Effect of hydroxyapatite concentration and size on morpho-mechanical
properties of PLA-based randomly oriented and aligned electrospun

nanofibrous mats.

Francesco Lopresti*!2, Francesco Carfi Pavia'?, Ilenia Vitrano!, Maiwenn Kersaudy-
Kerhoas?, Valerio Brucato!, Vincenzo La Carrubba!

"Department of Engineering, University of Palermo, RU INSTM, Viale delle Scienze, Palermo,
Italy

Hnstitute of Biological Chemistry, Biophysics and Bioengineering, Heriot-Watt University,
Edinburgh, United Kingdom

3ATeN Center, University of Palermo, Viale delle Scienze, Palermo, Italy

*Corresponding: Francesco Lopresti. mail: francesco.loprestiO1(@unipa.it
p g p

Abstract

The growing demand for nanofibrous biocomposites able to provide peculiar properties requires
systematic investigations of processing-structure-property relationships. Understanding the morpho-
mechanical properties of an electrospun scaffold as a function of the filler features and mat
microstructure can aid in designing these systems.

In this work, the reinforcing effect of micrometric and nanometric hydroxyapatite particles in
polylactic acid-based electrospun scaffold presenting random and aligned fibers orientation, was
evaluated. The particles incorporation was investigated trough Fourier transform infrared
spectroscopy in attenuated total reflectance. The morphology of the nanofibers was analyzed through
scanning electron microscopy and it was correlated with the viscosity of polymeric solutions studied
by rheological measurements. Scaffolds were mechanical characterized with tensile tests in order to
find a correlation between the preparation method and the strength of the mats. The influence of
hydroxyapatite particles on the crystallinity of the composites was investigated by differential
scanning calorimetry. Finally, cell culture assays with pre-osteoblatic cells were conducted on a
selected composite scaffold in order to compare the cell proliferation and morphology with that of
polylactic acid scaffolds. Based on the results, we can prove that polylactic acid/hydroxyapatite

composites can be one of the biomaterials with the greatest potential for bone tissue regeneration.
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1. Introduction

In tissue engineering (TE), there is a growing demand for functional polymeric nanofiber scaffolds
able to provide fibrous matrix networks similar to extracellular matrix (ECM) to support cells and
able to regulate their behaviors (Li et al., 2019; Scaffaro et al., 2017¢). Among the different
approaches proposed for fabricating porous scaffolds for TE, electrospinning is one of the most
investigated since permits the preparation of fibers with varying diameters, ranging from nano- to
micro-scale. The process lies on polymer filaments formation, from a solution or melt, between two
electrodes bearing electrical charges of opposite polarity. Once ejected from a metallic needle, the
charged solution jets flows in the direction of the electric field making the solvent evaporates to
become fibers (Haider et al., 2018; Zhang et al., 2017). The important advantages of electrospinning
technique are the production of highly interconnected porous mats with large surface areas, superior
mechanical properties and the simplicity of process combined with the possibility of large-scale
productions, which make this technique very attractive for many different applications (Zhang et al.,
2018).

Nowadays a plethora of advanced polymers both from synthetic (Berndt et al., 2019; Gong et al.,
2019; Gu et al., 2019a; Guo et al., 2019; Ma et al., 2019; Ma et al., 2018; Yang et al., 2019) and
natural sources (Shi et al., 2019b, 2019a; Xu et al., 2019) with peculiar properties has attracted
widespread interest. Among these, one on the most interesting electrospinnable polymer is polylactic
acid (PLA). This material has been widely studied because it is nontoxic, biocompatible and possesses
interesting mechanical and physical properties (Scaffaro et al., 2017f).

Considering the wide range of potential applications of electrospun mats such as biomedical (Haider
etal., 2018), environmental (Huang et al., 2017; Ray et al., 2016), electronic (Aruna et al., 2017; Guo
etal., 2018), one of the major challenges in electrospinning approach is the preparation of mats with
tunable properties. In this context, several process and post-process modifications of electrospun mats
were proposed such as the use of multiple jets (Scaffaro et al., 2017a), fibers alignment (Scaffaro and
Lopresti, 2018a; Wang et al., 2018), coaxial electrospinning (You et al., 2016), surface modifications
(Rieger et al., 2013; Surucu et al., 2016), blends with other biopolymers (R. Scaffaro et al., 2018)
and/or the use of micro or nanoparticles (MPs, NPs) as filler for the polymer matrix (Abdel-Mottaleb
etal., 2019; Scaffaro et al., 2019). In particular, fillers are able to tune specific properties of polymers
to increase their mechanical strength and/or endow them with additional features (Dong et al., 2019,
2018; L. Ma et al., 2019a, 2019b; Qian et al., 2018). In fact, composites and nanocomposites find
applications in a broad range of fields such as sensors (Jiang et al., 2019), energy (An et al., 2019;
Liu et al., 2017; Ma et al., 2019), anticorrosion (Zhu et al., 2019), catalysis (Chen et al., 2019; Lin et
al., 2019; Pan et al., 2018). Final properties of a polymer-based composites are strongly affected by



several features that involves matrix/particles interaction including, among the others, the structure
anisotropy and the particle dimension (Chan et al., 2019; Huan et al., 2018). In particular, Scaffaro
and Lopresti (Scaffaro and Lopresti, 2018a), recently demonstrated that the reinforcing action of
graphene nanoplatelets in PLA nanofibers is more pronounced in mats composed by aligned fibers.
These showed an increase of the elastic moduli more than three times higher if compared with the
randomly oriented mats. Furthermore, specific fiber arrangements could be more appropriate than
conventional random mats in particular when the cells should grow along specific directions (Kuppan
et al., 2016; Yang et al., 2005). Nanofibers can be aligned introducing specially designed collectors
such as two parallel electrodes or by simply using a high speeds rotating collector (Scaffaro et al.,
2017e).

Particle size plays important role on morphological characteristic affecting the quality of fillers as
reinforcing agents (Corobea et al., 2016). Smaller particles expose more surface area per unit weight
than bigger particles, thus enhancing the contact between the polymer and the filler phase that can
lead to an increase of the reinforcing action (Barrera and Cornish, 2017). Bigger particles can also
act as localized stress points, generating defects within the composite that can cause the fracture of
the material at lower strain. Nevertheless, important drawbacks have been associated with the use of
NPs, including the complexity and high cost of their production compared to macro and micro size
particles (Barrera and Cornish, 2017).

Many different kinds of particles can be potentially used as filler such as TiO> (L. Ma et al., 2018;
Tian et al., 2019), zeolites (Luo et al., 2018a), Cu>O nanoparticles (Luo et al., 2018b), graphene (He
et al., 2019; S. Li et al., 2019; Zhang et al., 2019), carbon nanotubes (P. Yang et al., 2019), carbon
nanospheres (Gu et al., 2019b), ZnO (Sun et al., 2019) on the basis of the final application of the
material.

In this context, scaffolds made of nanofibrous mats based on biodegradable polymers filled with
hydroxyapatite (HA) have been intensely investigated in recent years (Abdal-hay et al., 2018;
Miculescu et al., 2017a; Ni et al., 2019; Yang et al., 2018). HA is the main constituent (70%) of the
bone tissue; when incorporated in the polymer matrix it can enhance mechanical properties, promote
faster bone regeneration and induce stem cells to differentiate into osteocytes (Carfi Pavia et al., 2018;
Lietal., 2018; Miculescu et al., 2017b; Milazzo et al., 2019; Vitrano et al., 2018).

Since HA properties are mainly adequate for nonload bearing applications, it is usually combined
with biocompatible polymer matrix in order to obtain resorbable biocomposites (Miculescu et al.,
2018; Pandele et al., 2017). Although HA was intensively investigated as biofiller for PLA, the
systematic effect of particles dimension on the morpho-mechanical properties of electrospun systems

has not deeply studied yet.



The novelty of this work is to compare the reinforcing effect of HA particles with different sizes i.e.
micrometric (WHA) and nanometric (nHA) in PLA-based electrospun scaffold composed by aligned
and randomly oriented fibers. The surface chemical composition of PLA/nHA and PLA/pHA systems
was carried out with Fourier transform infrared spectroscopy in attenuated total reflectance (FTIR-
ATR). The polymeric solutions were characterized by rheological measurements in order to correlate
the viscosity with the morphology of the nanofibers analyzed through scanning electron microscopy
(SEM). The reinforcing effect of both pHA and nHA was evaluated on aligned and randomly oriented
electrospun mats through tensile tests. The crystallinity of the composites was investigated by
differential scanning calorimetry (DSC). Finally, cell culture assays with pre-osteoblatic cells were
conducted on the composite scaffolds in order to compare the cell proliferation and morphology on

the uHA and HA PLA-based scaffolds with that of PLA scaffolds.



2. Experimental section

2.1 Materials and method
In this work, PLA (2002D) was supplied by NatureWorks while Acetone (Ac), Chloroforms (TCM)
and the commercial grade nHA were purchased from Sigma Aldrich. pHA (Camceram III, HA
coating powder) used was provided by Alhenia.
In order to avoid hydrolytic degradation of PLA, it was dried overnight under vacuum at 90 °C
(Scaffaro and Lopresti, 2018b).
PLA/uHA and PLA/nHA electrospun composites was similar to those adopted for another
electrospun system described in previous a work (Scaffaro et al., 2017d). In brief, the solvent system
for PLA was TCM:Ac (2:1 vol). PLA was added to obtain a composition of 10 wt% with respect to
TCM:Ac mixture and dissolved at room temperature under continuous magnetic stirring overnight.
Therefore, HA particles were added to the solution and were ultrasonicated for a total of 1 h. Two
different concentrations of pHA and nHA were chosen: 10 wt% and 20 wt% with respect to PLA.
A semi-industrial electrospinning equipment (NF-103, MECC CO., LTD., Japan) was used to prepare
PLA nanofibers scaffolds and the biocomposites. A 5-mL syringe fitted with a 19 gauge stainless
steel needle was filled with the polymeric solution. The electrospinning process was then carried out
using the following constant parameters: flow rate, 1 mL/h; distance between the needle tip and the
collector, 13 cm; supplied high voltage, 15 kV; temperature, 25 °C and relative humidity, 40%. The
nanofibers obtained were collected on a grounded rotary drum (diameter = 10 cm) wrapped in an
aluminum foil for 180 min in order to obtain membranes approximately 100 um thick. The speed of
the rotary drum was 10 rpm for the randomly oriented fibers and 200 rpm for the aligned fibers. The
collected electrospun membranes were subsequently dried for at least 2 days under fume hood in
order to remove any residual solvents.
The samples were coded as follow: X PLA/yHA ZZ% where X is A for the aligned systems or R for
the randomly oriented mats, y is pu for micro-sized HA or n for nano-sized HA, finally ZZ% is the

HA mass fraction (or weight percentage, wt%) in the composite.

2.2 Morphological analysis
The morphology of the nanofiber mats was evaluated by Scanning Electron Microscopy, (Phenom
ProX, Phenom-World). The samples (4 x4 mm) were attached on an aluminum stub using an
adhesive carbon tape. Therefore, they were sputter coated with gold (Sputtering Scancoat Six,
Edwards) for 90 s under argon atmosphere before imaging to avoid electrostatic discharge during the

test.



2.3 Particles size and fiber diameter and orientation analysis
Particle size distribution and fiber diameter distribution of electrospun mats was determined using a
dedicated image processing software. Particle size distribution was carried out by Image] on SEM
images of HA particles while the fiber diameter distribution was conducted by using a plugin for
ImageJ (DiameterJ) that permits to analyze an image obtained by SEM in order to produce a

histogram of the fiber diameter distribution and of the fiber orientation (Hotaling et al., 2015).

2.4 Differential scanning calorimeter
The calorimetric properties of the composites were studied by using a Differential Scanning
Calorimeter (DSC), (Setaram, model DSC131). Electrospun samples were sealed in aluminum pans
with approximately the same weight (~ 10 mg). The analysis was carried out with a cycle of heating

from room temperature to 200 °C at 10 °C/min under nitrogen flow.

The degree of crystallinity () of PLA and PLA-based composites was calculated according to Eq.
(1) (R Scaffaro et al., 2018):

AHp

x (%) = x 100 (1)

PLA X XpPLA
where and AH, is the melting enthalpy of the sample, Xp,, is the weight fraction of PLA. AHy, is the
melting enthalpy of 100% crystalline PLA equal to 93.7 J/g (Scaffaro et al., 2018).

2.5 Complex viscosity of the polymeric solution
Rheological characterization tests were performed using a plate—plate rotational rheometer Mars
(Thermofisher). A 25-mm parallel-plate geometry was used, and all tests were performed at 25 °C.
Oscillatory frequency sweep tests were performed at a constant stress of 1 Pa with an increase of

angular frequency from 1 to 100 rad/s.

2.6 Mechanical properties
Tensile mechanical measurements were carried out by using a dynamometer (Instron model 3365)
equipped with a 1 kN load cell. The tests were performed on rectangular shaped specimens
(10 x 90 mm) cut off from the membranes along the radial direction of the rotary drum collector, fixed
to the pneumatic jaws of the dynamometer. Due to the high elongation of the samples, the

measurements were performed by using a double crosshead speed: 1 mm-min~' for 2 min and then



50 mm-min~! until fracture. The thickness of each sample was measured before test whereas the gauge
length was 20 mm for all the samples. The representative nominal stress-strain curves were reported
for each material. The elastic modulus (E) was calculated from the slope of the initial part of the
engineering stress-strain curves. Seven samples were tested for each material and the average values

of the mechanical parameters were reported with their standard deviations.

2.7 In vitro cell cultures

Pre-osteoblastic MC3T3-E1 cells (Sigma Aldrich) were cultured in Dulbecco’s modified
Eagle’s medium (DMEM, Sigma Aldrich) supplemented with 10% of fetal bovine serum, 1% of
glutamine and 1% of streptomycin/penicillin in 75 ¢m? cell culture flasks incubating at 37 °C with
5% CO;. Pure PLA and A PLA/nHA 20% scaffolds were reduced to square-shaped samples (area
about 1 cm?). The samples were sterilized under U.V. light for 2 hours and pre-conditioned O.N. with
complete culture medium. Cells were detached from the culture flasks with the standard protocol
using the tripsyn/EDTA solution and counted through a Burker chamber. Thereafter, 40 ul of cellular
suspension were kindly inoculated onto each scaffold at the concentration of 5x10* cells/cm?. After
an incubation at 37°C and 5% CO; for 90 minutes to promote cell adhesion, each scaffold was
transferred into a well of a 24 well plate and fresh medium was added. The culture was conducted up

to 10 days.

2.8 Cells viability assay
The proliferation rate was evaluated used an AlamarBlue Cell Viability Reagent (Invitrogen). After
scaffolds transfer into other wells (to avoid the quantification of cells adhered to well), each sample
was incubated at 37°C and 5% CO- for 3 hours with 500 ul of a Alamar Blue reagent (10X) diluted
(1:10) in DMEM; the samples were incubated with this solution for 2hrs at 37°C. The resulting
fluorescence was read on a plate reader; excitation wavelength was 530/25 (peak excitation is
570nm); emission wavelength was 590/35 (peak of emission is 585nm). The amount of fluorescence
produced is proportional to the number of living cells. The assays were carried out at 1 (T1), 6 (T6),
8 (T8) and 10 (T10) days of culture in triplicate for each time. Not seeded scaffolds were used as

negative controls in each measurement.

2.9 Analysis of the cell morphology on the scaffolds surface

Electrospun scaffold, after a culture in the incubator, were put into a 24-well polystyrene plate and

washed 4 times with complete 1X PBS. For the fluorescence analysis, the samples were fixed with



formaldehyde solution 3.6% for 15 min at room temperature and then they were thoroughly washed
twice in the 1X PBS. The fixed cells were stained with Alexa Fluor Phalloidin 488 (Thermo Fisher
Scientific and nuclei with 4',6-diamidino-2-phenylindole (DAPI; Merck KGaA) for 30s at room
temperature. Images were taken under a fluorescence microscope (Leica DM 2500, Leica
MicroSystems) equipped with a charge-coupled device camera. All tests were performed in triplicate.
A SEM analysis was performed to observe MC3T3-E1 cells onto electrospun scaffolds. Samples were
washed with fresh DPBS pH 7.4 and fixed with glutaraldehyde 4% (v/v) at 4°C for 2 h, then were
rinsed with water and dehydrated with ethanol series (25%, 50%, 75% v/v and pure ethanol). Finally
samples were dried under vacuum prior to be gold sputtered and analyzed by SEM at the same

conditions described above

2.10 Statistical analysis
Statistical analyses of the data were performed through ANOVA by using the GraphPad Prism
version 6 software (GraphPad Software Inc., La Jolla, CA, USA). Significant differences among
mean values, where applicable, were determined by the means of ANOVA and by Tukey’s post hoc

test for multiple comparisons. In all cases, a value of p<0.05 was considered statistically significant.



3. Results

3.1 Structure of the electrospun nanofibers and solution viscosity
In Fig. 1A,B SEM images of micrometric and nanometric HA used in this work after sonication are
reported. The morphology of pHA is characterized by irregular aggregates having different
dimensions. In particular, the particles size distribution (Fig. 1C) shows both aggregates with
diameter ranging from 10 pum up to 60 um (the size distribution in Fig. 1C stops at 20 um because of
the low number of big particles and for the sake of comparison with Fig 1D) and particles with
diameter lower than 1 um. As evident in the inset of Fig. 2A, uHA particles were found to be
remarkably wrinkled and crumpled, surrounded by the smaller, nanometric power. Differently, the
morphology of nHa appeared smoother and more regular if compared with uHA. The shape is almost
spherical (inset in Fig. 2B’) and the size of the aggregates never exceeded 5 um with a peak of

distribution at 190 nm (Fig. 2D), in line with that declared by the supplier.
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Figure 1 - SEM micrographs of A) uHA and B) nHA. Particle size distribution of C) uHA and D) nHA

In Fig. 2 ATR-FTIR measurements carried out on electrospun PLA, ptHA and nHA powders are

shown, as well as on all PLA/HA composites mats.
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Figure 2 —ATR-FTIR carried out on uHA and nHA particles, electrospun PLA and PLA/HA composites.

The spectra of PLA showed the typical peaks of the polymer such as the carbonyl stretch at 1747 cm’
I, the CO stretch at 1180 cm™!, 1129 cm™ and 1083 ¢cm™' and the OH bend at 1044 cm™! (Scaffaro et
al.,2017b). The FTIR-ATR of the two kind of HA are slightly different. Specifically, both the systems
showed the PO4 bend (vp) at 1092 cm!, POy stretch (vi) at 962 cm!, PO4 bend (v4) at 601 cm™! and
565 cm™! (Panda et al., 2003). PO4 bend (v4) of uHA and nHA are slightly shifted at 1033 cm™ and
1025 cm! respectively. Moreover, the structural OH (at 635 cm™) is much more visible in pHa while
it is a shoulder for nHA powder. The latter presented a small peak at 873 cm™! indicative of the
carbonate ion substitution (Stoch et al., 2000) not present in pHA particles.

In the case of PLA/HA composites, part of the HA bands were overlapped by the more intense PLA
peaks. PO4 bend at 601 cm™ and 565 cm™! and the structural OH at 635 cm™! of HA can be easily
depicted also in PLA/HA composites, since they were not overlapped with PLA peaks and they
showed no wavelength shifts with respect to the raw powder. Furthermore, it can be noticed that the
peak intensity related with HA included in PLA increased upon increasing the filler concentration in
the composites. It is also possible to observe that the OH band (1044 cm™') intensity increased upon
increasing the HA concentration within the composite membranes because of the influence of PO4
bend (vs4) of HA occurring in the same region of the spectrum. SEM micrographs of the random and
aligned electrospun PLA and its composite are presented in Fig. 3 associated with their corresponding
diameter distribution and fiber orientation. The micrograph of the random electrospun PLA shows

the typical morphology of an electrospun material with fibers in the nanoscale and randomly oriented.
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In Fig. 3 the A PLA mats showed a moderate aligned structure, composed by smooth and homogenous
fibers with diameter comparable with that of random system. All PLA/HA composites produced in
this work showed a mean fiber diameter higher than electrospun PLA. Moreover, a noticeable
difference in mean fiber diameter between random and aligned fibers can be observed in composites
mats. Specifically, the fiber diameter of random mats is approximately 10-20% higher than aligned
one. Furthermore, the diameter size distribution of aligned fiber is narrower than random systems.
The dispersion degree of uHA and nHA is noteworthy but HA agglomerates ranging from 5 up to 20
um can be observed in PLA/uHA composites inducing the formation of irregular bump in the fibers.
In PLA/nHA composites the HA nanoparticles are clearly visible on the surface of the fibers and their

number increase upon increasing the nHA concentration.
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Figure 3 - SEM micrographs of random and aligned electrospun mats at different uHA and nHA concentration and their corresponding
fiber diameter and fiber orientation distribution.

It is possible to notice some small agglomerates not higher than 4 pm also in PLA/nHA composites.
HA nanoparticles are also visible in PLA/uHA composites but in lower number if compared with
PLA/nHA at the same filler concentration. When compared to A PLA electrospun mats, the fiber

orientation distribution of aligned composites mats, was more homogenous and well defined, and

11



seems not to depend on the filler dimension. More specifically, it is possible to observe that the fiber
orientation distribution of composites containing 10% of filler is more homogenous than that of
composites filled with 20% for both PLA/uHA and PLA/nHA composites.

It is well known that, generally, an increase of the solution viscosity leads to electrospun fibers with
larger average diameters (Scaffaro and Lopresti, 2018a; Zhou et al., 2013). In order to evaluate the
correlation between the viscosity and the fiber diameter of electrospun mats, the complex viscosity
of PLA solution, as well as PLA/uHA and PLA/nHA suspensions were measured as a function of
frequency (Fig. 4). As expected, PLA/HA suspensions showed higher viscosity if compared with
PLA solution at the higher frequency investigated and it slightly increased upon increasing HA

amount and upon decreasing the particles dimension.
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Figure 4 - Complex viscosity of the PLA solution and PLA/uHA and PLA/nHA suspensions.

3.2 Mechanical and thermal properties
Fig. 5 A,B displays representative engineering stress-strain curves of randomly oriented and aligned
electrospun mats as a function of pHA and nHA concentration, respectively. At low strain region of
random mats (Fig. 5A) it can be observed some vibrating points that can be explained with the low
force opposed by the electrospun mats due to their high porosity. The cusp points at 10% strain are
due to the change of the crosshead speed. From Fig. 5A,B it is possible to observe that PLA
electrospun mats showed the typical mechanical behavior of a ductile material exhibiting a relative

low elastic modulus (E) and a relative high elongation at break (¢).
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Figure 5 - Representative stress-strain curves of (A,A’) randomly oriented and (B,B’) aligned electrospun mats.

The presence of filler made all the composites more brittle than PLA exhibiting a strong reduction of
elongation. The premature failure of random mats induced a reduction of the tensile strength while
for aligned systems it is possible to observe an increase of this parameter. In Fig. 5A it is possible to
observe a monotonic increase of the R PLA stress strain curves, while in Fig. 5B it is possible to
observe a relative long plateau of the stress strain curve of A PLA.

In Fig. 6A-F the elastic modulus (E), the tensile strength (TS) and the elongation (¢) obtained from

the stress-strain curves for both random and aligned mats are reported.
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The data put into evidence that the elastic modulus of the randomly oriented fibrous structures filled

with pHA or nHa (Fig. 6A), significantly increased if compared with electrospun PLA. At the same
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time both tensile strength and elongation of randomly oriented mats significantly decreased if
compared with electrospun R PLA (Fig. 6B,C). Similarly, the elastic modulus of the aligned
composites containing utHA or nHA (Fig. 6D) significantly increased if compared with PLA mats.
The tensile strength was significantly higher than that of electrospun PLA for composites containing
10% of both ptHA and nHA while it was statistically comparable with that of A PLA mats when the
concentration of fillers was 20% (Fig. 6E). The elongation of aligned composites mats significantly
decreased if compared with electrospun PLA (Fig. 6F). The dimensionless values of the elastic
modulus, tensile strength and elongation at break are reported in Figs. 7A-C for all the samples as a
function of the filler concentration. The dimensionless values were obtained by dividing the values
of each mechanical property of both randomly oriented or aligned mats at any given filler

concentration by the respective value of the randomly oriented or aligned PLA samples (La Mantia

et al., 2018).
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As observed in Figs. 7A, elastic modulus increased almost linearly with the filler concentration except
the A PLA/uHA mats. More in detail, if compared with R PLA, the elastic modulus increase was
found to be approximately 40% for the system filled with pHA at 10%, 70% for the systems R
PLA/uHA 20%, 100% for R PLA/nHA 10% and up to 140% for the R PLA/nHA 20% composite
(Fig. 7A). On the other hand, for aligned system, the increase of elastic modulus (Fig. 7A) due to
both pHA and nHA is also higher than that observed for the random composites. In fact, A PLA/uHA
10% and 20% exhibited an increase of the elastic modulus of ~130% and ~70% respectively, while
the E increase observed for A PLA/nHA 10% and 20% is around 160% and 170%, respectively
making A PLA/nHA 20% the best system in terms of elastic modulus improvement.

The tensile strength (Fig. 7B) of the random PLA/HA composites is 68-70% lower than that of R
PLA regardless the dimension and the amount of filler, while TS of aligned mats containing 10% of
nHA and nHA is ~130% and ~84% respectively higher than that of A PLA. Aligned composites
containing 20% of pHA and nHA showed a TS comparable with that of A PLA mats. The elongation
(Fig. 7C) of PLA/uHA and PLA/nHA systems resulted ~70% and ~85% respectively lower than that
of PLA, independently from the amount of filler and the fiber orientation.

According to these results, is evident that the reinforcing effect in PLA filled with 20% of nHA 1is
around 150% higher than that of 20% of pHA. About the reinforcing effect of HA in aligned and
randomly oriented mats it is easy to observe that the increment of the elastic modulus of A PLA/uHA
10% and A PLA/nHA 10% are ~240% and ~70% higher, respectively, if compared with that of the
corresponding randomly oriented mats. For the same systems filled with 20% of particles the
increment is negligible for uHA and was found to be ~20% for nHA.

DSC analysis were carried out in order to investigate the effect of pHA and nHA on the crystallization
behavior of electrospun PLA. In Fig. 8A the crystallinity of the mats evaluated according to Eqn. 1
is reported, while in Fig. 8B the melting temperatures (Tm) (evaluated as the temperatures
corresponding to the maximum of the melting peak) are reported.

Results in Fig. 8A highlighted that the crystallinity of R PLA and A PLA mats are 12% and 13%
respectively. A slightly y increase was observed upon increasing both pHA and nHA content and
seemed to be also dependent on the fiber’s orientation. Specifically, if compared with R PLA, it is
possible to observe an increase of x of ~70% and ~100% for R PLA/uHA 10% and 20%, respectively,
while for the corresponding aligned systems, the y increase was only 24 % and 46%. Similarly, R
PLA/MHA 10% and 20% showed an increase of  respectively of 69% and 90% if compared with R
PLA while the increase for A PLA/nHA 10% and 20% in comparison with A PLA is ~42% and

~57%, respectively.
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Figure 8 — A) Melting temperature (T,) and B) crystallinity (y) of PLA-based electrospun mats.

In Fig. 8B it is easy to note that the addition of pHA and nHA particles slightly reduced the Tm of
PLA. Regardless the fiber orientation, electrospun PLA displayed a T, around 155°C while it reached
~153°C and ~153.5 °C for PLA/uHA 10% and 20% respectively and ~153.5°C and ~154.5 °C for
PLA/MHA 10% and 20% respectively.

3.3 Cell culture

The cytocompatibility of composite scaffold (A PLA/nHA 20%) was assessed by in vitro cell tests in
terms of attachment and proliferation of MC3T3-E1 pre-osteobastic cells. For this study A PLA/nHA
20% samples were chosen since it was found to be the best system in terms of elastic modulus
improvement.

Alamar assay was carried out to study the viability of cells seeded on A PLA (used as control) and
composite scaffolds. The absorbance values have been normalized to the value obtained 24h after the

seeding and reported in Fig. 9A.
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Figure 9 — A) MIC3T3-E1 viability assays on scaffolds of PLA (blue) and PLA/HA (orange); Fluorescence microscopy images of MC3T3-
E1 cells grown on PLA/HA (B) and pure PLA (C) scaffolds; SEM micrographs of MC3T3-E1 cells grown on PLA/HA (D) and pure PLA (D)
scaffolds.

From the whole culture time taken in consideration, viable cell number increased on both substrates.
The trends overlap for both scaffolds, without statistically significant differences, demonstrating a
comparable biocompatibility.

Figure 9B—C shows representative images of the MC3T3 cells attached on the substrates after 10 days

of culture. From these images, where the nuclei are stained in blue and the cytoskeleton appears in
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green, it is possible to observe that the cells adhere to the matrix and appears well spread in both
cases. This morphology suggests good cytocompatibility as previously confirmed by Alamar assay.
Moreover, it is easy to notice that the cells grown on composite scaffold appear more aligned with
respect those grown on PLA mats. The result was confirmed by SEM images (Fig. 9D,E). As a matter
of fact, pure PLA scaffold are characterized by the presence of groups of cells randomly disposed,
whereas in composite scaffold it is possible to observe a homogenous cellular distribution along the
fibers. This cells behavior could be attributed to the presence of nHA that, according to a previous

work (Domingos et al., 2017), promotes cell-cell contact and subsequent tissue organization.

4. Discussion
HA has been commonly used as PLA filler for bone regeneration purposes due to its excellent
physicochemical properties such as osteoconductivity. In this context, HA particles dimensions can
affect the cell response as well as its reinforcing effect on a polymeric matrix (Milazzo et al., 2019).
In order to assess the reinforcing effect of HA particles with different sizes on randomly oriented and
aligned PLA nanofibrous mats, two different HA particles were chosen in this work. As visible from
Fig. 2A-D, the pHA showed a bimodal size distribution with two peaks at 0.22 um and 1.12 pm,
while the nHA particles exhibited a narrower size distribution with a unique peak at 0.21 pm. The
FTIR-ATR measurements conducted on PLA/uHA and PLA/nHA systems, clearly showed the
characteristic peaks of both the polymer matrix and the respective particles, thus confirming the
successful inclusion of the filler in the PLA nanofibers. The absence of wavelength shifts in PLA/HA
composites with respect to the raw PLA and HA provides a first indication that their structure is not
strongly modified during the electrospinning process.
Also, the structural OH peak (at 635 cm™!), more visible in uHa particles, is still higher in PLA/uHA
composites while the small peak at 873 cm™! indicative of the carbonate ion substitution (Stoch et al.,
2000) in nHA 1is not visible in composites since it is covered by the -C-C- stretch of the PLA
crystalline phase at 869 cm™! (Scaffaro et al., 2016). Furthermore, from the same figure, it is evident
that the systems containing 20% of particles showed a higher intensity of the representative band of
uHA and nHA if compared with composites loaded with 10% of HA, thus corroborating the effective
inclusion of higher concentration of particles.
The morphology of PLA-based electrospun scaffolds was found to be affected by both the filler
dimension and their weight concentration that are both related with the solution viscosity. For
instance, the fiber diameter of randomly oriented and aligned PLA/uHa and PLA/nHA composites is
higher than that of PLA mats. In order to likely explain these results, it may be considered that
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electrospinning process relies on the phenomenon of the uniaxial stretching of a charged jet. The
stretching of the charged jet is significantly affected by changes in polymeric solution viscosity. In
fact, the higher the shear viscosity, the higher the resistance to flow; therefore, the diameter of the
fibers will increase upon increasing the solution viscosity, as confirmed by other theoretical and
experimental works (Haider et al., 2018; Lu et al., 2006; Reneker and Yarin, 2008; Scaffaro and
Lopresti, 2018a). Usually, the presence of solid particles increases the complex viscosity of polymeric
solutions except for nanoparticles acting as plasticizers (Zhang et al., 2016) or presenting pro-
degradative effects (Du et al., 2016). In this work, as expected and coherently with the fiber diameter
distribution of the mats, both uHA and nHA induced an increment of the complex viscosity of the
polymer solution and a consequent increase of the fiber diameter. At the same time, the aligned fibers
are always smaller than the corresponding systems randomly oriented, as already observed previously
(Scaffaro and Lopresti, 2018a). Furthermore, the higher alignment degree observed in composites
mats, can be likely ascribed at the higher viscosity of the solution. In fact, by increasing the solution
viscosity, the polymeric bending instability of the jet ejected from the Taylor cone is reduced and the
jet path toward the collector is straighter thus providing the possibility to obtain highly aligned
nanofibers on the collector (Dabirian et al., 2011). On the other hand, both A PLA/uHA and A
PLA/nHA composites showed a slightly more heterogenous orientation distribution if filled with 20%
of particles and compared with composites at 10% of concentration. This result can be likely ascribed
to the high number of particles that can compromise the stability of the jet during its travel to the
collector.

About the filler dispersion, it can be noticed that the particles size of uHA after processing seemed
to be slightly lower than pristine ones. In particular the biggest particles incorporated in the fibers
never exceeded 25um while pHA particles were characterized by particles up to 60 um. This result
can be related to two main phenomena: 1) the sedimentation of biggest aggregates at the bottom of
the syringe and 11) the more significant shear stresses to which the solution and the particles are
subjected during their paths to the collector that can likely break up the biggest particles into smaller
parts.

The stress strain curves of PLA and PLA/HA composites were found to be strongly affected by the
fiber orientation. The monotonic increase of the stress-strain curve of R PLA until fracture (Fig. SA)
can be related to the fibers orientation during the axial deformation that gradually increases the
strength of the mat. This phenomenon can not happen in A PLA mats that, in fact, showed a plateau
in the plastic deformation region of the stress strain curves (Fig. 5B). Furthermore, also A PLA/uHA
10% displayed a small plateau in that region while for the other aligned PLA/HA composites it is not

possible to observe any plateau because the fracture occurs near the elastic region.

19



As already observed in other works (Milazzo et al., 2019), utHA and nHA are able to increase the
elastic modulus of the nanofibrous mats with differences related to the filler dimension and the fiber
orientation. Specifically, the nHA reinforcing effect is more than double that of pHA in randomly
oriented mats, for both the concentration here investigated. This result can be ascribed to the higher
surface area exposed by nHA that reasonably eased the interfacial contact between the filler and the
polymer (Barrera and Cornish, 2017; R Scaffaro et al., 2018). A similar result was observed in aligned
systems. If compared to A PLA, A PLA/nHA 10% elastic modulus increment is approximatively
20% higher than that observed for A PLA/uHA 10%. The improvement of the elastic properties
induced by nHA are even more evident for aligned composites filled with 20% of particles, thus
corroborating the hypothesis that nHA reinforcing effect is superior that that of pHA because, at
higher concentrations, the microparticles aggregation act as localized stress points, generating defects
within the composite that can reduce the elastic modulus of the mats (Scaffaro et al., 2017c). The
better dispersion observed for nHA is able to reduce the number of defects thus maintaining a
reinforcing effect also at higher concentration.

Regarding the effect of the fiber orientation on the reinforcing effect of ptHA and nHA, it can be
noticed that, if compared with the corresponding PLA mats, all aligned composites exhibited an
increase of the elastic modulus higher than that observed for random systems. This is particularly
evident for systems filled with 10% of both uHA and nHA particles, whereas it is less remarkable for
both A PLA/uHA 20% and A PLA/nHA 20%. These marked improvements of the elastic properties
in aligned systems can be ascribed to both 1) the higher alignment degree of composites with respect
to A PLA due to the presence of filler and i1) a more efficient reinforcing action of pHA and nHA on
the aligned nanofibrous mats as already observed in a similar system (Scaffaro et al., 2017¢).
Electrospun PLA usually exhibits crystallinity much lower than that of PLA in pellets because of the
high speed of solidification during the process (Ribeiro Neto et al., 2012). Considering the increment
of the crystallinity and the reduction of T, due to the presence of both pHA and nHA, it can be
assumed that both the fillers acted as a nucleating agent for PLA, as already observed in another work
(Ribeiro Neto et al., 2012). The increment of crystallinity can be considered another element able to
enhance the elastic modulus of the composite mats if compared with electrospun PLA, although it
cannot explain the improvements of the elastic properties in aligned systems since the crystallinity of
random mats is slightly higher than that of aligned systems.

The tensile strength of all the randomly oriented composites here investigated are significantly lower
than that of R PLA (Fig. 6B). This result can be explained by observing the stress-strain curves in
Fig. 5 and the elongation data in Fig. 6C, showing that R PLA/uHA and R PLA/nHA composites are

more rigid than R PLA mats but less deformable, i.e. the failure occurred prematurely for the
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composites thus inducing smaller TS values. The low deformability of the mats is even more
pronounced in the aligned systems but in this case, it can be observed that TS is equal or higher than
that of A PLA (Fig 6D). More in detail, for aligned composites containing 10% of particles, TS was
higher than that of A PLA while it was almost equal to the pristine system in presence of 20% of
particles. For these systems, it can be assumed that the superior increase of the elastic properties is
able to overcome the premature fracture of the mats thus resulting in tensile strength equal or higher
than that of A PLA.

Preliminary biological in vitro test confirmed the biocompatibility of the proposed devices. Moreover,
results put into evidence that the presence of HA seems to induce a more homogeneous colonization
of the scaffold by pre-osteoblastic cells that appear also more aligned with respect those observed in

pristine PLA scaffolds.

5. Conclusion

In this work the reinforcing effect of pHA and nHA particles on PLA-based electrospun scaffold in
randomly and aligned fibers orientation was evaluated. FTIR-ATR demonstrated the successful
inclusion of HA particles in PLA fibers that leads to a slight increase of the composites mean fiber
diameter and to a more homogenous orientation distribution of aligned composites. These
morphological results can be ascribed to the solution viscosity that increased upon increasing the
particles amount and upon reducing the HA size. Both pHa and nHA increased the elastic modulus
of the electrospun mats although nHA reinforcing effect is higher than that of pHA. PLA/uHA were
characterized by a much brittle behavior if compared with electrospun PLA or with PLA/nHA,
probably because of the bigger dimension of pHA fillers that acted as a local defect. The increment
of the elastic modulus due to HA particles in mats made by aligned fiber is higher than that observed
in randomly oriented fibers, thus demonstrating that the reinforcing action of HA is more pronounced
in aligned fibers. DSC analysis revealed that both uHA and nHA acted as a nucleating agent for PLA
since they slightly increased the crystallinity and reduced Tm of PLA. Preliminary biological in vitro
test confirmed the biocompatibility of the proposed devices and that nHA induced a more
homogeneous colonization of the scaffold by pre-osteoblastic cells that appeared more aligned with
respect those observed in A PLA scaffolds. Based on the results, we can convince that the A

PLA/MHA 20% can be one of great potential biomaterials for bone tissue regeneration.
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