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Abstract

Electrospun nanocomposite matrices based on poly(e-caprolactone) (PCL), nano-
hydroxyapatite (nHAp) and amoxicillin (AMX) were designed and investigated for
dental applications. nHAp provides good biocompatibility, bioactivity,
osteoconductivity and osteoinductivity properties, and AMX, as antibiotic model,
controls and/or reduces bacterial contamination of periodontal defects while enhancing
tissue regeneration. A series of polymeric nanocomposites was obtained by varying both
the antibiotic and nHAp contents. Fibrous membranes of different compositions were
obtained by electrospinning technique, and morphological, thermal, mechanical and

surface properties were characterized. The incorporation of AMX seemed to alter the
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nHAp distribution within the microfibrous matrix. The interaction between AMX and
nHAp affected the mechanical performance and modulated the antibiotic release
behavior. AMX release profiles presented a burst release that depended on nHAp
content, followed by a slow release stage where the drug content (85-100%) was
released in 3 weeks. The antimicrobial activity of the AMX-loaded membranes was
tested with four bacterial strains depended on both the drug and nHAp contents.
Extensive mineralization in simulated body fluid (SBF) was evidenced by SEM/EDX
analysis after 21 days. The studied electrospun nanocomposite amoxicillin-loaded
membranes could be a promising fibrous-based antibiotic carrier system for dental and

tissue engineering applications.

Keywords: clectrospun scaffolds, antibiotic delivery, mineralization, antibacterial

activity
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INTRODUCTION

Electrospinning is a fascinating and powerful processing technique with huge
potential in many attractive and cutting-edge research fields.! This electrohydrodynamic
technique allows the production of non-woven micro/nanofibrous structures, including
natural or synthetic polymers, ceramics, metals and nanocomposites, with a wide range
of morphologies and functionalities. The resulting highly porous structures are ideal for
many biomedical applications, in particular for the production of tissue-engineered
constructs and therapeutic delivery systems.*”

In guided tissue/bone regeneration (GTR/GBR), a dental surgical procedure for
promoting new bone formation, a barrier membrane is used to block the proliferation of
regenerated connective tissue or to provide direct drug delivery and mechanical support.
GTR/GBR membranes are highly flexible, based on a variety of polymers and
polymeric nanocomposites, and can be prepared by using different methods such as,
solidification-assisted ~ compression’,  solvent  casting and  evaporation®,
electrospinning/electrospraying’,  coprecipitation/dynamic  filtration/freeze-drying®,
thermally induced phase separation’, among others.

Poly(e-caprolactone) (PCL)-based electrospun scaffolds have been considered as
good matrices for bone regeneration in GTR/GBR membranes due to the ability of the
fibrous membrane to populate bone marrow-derived mesenchymal cells and to mediate
their differentiation into osteoblastic cells.'” PCL is a semicrystalline, bioresorbable
aliphatic polyester which owes its biodegradability to the susceptibility of its ester
groups to hydrolysis and the metabolization of the degradation products. Compared
with poly(lactic acid), PCL degradation does not produce a local acidic environment
and occurs very slowly.

The combination of a polymer with bioceramic components is a strategy inspired in
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the hybrid nature of bone: a complex composite made up mostly of organic collagen
fibers and hydroxyapatite, a bioactive inorganic calcium phosphate. In recent years, the
incorporation of nano-hydroxyapatite (nHAp) into polymer-based scaffolds has
demonstrated great potential toward the development of new bioactive membranes.'!
The interest in nHAp as inorganic nanofiller lays in its high surface area to volume
ratio, high surface activity, biocompatibility, and ability to absorb a number of bioactive
species.'? The effect of hydroxyapatite/polymer composites in the biological functions

LB 1n addition,

of bone cells has been investigated in many in vitro studies.
osteoinductivity and osteoconductivity are other valuable features for its potential
functionality as drug delivery carrier."*

Antibiotic loaded GTR/GBR membranes have demonstrated high effectiveness as
antimicrobial barriers for controlled delivery systems.15 Tetracycline (TR) and
amoxicillin (AMX) were found to be the most commonly prescribed antibiotics against
most periodontal pathogens.'> '® Incorporation of TR or AMX in GTR/GBR membranes
showed to reduce the attachment S mutans and 4 actinomycetemcomitans to periodontal
ligament cells onto the membranes.'” '® Ease of incorporating therapeutic agents into
electrospun fibers have led to the development electrospun antimicrobial nanofibers for

many biomedical applications.'**’

Incorporation of AMX in PCL-based nanofibers
obtained by electrospinning could produce third-generation membranes®' with the
ability to reduce bacterial contamination of periodontal defects and regenerative
endodontics.

The aim of this study was to prepare new fibrous PCL nanocomposites via
electrospinning by varying the nHAp and AMX contents incorporated in the membrane,

in order to evaluate the scaffolds prospective for dental applications. The influence of

the amount of nHAp on the interaction with amoxicillin, and the drug release behavior
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from this nanocomposite nanofibrous membranes, were investigated. Membranes were
characterized in terms of morphology, surface hydrophilicity, thermal and mechanical
properties, antibiotic encapsulation efficiency and release behavior against four bacterial

strains.

MATERIALS AND METHODS

Materials

PCL (Mn = 80000 g mol™) was acquired from Aldrich Chemical Co. (St Louis, MO,
USA). Diammonium hydrogen phosphate was purchased from Sigma-Aldrich
(Germany). Darvan 821A were purchased from R. T. Vanderbilt, USA. Amoxicillin
trihydrate (AMX) was supplied by Antibiotice SA lasi, Romania. Deionized water was
used in all experiments. All commercial materials were used without further
purification. Staphylococcus aureus (ATCC 6538P), Salmonella typhimurium (ATCC
14028) were purchased from American Type Culture Collection (ATCC). Micrococcus
luteus (lizodeikticus) and Staphylococcus aureus (collection strain) were obtained from
the Department of Microbiology of University of Agricultural Sciences and Veterinary

Medicine Cluj-Napoca and were maintained on solid agar medium at 4 °C.

Synthesis and characterization of nano-hydroxyapatite (nHAp)

nHAp was synthesized by a wet chemical method using calcium nitrate and
ammonium hydrogen phosphate as Ca and P precursors. Calcium nitrate was mixed
with ammonium hydrogen phosphate at ratio of Ca/P 1.67, in accordance with the
standard stoichiometry for pure HAp. Two solutions of 1000 ml were prepared by

dissolving separately calcium nitrate and ammonium hydrogen phosphate in deionized
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water by vigorous stirring in aqueous solution at room temperature. Darvan 821A was
added to both solutions as dispersing agent. pH of each aqueous solution was adjusted

to 11 by using NH4OH solution 25%. The reaction that took place is shown below:

10Ca(NO;), + 6(NH,),HPO, + 8NH;OH — Ca;o(PO4)s(OH), + 20NH,;NO; + 6H,0

(NH4),HPO, solution was dropwisely added into Ca(NOs), solution at 70 °C with
vigorous stirring, and pH = 11 was maintained by using NH4OH solution 25%. The
suspension was kept under stirring for 12 h and then filtrated and washed three times
with distilled water and anhydrous ethanol. Finally, the sample was lyophilized and
thermally treated in a furnace at 300 °C for 6 h to obtain a fine dried powder.

The phase composition and crystallinity of calcined nHAp were analyzed by X-ray
diffraction (XRD), with a DRON-3 diffractometer, in Bragg-Brentano geometry. The
crystallite size was estimated with the Scherrer formula.?

Transmission electron microscopy (TEM) (H-7650 120 kV automatic microscope,

Hitachi, Japan) was used to study and determine the size and morphology of nHAp.

Preparation of electrospun membranes

Preparation of the drug/ceramic/polymer solution was carried out in a one-pot
procedure. AMX was dissolved in a solvent mixture of chloroform/methanol (3:1) and
stirred for 12 h. Then, nHAp nanoparticles were added and the mixture was sonicated
for 30 min. Finally, PCL (15% wt/v) was added to the nanohybrid AMX/nHAp
dispersion and stirred for 12 h with a magnetic bar. Membranes with 0, 1 and 1.5 wt.%
of AMX and 0, 10, 15 and 20 wt.% of nHAp were prepared by considering weight

percentages related to PCL mass. Thomas et al. studied electrospun bioactive

John Wiley & Sons, Inc.
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nanocomposite scaffolds and reported that nHAp can be well dispersed in PCL up to the
addition of 20 wt%, after ultrasonication.'' Samples were coded as A(wt.% AMX)-
H(wt.% nHAp). The mixtures were electrospun using 15-25 kV and a flow rate of 5-6
ml h™. Fibers were collected in an aluminum foil located 12 cm away from the needle

tip. Membranes were exhaustively dried under vacuum for 48 h.

Membrane characterization

Morphology of the electropun membranes was examined by scanning electron
microscopy (SEM, JEOL JSM6460 LV, Peabody, MA, USA) at 15 kV after gold
sputtering. The mean diameter and diameter distributions were obtained by using Image
ProPlus software.

Thermal properties were determined by thermogravimetric analysis (TGA) and
differential scanning calorimetry (DSC). TGA were performed on a TGA-DTGA
Shimadzu 50 thermal analyzer from ambient temperature to 600°C at 10°C min™ under
nitrogen atmosphere. DSC thermograms were obtained in a Perkin-Elmer Pyris 1
calorimeter (PerkinElmer Inc., Waltham, MA, USA). Scans were carried out from 0 to
250°C at a hearing rate of 10°C min™ under nitrogen atmosphere. Crystallinity (X.) was
calculated with respect to 100% crystalline PCL (melting enthalpy = 148.05 J g™).”
Glass transition temperature was determined in the onset of the transition.

Contact angle measurements were performed with distilled water using a ramé-hart
goniometer. Attenuated total reflectance-Fourier transform infrared spectra (FTIR-ATR)
were obtained using a Mattson Genesis II in the range from 600 to 4000 cm™.

XRD patterns were obtained on a Philips PW 1710 diffractometer (45 kV and 30
mA) at 2° min”', with a Cu Ko radiation (A = 1.54 A).

Mechanical behavior was evaluated by tensile testing from rectangular strips with an

John Wiley & Sons, Inc.
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effective length of 24.75 mm and 8 mm width. A traverse speed of 10 mm min™ and a
500 N load cell were used. Membranes were tested in dried conditions and also after
immersion in simulated body fluid (SBF) during 12 h, in order to mimic the
environmental conditions of usage as much as possible. Data of mechanical
performance in wet conditions is very important and rarely reported in literature.
Samples were tested in triplicate. Elastic moduli were estimated from the linear initial
part of the stress-strain curves. The yield point is defined as the point of maximum
stress before irreversible deformation takes place. For comparison purposes, the end of
linearity was estimated as the intersection point between the linear part and the tangent

line to the curve after yield regime. The stress value at this point was registered.

Encapsulation efficiency and in vitro drug release measurements

In order to quantify the AMX total content, scaffolds were dissolved in the former
solvent mixture and nHAp was separated by ultracentrifugation. UV-visible spectra
(UV-vis) were recorded from the resulting solutions. Quantification was done by
considering the peak area at A = 227 nm. AMX content was determined with a
calibration curve and the encapsulation efficiency was calculated as the percentage ratio
of the loaded AMX and the initial drug in the polymeric solution.

In vitro release of AMX from the electrospun membranes was investigated by
measuring the concentration of released AMX in simulated body fluid (SBF).
Membrane discs (56 mg) were placed in polystyrene sterile flasks and immersed in 6 ml
of SBF for 6 h, 1, 3, 7, 4, 7, 10, 15 and 20 days at 37 °C. Aliquots were taken with a 1
ml micropipette and AMX quantification was performed in a UV-Vis spectrometer
(UNICAM UV-4) equipped with photomultiplier detector, using the absorbance peak at

A = 227 nm. A similar volume of fresh SBF was restored after each extraction. The

John Wiley & Sons, Inc.
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cumulative release of AMX was calculated based on a standard AMX absorbance
concentration calibration curve using 0, 1.87, 3.7, 7.5, 15, 20 and 40 mg ml™! as

standards. The results are the average of three samples.

Microbiological evaluation of antibacterial activity of membranes

Disk diffusion tests were used to examine the antibacterial effect of AMX-loaded
membranes. For this purpose, the surface of solid glucose agar in Petri dishes was
inoculated with 1 ml of suspension of different four bacterial pure cultures:
Staphylococcus aureus (ATCC 6538P), Staphylococcus aureus (collection strain),
Salmonella typhimurium (ATCC 14028) and Micrococcus Iluteus formerly known as
lizodeikticus, at a fixed density (0.5 McFarland Standard, BioMérieux, Basingstoke,
UK). Then, the suspension was spread for uniformity over the entire surface of the plate
using the Drigalski spatula. The excess fluid was removed, after which the plates were
placed in the incubator (with the lid half-opened) in order to allow the drying of the agar
surface (20 min at 37°C). Membrane discs (4 mm in diameter, 0.2 mm in thickness)
containing various concentrations of AMX and nHAp (A1-HO, A1-H10, A1-HI5, Al-
H20, A1.5-HO, A1.5-H10, A1.5-H15 and A1.5-H20) were placed on the bacteria-
inoculated agar plates, following a radial pattern, and the standard disc A0-H20
(without AMX) was placed in the center. Bacterial inhibition zone size was measured
(mm) after incubation at 37°C for 24h. For each AMX concentration, three plates were
inoculated with the same bacterial strain.

Data were statistically analyzed by one-way analysis of variance (ANOVA) and by
Tukey’s test with the level of significance set at 0.05 in order to determine the

significant differences between the mean values of the tested materials.

John Wiley & Sons, Inc.
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Bioactivity testing

In vitro bioactivity of membranes was assessed by their in vitro apatite-forming
ability on the surface of membranes during storage in SBF solution.** A0-H20 and
A1.5-H20 samples (8 mm in diameter) were immersed in 15 ml of SBF and stored at 37
°C for 21 days. SBF solution were prepared according to Kokubo’s SBF solution™*
using the standard ion composition (Na" 142.0 mM, K™ 5.0 mM, Mg”*" 1.5 mM, Ca*" 2.5
mM, CI' 147.8 mM, HCO5™ 4.2 mM, HPO,” 1.0 mM, and SO4> 0.5 mM), buffered at
the physiological pH of 7.40 at 37 °C, with tris(hydroxymethyl)amino methane and
hydrochloric acid. After 21 days, samples were removed from the SBF solution, washed
with distilled water, and stored in a desiccator prior to SEM/EDX analysis. A1-H20 and
A1.5-H20 samples were mounted on stubs and gold sputter-coated (Bio-Rad Polaron

Division SEM Coating System, Polaron Instruments Inc., Agawan, MN, USA).

RESULTS AND DISCUSSION
Characterization of nHAp

Figure 1 illustrates the XRD pattern of the synthesized calcined nHAp. X-ray
diffraction revealed nHAp in a crystalline form (JCPDS card No.09-0432) with a mean
crystallite size of 57.9 nm. Crystals of nHAp rods particles with 11 — 21 nm in diameter

and 20-66 nm in length were detected (Figure 2).

Characterization of electrospun nanocomposite membranes

Fiber size and morphology of electrospun fibers depend on a number of factors,
including intrinsic solution properties, processing and environmental parameters.” The
spinning conditions used in this work were selected after screening experiments that led

to the production of uniform, bead-free, continuous fibers. SEM analysis revealed a

John Wiley & Sons, Inc. 10

Page 10 of 37



Page 11 of 37

©CoO~NOUTA,WNPE

Journal of Biomedical Materials Research: Part B - Applied Biomaterials

typical electrospun structure of randomly oriented bead-free fibers, with highly
anisotropic fiber distribution, interconnected open macropores, and pore distribution
throughout the structure (Figure 3a). Fiber diameter frequency distribution is shown in
Figure 3b, the mean fiber diameters being in the range of 1.2 to 2.2 um.

TGA thermograms corresponding to PCL, AMX, nHAp and A1.5 membrane series
are shown in Figure 4. As expected, the residual mass is in agreement with nHAp
contents in the membranes. However, the detection of the ceramic particles in the
surface by XRD and ATR-FTIR did not show the same trend when AMX is present in
the membranes. Indeed, the nHAp-related diffraction (Figure 5) and infrared peaks
(Figure 6) did not follow an intensity trend that matches the nHAp contents in the
membranes containing AMX. Given that membranes without AMX indeed follow the
expected trend, as observed by FTIR, the incorporation of the antibiotic seems to alter
the distribution of nHAp within the fibers. Thus, when membranes were prepared with
AMX, nHAp particles were distributed not only in the surface but also within the fibers.

Table 1 shows a slight increase in the surface hydrophilicity for the drug-loaded
membranes with respect to pristine PCL, though no clear trend was observed among the
different compositions. DSC thermograms of nanocomposite membranes revealed that
PCL melting temperature and crystallinity degree have no significant variations with the
incorporation of AMX and nHAp, as seen in Table 1. The absence of appreciable
changes in melting enthalpy and crystallinity with the addition of nHAp in neat PCL
nanofibers was also previously reported.''

Mechanical properties of antibiotic-loaded membranes were tested before and after
immersion in SBF, in order to mimic the environmental conditions. Stress-strain curves,
elastic modulus and apparent yield stress for A1.5 series in both conditions are shown in

Figure 7 (a-c). The dried membrane with no ceramic nanofiller (A1.5-HO) showed a

John Wiley & Sons, Inc. 11
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large elastic range and relatively high elastic modulus. It is known that the interface
adhesion of polymer matrix and nanofillers plays a key role among other factors
affecting the properties of nanocomposites. The incorporation of nHAp produced a
plasticization effect resulting in a larger plastic deformation (~ 400 % with 10% nHAp).
Similarly, a study on electrospun PCL/nanoCaCO; membranes showed a comparable
behavior for the composite containing 10% of this inorganic filler content.” However,
Thomas et al.'' reported an opposite trend in PCL/nHAp-based nanocomposites without
AMX. They found that an increase in nHAp content led to an increase in both tensile
strength and tensile modulus, because of a good interface bonding of the polymer matrix
and nHAp filler particles. In our system, it appeared that the strong interaction of nHAp
with AMX decreases the interface adhesion with the PCL matrix, leading to a decrease
in tensile modulus and ultimate strength.

In comparison, the series tested after SBF immersion showed a significant decrease
of the elastic modulus for A1.5-HO but a moderate effect for the remaining membranes.
This could be explained by the fact that the plasticization effect of water is more evident
for membranes with no filler. Besides this particular case, the elastic moduli did not
show significant differences. In both conditions, the post-yield regime changed
completely because of the nHAp incorporation, as evidenced by the decreased stress

yield values and the higher permanent deformations encountered.

AMX release from nanocomposite membranes

Local controlled delivery of drugs is preferred to systemic administration due to the
improved drug effectiveness, selective targeting, decreased side effects, and reduced
frequency of administration. Therefore, it is of utmost importance to investigate and to

modulate the release profiles for the specific applications. The cumulative release

John Wiley & Sons, Inc. 12
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profiles of AMX from the prepared membranes, displayed in Figure 8, present two
stages: a first rapid release or burst effect, followed by a slow and prolonged second
stage. The initial burst, found in many controlled drug delivery systems, has been
explained by a number of mechanisms, including surface desorption, pore diffusion, or
the lack of a diffusion front barrier regulating the diffusive process.*® For the delivery of
antibiotic drugs, an initial burst is actually ideal since it is important to eliminate the
intruding bacteria immediately after the dental surgical intervention, preventing their
proliferation.27 However, a continued release of antibiotic is required to prevent further
population of residual organisms for the prevention of bacterial growth and
colonization.

The fraction of AMX released after 1 day depended on the nHAp content. Therefore,
an increase in nHAp content in Al or Al.5 series led to a decrease in the burst effect.
Amoxicillin contains several polar groups (-NH, -OH) which are able to establish
chemical bonding by hydrogen-bonding forces with hydroxyl groups of hydroxyapatite
particles. These interactions lead to the formation of a nanohybrid AMX-nHAP. Besides
the lower extent of the interactions of PCL with AMX and nHAP, the aliphatic
polyester is still a suitable matrix for the PCL/AMX/nHAp system.

A1-H20 and A1.5-H20 membranes exhibited the lowest amount of AMX release
after 1 day (40 and 38%, respectively). On the other hand, the complete release of AMX
from membranes without nHAp (A1-HO and A1.5-HO) occurred in only 7 days, whereas
for 10 wt.% nHAp the total content was released in 21 days, and it was not yet
completed for 15 wt.% nHAp (91-93%) and 20 wt.% nHAp (84-85%) in the same
period. These results are in agreement with the presence of physical interactions, which
modulate the release behavior.

Zheng et al.*® reported the separate preparation of AMX-loaded nHAp nanohybrids,

John Wiley & Sons, Inc. 13
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that were blended with a polymer solution in a second stage, prior to electrospinning.
From the resulting PLGA based nanofibers, a release of 16% was found after the first
day, but only 35% of AMX was released after 18 days. The strong interaction between
AMX and nHAp could be responsible for the decrease in burst release, but at the same
time the cause of the incomplete AMX delivery. The subsequent mineralization could
completely block the antibiotic release. In other different system, Valarezo et al.”’
studied PCL-based membranes with AMX intercalated in layered double hydroxide
(LDH) nanoparticles. The authors found a burst release of about 45% in the first day
and fractions in the range of 70 to 100% for AMX/LDH contents from 3 to 7 wt.%.
These results for the intercalated AMX/clay are in close agreement with our
observations for AMX/nHAp.

Table 2 shows the decrease in encapsulation efficiency of AMX with increasing
nHAp content in both Al and A1.5 series. Again, this result can be mainly attributed to
the interactions between AMX and nHAp. A fraction of AMX remained adsorbed on
the nHAp surface after membrane dissolution and ultracentrifugation processes,

decreasing the drug availability.

Microbiological evaluation of antibacterial activity of membranes

The studied bacterial strains from the genera Staphylococcus (gram-positive coccal
bacterium), Micrococcus (gram-positive cocci) and Salmonella (gram-negative
bacteria), were selected because of their proven in vitro susceptibility to AMX.
Staphylococci are commensally of the skin, skin glands, and mucous membranes, both
in humans and in animals, that show their pathogenic ability through virulence and a
wide range of aggression and toxic factors.”® S. aureus (gram-positive coccal bacterium)

is often involved in the production of several types of diseases of the oral cavity:

John Wiley & Sons, Inc. 14
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stomatitis, orofacial granulomas®, periodontitis’*®, peri-implant mucositis®®,

endodontic infections’’ and even tooth decay.’*° Micrococcus luteus (gram positive
cocci) is considered a non-pathogenic germ usually isolated from the external
environment (dust, soil, air, different objects), but it can be frequently found onto the
skin, mucous membranes of the nasal cavities and in the oral cavity.*” *' Finally,
Salmonella typhimurium is one of the most prevalent serovars, predominantly as a
gastrointestinal tract pathogen and could be found the oral cavity.** Salmonella
typhimurium was tested for evaluation of mutagenic capacity of some dental materials.*

The antibacterial activity of neat membrane (A0b20) and AMX-loaded membranes
(A1 and AL.5 series) are presented in Table 2 and Figure S1 (please see Supporting
Information). As expected, membranes with 1.5 wt.% AMX showed higher
antimicrobial activity than those with 1 wt.% AMX. This observation, in agreement
with other studies™, is related with the quantity of incorporated AMX. A0-H20
membrane based on PCL and nHAp was used as negative control. The material did not
display bacterial inhibition area and confirmed that the membranes antimicrobial
activity is due to the AMX release. There were slight differences between strains of
Micrococcus luteus, Staphylococcus aureus (ATCC 6538P) and Staphylococcus aureus
(collection strain). The lowest antimicrobial activity was observed for Staphylococcus
aureus (collection strain). Membranes without nHAp (A1-HO and A1.5-HO) showed
higher bacterial inhibition area than their counterparts containing inorganic filler. This
faster AMX release could be due to higher water sorption in the matrices without
inorganic filler. Absorbed water can diffuse inside of PCL matrix and it can act as AMX
carrier from inside of polymer composite, spreading around of samples by agar
diffusion. The lower AMX release with increasing nHAp content is well correlated with

the observed antimicrobial results (Table 2 and Figure S1).
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Bioactivity of nanocomposite membranes

SEM micrographs of membrane surface after 21 days storage in SBF are presented in
Figure 9a for A1-H20 membrane, and in Figure 9c-e for A1.5-H20 membrane. As it can
be clearly seen, the nanofibers surface show the formation of new apatite crystals
(Figure 9a-e red double arrows) and microporosities (Figure 9a,d,e yellow arrows)
probably associated with PCL degradation around nHAp/AMX particles and/or with
solubility/leaching of nHAp/AMX particles during storage. nHAp on the fiber surface
was exposed continuously to SBF and induced apatite nucleation and crystallization.
Moreover, solubility of nHAp surface particles and release of Ca'? and HPO4* ions in
SBF induced ion saturation in the solution. EDX analysis for A1-H20 (Figure 9b) and
A1.5-H20 (Figure 9f) showed the presence of calcium, phosphorous and chlorine at the
surface, thus confirming the formation of new apatite crystals with ratio Ca/P=1.55.
Although the Ca/P ratio in pure hydroxyapatite is 1.67, the formation of calcium-
deficient apatite at Ca/P ratio is in agreement with other studies reporting Ca/P values
such as 1.06, 1.27, 1.55 or 1.6.** The chlorine ions detected at the membrane surface
may be due to some infiltration from the SBF solution, and could be found in the

structure of apatite layer as chlorapatite Ca10(PO4)6(C1)2.4446

CONCLUSIONS

A series of electropun nanocomposite fibrous membranes was obtained by varying
the concentration of antibiotic (0, 1 and 1.5 wt.%) and nHAp (0-20 wt.%) incorporated
in the composition. Uniform bead-free microfibrous non-woven mats were obtained in
all cases. The incorporation of AMX seemed to modify the nHAp distribution within

the matrix. Moreover, the interaction between AMX and nHAp affected the mechanical
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performance before and after SBF immersion, and modulated the AMX release profiles.
In vitro release curves presented an initial high-rate antibiotic release stage, which is
advantageous for GTR/GBR therapy, followed by a sustained release of 85-100% of the
total drug content during 3 weeks.

The antimicrobial activity of the AMX-loaded membranes depended on both AMX
and nHAp contents. Membranes with the highest AMX content (A1.5 series) are more
efficient in terms of antimicrobial activity and lead to a reduction in the burst effect.
Membranes with the highest nHAp content exhibited a pronounced bioactivity after 21
days immersion in SBF, as assessed by their ability to form apatite on their surfaces.
However, a choice of the optimal amount of nHAp implies not only a good
biomineralization (highest quantity) but also a compromise between the encapsulation
efficiency and the inhibition effect. Among the studied parameters, an intermediate
filler content (H10 or H15) would generate a smooth release profile without hindering
the AMX delivery efficiency. Biomineralization of membrane surface after SBF storage
could have a beneficial effect in vivo and confirms the possibility of new bone
formation at the surface and inside of membrane pores after surgery.

The prepared electrospun nanocomposite amoxicillin-loaded mats could be
promising third-generation GTR/GBR membranes for dental and tissue engineering

applications.
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Figure Captions:

Figure 1. X-ray diffraction pattern for the nHAp synthesized.

Figure 2. TEM image of the synthesized nHAp powder.

Figure 3. a) SEM micrographs of pristine and drug-loaded membranes. b) Fiber
diameter frequency distributions.

Figure 4. Thermogravimetric curves obtained for nHAp, AMX, PCL and A1.5
nanocomposite membranes with different nHAp contents.

Figure 5. XRD diffractograms of the raw materials and A1.5 series with different nHAp
contents.

Figure 6. ATR-FTIR normalized spectra of A0, Al and Al.5 series with different
nHAp contents.

Figure 7. Mechanical characterization: a) stress-strain curves, b) elastic modulus and c)
yield stress for Al.5 series with different nHAp contents before and after 12 h
immersion in SBF.

Figure 8. In vitro AMX release profiles from electrospun membranes containing
different nHAP and AMX contents (1 wt.% relative to PCL: filled symbols, and 1.5
wt.%: empty symbols)

Figure 9. SEM micrographs of (a) A1-H20 and (c,d,e) A1.5-H20. EDX Analysis of (b)
A1-H20 and (f) A1.5-H20. Note: red double arrows indicate new apatite crystal formed

at the surface of nanofibers from membranes; yellow arrow pores inside the fibers.

Supplementary materials
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Figure S1. Digital images of inhibition zones after 24 h produced by A0-H20, A1-HO,
A1-H10, A1-H15, A1-H20, A1.5-HO, A1.5-H10, A1.5-H15 and A1.5-H20 membranes

on: (al-a2) Micrococcus luteus, (b1-b2) Staphylococcus aureus (ATCC 6538P), (c1-c2)

©CoO~NOUTA,WNPE

10 Salmonella typhimurium (ATCC 14028), (d1-d2) Staphylococcus aureus (collection

12 strain). AO-H20 was used as control without AMX.
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Figure 1. X-ray diffraction pattern for the nHAp synthesized.
57x45mm (300 x 300 DPI)

John Wiley & Sons, Inc.

Page 26 of 37



Page 27 of 37 Journal of Biomedical Materials Research: Part B - Applied Biomaterials

©CoO~NOUTA,WNPE

28 Figure 2. TEM image of the synthesized nHAp powder.
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Table 1. Contact angle measurements and thermal properties of nanocomposite

membranes.

©CoO~NOUTA,WNPE

Sample Contact angle (°) Tn(°C) X (%)

13 A0-HO (PCL) 126.9 + 0.6 59.6 42.0
15 A0-H10 122.6 £ 0.7 58.6 38.9
18 A0-H15 121.6 £ 2.6 59.3 41.1

20 A0-H20 128.7+1.2 59.0 42.2

22 A1-HO 1215+3.4 59.1 42.6
o5 A1-HI10 1222452 58.7 40.1
27 Al-H15 116.8 + 6.8 58.7 41.6

A1-H20 110.4+2.5 59.0 40.8

32 A1.5-HO 1232 +4.1 60.7 423
34 A1.5-H10 119.6 £2.1 57.9 40.1
37 Al1.5-H15 124.6 = 1.4 57.8 40.6

39 A1.5-H20 121.7+ 1.9 57.7 38.9
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Table 2. Encapsulation efficiency and representative inhibition zones after 24 h against:

Micrococcus luteus; Staphylococcus aureus (ATCC 6538P); Salmonella typhimurium

(ATCC 14028); Staphylococcus aureus (collection strain).

Mean diameter inhibition (mm) (SD)

AMX
Salmonella
encapsulatio Staphylococcus S. aureus
Sample Micrococcus typhimurium
n efficiency aureus (ATCC (collection
luteus (ATCC
(%) 6538P) strain)
14028)
A0-H20
- 0 0 0 0
(control)
A1-HO | 98.07 (8.35) | 37.27 (2.61)° 32.89 (1.63)" 17.35 (2.88)* | 28.99 (0.74)"
A1-HI10 | 96.55(6.98) | 31.51(2.56)° 29.66 (1.70)° 13.87 (1.07)*° | 25.46 (1.81)*°
12.21
A1-H15 |85.14 (11.73) | 24.29 (2.89)"¢ 21.61 (2.34)° 23.34 (2.94)"¢
(3.50)*>¢
10.15
A1-H20 | 70.32(8.30) | 19.21 (8.60) 17.62 (2.70)° 17.74 (1.60)°
(0.66)>4
30.62
A1.5-HO | 99.66 (23.71) | 45.52 (1.0 | 37.52(1.39)*¢ | 19.45 (0.80)*¢
(0.59)~¢
28.10
A1.5-H10 | 98.76 (13.61) | 41.95 (0.69)*%¢ | 34.81 (1.86)**¢ | 20.27 (1.20)"f
(3'93)a,b,c,d,e
38.02 16.63 27.21
A1.5-H15 | 96.49 (7.14) 32.10 (1.13)0ef
(0'76)a,b,d,e,f (1 '38)a,b,c,e,f,g (0'84)a,b,c,d,e,f
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35.52 14.93 24.28
A1.5-H20 | 88.45(3.00) 29.60 (0.30)*""
(3.57)~4¢! .62y 0cdete | s4ypbe

Note: Superscript letters ' within columns indicate mean values not statistically

significant different from each other, when compared using the Tukey test, P > 0.05
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