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Abstract:

Melt electrospinning writing (MEW) using an automated stage has recently been
developed as a direct additive manufacturing method for the fabrication of orderly, precise
and complex porous 3D fibrous structures that can promote cell infiltration and growth. The
further incorporation of inorganic particles within fibrous scaffolds is desirable<in order to
enhance bioactivity, however this remains challenging with the MEW fabrication process. To
address this challenge, flexible, osteoconductive, medical grade polycaprolactone (m-PCL) -
hydroxyapatite (HAp) composite 3D fibrous structures with high porosity (96- 98 %) and
fully interconnected pore architectures were fabricated using MEW under precisely
controlled parameters. The physical properties of these 3D fibrous composite scaffolds
including fibre size, mechanical characteristics,” and in vitro degradation rate were
investigated. The results showed that the composite m-PCL/HAp fibrous scaffolds degraded
in an alkaline environment at 37 °C faster than plain m-PCL and provided a favourable
platform for the infiltration and growth of human osteoblasts. Moreover, confocal imaging
confirmed that the scaffolds contained HAp nano-particles (NPs) which induced a more
homogeneous distribution of cells within the scaffold particularly after 7 days of culture.
Osteoblast activity and viability in the m-PCL/HAp composite scaffolds indicated a
favourable cell/material interaction, suggesting great potential for use in mineralised tissue

reconstruction / regeneration applications.



1. Introduction

Recently, there has been significant interest in three dimensional (3D) scaffolds with the
ability to mimic the extracellular matrix (ECM) of natural tissue and the capability to promote
tissue regeneration by promoting favourable cellular orientation [1-3]. In tissue engineering (TE)
applications, the presence of a scaffold is essential as a matrix for subsequent cell colonization,
migration, growth, and ECM deposition [4, 5]. To achieve this, solution electrospinning has been
widely employed in many 3D fabrication approaches [6-10]. This approach provides a
biomimetic cellular environment which resembles the ECM of native tissue. However, a major
issue with solution electrospun meshes is the low pore size associated with random layering of
sub-micrometre diameter fibres, which can act as a barrier to cellular infiltration [10-13]. Several
studies have attempted to increase the mesh pore size (to ~20 um) to promote cell invasion,
migration and growth [11, 12]. Despite these ‘attempts, both in vitro and in vivo studies have
reported that the minimum pore size required for bone ingrowth into three-dimensional scaffolds
needs to be ~100 um [14-16] which cannot be obtained by solution electrospinning. Furthermore,
solution electrospun fibrous mats are usually comprised of randomly oriented fibres [17]. Efforts
to organise the deposition of the fibres [13, 18-21] have been hampered by charge accumulation
effects on the solution electrospun fibres, which upon attempted ordered fabrication become
bound as one coherent structure with limited porosity [22].

Melt electrospinning writing (MEW) has recently emerged as a direct approach for the
fabrication of ordered, well-interconnected porous structures with favourable pore size (over 100
pum) suitable for TE applications [19, 22-24]. Although the MEW approach facilitates the
fabrication of scaffolds with properties required for cell ingrowth and tissue vascularization, only
pristine (plain) thermoplastic fibres have been fabricated using MEW. In most cases, plain
polymer scaffolds are not ideal for TE applications due to their bio-inert nature. In the context of
bone regeneration, this translates to a lack of osteoinductivity which can delay or even prevent

osteogenesis [14].



Calcium phosphate (CaP) is the main inorganic component of vertebrate bone and teeth.
Hydroxyapatite (HAp), biphasic calcium phosphate (BCP) and B-tricalcium phosphate (f -TCP)
represent typical examples of CaP minerals, which are known to integrate well with surrounding
bone tissue and facilitate bone tissue growth [25-29]. Therefore, CaP biomaterials are commonly
used in orthopaedic and dental surgery as bone void fillers [30] or as a coating material on
polymeric implants to provide enhanced bioactivity [28, 31]. To stimulate osteo-conduction,
calcium phosphate mineral coated onto the surface of melt electrospun polycaprolactone (PCL)
polymer fibres has been widely utilized with polymeric scaffolds [23, 31-33]. However the CaP
layer has low stability due to the weak interfacial bonding between the CaP compounds and the
PCL fibre surface. This may result in the CaP layer peeling off upon contact with an aqueous
environment, thus diminishing or losing its osteo-conductive capacity (Fig. S1 of supporting
information).

It has been suggested that the incorporation of HAp nanocrystals within melt-electrospun fibres
may mitigate these disadvantages and biopolymers with HAp additives have indeed been shown
to have excellent chemical and biological affinity to bone tissues [34, 35]. Our strategy therefore
was to use MEW in order to design a bioactive, flexible scaffold with precise control over
filament ordination, thus creating 3D composite structures with highly ordered pores that are
sufficiently large (over 100 um) to encourage cell infiltration and growth. The aim of this study
was to design'a PCL/HAp composite scaffold that mimics the morphological and microstructural
properties of cancellous bone tissue, using a biocompatible material (PCL) which incorporates a
HAp biologically active phase able to stimulate osteogenesis. PCL is a semicrystalline
thermoplastic polymer with low melt temperature (~ 60 °C), thus enabling the possibility to be
easily melt processed [36-38]. This study reports for the first time, the incorporation of
synthesized HAp nanoparticles (NPs) into a medical grade polycaprolactone (m-PCL) melted
fibres using a direct writing approach to enable the production of 3D structures for bone tissue

engineering applications.



2. Experimental
2.1.Synthesis of HAp nanoparticles (HAp NPs)

HAp (Caip (PO4)s(OH) ,) nanocrystals were synthesised by a wet chemical
precipitation method as previously reported in the literature [39] using 0.6 M (NH4),HPO,
and 1M Ca(NO3),.4H,0 (The Ca/P ratio was 1.67 when these solutions are mixed to produce
stoichiometric HAp) at 90 °C. The fabrication processes are explained in detail in the
supplementary materials. The morphological properties and chemical composition of
synthesised HAp nanocrystals are also displayed in Fig. S2 of the supporting information.

2.2. Fabrication of composite fibrous scaffold by MEW

The experimental design of the fabrication of the composite fibre scaffold using MEW
is summarized in Fig. 1. Medical grade PCL granules (m-PCL, 120 kDa, Corbion, Australia)
were dissolved in chloroform at 15 wt. %. HAp powder at 3 and 7 wt. % (based on m-PCL
contribution) were added into the m-PCL solution under vigorous stirring at multiple stages
to avoid agglomeration. After adding HAp powder, the composite solution was ultrasonically
agitated for 20 min then left overnight under vigorous stirring. After homogenization for 30
min in an ultrasonic bath, 50 ml of the m-PCL solution was cast into 125 mm x 20 mm petri
dishes and allowed to dry under vacuum for three days. The cast samples were then chopped
with a sharp scalpel blade into small pieces before being placed in the plastic syringe barrel
of the MEW device. Prior to the spinning process, 2 gm of the material placed within the
syringe was heated inside an oven at 80 °C for 30 min to melt.

The set-up of the MEW has been described in detail in previous publications [22,
40]. Briefly, the MEW device includes a 2 ml plastic syringe with a 21 Gauge needle, a 7 kV
high voltage source (DX250R, EMCO, Hallein, Austria), a 20 mi/h feed rate which is
controlled by a pneumatically regulated melt feeding system (regulator, FESTO, Berkheim,

Germany) and a movable aluminium collector plate triggered by G-code (MACH 3 CNC



software, ARTSOFT, Livermore Falls, USA). The tip-collector distance was 10 mm. The
electrical heating system was proportional integral-derivative-regulated (TR400, Delta-t,
Bielefeld, Germany) to ensure a stable melt temperature profile. Melted polymer was drawn
vertically from the nozzle tip with the electrostatic force generated from the high potential
voltage applied between the nozzle and the grounded collector. The spinning parameters,
such as applied voltage, flow rate and collector speed, were initially optimized and then
precisely controlled to obtain continuous fibres for the various experiments.
2.3.  Scaffold Characterization and Cell Culture

The characterization of the prepared plain m-PCL and m-PCL/HAp composite
scaffolds, i.e. surface properties, physical, chemical and mechanical properties, degradation
in alkaline solution and cell biology are described indetail in the supporting information.
3. Results and Discussion
3.1.Physical structure and Chemical.composition of the prepared composite scaffolds

The scaffolds were electrospun using a composite material containing ultrasonically
dispersed HAp nanoparticles (NPs) within an m-PCL carrier. The incorporation of bioactive
HAp inorganic nanoparticles within the polymer fibres, combined with the large pore size
and highly interconnected porosity achieved through the MEW technique, offers clear
advantages in terms of cell colonization, vascularization, nutrient and metabolite exchange,
cell infiltration and growth. Poly(e-caprolactone) (PCL) was used for the fabrication of the
melt electrospun fibres as it possesses a wide melt processing range owing to its low melting
point (60 °C) and high thermal stability [24, 41] and has been proven to be an excellent
substrate for bone tissue engineering [23] owing to its biocompatibility, biodegradability, and
flexibility.

Figure 2 shows typical SEM images, Energy-dispersive X-ray (EDX) spectra and

diameter distributions of the as-fabricated plain and composite fibrous scaffolds. The melt



electrospun scaffolds were composed of orderly stacked fibres with a 0-90° pattern (Fig. 2a).
The SEM images showed mildly roughened fibres after the incorporation of HAp
nanoparticles (Fig. 2b-d). The HAp particles were distributed uniformly on the surface and
embedded within the melt electrospun fibres. Moreover, the particles in 3 %HAp appeared to
protrude from the fibre surface (Fig. 2c).

EDX coupled with SEM was used to detect CaP in the scaffold. At 3 wt. %, EDX
analysis could not detect the CaP spectra in the composite matrix suggesting that the HAp
particles were fully encapsulated within the fibre matrix at this ‘concentration. At 7 wt. %,
EDX showed small CaP peaks with weak intensity (Fig. 2e). Incorporation of HAp NPs
significantly (p<0.001) increased the fibre diameter from 10.79+£0.34 um for plain m-PCL to
16.84+2.41 and 20.46+1.09 um for 3 and 7 wt. % HAp concentrations, respectively (Fig. 2f).
This subsequently contributed to a decrease in the pore size from 200 to 190 um (p>0.05).

Apart from the morphology and structure, the overall porosity of the m-PCL/HAp

scaffolds was estimated using the following equation [26, 42]:
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where ¢ is the porosity; p is the density of the scaffolds calculated from the volume
(V= Zdiameter?x h of a circular sheet punched from the prepared composite fibrous
” Y

scaffold) and dry weight (m) of the scaffold; x: y is the mass ratio of components in the
composite; and p, is derived from the standard density of m-PCL (1.145 gcm™) and HAp
(3.157 gcm™). The calculated overall porosity of plain m-PCL, 3 and 5 % HAp were 98, 97.2
and 96 % respectively which is favourable for cellular infiltration and the diffusion of

metabolites, nutrients and waste. Collectively, these findings suggest that the incorporation of



HAp nanoparticles did not show any significant (p>0.05) effect on the pore size and porosity
properties of the melt electrospun composite fibrous scaffolds.

FTIR analysis of the fabricated scaffolds (Fig. 3a) showed characteristic peaks
corresponding to HAp and m-PCL molecules, as previously reported [26, 42]. The intensity
(transmittance percentage) of characteristic IR bands of HAp in the composite scaffold are
co-related to the loading amount of HAp within the electrospun scaffold, @s shown by the
bands assigned for PO, (Fig. 3a. inset). As the HAp loading increased the bands intensity
also showed an increase. Some IR bands of the m-PCL/HAp composite showed a small shift
to a higher wavelength likely due to the formation of chemical bonds between the HAp
particles and m-PCL during the fabrication process, as has been reported by Kim et.al [43].
3.2.Thermal analysis

Differential scanning calorimetry (DSC) measurements were performed to examine
the thermal behaviour of the fabricated fibrous scaffold before and after incorporation of
HAp. The results from the DSC are presented in Fig. 3b and summarized as an inset table.
The melting points and the heat of fusion (the melting heat) are indicative of the polymer
crystallinity, as described elsewhere [26]. Two independent cycles of heating and cooling
runs were performed, in which the first cycle was able to eliminate the polymer heat history.
With a reference point of 136 J/g for 100% crystalline m-PCL [44], the degree of crystallinity
Xc % of the polymer scaffold was determined. A sharp crystalline melting temperature was
observed for m-PCL in both the plain form and as composite scaffolds. The crystalline
fraction of m-PCL is reduced to some extent after the incorporation of HAp. Slightly
different glass transition temperature (Tg) values were registered on the DSC heating runs
which may be caused by the effects of thermal history on the thermal behaviour. The melting
temperature following the loading of HAp NPs is almost unchanged compared with that of

the plain m-PCL scaffolds. A decrease in the enthalpy of fusion and the Tg suggests that the



crystallinity and perfection of the crystal structure are reduced, proving that the ameliorated
thermal stability and the flexibility remains the same after HAp loading [26]. The interactions
between m-PCL and HAp NPs (i.e., the hydrogen bonding between them) can be attributed to
further deterioration in crystallinity after the addition of HAp NPs into the composite
scaffolds.
3.3. Biodegradation behaviour of the fabricated scaffolds

The total weight change of the scaffolds after incubation in an alkaline environment
(pH 8.5) for a period of up to 28 days is shown in relation to incubation time in Fig. 4. This
pH choice was due to the fact that in healing wounds, the microenvironment is shifted
slightly to more alkaline conditions [45]. Hence, the degradability of the membranes was
tested in this representative alkaline conditions. The results suggested that in scaffolds
incorporating HAp particles, a significant-acceleration in degradation rate was observed (Fig.
4a). It should be noted that within 28 days, less than 5% mass loss was observed from m-PCL
and a significant (p<0.01) increase was measured in the composite scaffolds, as shown in Fig.
4a. Higher HAp concentrations correlated with a higher weight loss. Moreover, the samples
containing the higher HAp amount dissolved more quickly, i.e., 7% >3% >plain m-PCL (0
%), suggesting that the HAp dissolved faster than the m-PCL. This increase may be due to
the more hydrophilic nature of HAp, as has been previously shown by our group [28, 39, 46],
which facilitated the interaction of water with the polymeric fibres, and the hydrolysis and
subsequent release of HAp particles from the fibre surface, as depicted in Fig. 4b and c.
3.4. Cellular response

To evaluate the cellular response to the scaffold composition, the constructs were
seeded with human osteoblasts and cultured in vitro for 1, 4 and 7 days, with cell numbers
evaluated at these time points via DNA content estimation using PicoGreen. Furthermore,

metabolic activity was assessed at Day 7 using Alamar blue. To evaluate the cellular



response, all scaffolds (each with a diameter of 5 mm) were seeded with 20,000 cells, which
results in ~90% confluence on the surface. An ideal tissue engineered scaffold should
promote both good cellular attachment and infiltration, and a balanced combination of both is
needed to eventually promote whole tissue formation. Attaining this balance in MEW
scaffolds has proven to be achievable. Specifically, the melt-electrospun scaffolds allowed
the cells to spread and migrate within the scaffold, with the large poresizes facilitating
substantial cellular infiltration [18, 20]. Both the scaffold material and the respective porous
architecture play a major role in cellular performance [42]. Continuous cell growth over time
can be observed from the confocal images in Figure 5a. All scaffolds showed good cell
attachment and spreading at each time interval, with the highest speeding and bridging seen
in the 7 % HAp composite scaffold after seven days. On both the plain and composite m-
PCL/HAp scaffolds, cells infiltrated deep into the scaffold (Fig. 5b). From day 1, the
osteoblasts had infiltrated into the scaffold to a depth of ~350 um (Fig. 5b). By day 4, most
of the cells had grown up to the perimeter of the scaffolds, as can be seen from the 3-D z-
stack object (Fig. 5b). Furthermore, by day 7, cells were present throughout the scaffold and
the number of cells had increased considerably. These promising results correlated directly to
the more open and larger pore network structure shown in Fig. 5b, which allowed the cells an
easier path for deep infiltration and greater cell proliferation.

Next, the cellular response was evaluated quantitatively, and as shown in Fig. 6. All
scaffolds were associated with good cell viability with an improvement in growth and
proliferation over the incubation time-frame. DNA quantification showed that the composite
scaffold had a better cell attachment capacity than plain m-PCL scaffolds, as evidenced by
the higher DNA content at the early (Day 1) time point (Fig. 6a). Further, the results of the
DNA assay indicate that osteoblasts cultured on m-PCL/HAp composites had a higher

proliferation rate at the longer time points (7-day) compared to cells cultured on plain m-PCL
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and even tissue culture plate (TCP), as shown in Fig. 6a. The difference in cell response may
be due to the composite scaffold having a slightly lower pore size (~190 um) and porosity
(96%) but larger fibre diameter size compared with plain m-PCL scaffold [22].

The cell viability (Alamar Blue) assay results after 7 days of culture (Fig. 6b)
support the results of the DNA content quantification results. These results suggest that the
presence of HAp within the m-PCL melt electrospun fibres induce a positive effect on cell
viability [42]. Since the increase in the viability is a direct measure of living cells [46], the
results suggest that cell proliferation is taking place. The higher cell viability of the m-
PCL/HAp composite scaffold compared to plain m-PCL scaffold can be attributed to the
presence of HAp, which has been shown to increases surface roughness and wettability and
provides functionalisation for cell adherence and growth, compared to plain PCL scaffolds
which lack biological recognition sites [19, 46]. These results are in accordance with other
authors where cell growth and infiltration within scaffolds increased with the combination of
large pore size and bioactive ceramics [42]. Cumulatively, these data show that the melt
electrospun scaffolds provide an optimal environment for cellular infiltration and the
incorporation of HAp NPs provide for more growth than plain polymeric scaffolds.

4. Concluding remarks

This.communication study has demonstrated, for the first time, the incorporation of
synthesised HAp nanoparticles at 3 and 7 wt. % within m-PCL melt electrospun fibres to
create composite scaffolds using MEW. A preparation process that achieves an even
distribution of HAp NPs within the m-PCL melt electrospun fibres is a key requirement
avoiding blockages of the jet in order to ‘write’ with a continuous composite fibre. The melt
electrospun composite scaffold induced higher cell growth and both plain m-PCL and
composite fibres showed good cell infiltration into the scaffold. Degradable composite

scaffolds, prepared by combining an additive manufacturing technique and high voltage with
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precisely controlled parameters represents a viable solution to achieving adequate biomaterial
requirements for tissue engineering strategies. This combination of a well-interconnected
highly porous structure with large pore size and incorporated bioactive ceramic is suitable for
the promotion of osteoblast cell seeding, infiltration and growth, and represents an excellent
candidate for bone tissue engineering strategies.
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Fig. 2: Shows SEM images of electrospun fibers fabricated by the melt electrospinning
writing (MEW) approach (a) low magnification image of the fabricated scaffold with orderly
stacked fibers and well-interconnected pores; (b) plain m-PCL; (c) 3 wt% HAp; (d) 7 wt%
HAp; (e) EDS profiles of 7 wt% HAp composite scaffold and (f) fiber diameter
measurements in the fabricated scaffolds. The plain electrospun fibers had a significantly
smaller diameter compared with the composite scaffold fibers. Bars show significant
differences in the diameter between plain and composite scaffolds. Inset of panels 2c and 2d
show a higher magnification image of the composite fibers. ***shows statistical significance
p<0.001
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15 4 Plain m-PCL  -56.83 33.66 55.15 57.53 39.53
3 wt% HAp -58.18 34.2 50.58 58.97 36.26
1| 7 wt% HAp -60.22 35.45 48.79 57.61 34.97
104 Tg= glass transition temperature
Tc= crystaline temperature b
3 | Delta Hm= Heat of fusion
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Fig. 3 (a) FTIR spectra and (b) DSC curves of plain and composite scaffolds fabricated by the
MEW approach. Both FTIR spectra exhibit sharp peaks for PO,*": 1042 cm™ (v3) and 605and
563 cm™ (v4) which are characteristics bands for HAp. The FTIR analysis showed typical
transmittance characteristics bands for HAp and these results confirm that the synthesized
HAp NPs are loaded into the m-PCL matrix. The thermal properties of the as-fabricated
composite fibrous scaffolds are summarised in a table inset of (b). The thermal properties,

such as, Tg, Tm and delta Hm, were identified from the second heating runs, while the Tc

was determined from the cooling scan.
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Fig. 4 (a) Percent weight loss over 28 days of immersion in an aqueous alkaline environment.
(b) ‘Surface morphology of plain m-PCL and (c) 7 wt.% HAp composite scaffolds after 28

days. *depicts statistical significance at p <0.05, **p <0.01 and ***p <0.001
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Plain m-PCL 3 wt% HAp 7 wt% HAp TCP
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Plain m-PCL 7 wt% HAp

Day-1

Day- 4

Day- 7

Fig. 5 Laser confocal microscopy images of human osteoblasts cells cultured on plain m-PCL
and m-PCL/Hap composite scaffolds fabricated by the MEW approach. (a) cell morpoglogy
and cell spreading over 7 days culture (scale bar =100 um). (b) 3-D object z-stacking
showing infiltation, spread and growth of cells at different time intervals. Each stack
corresponds to 1 um in the z-direction of the scaffold (scale bar = 350 um). The samples were
stained with phalloidin conjugated with Alexa Fluor 632 fluorescent dye to target F-actin
(Red). Cell nuclei (blue) were visualized by staining with fluorescent 4',6-diamidino-2-
phenylindole (DAPI).
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Fig. 6. (a) Human osteoblast cells adhesion and (b) proliferation on plain m-PCL and m-
PCL/HAp composite melt electrospun fibrous scaffolds as a function of culture time were
quantified by DNA estimation (PicoGreen assay) and cell activity (Alamar Blue assay)
respectively. The amount of DNA gradually increased with culture time and showed the
highest DNA content was on composite scaffolds loaded with 7 wt% HAp NPs after 7 days
culture. Cell activity also was highest on 7 wt% HAp scaffolds at 7 days culture compared to
plain m-PCL and tissue culture plastic (TCP). Asterisks show statistically significant
differences (*p < 0.05, **p < 0.01, ***p < 0.001, two-way ANOVA followed by post-hoc
Tukey test).
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