 °C. After being washed with PBS,
bacteria were incubated for 4 h at RT with 100 uL of a 1/500 dilution
(in PBS) of the specific antibody against protein A of S. aureus cell
wall. Then bacteria were incubated for 1 h at RT with a secondary
antibody conjugated to the enzyme horseradish peroxidase. Bacteria
binding protein A—antibody were further visualized in green upon the
addition of a substrate mixture containing 6.5 mM 4-hydroxybenzoic
acid, 1.8 mM 2,2'-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid,
and 5.1 mM hydrogen peroxide in PBS.

4.3. Antibody-Enabled Nanocapsules Formulation. For the
EO NCs preparation, zein was dissolved in propylene glycol under
magnetic agitation. Then surfactant (Tween 20, Panreac, Madrid,
Spain) and cosurfactants (propanediol, Dupont Tate & Lyle
Bioproducts, TN, USA; denatured alcohol, Valencia, Spain; and
oleic acid, Panreac, Madrid, Spain) were added under agitation until a
clear, transparent solution was obtained. Oregano EO was then added
to that mixture to achieve a homogeneous organic phase. The
resultant surfactant—EO—zein mixture was added under continuous
agitation into water at a ratio of 3:7 (organic phase/water) to form
EO NCs. Afterward, 22.5 mL of the EO NCs (negatively charged)
were mixed with S mL of 10 mg mL™" AC aqueous solution, at pH
3.3, and incubated for 1 h at RT. After that, the sample was
centrifuged at 29 500g for S0 min, resuspended in 3.75 mL of Milli-Q
water, and sonicated to disaggregate the NCs for 20 min at 20 °C.
The NCs were functionalized with rabbit protein A antibody using
50/20 mM/mM of EDAC/sulfo-NHS in 100 mM phosphate buffer,
pH 6.5. The reaction was performed at RT for 24 h with shaking.
Then the NCs were centrifuged for 40 min at 25 000g, resuspended in
500 uL of Milli-Q water, and subjected to further analysis.

4.4. Nanocapsules Characterization. The EE was determined
by carvacrol quantification via HPLC as described before.** The ¢-
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potential of the NCs was determined using a Zetasizer Nano ZS
(Malvern Instruments Inc., UK). The NCs average size, size
distribution, and number of NCs per milliliter were assessed by
NTA using the NanoSight NS 300 (Malvern Instruments Inc., UK) in
flow mode and software NTA 3.2 to capture several frames of the
NCs suspension, obtaining the final concentration and the hydro-
dynamic diameter of the NCs. This technique is a rapid, simple, and
reliable method used for nanomaterials characterization that allows
the precise measurement of the size distribution. Results are displayed
as distribution plots of concentration (NCs mL™~) versus particle size.
The reported average NCs size represents the mean values + standard
deviations of five measurements per sample. The size and the
morphology of the NCs were examined by TEM (Tecnai G2 F20, FEI
company, USA) at 80 kV acceleration voltage. Prior analysis, 10 uL of
the samples was placed on an ultrathin carbon film on holey carbon
grids and air-dried.

The immobilization of active antibody onto the EO NCs was
assessed with FITC-labeled protein A. Briefly, 200 uL of Ab@EO
NCs and EO NCs (3 x 10° NCs mL™") was incubated with 2 uL of
FITC-protein A in the dark for 1 h with 160 rpm shaking. The
samples were centrifuged at 25 000g for 45 min to remove the excess
of FITC-protein A and then were resuspended in 200 L of 100 mM
phosphate buffer, pH 6.5. One hundred microliters of the NCs
suspension was transferred to 96-well black plates and the
fluorescence intensity of each test sample was measured at A../Aey,
= 490/525 nm using TECAN Infinite M 200 (Austria). In addition,
20 uL of the samples was spread on a glass slide and NCs were
observed under a fluorescence microscope (Nikon/Eclipse Ti—S, The
Netherlands).

4.5. Quartz Crystal Microbalance with Dissipation Monitor-
ing. The effect of EO and Ab@EO NCs on S. aureus was followed in
real time with a QCM-D (E4 system, Q-Sense, Sweden) equipped
with Teflon tubing. Gold sensors (QSX 301, QSense, Sweden) were
sequentially cleaned in acetone, ethanol, and isopropanol in an
ultrasonic bath for 10 min at 40 °C. The sensor was then dried with
nitrogen and placed in the QCM-D flow chambers at 37 °C. The
experiments were performed under flow-through conditions using a
digital peristaltic pump operating in push mode for the solutions that
were injected into the sensor crystal chamber. At first, a stable
baseline with sterile 100 mM PBS, pH 7.4, was acquired at 20 uL
min~" at 37 °C. The deposition of S. aureus and P. aeruginosa cells on
the sensor was achieved after 3 h of circulating the inoculum (ODgy,
= 0.2) in MHB. Thereafter, PBS was flowed through for ~1 h to
remove the loosely deposited bacteria and establish a second baseline.
Afterward, EO and Ab@EO NCs (3 X 10° NCs mL™!) were
circulated for 30 min at 20 uL min~", and 100 mM PBS, pH 7.4, was
flowed to establish the third baseline. The experiments were
performed in triplicate for each sample. For simplification of the
data interpretation, only the normalized frequency (f) and dissipation
(D) shifts as a function of time of one representative sample per
experimental group (fifth harmonic) are shown.

4.6. Antibacterial Activity Tests. The antibacterial activity of
EO NCs and antibody-functionalized EO NCs was assessed toward
the targeted S. aureus in a single and mixed coculture with
nontargeted P. aeruginosa. Briefly, bacteria were grown overnight at
37 °C in a MHB medium. Then 50 uL of the EO NCs and Ab@EO
NCs (3 X 10° NCs mL™") were mixed with 50 uL of a single S. aureus
or dual S. aureus and P. aeruginosa inoculum in 100 mM PBS, pH 7.4
(final ODgyy = 0.005, ~10°—10° CFU mL™"). The samples were
incubated for 24 h at 37 °C with shaking at 230 rpm. The number of
surviving bacteria during the NCs treatment was determined after the
plating of 15 uL of the suspensions onto specific agar plates and
further incubation for 24 h at 37 °C. A bacterial inoculum without
NCs served as the negative control (no bactericidal activity).

4.7. Nanocapsules Interaction with Bacteria Assessed by
Scanning Electron Microscopy. The specific interaction of Ab@
EO NCs with S. aureus in a mixed bacterial inoculum with
nontargeted P. aeruginosa was studied by SEM. Briefly, 250 uL of
EO and Ab@EO NCs (3 x 10° NCs mL™") were mixed with 250 uL
of a bacterial inoculum of S. aureus and P. aeruginosa (final ODyy =

35925

0.005, ~10°=10° CFU mL™") in 100 mM phosphate buffer (PB), pH
7.4, for 3 h at 37 °C with shaking. After that, bacteria were collected
and purified with 100 mM PB, pH 7.4, by centrifugation (4000g, 15
min). The pellet was resuspended in 2% paraformaldehyde/2.5%
glutaraldehyde fixative solution (in PB, pH 7.4) and left overnight at 4
°C. Then 100 uL of the samples was deposited on a glass slide piece.
After 30 min, the cells were dehydrated using ascending grades of
ethanol (25%, 50%, 75%, and 100%, 1 h each). After the samples
underwent chemical drying with hexamethyldisilazane, they were
sputter-coated with carbon using Emitech K-950X and analyzed in a
field emission SEM (JEOL, J-7001F), operating at 10 kV with a
secondary electron detector.

4.8. Biocompatibility Evaluation. Human fibroblast cells were
used to determine the toxicity of the NCs as previously described with
some modifications.'” Briefly, the cells were maintained in Dulbecco’s
modified Eagle’s medium (DMEM, ATCC) containing 10% (v/v)
fetal bovine serum, 1% penicillin, and 200 mM glutamine, at 37 °C in
a humidified atmosphere with 5% CO,. At preconfluence, the cells
were harvested using trypsin-EDTA (ATCC-30-2101, 0.25% (w/v)
trypsin/0.53 mM EDTA solution in Hank’s BSS without calcium or
magnesium) and seeded at a density of 60 X 10* cells per well on a
96-well tissue culture treated polystyrene plate (Nunc). After 24 h, the
cells were washed with sterile PBS and the NCs at their bactericidal
concentrations were placed in the wells. The cells were incubated at
37 °C for 24 h. Then the samples were removed, the growth media
withdrawn, and the cells washed with 100 mM PBS, pH 7.4, and
stained for 4 h at 37 °C with 100 uL of 10% (v/v) AlamarBlue cell
viability reagent in DMEM. Thereafter, the absorbance at 570 nm was
measured, using 600 nm as a reference wavelength, in a microplate
reader. All results are reported as mean values + standard deviations
(n = 3). The cells’ morphology and viability were also studied by a
live/dead viability/cytotoxicity assay kit for mammalian cells. Briefly,
the cells were stained for 15 min in the dark with a mixture of both
stains at a ratio of 4:1 calcein/ethidium homodimer in PBS. The
nonreacted stains were further washed with PBS, and the cells were
observed using a fluorescence microscope (Nikon/Eclipse Ti—S, The
Netherlands).

4.9. Antibacterial Efficacy of the Nanocapsules in an In Vitro
Coculture Model of S. aureus and Human Cells. The
antibacterial efficacy of the NCs was evaluated in an in vitro coculture
model of human cells and S. aureus. The cells were seeded at a density
of 60 X 10* cells per well on a 96-well tissue culture treated
polystyrene plate (Nunc) and incubated for 24 h at 37 °C. Afterward,
the cells were washed with 100 mM PBS, pH 7.4, and inoculated with
100 uL of S. aureus (ODgyo = 0.005) in DMEM (without antibiotic)
for 1 h more to allow bacteria to adhere to the cells. The cells were
washed with PBS, and then 100 uL of the NCs was added at their
bactericidal concentrations to test their antibacterial effect on S.
aureus and the toxicity on the fibroblast cells. Control samples not
treated and not infected, not treated and infected, and also treated
with 10 ug/mL gentamycin sulfate were also performed. After 24 h of
incubation, the cells were washed with 100 mM PBS, pH 7.4, and
0.5% Triton X-100 was added for 15 min at 37 °C to disrupt the cell
membrane and obtain the intracellular bacteria. The suspensions were
then diluted in 100 mM PBS, pH 7.4, and further seeded on agar
plates to count the live bacterial colonies. In parallel, the cells treated
with the NCs were washed and immediately subjected to cytotoxicity
assessment using a live/dead viability/cytotoxicity kit for mammalian
cells as described before.
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