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ABSTRACT

HA-mineralised composite electrospun scaffolds have been introduced for bone
regeneration due to their ability to mimic both morphological features and chemical
composition of natural bone ECM. Micro-sized HA is generally avoided in
electrospinning due to its reduced bioactivity compared to nano-sized HA due to the
lower surface area. However, the high surface area of nanoparticles provides a very
high surface energy, leading to agglomeration. Thus, the probability of nanoparticles
clumping leading to premature mechanical failure is higher than for microparticles at
higher filler content. In this study, two micron-sized hydroxyapatites were
investigated for electrospinning with PLA at various contents, namely spray dried HA
(HA1) and sintered HA (HA2) particles to examine the effect of polymer concentration,
filler type and filler concentration on the morphology of the scaffolds, in addition to
the mechanical properties and bioactivity. SEM results showed that fibre diameter and
surface roughness of 15 and 20 wt% PLA fibres were significantly affected by
incorporation of either HA. The apatite precipitation rates for HA1 and HA2-filled
scaffolds immersed in simulated body fluid (SBF) were similar, however, it was
affected by the fibre diameter and the presence of HA particles on the fibre surface.
Degradation rates of HA2-filled scaffolds in vitro over 14 days was lower than for HA1-
filled scaffolds due to enhanced dispersion of HA2 within PLA matrix and reduced
cavities in PLA/HA2 interface. Finally, increasing filler surface area led to enhanced
thermal stability as it reduced thermal degradation of the polymer.
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1 INTRODUCTION

Electrospinning is a simple, versatile and cost effective technique to produce micro to
nanoscale diameter fibres through the application of a high static voltage to a viscous
polymer solution in a volatile solvent [1]. For bone tissue engineering, polymeric
scaffolds are usually reinforced with bioceramics, including hydroxyapatite, to
improve the bioactivity as well as enhance cell growth and response [2-5]. Most
studies prefer to use nano-sized HA needle shaped fillers due to their high aspect ratio
and uniform suspension as well as mimicking the natural bone structure better.
However, Peng et al. [6] reported that needle-like micro-HA electrospun scaffolds lead
to higher cell proliferation and differentiation in aligned scaffolds at the early culture
stages than nano-HA in PLLA-HA. In another study, Tetteh et al. [7] electrospun nano
and micro-size HA particles with polyether-urethane (PU) polymers (Z3A1 and Z9A1)
and investigated the effect of particle size on fibre morphology, mechanical
properties, biocompatibility, extracellular and calcified matrix production over a 28
day period. Their results revealed that inclusion of both sizes of HA particles in PU-HA
solutions reinforced the scaffolds and increased the mechanical properties, although
for Z9A1, both yield strength and Young's modulus of micro-HA containing scaffolds
were significantly higher than those of nano-HA containing scaffolds. Hence, further
study on the effects of using micro-sized HA on scaffold properties is important.

This paper examines the effect of increasing HA specific surface area and using micro-
sized HA at higher filler levels on the porosity, bioactivity, thermal stability and
mechanical properties of the electrospun PLA composites.



2 MATERIALS AND METHODS

2.1 Materials

Polylactic acid (Ingeo Biopolymer 3001D PLA) with an average molecular weight (Mw)
of 136 000 g mol™ [8], 1.5% D-lactide content, and density of 1.24 g cm= was supplied
by NatureWorks LLC (Minnetonka, USA). Two types of micron sized-hydroxyapatite
fillers were used: spray dried hydroxyapatite (HA1) in the form of agglomerates of
nanoscale needles (P218R, dso=4.02um, specific surface area=13.536 m?g?) and a
solid, previously sintered hydroxyapatite (HA2) with smooth surfaces (P220S, ds0=3.59
um, specific surface area=0.965 m?g?!). Both types of hydroxyapatite have a
theoretical density of 3.162 g cm™ and were purchased from Plasma Biotal Ltd, UK.
Chloroform (99.8+%, certified AR for analysis) was supplied by Fisher Scientific, UK.

2.2 Electrospinning solutions preparation

15 and 20% (wt/v) PLA solutions were prepared by dissolving PLA in chloroform. The
container was sealed to prevent solvent evaporation and left to stir overnight at room
temperature to obtain homogenous mixtures. Once the PLA appeared to have
dissolved completely, HA1 or HA2 was added to the solution to give final compositions
of 10 or 20 vol% (22.1 or 38.9 wt% respectively) in PLA. The PLA/filler solutions were
stirred for 30 minutes, followed by ultrasonic agitation for at least 15 minutes to
ensure that the filler was well distributed.

2.3 Fabrication of scaffolds

Electrospinning experiments were performed using a horizontally placed
electrospinning setup. PLA/filler solutions were loaded into a 10 mL luer-lock glass
syringe with a straight blunt end metal needle (16 gauge, 30 mm long). The samples
were electrospun onto 75 x 25 mm microscope slides at a flow rate of 1mL/h and
voltage of 13.7 kV with the needle tip to collector distance set at 20 cm. After
electrospinning, scaffolds were left at least 3 hours to ensure complete solvent
evaporation. Non-filled PLA scaffolds were used as controls.

2.4 Characterisation of electrospun scaffolds

2.4.1 Scanning Electron Microscopy (SEM)

The morphology of the electrospun scaffolds was observed using scanning electron
microscope (SEM, JOEL JSM-6400, Tokyo, Japan) at an accelerated voltage of 10 kV.
Specimens were cut from each PLA and PLA/HA combination and mounted on
aluminium stubs using double sided carbon conductive adhesive tape. The specimens
were sputter coated with a thin layer of gold-palladium using a Quorum Q150T ES
sputter coater. Coating was carried out at a current of 25 mA for 4 minutes maximum
(stopping at 20 nm thickness). The average fibre diameter of each scaffold type was
calculated by analysing at least 50 fibres from three different SEM images using Image)
software (NIH, USA). The total porosity of the scaffolds was calculated using the
gravimetric method reported previously [9-11]. The thickness of the scaffolds were
measured and the total porosity calculated using equation 1:
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The apparent density of the scaffolds were calculated using equation 2:



scaffold mass(g)

Apparent density (g cm‘3) = scaffoldthickness (cm) Xscaf fold arsa(cm?) Egn 2

The bulk density for plain PLA scaffolds were taken as 1.24 g cm3, while the bulk
density of PLA/HA scaffolds were calculated using equation 3 [12]:
Dscaffold = (Mpra+ Mua)/(Mpra/Ppra +Mua/Pua) Eqgn 3

Where pscaffola= bulk density of electrospun PLA/HA scaffold, mya= mass of HA added
to scaffold, mpia= mass of PLA in the scaffold, pra=bulk density of PLA, and pxa= bulk
density of HA (3.162 g cm™).

2.4.2 Biodegradation and bioactivity measurements
In order to evaluate and compare the dissolution rate and bioactivity among the non-
filled and HA-containing PLA scaffolds, samples were immersed in corrected Simulated
Body Fluid (c-SBF) for up to 28 days, with the solutions changed every 7 days [13]. c-
SBF was prepared following the procedure reported by Oyane et al. [14]. Five samples
of each scaffold type were extracted at 7, 14, 21 and 28 days. After each degradation
period, samples were taken out of the solution, washed thoroughly with distilled
water, and then blotted gently with a paper towel to remove excess water after which
they were immediately weighed with analytical balance. Water uptake percentage
was calculated using equation 4 [15-17]:
Wigee— Wairy
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Where Wyet is the wet weight of the sample, and Wgyy is the dry weight of the sample.
After measuring the wet weights, samples were dried for 48h in a desiccator and
weighed again. Weight loss percentage was then calculated using equation 5 [16,17]:

W.—Wr .
. — x 100
Weight loss percentage = W-: Egn 5

Where W. is the initial weight of the sample and W, is the residual weight of the
sample after degradation.

2.4.3 Fourier Transform Infrared (FTIR) spectroscopy

Fourier transform infrared (FTIR) spectra for non-filled and HA-filled PLA scaffolds
before and after 14 and 28 days of immersion in c-SBF were recorded using a Spectrum
One FTIR Spectrometer (PerkinElmer Inc., Waltham, MA, USA). Samples were tested
directly using the Attenuated Total Reflectance (ATR) accessory. Scans were obtained
in absorbance mode across the 4000-400 cm™ wavenumber range at a resolution of
8 cm™ with 16 scans performed per spectrum and analysed using Spectrum® software
(PerkinElmer Inc., Waltham, MA, USA). Five samples were tested for each type of
scaffold and the spectra averaged using KnowltAll® Academic Edition Spectroscopy
Software (Bio-Rad Laboratories, Inc., Hercules, CA, USA).

2.4.4 Mechanical testing

The tensile properties of the electrospun scaffolds were measured before and after
immersion using uniaxial tensile testing. Tensile test samples were cut to 10mm by
60mm to provide a 40mm test gauge length (reduced size 1SO 13934) and mounted



on rectangular cardboard frames with outer dimensions of 60 x 40 mm and an inner
rectangular cut out at 40 x 20mm and fixed by adhesive tape to the frame. Prior to
testing, the thickness of the samples were measured, the frames were then placed
into the test machine and the sidewalls of the frame cut. A Zwick/Roell Z2.0 (Zwick
Roell, Kennesaw, GA, USA) tensile test machine was used with a 5N load cell operating
at displacement rate of 1 mm min™. Five samples were tested for each PLA/HA
combination and the force-displacement data was collected for all the samples using
Zwick/Roell TestXpert® software. The average values of Young’s modulus (E) and
ultimate tensile strength (UTS) were calculated.

2.4.5 Thermogravimetric analysis (TGA)

HA content in the PLA scaffolds and apatite deposition on the scaffold surfaces were
measured by thermogravimetric analysis (TGA) using a TGA Q500 (TA Instruments,
New Castle, DE, USA) under nitrogen atmosphere heating from 10 to 500°C at a rate
of 20 °C min'l. Two samples for each combination were tested. All the results were
plotted as temperature versus weight loss and curves were analysed using Universal
Analysis 2000 software (TA Instruments, New Castle, DE, USA).

2.5 Statistical analysis

Results are expressed as mean * standard deviation (SD) in all experiments. Statistical
analysis was performed using a one- and two way analysis of variance (ANOVA) with
p-values less than 0.05 considered statistically significant, and Student's t-test was
used for pairwise comparisons.

3 RESULTS

3.1 SEM and Porosity Measurements

Figure 1 shows the morphologies of electrospun 15 and 20% PLA fibres containing 0
and 20% of HA1 or HA2 before immersion in SBF. Non-filled 15 and 20% PLA scaffolds
exhibited uniform fibre diameter and relatively smooth surfaces with an average fibre
diameters 0f 9.2811.64 um for 15% PLA scaffolds and 11.16+1.66 um for scaffolds with
20% PLA concentration. However, introducing 10 or 20% of HA1 or HA2 into PLA
resulted in non-uniform fibres with rough surfaces and enlarged diameters. The
average fibre diameter, total porosity and apparent density values of the scaffolds are
listed in Table 1.



Figure 1 SEM images of electrospun 15% and 20% PLA with (a) and (b) no filler,
(c) and (d) 20% HA1 and (e) and (f) 20% HA2 (marker bars= 100um)

Table 1 Fibre diameter, porosity and apparent density of electrospun PLA and
PLA/HA composite scaffolds

15% PLA 20% PLA
_ . =
Filler di;:zer Porosity  Density dia::cr;cer Porosity Density
percentage % cm?3 % cm?3
0% 9.28 + 90.5 + 0.124 + 11.16 + 91.4 + 0.117 +
? 1.64 1.2 0.015 1.66 2.9 0.025
20.04 + 87.9+ 0.174 + 19.96 + 89.4 + 0.151
[0)
10% HAL 6.03 2.9 0.042 5.33 2.0 0.010
20.63 + 90.3 + 0.157 ¢ 15.77 + 88.3 * 0.189 +
[0)
20% HA1 8.74 1.7 0.019 423 0.8 0.011
20.21 + 89.1+ 0.156 + 20.48 + 879 + 0.173 ¢
[0)
10% HA2 5.99 0.9 0.013 5.12 1.7 0.005
18.43 + 89.5 + 0.170 £ 18.16 + 88.2 * 0.190 +
[0)
20% HA2 7.31 2.7 0.047 6.19 0.4 0.027

Figure 2 shows the morphologies of electrospun scaffolds after 28 days of SBF
immersion. For non-filled PLA scaffolds, the fibres maintained their shape and no
swelling or ruptured fibres were noticed. Most of 20% PLA scaffolds filled with either
HA1 or HA2 have also maintained their structure. However, at higher magnification, a
number of ruptured or broken fibres were noticed in some 15% PLA samples and



apatite precipitation was observed on the fibre surface of both HA1 and HA2 filled
scaffolds after immersion (Figure 3).

a)

Figure 2 SEM images of electrospun 15% and 20% PLA with (a) and (b) no filler,

(c)and (d) 20% HA1 and (e) and (f) 20% HA2 afterimmersion in SBF for 28 days (marker
bars = 100um)

Figure 3 Higher magnification SEM images for electrospun (a) 15% PLA with 10%
HA2, (b) 15% PLA with 10% HA1, (c) 20% PLA with 10% HA1, and (d) 20% PLA with 10%
HA2 scaffolds after immersion in SBF for 28 days showing HCA formation on the
surface of the fibres (marker bars for (a) and (c) = 10um, and for (b) and (d) = 5um)



3.2 Water Uptake and Dissolution Rate

The water uptake and dry weight loss for non-filled and HA-filled PLA scaffolds over 1,
2, 4,7, 14, 21 and 28 days of immersion are shown in Figure 4. HA-filled scaffolds
showed significantly higher water absorption rates than non-filled PLA scaffolds.
However, both non-filled and HA-filled scaffolds showed gradual increases in the
water uptake.

Additionally, both non-filled and HA-filled scaffolds exhibited very slow degradation
behaviour during 28 days of SBF incubation. The total weight loss for non-filled 15 and
20% PLA scaffolds were only 3.73% and 2.79%, respectively. Scaffolds filled with either
HA exhibited slower mass loss compared to non-filled PLA scaffolds.

With 15% PLA scaffolds, the variations between non-filled and HA1-filled scaffolds
started to become significant from day 14 of immersion for both 10 and 20% HA1
scaffolds, while significant differences were only observed between non-filled and
HA2-filled scaffolds from day 21. The rate of mass loss was significantly lower in 15%
PLA scaffolds filled with HA1 than in those filled with HA2. By increasing the PLA
concentration to 20%, the difference in mass loss percentage between HA1 and HA2-
filled scaffolds became generally minor. Increasing filler concentration from 10 to 20%
led to further decreases in mass loss rate, but the effect was not significant, however,
at 20 vol %, it significantly increased the variations between the two HAs scaffolds.
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Figure 4 Water uptake (a and b) and weight loss (c and d) of 15% PLA samples

and 20% PLA samples with no filler or with 10 or 20% of HA1 or HA2 during 28 days of
immersion in SBF

3.3 Mechanical testing

The Young's moduli and ultimate tensile strengths for 15% and 20% PLA concentration
with 10 or 20% HA1 or HA2 before and after two weeks immersion in SBF are shown
in Figures 5 and 6, respectively. Scaffolds filled with either HA1 or HA2 showed faster
deterioration in their strength and stiffness compared to non-filled 15 or 20% PLA
scaffolds. By day 28 the samples were too fragile to test.
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Figures 7 and 8 display the thermogravimetric analysis of non-filled PLA and HA1 or
HA2-filled scaffolds before and after 28 days of immersion in SBF. It should be noted
that the TGA graphs and the residue percentage are presented in weight%, with 10
and 20 vol % HA being equal to 22.1 and 38.9 wt%, respectively.
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and (b) HA2-filled scaffolds before and and (b) HA2-filled scaffolds before and
after SBF immersion for 28 days after SBF immersion for 28 days.
4 DISCUSSION

The porosity of biomaterial scaffolds plays a significant role in bone formation in vitro
and in vivo. Open porous surfaces and interconnected networks are crucial for tissue
vascularization and cell proliferation, nutrition and migration to form new tissues.
They also help to facilitate mechanical interlocking between the implant and the
surrounding natural bone, which helps increase the mechanical stability at this critical
interface [18,19]. Table 1 shows that all the scaffolds exhibited satisfactorily high
porosity even when the HA content was raised to 20% and no significant differences
were observed between filled and non-filled scaffolds or between scaffolds containing
HA1 and those containing HA2.

The surface properties of the implant, including surface roughness, chemistry,
topography and energy/wettability influence the initial cellular response at the cell-
material interface, ultimately affecting the new tissue formation [20, 21]. Figure 1
shows non-filled 15 and 20% PLA scaffolds before degradation. Both scaffolds exhibit
uniform fibre diameter and relatively smooth surfaces, however, incorporation of
either HA1 or HA2 usually increased the surface roughness of the composite fibres as
well as increasing fibre diameter and irregularity. Visually the fibre roughness was
increased by increasing the filler content, while adding HA2 increased fibre diameter
slightly, which might be due to agglomerate formation inside the fibres. However, no
apparent change in fibre diameter was observed upon increasing HA1 content. Only
few protuberances on the fibre surfaces were noticed upon including either HA.
Similar results of increased surface roughness upon incorporation of HA and graphene
oxide nanoparticles was reported by Ma et al. [22]. Deng et al. [23] also reported the
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roughness of the PLLA/HA hybrid scaffolds, although their average fibre diameter did
not change significantly. In addition, it was also noticed that some fibres were
discontinuous or ruptured which might be resulted from needle clogging due to the
HA particles which may have caused jet disruption.

High densities of nanopores were observed at the surface of both filled and non-filled
electrospun PLA fibres. The pores were elliptical in shape and in the range of 200-350
nm in length for non-filled PLA scaffolds and from 250nm-1um for PLA/HA scaffolds,
with the longer dimension along with the fibre axis. Pores were larger where the HA
particles were closer to the surface of the fibres (Figure 9).
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Figure 9 SEM images of (a) 20% PLA with 10% HA1 and (b) 15% PLA with 20%
HA1 scaffolds showing the nanoporous structure of the fibre surface and HA particles
inside the fibres (marker bar for (a) = 5um and for (b) = 2um).

Pore formation occurs as a result of using highly volatile solvents such as chloroform
or dichloromethane. Two explanations have been presented: according to Bognitzki
et al. [24], fast evaporation of the solvent give rise to local phase separation where
two phases are formed in the polymeric solution: one that is solvent-rich and the other
is solvent-poor. Ultimately, the solvent-rich regions transform into pores during the
electrospinning.

Srinivasarao et al. [25] presented a different mechanism for the formation of these
surface pores called “breath figures”. They described them as imprints created as a
result of evaporative cooling during rapid evaporation of the solvent, therefore
significantly cooling the surface of the electrospinning jet as it travels from the needle
tip to the collector. As the jet surface cools, moisture in the air condenses and grows
in the form of minute droplets that act as hard spheres due to convection currents on
the surface of the jet. Finally, the water droplets evaporate as the jet dries on the
collector, leaving imprints on the surface of the electrospun fibres in the form of pores.
Thus, the formation of breath figures requires a certain level of humidity in addition
to the use of volatile solvents. Unfortunately, the humidity in the materials
preparation laboratory was not measured, but was assumed to be relatively high.
The presence of a porous structure at the fibre surface has several advantages
including increasing the surface area, providing of binding sites for drug loading and
providing a texture for cell attachment. Finally, the porous structure can affect the
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roughness and wetting behaviour of the scaffolds, as well as specific adsorption
processes [26,27].

Mineral deposition is a major property governing bone bioactivity [4]. SEM images of
non-filled 15 and 20% PLA scaffolds showed no significant morphological changes
after 4 weeks of immersion in SBF. Fibres of both scaffolds maintained their shape
with no significant swelling or reduction in fibre diameter. In addition, no apatite
formation was observed on the surface of the fibres, indicating poor mineralisation
ability of the plain PLA fibres. This can be attributed to the fact that PLA is hydrophobic
and cannot provide enough active functional groups for the formation and growth of
a mineralised HA layer. This finding is in agreement with Zhang et al. [28] and Fu et al.
[29] who showed that the morphology of PLA fibres had no obvious changes after
soaking in SBF for 1, 3, or 7 days, and the surfaces of PLA nanofibers were still smooth
afterincubation. However, Wang et al. [30] reported increased surface roughness and
the formation of plate-like structures and flaky features on the surface of electrospun
PLA fibres after immersion in SBF for 7, 14 and 21 days at 10°C, but such structures
were not observed in this study.

Morphological analysis of PLA/HA1 and PLA/HA2 scaffolds indicate formation of an
apatite layer on the surface of electrospun fibres after 28 days immersion in SBF as
shown in Figure 3. Additionally, an increased number of ruptured fibres were noticed
after immersion in SBF since the thin regions along those fibres would represent weak
points during hydrolysis. Ruptured or broken fibres were rarely observed in non-filled
15 or 20% PLA scaffolds.

Although scaffolds containing either HA indicated higher in vitro bioactivity than non-
filled scaffolds, the rate of apatite formation was generally lower than expected and
the apatite layer did not cover the whole surface of the fibres as reported previously
[31-34]. There are three potential causes for the differences in apatite formation rate;
the first related with the size of HA particles used in this study. Calcium phosphate
bioactivity is believed to be associated with the rate of material dissolution as well as
the release of calcium and phosphate ions from the surface of the implant followed
by the precipitation of a biological apatite layer [35]. The previously mentioned studies
incorporated nano-sized HA within their electrospun scaffolds instead of micro HA.
Decreasing the size of HA particle results in larger surface area exposed within the
media which may have increased the dissolution of Ca and P ions leading to greater
apatite deposition with subsequently more protein adsorption, osteoblast adhesion
and increased bone growth [36, 37]. Another possible reason for the decreased
deposition rate compared to the previous studies is the differences in fibre diameter
of the obtained electrospun scaffolds. Increased fibre diameter may reduce the rate
of mineralisation in SBF. According to He et al. [38], all fibres are exposed to the same
non-accelerated deposition conditions (ionic strength, pH, etc.) during SBF incubation
and the nucleation sites compete equally for calcium and phosphate ions, which result
in a slower overall deposition rate. In addition, smaller fibres provide a larger relative
surface area than larger fibres, potentially leading to faster mineral deposition. Lastly,
it is also worth noting that while the complete encapsulation of HA particles within
the fibre can enhance the mechanical stability of the resulting scaffold, the degree of
bioactivity might be reduced due to the absence of bioactive particles on the fibre
surfaces. The presence of HA particles on the surface may release more Ca and P ions
to the SBF solution, thus inducing more bone-like mineral deposition on the fibre
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surface (Figure I). Kareem et al. [39] showed that partial encapsulation of HA particles
in their core and shell PCL-PLA/HA electrospun scaffolds led to significant increases in
the rate of apatite precipitation on coaxial fibres during SBF immersion due to more
nucleation sites on the fibre surface. Non-filled 15 and 20% PLA scaffolds showed
minimal mass loss rate during four weeks immersion in SBF. Similar results were
obtained by You et al. [40], where they noticed no significant weight loss in
electrospun PLA scaffolds after 45 days immersion in PBS at 37°C.

The degradation of PLA under aqueous conditions generally occurs in two stages: the
first includes water diffusion into the amorphous regions of the polymer matrix. Once
the amorphous regions are degraded, the second stage of degradation starts as a
hydrolytic attack proceeding from the edge toward the centre of the crystalline
domains [41]. Thus, the hydrolysis rate of PLA electrospun fibres is strongly influenced
by polymer crystallinity, which depends on the composition of the polymer chains (the
relative amounts of L and DL units), in addition to molecular weight and morphological
structure [40]. The fibre diameter may also have a role in the degradation rates, Cui
et al. (2006) compared the in vitro degradation of 5% paracetamol-loaded electrospun
PDLLA fibres with average diameters of 212 nm, 551 nm, and 1.31 um with that of 100
pum thick PDLLA cast film. After incubation in the degradation medium, the electrospun
PDLLA fibre diameter increased and inter fibre spaces decreased. Electrospun mats
with an average fibre diameter of 212nm lost 18% of their mass in 9 weeks, whereas
cast film and 1.31 um diameter microfibrous electrospun mat lost only 8%.

The addition of HA1 or HA2 particles decreased the mass loss rate significantly
compared to plain PLA mats. This can be attributed to the dissolution of alkaline HA
particles and the release of OH" ions into the SBF which can neutralize the acidic
degradable substances generated during the PLA degradation process. As a result, acid
driven autocatalytic degradation of the polymer phase can be reduced, thus slowing
degradation. HA incorporation thus can reduce or even prevent aseptic inflammation
caused by acid release and thus improve the biocompatibility. This effect of HA
slowing down the degradation rate of PLA scaffolds has been reported previously [17,
43, 44).

15% PLA scaffolds filled with HA1 exhibited significantly lower mass loss rate than
scaffolds filled with HA2. This difference is possibly due to the higher surface area of
HA1 particles which can increase the ion release compared to HA2 particles. However,
the differences in mass loss between the two HAs scaffolds were reduced upon
increasing the polymer concentration to 20%, which indicates that polymer
concentration can have an impact on the mass loss rate for HA-filled scaffolds, possibly
by enhancing the HA encapsulation within the scaffolds, thus reducing their exposure
to SBF.

Despite the reduced mass loss rate, HA-filled scaffolds had significantly higher water
absorption than non-filled PLA scaffolds. The observed increase in water absorption
among HA-filled scaffolds could be attributed to the presence of free and reactive
hydroxyl groups on the HA particles which exhibit good affinity to water molecules
[45]. Secondly, there are micro-voids in the interface between PLA and HA particles
caused by the difference in the chemical nature of PLA and HA or due to non-uniform
distribution of HA particles along the fibres. Thus, water molecules can penetrate the
micro-voids and accumulate at the PLA/HA interface, increasing the water absorption.
These results are consistent with those of Rong et al. [46] and Huang et al. [44] who
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found that incorporation of HA particles into scaffolds resulted in increased water
absorption while decreasing the mass loss rate. However, Sui et al. [43] found that
introduction of HA particles decreased both mass loss and water uptake of PLA/HA
scaffolds. They attributed the reduced water uptake to the dissolution of alkaline HA
particles, blocking water uptake.

Scaffolds containing HA1 exhibited higher water absorption rates than HA2-filled
scaffolds. This is probably due to the higher surface area of HA1 particles which can
increase water absorption by HA particles and penetration by increasing the cavities
at the PLA/filler interface. The major difference between the two HA grades is the
specific surface area, which is an order of magnitude different. Thus it may be
assumed that the larger surface area needs more matrix to cover the particle surface
completely [47], and consequently for the same amount of polymer matrix, larger
voids can be created around the HA1 particles compared HA2 particles as there is no
external force added during the electrospinning to force the polymer matrix to fill the
PLA/HA interface and cover the whole HA particles, which leads to increased potential
for water accumulation in HA1-filled scaffolds.

According to Suwanprateeb et al. [48] the degree of water absorption in non-
degradable polymers depends on both filler content and the length of immersion. The
higher the filler content, the more liquid which can diffuse into the composite due to
the greater number of penetration sites and higher interface area. In this study,
increasing HA1 or HA2 content from 10 to 20% vol resulted in slight, albeit non-
significant, increases in water absorption for both 15 and 20% PLA scaffolds.
Biodegradation and tissue ingrowth have major effects on the mechanical and
structural properties of implanted devices. Therefore, in vitro evaluation of the
mechanical properties of biomaterials composites is important [49,50]. Mechanical
properties of non-filled PLA and PLA/HA scaffolds were evaluated after 14 days of
soaking in SBF (Figures 5 and 6). All scaffolds lost stiffness and strength after
immersion in SBF, however, the reduction in non-filled 15 and 20% PLA scaffolds were
not significant for either UTS or Young's modulus. On the other hand, scaffolds
containing either type of HA showed greater reduction in tensile strength and
modulus compared to non-filled scaffolds, probably due to the increased moisture
absorption of HA-filled scaffolds, reducing the interfacial adhesion between the filler
and the matrix. A further decrease was seen in the mechanical properties of HA1
containing samples compared to HA2 containing samples, which could be due to the
larger voids at the PLA/HA1 interface and the higher moisture absorption of HA1 filled
scaffolds which results in faster interface debonding, thereby reducing the mechanical
stability. However, the differences between the samples containing the two HAs
became less significant when PLA concentration was increased to 20% as differences
in the water absorption rates reduced. Furthermore, results have shown large
variations in stiffness and strength values among 15 and 20% PLA scaffolds containing
10 and 20 vol% of HA1 or HA2 after immersion in SBF. It should be noted that in
addition to the effect of filler content, other factors such as fibre discontinuity, fusion
and packing density, filler agglomeration within the fibres, formation of nano/micro
cracks in the fibres during scaffolds processing can all affect the mechanical properties
of the scaffolds.

Thermogravimetric analysis has been used extensively to examine the thermal
stability and decomposition of PLA and PLA based composites and to determine the
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amount of inorganic filler incorporated in the scaffolds [51, 52]. In this study, TGA was
also used to measure the amount of apatite formed on the fibre surfaces after
immersion in SBF. Figures 7 and 8 showed that the mass percentages of HA particles
incorporated in HA1 or HA2-filled scaffolds were consistent with the actual amount of
HA added into the polymer solutions before electrospinning. Since HA has a higher
density than PLA (3.162 vs 1.24 g cm3), the precipitation of HA particles in PLA
solutions can easily occur especially when high percentages of HA are used, which may
reduce the total amount of HA within the electrospun fibres. TGA results indicated,
however, that the solutions were electrospun with minimal loss of HA. Scaffolds filled
with either HA showed increased residue weight after immersion in SBF confirming
apatite formation on the fibre surfaces. However, increasing the filler surface area or
filler content in the scaffolds did not appear to have a significant impact on the amount
of apatite formed after immersion. These observations agree with SEM and weight
loss results which indicated apatite formation on HA-filled scaffolds but slowly.
Scaffolds with HA1 showed an increase in the thermal stability compared to non-filled
15 and 20% PLA scaffolds. In contrast, the thermal stability of HA2-filled scaffolds at
15% PLA concentration were surprisingly lower than both non-filled and HA1-filled
scaffolds which could be due to higher exposure of OH groups on HA surface to the
PLA matrix, leading to formation of some agglomerates within the fibres, thus
reducing the thermal stability [54]. However, scaffolds with 20% PLA concentration
gave higher onset temperatures than non-filled scaffolds which might be due to better
dispersion of HA2 within the polymeric matrix, but was still lower than HA1-filled
scaffolds. According to Ignjatovic et al. [53] and Rakmae et al. [54], there are two
potential reasons for the enhanced thermal stability of polymer composites: either
the well dispersed filler provides good adhesion with the matrix and blocks polymer
decomposition products or the filler particles act as a barrier preventing heat transfer.
Thus, it seems logical that HA1 can provide higher thermal stability than HA2 due to
its higher surface area which can provide better insulation to PLA against thermal
degradation.

FTIR results of scaffolds containing both types of HAs showed additional peaks at 468,
560, 602, 630, and 1022 cm™ compared to plain PLA scaffolds, which belong to the
OH? and PO43 bands of HA. Sui et al. [43] reported development of a new peak
assigned to COO™ at 1600 cm™* as well as formation of a weak OH peak around 3500
cm™in the FTIR spectra of electrospun PLLA/HA scaffolds as a result of the interaction
between COOH in PLLA and Ca?* in HA. However, no additional peaks were present in
the PLA/HA spectra obtained in this study, confirming solely mechanical incorporation
of HA into the polymer phase without chemical bonding. The intensities of HA-specific
bands in the composite spectrum were in agreement with the amounts of HA
incorporated in the scaffolds.

Previous studies reported a significant increase of HA-specific bands intensities due to
apatite formation on the fibre surface after few days of SBF immersion in addition to
the higher intensity and lower width at half maximum of the C=0 band at 1759 cm
due to polymer degradation [33, 55, 56]. Interestingly, no significant changes
appeared on either non-filled and HA-filled scaffolds spectra after 28 days of SBF
immersion except for very small increases in the intensity of 560 and 630 cm™ peaks
in HA-filled samples which were assigned to the phosphate group of hydroxyapatite
which suggest the formation of apatite layer on the surface of the samples. However,

15



by comparing these results to SEM, weight loss and TGA results, a significant variation
in FTIR results before and after immersion would not be expected due to low
degradation and limited bioactivity rate of samples. Additionally, detection of the
precipitated apatite peaks would be challenging due to the high penetration depth of
FTIR energy into the samples (0.5-5um) compared to the thickness of apatite layer
formed on the scaffolds surfaces.

5 CONCLUSIONS

PLA dissolved in chloroform at concentrations between 15 and 20 wt% produced
uniform non-woven electrospun fibres. Introducing either of the HAs into electrospun
PLA scaffolds led to increased fibre diameter and surface roughness compared to plain
PLA scaffolds. It also reduced degradation and increased in vitro bioactivity during
immersion in SBF. However, increasing filler content or filler surface area did not affect
the porosity.

Mechanical properties of non-filled and HA-filled scaffolds reduced significantly after 14
days of immersion in SBF, while they were too fragile to test at day 28 of immersion. HA1-
filled scaffolds exhibited faster declines in their tensile strength than HA2-filled scaffolds
probably due to the larger specific surface area of HA1 which permits increased water
penetration through the cavities created at PLA/HA interface, while differences in the
degradation and apatite formation rates from using the two different types of HAs
were generally minor. In contrast, scaffolds containing HA1 exhibited enhanced
thermal stability over HA2-filled scaffolds due to higher surface area of the HAl
particles.
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