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Abstract: Engineered electrospun membranes have emerged as promising materials in guided tis-
sue regeneration, as they provide an appropriate framework for the formation of new functional
periodontal tissues. The development of multifunctional local drug delivery systems with sustained
release of drugs for prolonged infection control can be used in periodontal surgical interventions to
simultaneously prohibit epithelium downgrowth and ensure proper healing and regeneration of
damaged periodontal tissues. The aim of the present study was the fabrication of novel composite
membranes from PLGA/moxifloxacin-loaded mesoporous nanocarriers through electrospinning
and the evaluation of their drug release profiles. The addition of moxifloxacin-loaded mesoporous
nanocarriers in PLGA yielded a sustained and prolonged drug release, while maintaining satisfac-
tory mechanical strength. The freshly fabricated membranes were found to be biocompatible at
masses less than 1 mg after exposure to healthy erythrocytes. Increase in the amount of polymer led
to more uniform fibers with large diameters and pores. The study of the parameters of the electro-
spinning process indicated that increase in the applied voltage value and rotation speed of the col-
lector led to more uniform fibers with higher diameter and larger pores, suitable for tissue regener-
ation applications, such as periodontal tissue regeneration.

Keywords: electrospun membranes; mesoporous nanoparticles; drug delivery; MCM-41; moxifloxacin;
PLGA; electrospinning process; sol-gel technique; periodontal restoration; hemocompatibility

1. Introduction

Periodontitis is a multifactorial, multifaceted chronic inflammatory condition that af-
fects the periodontium (the soft and hard tissues that surround the tooth) causing irre-
versible loss of tooth retention. The failure to diagnose and treat the disease can lead to
severe damage to the alveolar bone and tooth support causing functional alterations that
could lead to premature tooth loss. The consequences of untreated periodontal disease
have a wide range of effects on a person’s quality of life. Thus, the goal of periodontal
restoration is to maintain and/or regenerate the architecture of the dental support system
in order to maintain its function [1,2]. A wide variety of treatments have been proposed
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to treat different stages of the disease, starting with simple receding gingival tissue and
ending with more aggressive periodontal infection associated with bone breakdown [1,2].

Within this framework, guided tissue regeneration (GTR) was introduced as an ef-
fective strategy for the treatment of periodontal infections [3]. This approach involves the
complete reconstruction of the injured tissue using synthetic barrier membranes to pre-
vent epithelial downgrowth, providing an appropriate healing space for bone and perio-
dontal tissue [3,4]. Bioabsorbable membranes are considered the most suitable candidates
considering the lack of need for a second surgery, which guarantees a lower chance of
infection [3,4]. Attempts to provide regenerative therapies in periodontitis, such as guided
tissue/bone regeneration (GTR/GBR), for periodontal regeneration have also been per-
formed [5,6]. In this respect, membranes that act as scaffolds, simulating the extracellular
matrix (ECM), could be more effective in recruiting progenitor cells from the surrounding
tissues that could differentiate into osteoblasts, fibroblasts, and cementoblasts, which are
able to regenerate the complete periodontal tissue apparatus [5,6].

Biodegradable polymers with high processing flexibility are the most sought-after
candidates for tissue engineering applications. Synthetic biodegradable polymers with a
well-defined structure and without immune reactions widely used in tissue engineering
include polyesters, polyhydrates, polyurethanes, etc. [7]. The most widely used synthetic
biodegradable polymers in tissue regeneration are aliphatic polyesters. Aliphatic polyes-
ters can form stable porous materials that do not dissolve or melt in vitro and are used as
3D scaffolds. Such materials are regularly degraded by the hydrolysis of esters. Degrada-
tion rates and degradation products can be adjusted according to composition, structure,
and molecular weight. Poly(lactic acid) (PLA), polyglycolic acid (PGA), and their copoly-
mer poly(lactic-glycolic acid) (PLGA) are some of the well-known polyesters [7-9]. PLGA
is a synthetic copolymer, approved by the US Food and Drug Administration for medical
applications. PLGA degradation rates can be adjusted to range from weeks to months,
based on the ratio of PLA to PGA within the copolymer structure [10-12]. The range of
commonly available solvents in which PLGA can be dissolved and the ease with which it
can be formed in desired sizes and shapes are two of the many advantages of PLGA over
pure PGA and PLA. Biomolecules, such as active substances and growth factors, can also
be easily encapsulated by PLGA [10,11]. PGA is more hydrophilic than PLA due to the
lack of additional asymmetric methyl groups. Therefore, the addition of PGA to a PLGA
copolymer is a method of increasing the water solubility of PLGA. Another consequence
of the hydrophilicity of PGA is its relatively fast degradation rate. PGA is degraded in
about two to four weeks in vivo, losing up to 60% of its mass in the first two weeks. There-
fore, the appropriate PLA/PGA ratio could give the scaffolds the desired rate of degrada-
tion with enhanced mechanical properties [13]. PLGA, has been employed for periodontal
regeneration because of its favorable mechanical properties, controllable degradation
rates, and improved biocompatibility. Despite its appealing characteristics, PLGA pre-
sents constraints related to its hydrophobicity and restricted bioactivity. Improving these
functions of the polymer could make it appropriate in applications needing barrier mem-
branes, bone grafts, and drug transport carriers, which implies that PLGA may be an ex-
cellent candidate in periodontal regenerative medicine [14].

The application of the systemic administration of growth factors and/or drugs for the
enhancement of bone regeneration is accompanied by significant side effects and limited
bioavailability [15,16]. Although various local release systems of drugs or growth factors
are being investigated, controlled, and sustained release for the extended periods of time
required for new tissue formation has not been achieved yet. Therefore, the most im-
portant challenge of a composite scaffold for bone regeneration is to additionally provide
the possibility of local, controlled dissolution/release of growth factors in a normal envi-
ronment, to effectively induce its osteogenetic and angiogenic capacity [15,16]. Composite
bioceramic/polymer scaffolds could incorporate growth factor carriers that contribute to
osteogenesis. Silica-based mesoporous nanocarriers (MSNs) synthesized via the sol-gel
technique, which produces high purity homogeneous products by controlling particle
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size, distribution, and morphology, could improve not only the mechanical properties of
composite scaffolds for periodontal tissue regeneration, but also the capacity for apatite
formation and the release of various drugs and molecules [17-27]. The use of MSNs doped
with calcium Ca and/or magnesium Mg ions, as well as strontium Sr, can provide a dy-
namic carrier system, with appropriate surface structure, chemical stability, osteoinduc-
tive action, and appropriate release profile. However, due to the problems of inflamma-
tion during the early stages of implantation, there is a need for alternative approaches to
the antibiotics used today [28].

Moxifloxacin (MOX), ciprofloxacin, levofloxacin, and ofloxacin are alternative anti-
biotics. They belong to the fourth generation of fluoroquinolone antibiotics and provide
antimicrobial activity against a wide range of aerobic and anaerobic bacteria, including S.
aureus, which is the major pathogen associated with osteomyelitis. MOX is superior to
ciprofloxacin, levofloxacin, and ofloxacin against Staphylococcus aureus, and could there-
fore be applied locally for bacterial eradication [29]. Moxifloxacin exerts superb antibac-
terial activity against an extensive variety of putative periodontal pathogens, such as Por-
phyromonas gingivalis, Tannerella forsythia, Peptostreptococcus spp., etc. Its bactericidal effec-
tiveness in opposition to biofilm-embedded Porphyromonas gingivalis, A. actinomycetem-
comitans, and Streptococcus constellatus was observed to be advanced compared to other
drugs. Moxifloxacin penetrates effectively into the tissues and its systemic administration
in combination to scaling and root planing proved more efficient compared with doxycy-
cline or scaling and root planing alone [30-35].

In tissue engineering, scaffolds or membranes come in direct contact with living tis-
sues, with blood being the first. At the blood-biomaterial interface, several physicochem-
ical characteristics can cause surface-induced thrombosis or hemolysis, through erythro-
cyte membrane rupture and local release of hemoglobin [36]. Hemolysis can affect bone
regeneration, primarily by affecting the healing process. Bone healing occurs through
blood clot stabilization and hematoma dissolution, which results in the release of chemo-
tactic agents, such as cytokines and growth factors that induce the recruitment of oste-
oprogenitor cells [37], which proliferate and differentiate to produce mature bone forming
cells [38]. For periodontal regeneration, new alveolar bone should be formed along with
cementum and periodontal ligament [38]. Thus, bone healing and regeneration is ensured
with engineered constructs with blood compatible surfaces, rendering hemocompatibility
an important factor in materials design for tissue engineering applications [39-42].

The creation of a nanostructured scaffold matrix that mimics bone tissue architecture
is a major challenge limiting its clinical application to date [43]. Within this framework,
electrospinning is a potential technique that has been actively explored recently, due to its
simple process which offers nanosized polymer fibers with high specific surface area, and
the possibility of various modifications to create biomimetic nanofibrous membranes
which can provide an excellent microenvironment for cell adhesion, migration, prolifera-
tion, and differentiation [44—46]. In periodontal tissue engineering, recent studies have
highlighted the effectiveness of electrospun matrixes to support cell loading, proliferation
and differentiation and in vivo periodontal tissue regeneration, in combination with
growth factors or cell seeding. Ding et al., created core/shell composite PLLA/PLGA fi-
brous scaffolds through electrospinning for the dual release of basic fibroblast growth fac-
tor (bFGF) and bone morphogenetic protein-2 (BMP-2) [47]. After eight weeks of implan-
tation in intrabony defects into the alveolar bone crest of Wistar rats, they observed the
regeneration of the whole periodontal apparatus (bone, cementum, and periodontal liga-
ment (PDL)). Similar results were obtained by Cai et al., that used a bone-marrow-stem-
cell-loaded PLGA-PCL electrospun scaffold in a periodontal defect model in the Fisher rat
and reported newly formed trabecular bone, cementum and obliquely oriented PDL for-
mation after six weeks of implantation [48].

Electrospinning is a controlled and reliable method for designing and generating
scaffolds intended for tissue engineering applications [6,49-52]. One-dimensional
nanostructures or nanofibers have been the subject of intensive research due to their
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unique properties and interesting applications in various fields, such as bone tissue re-
generation [53,54]. The main principle behind the formation of very fine fibers by electro-
spinning is based on the elongation of a viscoelastic jet coming from a polymer solution
or melt [54]. A typical power supply device consists of three main parts: the high voltage
supply (kV), the metal needle, and the ground collector [51]. In a typical laboratory elec-
trospinning experiment, a polymer solution feeds the generated jet through a syringe that
ejects the solution at a controlled rate. The tip of the needle has the use of an electrode to
which a high voltage electric field is applied. The high voltage which is applied to the
solution must be over a critical value, typically higher than 5 kV, so that the repulsive
force within the homogeneously charged solution is higher than its surface tension such
that a jet can be formed which will be ejected from the tip of the needle. Generally, a
grounded target can act as an oppositely charged electrode which is used to collect the
resulting fibers, either in rotating or static collectors [51]. In a laboratory setting, the dis-
tance of the needle and the oppositely charged electrode is usually 8-25 cm. The applied
voltage causes a deformation in the shape of the falling cone of the polymer solution, in
the direction of the opposite electrode. As the solvent reaches the opposite electrode and
evaporates, solid fibers with diameters in a range of pim to nA are formed at high velocities
at the opposite electrode (collector) [55]. The technique of electrospinning is related to the
interaction of many physical instability processes. The jet which is formed during the elec-
trospinning process consists of four areas: the base, the main jet, the grid, and the collec-
tion. In the area of the base, the jet comes out of the needle to form a cone known as the
Taylor cone. The shape of the base depends on the surface tension of the solution and the
strength of the electric field. If the electric field is strong enough, the jets can be ejected
from surfaces that are substantially flat [56].

In the process of electrospinning, there are many parameters that contribute to the
morphology of the fibers. There are three classification categories: (a) solution-related pa-
rameters (e.g., solvent conductivity), (b) device-related parameters (e.g., needle-collector
distance, applied voltage, speed of the rotating collector), and (c) parameters related to
the environment (e.g., humidity) [57]. Each of these parameters can directly affect the mor-
phology of the fibers and fibers can be formed by the method of electrospinning with
desired morphology and diameter size by carefully controlling these parameters [57].
Moreover, materials such as metals, ceramics, and glasses can be used as fiber fillers de-
pending on the desired application [58-60].

The aim of this study was the preparation of nanocomposite membranes by the in-
corporation of Ca/Mg/Sr-containing MCM-41 type particles in electrospun copolymer
PLGA fibers for the delivery of moxifloxacin and to investigate their structural properties
and drug loading/release profiles.

2. Materials and Methods
2.1. Synthesis of MSNs

The synthesis of silica-based MSNs, with the nominal composition of akermanite
(Ca2MgS5i207) doped with SrO (40SiOz, 40CaO, 18MgO and 25rO %mol) was performed
through a modified sol-gel method, as previously described [28]. Briefly, cetyltrime-
thylammonium bromide (CTAB) was used as an agent for the mesoporous structure and
the final molar ratios were 1TEOS/0.13CTAB/0.4NaOH/1280H:20. The white precipitate
was washed twice with ethanol and water, dried at 60 °C overnight, and calcinated at 600
°C for 5 h to remove the mesoporous agent. Sodium hydroxide (NaOH, alkaline medium),
CTAB, tetraethyl orthosilicate (TEOS), Ca(NOs)2-4H20, Mg(NO:s)2.6H20, and Sr(NOs):
were used as reactants (all reagents from Sigma-Aldrich now Merck KGaA, Darmstadt,
Germany)).
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2.2. Preparation of Solutions for Electrospinning Process

Two different types of PLGA electrospun membranes were fabricated in the present
study: a. neat PLGA and b. composite PLGA/MSN membranes. For the preparation of
neat PLGA electrospun nanofibers, the electrospinning solutions were prepared by dis-
solving commercially available PLGA beads (75:25; PLA: PGA) in an organic solvent mix-
ture of chloroform (CHL) and N, N-dimethylformamide (DMF) (50:50% v/v) in the con-
centration of 20 wt % (20N group) and 30 wt % (30N group) of PLGA, respectively. For
the preparation of composite PLGA/ MSN membranes, 10 (20A and 30A group) and 3%
w/v (30B group) of MSNs were added to the electrospinning solution, magnetically stirred
overnight at ambient conditions and ultrasonicated for 30 min at room temperature to
disperse the MSNs prior to electrospinning. PLGA (PDLG 7507, 75:25 molar ratio, PURA-
SORB®) was purchased from Corbion (Amsterdam, The Netherlands) .

2.3. Electrospinning Process

A standard electrospinning setup (FLUIDNATEK® LE-10, Bioinicia, Valencia, Spain),
equipped with a 10 cm diameter rotating drum collector) was used for the fabrication of
the electrospun PLGA-based membranes. PLGA-based electrospun membranes were fab-
ricated at a different applied voltage ranging from 18 kV to 22 kV using a high voltage
power supply. The ground collection plate of aluminum foil was located at a fixed dis-
tance of 8 cm from the needle tip. The speed of the rotated collector was controlled in the
range of 400 rpm to 1100 rpm and the feeding rate was set to 600 puL/h (Table 1). The
electrospinning process was assessed at room temperature 25.0 = 0.1 °C. The collected
electrospun membranes were dried for 24 h at room temperature and then kept in a vac-
uum for 3 days.

Table 1. Parameters of the electrospinning process for the synthesis of the PLGA-based electro-
spun membranes and calculated average fiber and pore diameters.

PLGA Concentration MSNs Concentration Voltage Rotation Speed Average Fiber Average Pore

Sample (% wlv) (% wiv) kV) (rpm) Diameter (nm) Diameter (um)
20N1 20 - 22 1100 299 0.82
20N2 20 - 22 500 297 0.77
20N3 20 - 22 400 283 0.62
20N4 20 - 18 1100 278 0.62
20N5 20 - 18 500 239 0.54
20N6 20 - 18 400 239 0.54
30N1 30 - 22 1100 728 2.15
30N2 30 - 22 800 718 1.49
30N3 30 - 22 500 716 1.48
30N4 30 - 22 400 707 1.47
30N5 30 - 18 1100 767 1.55
30N6 30 - 18 500 759 1.50
30N7 30 - 18 400 759 147
20A1 20 10 22 1100 421 1.72
20A2 20 10 22 500 383 1.45
20A3 20 10 22 400 340 1.34
20A4 20 10 18 1100 335 131
20A5 20 10 18 500 315 1.14
20A6 20 10 18 400 312 111
30A1 30 10 22 1100 436 2.92
30A2 30 10 22 800 434 2.45
30A3 30 10 22 500 374 2.05
30A4 30 10 22 400 332 1.59
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30A5 30 10 18 1100 274 1.77
30A6 30 10 18 500 214 1.28
30A7 30 10 18 400 211 1.20
30B 30 3 22 800 445 1.46

2.4. Characterization

2.4.1. Scanning Electron Microscopy and Energy Dispersive Spectroscopic Analysis
(SEM-EDS)

Morphological structures of nano-fiber electrospun PLGA-based membranes were
observed using field-emission scanning electron microscopy, JEOL JSM-7610F Plus, sup-
ported by an Oxford AZTEC ENERGY ADVANCED X-act energy dispersive X-ray spec-
troscopy (EDS) system (JEOL Ltd., Tokyo, Japan). A 200 A thick carbon coating was ap-
plied to increase the conductivity of the samples.

The fabricated electrospun membranes for all the above experiments were observed
by scanning electron microscopy (SEM) for surface morphology and pore and fiber diam-
eter range, and EDS analysis with beam voltage of 20 kV was carried out in order to qual-
itatively assess the presence of MSNs in the fibers. The average pore and fiber diameter of
the nano-fibered membranes were obtained by measuring the diameter of 100 nanofibers
and calculating their average from three SEM micrographs from each sample. The fiber
and pore distribution were determined using the following equation (Gauss fitting
method):

_ A _Z(x—xzc)z
y=yot w_\[i e w 1)
2
where:
yo = offset
X, = center
w = width
A =area

2.4.2. Attenuated Total Reflectance Spectroscopy (ATR)

Selected fibrous and composite fibrous polymeric membranes were studied using at-
tenuated total reflectance spectroscopy (ATR). The absorption spectra of the freshly pre-
pared membranes were obtained with the use of an ATR Cary 670 spectroscope (Agilent
Technologies, Santa Clara, CA, USA), equipped with a diamond attenuated total reflec-
tion accessory (ATR), model Gladi ATR (Pike Technologies, Fitchburg, Wisconsin, United
States of America), in the mid-infrared range MIR (4-4000 cm™), with a resolution of 4
cm and 32 scans.

2.4.3. X-ray Diffraction (XRD)

X-ray diffraction (XRD) patterns were performed with an XRD-diffractometer
(Rigaku Miniflex II, Beijing, China) with CuKa radiation for crystalline phase identifica-
tion (A =0.15405 nm for CuKa). The sample was scanned from 5 to 80°, with steps of 0.02°.

2.4.4. Mechanical Properties

Measurements of the tensile mechanical properties of the prepared samples were
performed with the use of an Instron 3344 dynamometer (Instron, Norwood, MA, USA),
in accordance with ASTM D638, using a crosshead speed of 10 mm/min. Dumbbell-
shaped tensile test specimens (central portions 0.20 + 0.01 mm thick, 20 mm gauge length)
were cut from the samples in a Wallace cutting press. From the stress-strain curves,
Young’s modulus and tensile strength were determined. Ten specimens were tested from
each sample.
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2.4.5. Equilibrium Swelling Performance and In Vitro Degradation

The swelling capacity was carried out using phosphate-buffered saline (PBS pH 7.4).
Each sample was weighed before immersion (W1) and immersed for various time intervals
(0,1, 4,7,10, 14, 28 days). The solution on the surface of the samples was removed using
filter paper and then weighed (W2). Absorbed water/solution ratio was then calculated
using the equation:

Swelling Capacity = WZW;ZWIX 100% )

For the degradation test of each of the selected membranes, 10 x 60 x 0.2 mm sheets
of membrane material were prepared. Each specimen was placed in 10 mL 0.1 M phos-
phate-buffered saline (PBS, pH 7.4). The specimens were stored in an incubator (MaxQ
4400 incubator) at 100 rpm, 37.0 + 0.5 °C for 7, 14 ko 28 days [61-63]. The PBS solution
was replaced weekly. All specimens were washed with distilled water to remove residual
solution and the wet weight of each specimen was measured (Kern ABS). To measure the
dry weight, specimens were dried in a vacuum oven for 48 h at 40 + 2 °C. Following dry-
ing, each specimen was weighed at 2 h intervals until recorded mass changes were under
0.1%. The difference between the initial mass of the membrane (W,) and the mass after
the immersion (Wt) provided the initial mass of the degraded sample, thus the (%) weight
loss of the sample was derived using the following equation:

WorWe 5 100% 3)

Mass Loss =
o

2.4.6. Drug Loading and Drug Content Quantification

Neat PLGA membranes (30N2DL): In the case of neat PLGA membranes (30N2), 1 g
of the MOX was directly mixed into the electrospinning solution (10 mg/mL) prior to elec-
trospinning; the electrospinning conditions were the same as described in part 2.3 for the
sample 30N2.

Composite PLGA/MSN membranes (30A2DL): In the case of composite membranes,
1 g of MSNs was dispersed in 100 mL of moxifloxacin hydrochloride (MOX) methanol
solution (10 mg/mL), vigorously stirred for 24 h at 37 °C, and then dried in air for 24 h
(“MOX-loaded MSNs”, hereafter). The MOX-loaded MSNs were added to the electrospin-
ning solution (as described in 2.2 for the 30A2 sample).

After the electrospinning process, pre-weighted samples were cut from 30N2DL and
30A2DL samples and dissolved in 20 mL of a mixture of DCM/MeOH (50:50 v/v) and the
resultant solution was analyzed for MOX content using high performance liquid chroma-
tography (HPLC) technique. The column used was a CNW Technologies Athena C18, 120
A, 5 um, 250 mm x 4.6 mm at a column temperature of 25 °C. The mobile phase consisted
of acetonitrile and ultra-pure water ACN/H20 (acidified with phosphoric acid at final pH
=5) 40/60 v/v, at a flow rate of 1.0 mL/min). Concentration determination was performed
using an HPLC-UV apparatus at 278 nm and was based on a previously created calibra-
tion curve. The injection volume was 20 uL. The calibration curve was created by diluting
a stock methanol solution of 40 ppm MOX to concentrations of 0.025, 0.05, 0.1, 0.5, 1, 2.5,
5, 10, 20, 30, 40 and 50 ppm using mobile phase.

Drug loading (DL) was calculated according to the following equation:

Wdrug in the membranes
DL = g x 100%

Wdrug

2.4.7. In Vitro Drug Release

For the in vitro release studies, DISTEK Dissolution Apparatus Evolution 4300,
equipped with an autosampler using the paddle method (USP II method), was applied. A
film was placed on each dissolution vessel corresponding to approximately 50 mg of each
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formulation in an appropriate transdermal patch holder, with its application side up. The
test was performed at 37 + 1 °C with a rotation speed of 50 rpm. The dissolution medium
was 500 mL of a phosphate-buffered saline (PBS), pH = 7.0. Two (2) mL of the aqueous
solution was withdrawn from the release media and analyzed for MOX content with the
aid of a HPLC technique using the same conditions as described in 2.4.6.

2.4.8. Hemocompatibility Assay

The hemocompatibility of erythrocytes with the electrospun membranes (EMs)
and/or un/loaded mesoporous nanoparticles (concentration) was evaluated under the fol-
lowing conditions: Diluted erythrocytes (DEs) (5% hematocrit) were exposed with differ-
ent masses (2, 1, and 0.5 mg) of EMs. The above mixtures were then incubated (Thermo-
mixer-Biosan) at 37 °C for 60 min and 24 h. The supernatant of untreated erythrocytes was
used as the negative control (Ctrl-) and erythrocytes treated with lysis buffer were used
as the positive control. All the samples were further centrifuged at 2000 rpm for 1 min and
a microplate reader was used to measure the absorbance of hemoglobin release in the
supernatant of treated samples. The absorbance value of hemoglobin at 541 nm was meas-
ured with the reference wavelength of 700 nm. The percent of hemolysis was calculated
as follows: hemolysis % = [(sample absorbance — negative control) (positive control - neg-
ative control)] x 100% (1). Statistical analysis was performed using a paired sample t-test.
The level of statistical significance was set at 0.05. Whole blood in EDTA tubes was drawn
from blood donors of the General Hospital of Naousa, Greece. The confidentiality of the
participants was wholly preserved. The ethical committee of the hospital (ID_233205920)
approved the study following their good clinical practice guidelines and the Declaration
of Helsinki.

3. Results
3.1. Scanning Electron Microscopy and Energy Dispersive Spectroscopic Analysis (SEM-EDS)

The sample names and the average diameter of the fibers and pores of all the ob-
tained electrospun membranes, as measured from the SEM microphotographs, are given
in Table 1. The samples (30N2, 30A2 and 30B) that were fabricated using 22 kV applied
voltage, 8 cm distance from the needle tip, at 800 rpm speed of the rotated collector, and
600 pL/ h feeding rate, were the optimal ones. Figures 1-3 show the SEM microphoto-
graphs and the average fiber and pore diameter of the optimal samples consisting of 30%
and 20% w/v PLGA with the addition of 0 (Figure 1), 3 (Figure 3) or 10% w/v (Figure 2)
MSNss. Figures 2 and 3 also show the EDS results, which confirm the presence of MSNs
(presence of silicon, calcium, magnesium, calcium, and strontium ions).

SEM images of groups 30A and 20A at x4000 magnification (data not shown) showed
better dispersion of the added nanoparticles within the fibers in the sample 30A2 (Figure 2),
in combination with increased porosity and larger fiber diameter. Consequently, the sample
30N2 (0% MNSs) was used as control and samples 30A2 (10% MSNs), and 30B (addition of
3% w/v MSNSs), obtained under similar synthesis conditions, were selected for further study.
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x 20000

Frequency (%)

Pore Diameter (jun)
Fiber Diameler (nm)

Figure 1. SEM microphotographs at x4000 and x20,000 magnification (A), and fiber (B), and pore
(C) diameter distribution of sample 30N2 (neat PLGA membranes).The average fiber diameter of
the neat PLGA membranes (30N2) was 720 nm, while the average pore diameter was approxi-

mately 1.5 um. The addition of MSNs led to a significant reduction in fiber and pore diameter
(Figure 2).
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Figure 2. SEM microphotographs at x4000, x20,000 and x40,000 magnification (A), fiber (B) and
pore (C) diameter distribution and EDS analysis (D) performed at 20 kV of the sample 30A2 (com-
posite PLGA/MSN membranes loaded with 10% w/v MSNs).
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Figure 3. SEM microphotographs at x4000, x20,000 and x40,000 magnification (A), fiber (B), and
pore (C) diameter distribution, and EDS analysis (D) performed at 20 kV of the sample 30B (com-
posite PLGA/MSN membranes loaded with 3% w/v MSNs)30B.

The measurements of all fibrous scaffolds revealed that increase in the voltage led to
an increase in the size of the fibers and the size of the pores. In addition, increasing the
speed of the rotating collector did not seem to significantly affect the average fiber size,
but it did seem to result in a small increase in pore size. However, there was a simultane-
ous increase in fiber diameter with increasing pore size.

3.2. Attenuated Total Reflectance Spectroscopy (ATR)

Typical spectra of PLGA polymer-based and composite membranes were found from
ATR analysis for the selected samples 30N2, 30A2, and 30B (Figure 4). The bands at 1751
and 1088 cm' were attributed to the vibrations of carbonyl and C-O-C stretching peaks of
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the PLGA group. The peaks around 1455 and 1423 cm™ were attributed to the C-H stretch-
ing in methyl groups. These particular peaks were assigned to the C-CHs stretching vibra-
tions [64]. The peak at 1184 cm™ was attributed to the vibration of the C-O-C bond, the
peak around 1049 cm-! was also attributed to the C-CHs vibration, while the peak at 1270
cm™ was attributed to the PLGA ester groups [65]. The spectra of the composite mem-
branes 30A2 and 30B showed a peak around 460 cm™, which was not observed in the
spectrum of sample 30N2 (neat PLGA electrospun membrane). This peak was attributed
to the bending vibration of the Si-O-Si bond due to the presence of silica-based mesopo-
rous nanocarriers. In addition, the presence of mesoporous nanocarriers was also con-
firmed by the widening of the broad peak between 900 and 1542 cm™, because the wide
peak of typical silicate glasses (900-1200 cm™ was attributed to the asymmetric vibration
of the Si-O-Si bond) overlaps with those of the synthetic polymer PLGA in this region [28].
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i
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Figure 4. Chemical characterization PLGA-based membranes by ATR spectra. 30N2: neat PLGA
membranes, 30A2: composite PLGA/MSN membranes loaded with 10% w/v MSNs, 30B: composite
PLGA/MSN membranes loaded with 10% w/v MSNs.
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3.3. Mechanical Characterization

Uniaxial tensile tests were performed on the electrospun membranes. Figure 5 shows
representative stress-strain curves of each sample. In Table 2, the values related to ulti-
mate tensile strength (UTS) and tensile strain are reported.
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Figure 5. Representative stress-strain curves of electrospun membranes. 30N2: neat PLGA mem-
branes, 30A2: composite PLGA/MSN membranes loaded with 10% w/v MSNs, 30B: composite
PLGA/MSN membranes loaded with 10% w/v MSNs.

Table 2. Mechanical properties of the electrospun membranes (1 = 10 samples per group).

30N2 30A2 30B
UTS Stress (MPa) 3.8+0.5 25+0.2 1.2+0.2
Tensile strain (%) 77.3+£12.7 18.8+3.9 552+13.7
Young's modulus (MPa) 39.0£0.2 339+0.2 13.1+£0.1

Compared with the neat PLGA membranes (30N2), for the PLGA/MSN membranes
(30A2 and 30B) the breaking strength decreased with the addition of MSNs. This may be
due to poor interfacial adhesion between MSNs and PLGA or poor distribution of the
nanoparticles in the polymeric matrix.

3.4. In Vitro Degradation and Equilibrium Swelling Performance

The degradation rate of neat PLGA and composite membranes was performed for 0,
7, 14, and 28 days, as shown in Figure 6. It was found that the weight loss of all groups
increased over time. More specifically, composite membranes (30A2 and 30B) showed
higher weight loss values than the neat PLGA membranes (30N2) group. In addition, in-
crease in the amount of MSNs increased the weight loss. However, the hydrophilicity of
the mesoporous nanocarriers containing samples (30A2 and 30B) was increased, as shown
in the swelling results (Figure 6). More specifically, composite membranes showed higher
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swelling than neat PLGA membranes, which might be due to improvement in the hydro-
philicity of PLGA membranes after the addition of MSNs [66].

30
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Figure 6. Mass loss (A) and swelling ratio (B) at different time points. 30N2: neat PLGA mem-
branes, 30A2: composite PLGA/MSN membranes loaded with 10% w/v MSNs, 30B: composite
PLGA/MSN membranes loaded with 10% w/v MSNs.

3.5. Drug Loading and Release

The drug loading of MOX for the electrospun nanofibers was also studied. Table 3
summarizes the results of the loading of moxifloxacin for each sample. The loading per-
centages of the 30N2DL and 30A2DL samples were 37.2 and 27.5%, respectively, indicat-
ing an average loading capacity.

Table 3. Drug content of the PLGA drug-loaded nanofibers and the PLGA nanofibers incorporat-

ing loaded MSNs.
Sample Drug Loading (%)
30N2DL 37.2
30A2DL 27.5

Figure 7 shows the ATR spectra of fibrous membranes before and after drug encap-
sulation together with the moxifloxacin spectrum as a reference. The presence of the char-
acteristic peaks corresponding to moxifloxacin in the spectra of the encapsulated fibrous
membranes confirmed the presence of the drug in the samples, while the small displace-
ment of the MOX peaks indicated the interaction of the polymer with the drug. The peaks
presented in the moxifloxacin spectra around 1415 to 1475 cm™, 2521 cm™ and 1355 cm™
were attributed to the vibrations of ((CH)-CH:), v(NH:*) and dv(-CH2), respectively [67].
In addition, the peak at 1621 cm™ was attributed to the bending vibration of the N-H bond
(due to presence of quinolones), the peaks at 801 and 990 cm™ were attributed to the bend-
ing vibration of the C-H bond and the peak around 1711 cm™ corresponded to the vibra-
tion of the deformed d»(COO-) bond [28,30,67-70]. A more limited presence of certain
moxifloxacin peaks was observed in the MSNs incorporated sample (30A2DL) spectra,
indicating a lower drug encapsulation than the neat PLGA sample (30N2DL). This was
expected due to the limited amount of the incorporated MSN’s (10% w/v) and the low per-
centage of encapsulation of the drug in them (~31%). In addition, this was also confirmed
by the determination of the loading of the MSN-incorporated fibrous membranes
(30A2DL) (27.5 = 0.2%), which was lower than the fibrous membranes without MSNs
(30N2DL) (37.2 £ 0.1%) sample.
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Figure 7. ATR spectra of PLGA-based membranes before and after loading with moxifloxacin.
30N2, 30N2DL, and MOX (A) and 30A2, 30A2DL, and MOX (B). 30N2: neat PLGA membranes,
30N2DL: drug-loaded neat PLGA membranes, 30A2: composite PLGA/MSN membranes, 30A2DL:
composite PLGA/MOX-loaded MSNs membranes.

The SEM microphotographs and the mean size distribution of the fibers and pores of
the fabricated membranes after the encapsulation of the drug are presented in Figures 8
and 9. It can be observed that the encapsulation of the drug inside the fibers for the
30N2DL sample resulted in a small reduction in the fiber cross-sections (by regions) that
are necessary for the creation of pores and their interconnection. However, it seems that
there were no significant changes in the morphology of the fibers or in the size distribution
of their diameters and pores (~700 nm and 1.4 um). SEM micrographs of the 30A2DL sam-
ple confirm the very good dispersion of mesoporous nanoparticles within the fibers, even
after the encapsulation of the drug in the mesopores. This fact is confirmed by the average
size distributions of the diameter of the fibers and pores that do not seem to have been
affected by the encapsulation of the drug (~430 nm and 4 pum respectively).
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Figure 8. SEM microphotographs (A-D) and fiber (E) and pore (F) diameter distribution of sample
30N2 after drug loading (30N2DL).
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Figure 9. SEM microphotographs (A-D) and fiber (E) and pore (F) diameter distribution of com-
posite PLGA/MOX-loaded MSNs (sample 30A2DL).

PLGA copolymer undergoes degradation by hydrolysis or biodegradation through
cleavage of its backbone ester linkages into oligomers and, finally, monomers. The degra-
dation process for these polymers mainly takes place over the entire polymer matrix, lead-
ing to a uniform mode of erosion, called a ‘bulk’ pathway [71]. In this case, the water
penetration into the matrix is higher than the rate of polymer degradation. The degrada-
tion of PLGA copolymer is dependent on many factors, such as bulk diffusion, surface
diffusion, bulk erosion and surface erosion. As a result, the release rate pattern is often
unpredictable. Figure 10 shows the dissolution profiles of pure moxifloxacin hydrochlo-
ride and prepared PLGA/MOX and PLGA-MSN/MOX electrospun nanofibers in the PBS
medium.
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Figure 10. The in vitro release rate of moxifloxacin from fibrous and composite fibrous electrospun
membranes at pH 7.4 after 12 days (A) and after 6 h (B) of immersion in PBS. 30N2: neat PLGA
membranes, 30A2: composite PLGA/MOX-loaded MSNs membranes.

Figure 10 also shows the biphasic drug release rate of MOX from the fibrous scaffolds
loaded with drug either directly into the fibers (30N2DL) or into the MSNs within the
fibers (30A2DL). Pure moxifloxacin was released rapidly, as expected, and reached a plat-
eau (stabilization) of 98% in less than 24 h. A different pattern of drug release as a result
of PLGA biodegradation was observed (Figure 10), depending on whether the drug was
loaded on the PLGA scaffold (30N2DL) or in the MSN-loaded PLGA scaffold (30A2DL).
In the first case, a biphasic release was observed. The initial burst release in the first hours
can be attributed to the drug released from the surface, in direct contact with the medium,
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as a function of solubility as well as penetration of water into the polymer matrix. Matrices
having higher drug content possess a larger initial burst release than those having lower
content because of their smaller polymer to drug ratio. At a second stage, the drug is pro-
gressively released through the underlying thicker drug depleted layer. This creates a pas-
sage for the drug to be delivered by diffusion and erosion until complete polymer solu-
bilization. Drug type also plays an important role in attracting the aqueous phase into the
matrix. The initial burst was followed by a slower and more controlled release stage, and
after that, a very slow release, reaching almost a plateau, was recorded after 6 h, while
almost 52% of the MOX was released after 12 days. In the second case (30A2DL), when
MOX was adsorbed onto the MSNs dispersed in the PLGA matrix, a different dissolution
pattern was observed. MOX release achieved its maximum, reaching a plateau in less than
24 h, while ~8% of MOX was released after 12 days of study. According to our previous
findings, the release rate of the drug directly from the MSNs showed a prolonged release
profile showing a plateau after 2 days, releasing approximately 45% of the MOX. This
limited and prolonged release was in part attributed to the strong interactions between
the MSNs Si-OH groups and the drug and the low percentage of loaded MSNs, but mostly
to the gradual and slow degradation of the polymer that restricted the exposure of MSN's
and consequently the release of the drug [28].

It is well known that the crystallinity of the pharmaceutical ingredient affects the
dissolution rate and bioavailability. For this reason, XRD studies were performed to ex-
amine the crystallinity of MOX before and after its adsorption onto MSNs and the electro-
spun membrane. Figure 11A shows the respective patterns of the neat membranes (30N2)
which are amorphous in the region between 5 and 60° and of MOX, which is highly crys-
talline, showing its distinct peaks at 5.96, 8.66, 10.28, 14.63 and 17.56° at 20. We observed
that in loaded PLGA polymer some lower intensity peaks, close to the moxifloxacin peaks,
were recorded. These peaks may be attributed to the different crystal form of moxifloxacin
compared to the neat drug [72]. The absence of distinct diffraction peaks, after the adsorp-
tion of MOX in MSNs (MSNsDL) shown in Figure 11B, suggests amorphization of the
drug in the mesoporous carrier. This amorphization could be due to the high dispersion
of MOX on the mesopore surface of MSNs or to interactions taking place between silanol
groups of MSNs and MOX [73].
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Figure 11. XRD patterns of neat PLGA membranes before (30N2) and after MOX-loading
(30N2DL) compared to pure MOX (A), and XRD patterns of composite membranes before (30A2)
and after loading with MOX-loaded MSNs (30A2DL) and MOX-loaded MSNs compared to pure
MOX (B).

Figure 12 shows the SEM micrographs after the drug release into PBS medium. As
shown in the pictures of the two samples, the membrane fibers were clearly larger than
they were before the drug was released. More specifically, the size of the fiber diameter
for the neat PLGA membranes (30N2DL), as previously analyzed, was about 700 nm,
while after drug release, it was about 1 um. For the composite membranes (30A2DL), the
fiber size was initially about 430 nm, while after drug release it was about 510 nm. The
increase in fiber diameter was due to the swelling of the fibers within the PBS medium.

0.51pm

Figure 12. SEM micrographs of samples 30N2 (A) and 30A2 (B) after 12 days of drug release in
PBS solution at 37 °C. 30N2: drug-loaded neat PLGA membranes, 30A2.: composite PLGA/MOX-
loaded MSNs membranes.

3.6. Hemocompatibility Assay

Hemocompatibility assay of electrospun membranes after direct exposure to healthy
human erythrocytes was performed after 60 min and 24 h of incubation. Figure 13 presents
the hemolytic activity of the newly synthesized electrospun membranes at body temper-
ature (37 °C) after 24 h of exposure. The tested biomaterials did not induce hemolysis 60
min after direct contact with the healthy erythrocytes. Hemolysis appeared only at 24 h of



Nanomaterials 2022, 12, 850

19 of 27

incubation for 2 mg of samples for all the unloaded membranes tested (Figure 13A). The
hemocompatible mass for all the tested membranes was found to be less than 1 mg. More-
over, loading with MOX appeared to be protective for erythrocytes, indicating the positive
role of drug loading in electrospun membranes.
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Figure 13. Hemolytic capacity of the electrospun membranes before (A) and after (B) the encapsu-
lation of moxifloxacin. ** Indicates statistically significant difference (p <0.001) between CTRL +
and Ems-treated erythrocytes, while different letters suggest statistically significant differences (p
<0.05) among concentrations. 30N2: neat PLGA membranes, 30N2DL: drug-loaded neat PLGA
membranes, 30A2: composite PLGA/MSN membranes, 30A2DL: composite PLGA/MOX-loaded
MSNs membranes.

4. Discussion

In this study, nanocomposite membranes were fabricated by the incorporation of
Ca/Mg/Sr-containing MCM-41 mesoporous nanoparticles in electrospun copolymer
poly(lactic-glycolic acid) (PLGA) fibers for the delivery of the antibacterial drug moxiflox-
acin, with optimum morphology, drug release, degradation rate and hemocompatibility.
According to our previous study [74], the selected mesoporous nanocarriers presented
good hemolytic behavior and cell proliferation while maintaining adequate moxifloxacin
loading and having a sustained release rate [28]. The MSNs also provided high surface
area (700 m?/g) and pore volume (1.618 cm?/g) and typical mesoporous structure, making
them ideal drug carriers for drug loading and release studies. These MSNs have shown
crystalline hydroxyapatite formation after immersion in simulated body fluid [28] and
their incorporation in electrospun PLGA membranes can provide an additional benefit
towards bone healing and regeneration [75]. Electrospinning has gained much attention
in the last decade as an effective means of producing nano- to micro-scale polymer fibers
that mimic the natural extracellular matrix. The high porosity, the interconnection of the
pores, and the ratio of high surface to the total volume of the fibrous scaffolds make them
particularly favorable for cell adhesion and growth [76]. Cellular adhesion is essential for
a number of applications of tissue engineering. Pore size, porosity, and pore connectivity
determine cell adhesion and tissue growth in the fibrous scaffold and affect several cellu-
lar processes [74,77-81].

According to previous studies, it is possible to achieve a correspondence between the
size of the pores and the size of the fiber diameter [76]. More specifically, larger pores can
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be created by increasing the diameter of the fibers. This is an approach described by a
number of research groups as a way of increasing the pore size of fibrous scaffolds ob-
tained by the technique of electrospinning (using synthetic or natural polymers) [82-86].
Statistical modeling predicts a relationship between fiber diameter and the pore size of
fibrous scaffolds, where a larger fiber diameter is associated with an increase in pore size
[87]. This is consistent with experimental data obtained for a number of polymers, includ-
ing PLGA [86]. Moreover, according to Motamedi et. al., there is a correlation between
collector speed and pore diameter. More specifically, they observed that increasing the
speed of the collector leads to increasing the diameter of the fibers [88]. This is in line with
the findings of the present study. More specifically, it was found that increase in the speed
of the rotating collector led to an increase in fiber diameter and a small increase in the pore
size. The study of the parameters for the successful fabrication of the electrospun mem-
branes was conducted using different polymer concentrations and MSNs percentages in
the solution and different voltage and collector rotating speed values. SEM micrographs
revealed the formation of smaller fibers as the polymer concentration decreased, while
increase in the voltage led to an increase in the fiber diameter and the size of the pores.
According to the literature, several studies on the effect of applied voltage on the size of
the fiber diameter are contradictory. More specifically, as the applied voltage is a critical
factor for the electrospinning technique, it must be higher than the threshold voltage value
so it can cause charged jets to be ejected from the Taylor cone [51,89,90]. When the applied
voltage value is not high enough, the polymer extraction (at the end of the needle) is sus-
pended. However, as the voltage value increases, it is possible to create a jet that will be
extracted from the Taylor cone. In that case, it is possible to fabricate fibers without beads.
The effect of the applied voltage on the fiber diameter is also a controversial issue [51,91].
It is mainly reported that higher voltages facilitate the formation of large diameter fibers
[51,92]. However, it has been reported that the higher voltage may increase the electro-
static repulsive force on the charged jet, favoring a reduction in the fiber diameter [91]. It
has also been shown that the higher the voltage, the greater the chance of bead formation.
Thus, we can conclude that the voltage affects the diameter of the fibers, but the mode of
effect varies depending on the concentration of the polymer solution and the distance be-
tween the tip and the collector [93].

SEM images of groups 30A and 20A indicated a better dispersion of the intermediate
nanopores within the fibers in the sample 30A2, in combination with the increased poros-
ity and the large diameter of the fibers. The samples 30A2 (addition of 10% w/v MSNs) in
combination with neat membranes 30N2 and 30B (addition of 3% w/v MSNs) were ob-
tained under similar synthesis conditions and were selected for further study. The study
of the mechanical properties of the membranes revealed that incorporation of MSNs in
PLGA fibers led to a reduction in the breaking strength. Similarly, according to Jia et. al.
[69], who assessed the effects of andrographolide-loaded MSNs incorporation in poly(lac-
tic-co-glycolic acid) (PLGA) electrospun nanofibers in wound-healing applications, it was
found that the Young’s modulus of the composite membranes decreased as the percentage
of MNSs increased due to the poor interfacial adhesion between the incorporated drug-
loaded-MSNs and PLGA. This finding is further supported by the presence of agglomer-
ates in the synthesized MSNs. It is well known that the rate of agglomeration increases
with increase in nanofiller percentage and decrease in the particle size [94]. The aggrega-
tion of nanoparticles can be observed when the particles are loosely bonded together and
can be easily separated when mechanical forces are exerted. The presence of the agglom-
eration has been attributed to the direct mutual attraction between the nanoparticles by
Van der Waals forces or chemical bonds. In addition, the presence of agglomeration re-
duces the efficiency of incorporating the nanoparticles into the polymer matrix, which
ultimately leads to a reduction in the mechanical properties of the samples, as was ob-
served in the present study [94]. In the present study none of the proposed strategies to
avoid agglomeration was carried out. One such strategy would be the use of a surfactant
and charged agent to separate particles by repulsive electrostatic forces and to integrate
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them into the polymeric matrix, or the use of a silane agent that could provide a better
bond with the polymer, improving the mechanical properties of the membranes in terms
of tensile strength and Young’'s modulus to ensure integrity and allow easier handling
and placement, and also the encapsulation and release profile of active substances [94,95].

The addition of mesoporous nanocarriers to the membrane fibers led to an increase
in both weight loss and swelling. This is in agreement with Jia et. al. who also studied the
effect of mesoporous nanocarriers on the biodegradation rate and swelling of fibrous scaf-
folds based on the synthetic polymer PLGA for 14 days [66]. According to their findings,
the weight loss of all groups increased over time. The PLGA/MSN groups showed higher
weight loss than the neat PLGA group. As the percentage of added mesoporous nanocar-
riers increased, weight loss also increased. However, due to the increased hydrophilicity
of PLGA/MSN composite fibrous scaffolds, an increase in the swelling ratio was observed.
This finding was also confirmed by Li et al. In their study, they incorporated the bioglass
4555 into the synthetic polymer PLGA [58]. The bioglass was found to accelerate mass loss
in the first eight weeks. In addition, Jia et. al. found that PLGA/MSN composite scaffolds
showed higher swelling than neat PLGA fibrous scaffolds [66]. They also observed that
the swelling ratio increased with increase in the percentage of added intermediate nano-
particles, due to the improvement in hydrophilicity with the addition of partial nanopar-
ticles. So, there is a relationship between hydrophilicity, degradation and swelling. In-
crease in the amount of incorporated MSNs can lead to an increase in hydrophilicity
which can affect degradation rate and swelling by increasing both. Electrospun mem-
branes designed to be used in GBR should retain their integrity for at least 4-6 weeks to
prevent soft tissue downgrowth and allow optimized periodontal tissue regeneration
[6,96]. In the present study, although MSNs resulted in a higher degradation rate, mem-
branes still retained their structure after 28 days, presenting a mass loss less than 25%,
rendering them applicable in clinical practice. As shown in the literature, different blends
of natural and/or synthetic polymers have been developed for the fabrication of electro-
spun membranes for GBR, such as PLA/PLGA, poly-d,I-lactic acid (PDLLA)/PLGA, hy-
droxyapatite/chitosan/gelatin, PCL/gelatin etc [97]. Different polycaprolactone (PCL)/gel-
atin electrospun membranes presented tailored biodegradability, to meet the in vivo rate
of bone regeneration, and presented a mass loss of 50% after three months [98]. By altering
PLGA percentage and the quantity of loaded MSNs, monitoring of the degradation rate
can be further optimized to meet clinical needs.

In our study, composite membranes showed a significantly more controlled release
rate of moxifloxacin than neat PLGA membranes, which can be attributed to the structure
of the composite fibrous membranes. Fibrous scaffolds loaded with drugs without the use
of a nano-carrier, which have been fabricated by the electrospinning technique, have been
used as releasing agents for various types of drugs, wherein the drug delivery profiles can
be controlled by modifying fabrication conditions [59]. The release of the drug from PLGA
fibers occurs by direct diffusion of the drug from the fibers into the release medium, as
occurred for sample 30N2DL. In particular, water molecules were diffused through the
fiber nanopores and then the MOX was rapidly diffused from the nanopore wall into the
buffer. As the water molecules diffused into the composite fibers through the nanopores
the interaction between the polymer chains was reduced, so the chains were loosened and
the fibers swelled [60]. However, in the 30A2DL composite membranes, the drug was
trapped in the mesopores of the incorporated MSNs in the PLGA fibers. The drug was
first released by diffusion from the MSNs into the PLGA fibers and then diffusion from
the fibers into the medium. This sequential diffusion of the drug through two layers
(MSNs and PLGA fibers) initially led to a low burst release and prolonged release of the
drug from the fibers of composite membranes [59]. Thus, such an approach could poten-
tially be applied as a strategy to achieve sustained release of various types of drugs and/or
active substances. Hu et. al. studied the loading and release rate of ibuprofen directly from
synthetic PLLA fibrous membranes and from modified MSNs dispersed in PLLA fibers,
fabricated by the electrospinning technique. They observed that PLLA-MSN-ibuprofen
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fibrous composite membranes showed significantly lower initial release of the active sub-
stance (6% release in the first 12 h) compared to the release rate of PLLA-IBU fibrous mem-
branes (46% release in the first 12 h) in in vitro tests [59]. Similarly, Song et. al. studied the
dual release system of the active substances fluorescein (inside the fibers) and rhodamine
B (loaded in MSNs) from the PLGA/MSNs composite fibrous electrospun membranes.
They observed that the release of both drugs was independent and that there were no
significant interactions between the two drugs during release. Then, they observed that in
all membranes, fluorescein was rapidly released in the first 12 h at a rate of 50-60%. The
release rate was then slowed to show a sustained release (approximately 90% of the total
fluorescein amount after 324 h) [60]. The release of rhodamine B from the PLGA/fluores-
cein/MSNs/rhodamine B composite membranes from the fibers was prolonged, with only
~37% of the loaded rhodamine B released after 324 h. This confirmed the contribution of
rhodamine B encapsulation in the intermediate nanoparticles, which enriched the PLGA
polymeric matrix, to its prolonged release. In summary, the use of mesoporous nanopar-
ticles as carriers of active substances is an efficient method for the prolonged/sustained
release of drugs by fibrous scaffolds for applications of GTR. By tailoring the quantity of
MSNs, their loading capacity, their bonding mechanisms with different polymeric mate-
rials and the degradation/dissolution rate of these composite membranes, versatile plat-
forms can be developed, with optimum mechanical properties, drug/loading release ki-
netics and biological behavior. In a recent study, chitosan (CS) and polyethylene oxide
(PEO) electrospun membranes loaded with MOX were investigated [99]. However, the
authors reported the existence of MOX in the amorphous state in the membranes in con-
trast to the present study. In our study, the XRD patterns of the MOX-loaded neat PLGA
membranes (30N2DL) indicated the existence of MOX in the semicrystalline phase. This
is an indication that the drug was present in its crystalline state, perhaps due to aggrega-
tion issues and low dispersion of the drug in the polymeric solution. Further monitoring
of dissolution conditions could yield optimized results [100,101]. This could also be re-
lated to the higher drug release rate of the MOX-loaded neat PLGA samples (30N2DL)
compared to the composite samples (30A2DL) as the formation of drug crystals can affect
drug distribution and release kinetics [101]. Hameed et al. [99] further evaluated the
wound dressing, antibacterial activity, and healing efficacy, finding that MOX-loaded
nanofibers presented greater stability, antibacterial properties, and wound healing effi-
ciency compared to MOX-free membranes, confirming the effectiveness of MOX [99].

ISO10993-3 emphasizes the necessity of conducting hemocompatibility screening
analysis for foreign materials when they come into contact with blood cells. Mass-depend-
ent hemolytic-behavior of all the tested materials was observed indicating the sensitivity
of erythrocytes when in contact with the PLGA-membranes. As previously reported [39-
42,102], synthetic copolymers are hemocompatible under certain circumstances, and it is
very important to consider all the parameters when designing implantable constructs. In
the present study, MSN-loaded membranes presented slightly higher hemocompatibility
compared with the neat, unloaded membranes; however, the differences were not statis-
tically important, probably due to the small loading percentage of hemocompatible MSNs.
Additionally, loading PLGA membranes with MOX presented reduced or no hemolytic
activity, indicating the protective role of drugs/antibiotics when loaded into biomaterials,
as previously reported for mesoporous nanocarriers loaded with artemisinin [103]. Fur-
ther analysis in vivo could be considered to evaluate thrombosis and tissue interaction
after a long time exposure to the materials. Further research is needed to evaluate the
bioactivity and biocompatibiity of these scaffolds and their ability to induce differentia-
tion of periodontal ligament cells towards osteogenic lineage, as well as their capability to
regenerate periodontal tissues in vivo.

5. Conclusions

In this study, drug-loaded composite fibrous membranes (PLGA/MOX-MSNs) were
produced by the electrospinning technique. Study of the polymer concentration and the
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synthesis conditions during the fabrication of the fibrous membranes revealed their effect
on the size and morphology of the fibers. In particular, lower polymer concentration re-
sulted in the formation of less uniform and indistinguishable fibers of smaller size. Study
of the parameters during fiber formation showed that increase in the voltage led to in-
crease in fiber diameter and the size of the pores. At the same time, increase in the collector
speed fabricated membranes of slightly higher porosity. The use of MSNs as MOX nano-
carriers in fibrous PLGA membranes seemed to improve the release of the drug by creat-
ing a more controlled and prolonged release profile and enhancing their hemolytic behav-
ior, while the encapsulation of moxifloxacin presented a protective effect on the erythro-
cytes. In addition, it appears that increase in the polymer concentration yielded fibers with
better dispersion of the MSNs, combining increased porosity and large fiber diameter.
However, the addition of the MSNs limited the tensile and elongation strength. In addi-
tion, the rate of degradation and hydrophilicity increased with increasing MSNs amount.
However, the encapsulation of the drug in membranes without the addition of MSNs was
higher. Moreover, the addition of MSNs after encapsulation of the MOX did not change
the morphology of the fibers, while the neat polymeric fibers, after the addition of the
drug, led to a reduction in fiber cross-links. The proposed composite electrospun mem-
branes could be an effective alternative strategy for the treatment of periodontal infections
due to their controllable release of moxifloxacin ensuring antibacterial activity against an
extensive variety of periodontal pathogens with a flexible degradation rate. Such barrier
membranes could overcome the constraints related to hydrophobicity and restricted bio-
activity and induce osteogenetic and angiogenic capacity.
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