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ARTICLE INFO ABSTRACT

Electrospinning enables to design and manufacture novel drug delivery systems capable of advancing the local
antibacterial therapy. In this study, two hydrophilic drugs — metronidazole and ciprofloxacin hydrochloride —
were loaded both individually and in combination into hydrophobic poly(e-caprolactone) (PCL) matrix using
electrospinning. We aimed to develop prolonged release drug delivery systems suitable for the treatment of
periodontal diseases and understand how different rarely studied structural features, such as nanofiber mat
thickness, surface area, wettability, together with intrinsic properties, like solid state and localization of in-
corporated drugs in nanofibers, affect the drug release. Furthermore, the safety of nanofiber mats was assessed in
vitro on fibroblasts, and their antibacterial activity was tested on selected strains of periodontopathogenic
bacteria. The results showed that the structural properties of nanofiber mat are crucial in particular drug-
polymer combinations, affecting the drug release and consequently the antibacterial activity. The hydro-
phobicity of a PCL nanofiber mat and its thickness are the key characteristics in prolonged hydrophilic drug
release, but only when wetting is the rate-limiting step for the drug release. Combination of drugs showed
beneficial effects by inhibiting the growth of all tested pathogenic bacterial strains important in periodontal
diseases.
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Electrospun antibiotic-loaded nanofibrous mats are promising,
widely applicable, novel delivery systems in the local treatment of in-

1. Introduction

Periodontal diseases are classified as inflammatory diseases that
cause several abnormalities affecting the periodontium, including
bleeding, pain, formation of periodontal pockets, detachment and bone
loss, tooth mobility and loss due to the increased number of period-
ontopathogenic bacteria in the biofilm along with an unbalanced im-
mune response (Hajishengallis, 2014). Periodontal pockets provide an
excellent location for drug delivery, and thus antibiotics can be pre-
cisely delivered to the infected site. Local antibacterial treatment has
several advantages over systemic administration, such as allowing
higher antibiotic levels while avoiding systemic toxicity, prolonged
retention of antibiotic at the target site with the consequent decreased
possibility of emergence of bacterial resistance, and enhanced patient
compliance (Palmeira-de-Oliveira et al., 2015; Ulubayram et al., 2015;
Zupancic et al., 2015b). Thus, patients with periodontal diseases should
benefit from local antibacterial therapy.
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fectious diseases, including periodontal diseases (Pelipenko et al.,
2015). They need certain specific characteristics to ensure efficient and
prolonged drug delivery. Drug release should be controlled so that the
local concentration of antibiotic can be kept above the minimum in-
hibitory concentration (MIC) for at least one week to achieve good
antibacterial efficacy and prevent the development of antibiotic re-
sistance (Zupancic¢ et al., 2015b). The delivery system needs to be
biocompatible, with biodegradability and bioadhesiveness also being
desired. Since drug release from electrospun hydrophilic polymer mats
is usually immediate, hydrophobic polymer mats are preferred. One of
the most extensively studied synthetic hydrophobic biodegradable
polymers for nanofiber preparation is poly(e-caprolactone) (PCL). It is a
polymer approved by the Food and Drug Administration (FDA), is
chemically stable, biocompatible, biodegradable, affordable, and can be
easily electrospun (Dash and Konkimalla, 2012; Pelipenko et al., 2015).
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Although PCL has many characteristics favoring the preparation of
dosage forms of controlled drug release, incorporation of hydrophilic
drugs into its matrix can be challenging (Dash and Konkimalla, 2012).
Even though some studies have reported prolonged drug release over
24 h (Potr¢ et al., 2015; Sultanova et al., 2016), a few days (Amna et al.,
2013; Srikar et al., 2008), one week (Karuppuswamy et al., 2015; Xue
et al., 2014; Zupancic et al., 2016), two weeks or even longer (Zamani
et al., 2010), some reports are about fast drug release lasting from only
few minutes (Siafaka et al., 2016) to few hours (Potr¢ et al., 2015;
Zupancic et al., 2015a). Several explanations for such drug release
behavior have been proposed. Release can depend on the nature of the
incorporated drug (Potr¢ et al., 2015), the polymer concentration in the
electrospinning solution, polymer molecular weight (Srikar et al.,
2008), drug-polymer interactions (e.g. hydrogen bonding), inter-
molecular forces binding drug to the polymer surface in the presence of
water (hydrophobic interactions) (Preem et al., 2017; Srikar et al.,
2008), drug loading (Karuppuswamy et al., 2015; Potr¢ et al., 2015;
Xue et al., 2014; Zamani et al., 2010), nanofiber morphology (Zupancic
et al., 2015a), and medium used for the preparation of polymer solution
(Zamani et al., 2010). Not to mention, that the drug release experi-
mental conditions (e.g. temperature, agitation etc.) may affect the drug
release from electrospun nanofibers. Different mechanisms of drug re-
lease from electrospun nanofiber mats have been suggested, such as
drug diffusion (Karuppuswamy et al., 2015; Sultanova et al., 2016),
erosion (Karuppuswamy et al., 2015), and drug desorption from
polymer matrix (Srikar et al., 2008). These mechanisms depend mostly
on the intrinsic material and nanofiber properties, whereas the effect of
the structural properties of nanofiber mat on drug release has scarcely
been explored. One such extrinsic structural feature is nanofiber mat
porosity, which due to air capture in pores between the nanofibers
decreases nanofiber mat wettability compared to polymer films. As both
intrinsic and extrinsic properties of the nanofiber mats govern their
biopharmaceutical behavior, understanding the link between these
properties, drug release and antibacterial activity is crucial to achieve
successful therapeutic outcomes. For example, the importance of PCL
nanofiber hydrophobicity has already been shown in the case of tissue
engineering in which high hydrophobicity decreases cell adhesion and
proliferation (Ghasemi-Mobarakeh et al., 2008; Ku and Park, 2010) and
degradation of polymer matrix in aqueous media (Cui et al., 2008).

Our aim was first to develop PCL nanofiber mats loaded with two
different hydrophilic antibacterial drugs, metronidazole (MTZ), which
is well known in the current protocols for the treatment of periodontal
disease, and ciprofloxacin (CIP), with proven antibacterial activity
against periodontopathogenic bacteria. Second, the effects of the rarely
studied structural features, such as nanofiber mat thickness, surface
area, and wettability, as well as intrinsic properties, including solid
state and localization of incorporated drugs in the nanofibers on drug
release, were systematically examined to find critical parameters that
can distinguish and explain the drug release from nanofiber mats.
Finally, safety of the nanofiber mats was assessed in vitro on fibroblasts,
and their antibacterial activity was tested on selected strains of peri-
odontopathogenic bacteria in vitro.

2. Experimental section
2.1. Materials

Acetic acid (100%) and formic acid (98-100%) were from J. T.
Baker, Germany. PCL (M,, = 80kDa) and MTZ were purchased from
Sigma Aldrich, USA. CIP HCI was obtained from Alfa Aesar, Germany.
Potassium dihydrogen phosphate, sodium hydroxide, methanol, and
acetonitrile were purchased from Merck, USA. Triton X-100 was pur-
chased from BioTop, Austria. All chemicals were used as received
without any further purification or modification.
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2.2. Nanofiber mat preparation

A solvent mixture of acetic and formic acid in a ratio 3:1 (w/w) was
used for preparing all 15% (w/w) PCL solutions, since this mixture
enabled dissolution of hydrophobic polymer and hydrophilic drugs
used in this study. An hour before electrospinning the drugs or a
combination of both, in a weight ratio of 1:1 was added to achieve the
theoretical 5% (w/w) drug loading in the electrospun mat. The polymer
solutions had been stirred at room temperature and electrospun right
after all the components had been fully dissolved to minimize un-
desirable PCL hydrolysis (Gil-Castell et al., 2017). Nanofibers were
produced using vertical electrospinning technology with a Fluidnatek
LE-100 apparatus (Bioinicia, Spain) with a monoaxial nozzle at
21 + 2°Cand the relative humidity of 35 = 2%. Positive high voltage
(16-17 kV) was applied to the nozzle and the collector was negatively
charged with —5kV. Nanofibers were electrospun from a polymer so-
lution at a flow rate of 1 mL/h. To obtain a nanofiber mat of homo-
genous thickness, a rotating drum of 9.55 cm diameter was used as a
collector, with a rotation speed of 150 rpm. The distance between the
nozzle and the collector was 15cm. The nozzle was simultaneously
moving perpendicular to the direction of the drum rotation, at a speed
of 6.0 mm/s and in the range of 3 cm. The process was run for different
times to produce nanofiber mats of different thicknesses.

2.3. Preparation of physical mixtures

To understand the solid state of a drug within nanofibers, physical
mixtures of PCL and drug powder were prepared as reference materials.
PCL powder was made by mechanical crushing of PCL filaments (pre-
pared using melt electrospinning set-up in a Nano NC electrospinning
robot, South Korea, at 200 °C, a relative humidity (RH) of 16%, a vol-
tage of 4kV, a roller speed of 30 rpm, a flow rate of 2 mL/h) together
with liquid nitrogen in a mortar and pestle. We fixed the powder par-
ticle size with a sieve (mesh size 500 pm). The amount of MTZ, CIP HClL
or a combination of them was the same as described in Section 2.2.

2.4. Physical characterization

2.4.1. Conductivity of the drug solutions

The conductivity of drug solutions, with the same solvent compo-
sition and drug content as used for electrospinning, was measured by a
MC226 Conductivity Meter and electrode Inlab 741 (Mettler Toledo,
Switzerland).

2.4.2. Nanofiber and nanofiber mat morphology and topography

As described elsewhere (Pelipenko et al., 2013), the nanofiber mats
were fixed onto the metallic studs with double-sided conductive tape
and examined with a field emission scanning electron microscope (SEM,
Supra 35 VP, Carl Zeiss, Oberkochen, Germany) at an acceleration
voltage of 1kV, with a secondary detector. SEM equipment allowed a
high-resolution imaging of the non-coated samples at low accelerating
voltage with negligible electrical surface charging. Therefore, the
samples examined were used in their native state without any possible
artefacts due to coating.

2.4.3. Determination of thickness, density, and porosity of nanofiber mats

Nanofiber mats were cut at 3 random locations and pasted to the
studs at an angle of 90°. The thickness of the cross-sections was de-
termined by stereomicroscopy (Olympus SZX12, Japan). A nanofiber
mat of 2.6 cm? surface area was weighed and its density, pxp mat, Was
calculated by dividing the weight by the volume. Porosity, ¢, was cal-
culated by using Eq. (1), where PCL bulk density, (ppcr= 1.145 mg/
mm?>) was given by the supplier.

£(%) = 100 — ONE mat o 100
PpcL
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