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/ The aim of this paper was to obtain a hybrid \
biostructure, combining the Eugenia caryophyllata essential
oil and a silica network and to demonstrate by in vitro
studies its potential chemotherapeutic value to improve the
efficacy of different classes of antibiotics currently used
against Gram-positive and Gram-negative bacterial strains.
The obtained hybrid structure significantly improved the
activity of topic antibiotics, such as bacitracin and
neomycin sulfate, by significantly decreasing their minimal
inhibitory concentration. This antibiotics potentiating
activity, together with no measurable in vitro cytotoxicity,
make this hybrid structure potentially relevant for

biomedicine applications, especially in the antimicrobial
therapy.

/ Scopul acestei lucrdri a fost obtinerea @
biostructuri hibride, combinénd uleiul esential de Eugenia

caryophyllata si o retea de silice si demonstrarea prin studii
in vitro, a potentialului chemoterapeutic de a imbunatati
eficienta diferitelor clase de antibiotice asupra tulpinilor
bacteriene Gram-pozitive si Gram-negative. Structura
hibrida obtinuta a imbundatatit semnificativ activitatea
antibioticelor topice, cum ar fi bacitracina si sulfatul de
neomicind, prin reducerea semnificativd a concentratiei
minime inhibitorii. Aceastd activitate de potentare a
demonstreazd potentialul relevant al structurii hibride
obtinute pentru aplicatii in biomedicind, in special in terapia
antimicrobiana.

Keywords: hybrid material, silica, drug delivery, biocompatibility, antimicrobial therapy

1. Introduction

The alarming rates of the occurrence and
spreading of multiple antibiotic resistant bacteria
have triggered the attention of global surveillance
authorities and public media and a huge demand
for novel effective antimicrobial drugs [1]. The
materials science and biotechnology are recently
exploited for the design of new strategies for the
improvement of the activity of the existing arsenal of
drugs [2-10]. Plant secondary metabolites
(phytochemicals) have already demonstrated their
potential as antibacterials when used alone and as
synergists or potentiators of other antibacterial
agents [11]. Phytochemicals frequently act through
different mechanisms than conventional antibiotics
and could, therefore be of use in the treatment of
infections produced by resistant bacteria [12,13].
The essential oil extracted from the dried flower
buds of clove, Eugenia caryophyllata L. Merr. &
Perry (Myrtaceae), has as main constituents
phenylpropanoids such as carvacrol, thymol,
eugenol and cinnamaldehyde, with inhibitory activity
against several microorganisms and parasites,
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including pathogenic bacteria, fungi, Herpes
simplex and hepatitis C viruses, as well as
antioxidant, antiinflammatory, cytotoxic, insect
repellent and anaesthetic properties [14,15].

In the present paper we report the
fabrication, characterization and the bio-evaluation
of a new hybrid biostructure based on E.
caryophyllata and silica network, to establish its
potential chemotherapeutic value by improving the
efficacy of different classes of antibiotics currently
used against Gram-positive and Gram-negative
bacterial strains.

2. Materials and Methods

Sodium metasilicate and sulfuric acid (ACS
reagent 95-98%), from Sigma-Aldrich, were used
without any further purification.

The E. caryophyllata essential oil (EO)
microwave assisted extraction was performed in a
Neo-Clevenger type apparatus [16] and its
chemical composition was settled by GC-MS, the
results being presented in previous [17].

EO was dispersed in 100 mL ultrapure water
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(1 %, wiv) (sol A) and sodium metasilicate (20 mL)
was dissolved in 100 mL ultrapure water (sol B).
The sol A was dropped in the sol B under vigorous
stirring. Thereafter, a solution consisting of 5 %
H,SO, was dropped under permanent stirring up to
pH = 7, leading to the formation of transparent
hydrogels. The product (EO-SiO,) were filtered and
repeatedly washed with ultrapure water and
subsequently dried at room temperature.

The amount of the antibiotic adsorbed on
the EO-SiO, support was 10 %. The EO-SiO, and
the respective antibiotics (bacitracin, neomycin
sulfate, kanamycin sulfate and amoxicillin) to be
adsorbed were mixed in the presence of 2 mL of
ultrapure water until the latter completely
evaporated at 40°C.

SEM analysis was performed on a
HITACHI S2600N electron microscope, at 15 or
20keV, in primary electrons fascicle, on gold
covered samples.

A Nicolet 6700 FT-IR spectrometer
(Thermo Nicolet, Madison, WI) connected to
software of the OMNIC operating system (Version
7.0 Thermo Nicolet) was used to obtain FT-IR
spectra of hybrid materials. The samples were
placed in contact with attenuated total reflectance
(ATR) on a multibounce plate of ZnSe crystal at
controlled ambient temperature (25°C). FT-IR
spectra were collected in the frequency range of
4,000-650 cm™ by co-adding 32 scans and at a
resolution of 4 cm™ with strong apodization. The
spectra were recorded as absorbance values at
each data point in triplicate.

The Brunauer-Emmett-Teller  (BET)
analysis was performed on a Micrometrics Gemini
V2 model 2380, surface area and pore size
analyzer. The adsorption isotherms were obtained
by measuring the amount of gas adsorbed across
a wide range of relative pressures at a constant
temperature (N,, 77K and pressure between 780
and 7.8 mmHg). Conversely desorption isotherms
are achieved by measuring gas removed as
pressure is reduced.
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X-ray diffraction analysis was performed
on a Shimadzu XRD 6000 diffractometer at room
temperature. In all the cases, Cu Ka radiation
(A=1,5406A at 15 mA and 30 kV) was used. The
samples were scanned in the Bragg angle 26
range of 10-80 degree.

Staphylococcus aureus ATCC 25923 and
Escherichia coli ATCC 25922 reference bacterial
strains were used in this study. Quantitative testing
of the antimicrobial activity of hybrid structure with
the establishment of minimum inhibitory
concentration (MIC) was  performed by
microdilution method in liquid medium (Mueller
Hinton broth), using 96 multiwell plates [18-20].
Two-fold serial microdilutions were achieved in
200 pL medium, the dilution range varying,
depending on the tested antibiotic and the
bacterial strain, in accordance with CLSI
breakpoints [21]. Subsequently, the wells were
seeded with 50 pL of each bacterial suspension,
adjusted to 0.5 MacFarland density. Positive and
negative controls were used. After incubating the
plates at 37°C for 24 h, the results were
macroscopically assessed for bacterial growth,
MIC corresponding to the well with clear content,
thus without no visible microbial growth.

3. Results

Inorganic materials have been reported as
drug delivery systems (DDS) with improved
antimicrobial activity [22-28]. Inorganic DDS
proved to be ideal supporting materials, because
they are easily obtained from several precursors
and retained stability in most chemical and
biological environments [29].

FT-IR spectrum of EO-SiO, is plotted in
Figure 1. The FT-IR spectrum show absorption
bands arising at 1045 cm™ from asymmetric
vibration of Si-O, at 964 cm™ asymmetric vibration
of Si-OH, and at 793 cm™' from symmetric
vibration of Si—O [30], as well as the absorption
band of alkyl groups at 2936 and 2854 cm™,

Fig. 1- FT-IR spectrum of
EO-SiO, / Spectrul
FT-IR pentru
EO-SiO;
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Fig. 2 - XRD difractogram
of EO-SiO, /
Difractograma
XRD pentru
EO-SiO,.
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Fig. 3 - SEM micrographs of EO-SiO;; a. x500; b. x1500; c. x10000 (20kV); d. x10000 (15kV)/Micrografii SEM pentru EO-SiO5; a. x500;
b. x1500; c. x10000 (20kV); d. x10000 (15kV).

absorption band of cis olefin groups or carbonyl
groups from EO at 1634 cm”, and a broad
absorption bands indicating hydroxyl groups from
EO and SiO, between 3200-3600 cm™. The
presence of residual silanol (Si—-OH) groups is
frequently observed in many sol-gel derived
materials, reflecting the incomplete
polycondensation [31].

The XRD pattern of the biohybrid structure
EO-SIO, is plotted in Figure 2 and exhibit a broad
peak in the range of 15-35° (26), which indicates

an amorphous structure.

The SEM images exhibit characteristic
sharp edges (Fig. 3) — or agglomerates composed
by nanometric particles (Fig. 3). The co-existence
of the two types of structures can be explained by
taking into account that SiO, have limited
crystallinity, the sharp edged structures being
resulted by grinding.

The structure of this sample is further
characterized by N, adsorption. The isotherm
(Figure 4) of this sample is type-IV with a capillary
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Fig. 4 - BET analysis of EO-SiO, / Analiza BET pentru EO-SiO;,
Table 1
Centralized BET data of EO-SiO, / Datele BET centralizate pentru EO-SiO,
EO-SiO,
Single point surface area at p/p° = 0.300423966/Aria suprafetei intr-un singur punct la p/p° = 0,300423966 36.92 m?/g
BET Surface Area / Aria suprafetei BET 37.87 m3g
Langmuir Surface Area / Aria suprafetei Langmuir 54.85 m?/g
BJH Adsorption cumulative surface area of pores between 1.7 nm and 300nm diameter / Aria suprafetei 36.97 m2/
cumulative de adsorbtie BJH a porilor cu diametru intre 1,7 nm si 300 nm ) 9
BJH Adsorption average pore diameter (4V/A) / Diametrul mediu al porilor determinat prin adsorbtie BJH (4V/A) 34.65 nm
condensation step at large relative pressures P/P° demonstrating its potentiator effect on the

of 0,30. The sample exhibit a BET surface area of
37,87 m2/g and Langmuir surface area of 54,85
m2/g. The average pore size is about 34,65 nm.
Based on the BET analysis estimations about
surface area and pore diameters were done, the
most important data being centralized in Table 1.

Silica-based hybrid materials have been
previously reported to be effective in the antibiotic
drugs release, i.e. silica-coated Fe,Os
nanoparticles for the covalent immobilization and
release of antimicrobial drug sparfloxacin [32];
sodium alginate, chitosan and silica network [33];
composite particles of polymeric magnetic silica
[34]; silver and zinc nanoparticle-doped SiO,
microspheres exhibited effective inhibition against
proliferation of E. coli and Streptococcus faecalis
[35 - 37]; SiO,-Cu core-shell composite proved to
be more efficient in killing E. coli as compared with
S. aureus and Candida albicans, also inducing
morphological changes revealed by TEM [38,39];
ciprofloxacin-encapsulated silica nanoshells
synthesized from gold@silica core-shell
nanoparticles had an improved MIC towards E. coli
and Lactococcus lactis strains [40]. The TiO,, SiO,
and ZnO showed dose dependent antibacterial
toxicity under both dark and light conditions
indicating that mechanisms additional to reactive
oxygen species production were responsible for
growth inhibition [41].

In the present study, the EO-SiO, biohybrid
system showed a significant decrease of the MIC
values, as compared with the antibiotic solution,

antimicrobial activity of bacitracin on S. aureus and
neomycin sulphate on E. coli (Fig. 5 a, b). These
results could be significant, taking into account the
high cytotoxicity and poor oral bioavailability of
these antibiotics, which are used mostly for topical
use. The use of such DDS could decrease the
required active doses of antibiotics, thus
diminishing their adverse effects on the host. The
peptidic antibiotics, such bacitracin are acting by
disrupting the cell wall and fosfolipids synthesis
both in Gram-positive and Gram-negative both
bacteria. The EOs are also acting by disrupting the

integrity of the bacterial wall, acting thus
synergically with the antibiotic. In case of
neomycin, an extremely nephrotoxic

aminoglycoside antibiotic, the potentiating effect of
the biohybrid could be explained by the fact that
the Eos is previously inducing lesions in the
bacterial cell wall, facilitating the internalization of
the neomycin antibiotic and its access to the
intracellular  target, represented by protein
synthesis. For the other two tested antibiotics, i.e.
kanamycin  sulphate and amoxicillin, no
improvement in the antibacterial activity has been
observed. The fact that the EO-SiO, biohybrid
system is differently influencing the activity of
antibiotics belonging to the same class, e.g.
aminoglycosides, is clearly demonstrating that
these antibiotics are differently interacting with the
proposed carrier, probably by covalent binding,
influencing thus the subsequent antimicrobial
activity of the respective drug, which is depending
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Fig. 5 - Graphic representation of MIC values of antibiotics loaded on the EO-SiO, versus antibiotic control towards S. aureus (a) and E.

coli (b)/ Reprezentarea grafica a valorilor CMI ale structurii hibride incarcate cu antibiotice versus solutia de antibiotic fatd de S.
aureus (a) si E. coli (b).

on the availability of functional groups, such as After 24 h of treatment, a very low number
amino substituents in case of aminoglycosides and of dead cells (stained in red), indicating a low
amoxicillin. cytotoxicity was observed at the fluorescence
The assessment of the EO-SiO, biohybrid microscope examination. The monolayer integrity
cytotoxicity and influence on the eukaryotic cellular was not affected by the treatment as revealed by
cycle were perform_gd at 10pL/mL concentration. the inverted microscope examination (Fig. 6).
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Fig. 6 - Invertd roscope (left) and fluorescence microsocopy images (right) of the cellular monolayer after 24 h of treatment with

10uL/mL EO-SiO,/ Imagini de microscopie inversata (stdnga) si de fluorescenta (dreapta) ale monostratului celular examinat
dupé 24 h de tratament cu 10uL/mL EO-SiO,.
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Fig. 7 - Histograms of flow cytometry analysis of the eukaryotic cell cycle after 24 h of (a) control and (b) treatment with 10uL/mL EO-

SiO,/ Histogramele rezultate in urma analizei prin citometrie in flux a ciclului celular dupa 24 h pentru control (a) si tratament
cu 10uL/mL EO-SiO, (b).
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The cellular cycle was also not affected by
the treatment, demonstrating that the obtained
hybrid system is highly compatible and could be
used for in vivo applications (Fig. 7). A variety of
flow or cytometric methods to analyze the cell
cycle progression have been developed in the past
decades. We have used a single time-point
measurement revealing the percentage of cells in
G 1 vs. S vs. G2/M, the duration of each phase,
however, being estimated from the percentage of
cells in this phase if the length of the cell cycle (or
the doubling time of cells in the culture) is known
[42].

The three colors are representing the
estimated percentage of cells found in the three
celullar phases, i.e. G1, S, G2, after univariate
analysis of the cellular DNA content following cell
staining with  propidium iodide (Pl) and
deconvolution of the cellular DNA content
frequency histograms. No significant difference in
the number of apoptotic cells (indicated by the
arrow) was observed in treated versus untreated
cells.

4. Conclusions

The EO-SiO, biostructure was
synthesized, characterized by FT-IR, XRD, SEM,
BET and studied for the potentiation of different
antibiotics’ activity. The obtained hybrid structure
significantly improved the activity of toxic
antibiotics, such as bacitracin and neomycin
sulfate, by significantly decreasing their MICs. This
potentiating activity, together with no measurable in
vitro cytotoxicity, makes this conjugate potentially
relevant for medicine applications.
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