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Abstract

Craniofacial bone defects (CFD) are among the most common bone defects, resulting
from trauma, inflammatory diseases, infection, congenital deformities, and tumor resections.
Bone tissue engineering scaffolds are an emerging solution to address the limited resources and
technical challenges associated with the current standard of care for treating CFD, i.e., using
autografts. In this study porous scaffolds are 3D printed using digital light processing (DLP)
with slurries based on polylactic acid (PLA) resin incorporated with various ratios of
hydroxyapatite (HA) and bioactive borate glass (BBG). The structure of 3D-printed scaffolds
was characterized using X-ray diffraction (XRD), Fourier transmission infrared (FTIR)
spectroscopy, and scanning electron microscopy. We investigated the effect of scaffold
composition on the mechanical properties, shape fidelity, and degradation rate. Our results
showed that addition of HA affects the viscosity of PLA more than BBG. The highest contact
angle was found in PLA-HA10 scaffolds and the lowest in PLA-BBG20 as 81.4 ° and 69.7°,
respectively. Findings from this research provide insight on the capability of DLP for
fabrication of polymer-ceramic scaffolds for CFD treatment.

Keywords: Craniofacial bone, bone tissue engineering, digital light processing, polylactic acid,
hydroxyapatite, bioactive glass.

1. Introduction

Craniofacial defects (CFDs) are among the most common bone defects caused by traumatic
injuries, inflammatory and infectious diseases, congenital malformations, tumor resection, and
bone resorption after tooth extraction or periodontal disease [1,2]. Each year approximately
200,000 CFDs occur in the United States, 6% of which require bone transplantation with an
economic burden of ~$2 billion [3,4]. Cranioplasty is a neurosurgical procedure to reconstruct
cranial defects. Reconstructive surgeons prefer to use autograft and allograft bones first in the
reconstruction of critical cranial defects [5,6]. More than 2 million bone grafts take place each
year around the world (500,000 in the U.S.), making bone the second most common transplant
tissue after blood tissue [4,7,8]. However, their use faces major shortcomings, including limited
source, morbidity, adverse immune response, graft rejection, transmission of diseases, and
secondary trauma [9,10]. Biomaterial-based scaffolds are being developed as alternatives to
autografts and allografts to address these challenges [10,11].
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Scaffolds are expected to be biocompatible, bioactive, porous, and osteoconductive. They
should also possess mechanical properties that mimic natural bone to promote optimal bone
growth. The design and material selection for a scaffold are crucial determinants of its
biomechanical and biological performance [12,13]. Polylactic acid (PLA), polymethyl
methacrylate (PMMA), polyether ether ketone (PEEK), polyethylene, titanium and
hydroxyapatite (HA) and calcium phosphate ceramics, collagen, gelatin, chitosan and alginate
are most used synthetic biomaterials in bone tissue engineering (BTE) [14-18]. PLA is a
biocompatible and biodegradable polymer that has been approved for specific medical
applications by the U.S. Food and Drug Administration [19]. PLA can be used in temporary
scaffold implants, drug delivery and various tissue engineering scaffolds due to biocompatible,
biodegradable, nontoxicity and bioresorbable properties [20,21]. However, the lack of reactive
side chain groups and the low hydrophilicity of PLA result in a low affinity for cells and low
interaction between the scaffold and the surrounding tissue [22]. Osteoconductivity of PLA can
be improved by adding bioceramics such as Hydroxyapatite (HA) and bioactive borate glass
(BBG). HA is a highly effective bone repair material due to its close resemblance to natural
bone's mineral component, promoting new bone growth through its osteoconductive properties.
However, the low solubility of pure HA leads to slow degradation and resorption that can hinder
new bone formation [23]. BBG, a bioactive material, has gained significant attention in bone
tissue engineering because of its outstanding biodegradability and osteogenic properties [24].
Ions, especially silica, calcium and sodium, which positively influence bone regeneration and
vascularization, are released when BBG is dissolved in biological fluids [23]. When BBG is
submerged in tissue, it reacts with physiological fluids and forming a hydroxyapatite layer on
the surface of scaffold, which leads to higher bone regeneration [24-26]. The three-dimensional
(3D) pore architecture of scaffolds is another critical factor that influences their mechanical
properties, cell infiltration, migration, adhesion, vascularization and nutrient diffusion during
bone healing [27-29]. Scaffolds with a wide range of pore sizes from 10 to 2,250 pm have been
successfully fabricated for bone tissue engineering (BTE) applications [30-32]. Previous
studies have shown that micropores (100 to 300 pm) are optimal for osteoblast proliferation by
providing more surface area for protein adhesion and cell attachment [27,33]. Macropores
larger than 300 pm are essential for bone growth.

Recently additive manufacturing techniques have been used in fabrication of scaffolds
[34], demonstrating their ability to fabricate FGM scaffolds with varying shapes and sizes
[35,36] . Digital light processing (DLP) is an additive manufacturing technique that has the
ability to fabricate complex geometry with high resolution (50 - 100 pum layer thickness)
[37,38]. In this method a liquid photopolymer resin is solidified layer by layer with a digital
light projector. DLP 3D printers can be used to fabricate porous scaffolds by mixing the
photopolymer resin with ceramics and biopolymers. The ability to produce scaffolds with
various pore structures and compositions makes DLP one of the most favored production
methods in BTE. Zhang et al. have fabricated CaP scaffolds with well-controlled multi-level
porous and nanoscale internal structures [39]. In another study, scaffold suspensions were
prepared by mixing photocurable polymer with fluorcanasite glass ceramic particles at various
loading levels [37]. Scaffolds with uniform pore (650 um) microarchitecture and interconnected
porosity were fabricated successfully. Pore size and pore distribution can be well controlled in
the DLP Method.

Although ceramic enhanced polymer composites have been extensively investigated,
there have been few studies on DLP-based 3D printing of biodegradable PLA, HA and BBG
composites. This study presents the development of novel scaffolds with different material
composition that have been specifically designed for the regeneration of cranial bone. Scaffolds
with 650 um pore size were fabricated with varying amounts of HA and BBG ceramics blended
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with PLA resin. The microstructure, contact angle, mechanical strength, bioactivity and
degradation rates were investigated.

2. Materials and Methods
2.1. Materials

Polylactic Acid (PLA) resin was purchased from Uniformation (Shenzhen, China) and
Hydroxyapatite (HA) was purchased from Sigma Aldrich (Missouri, USA). Bioactive borate
glass (BBG 1605, microspheres at particle size <20 pm) was supplied by ETS Wound Care
(Missouri, USA). BBG is composed of 51.6 wt.% B203, 20 wt.% CaO, 6 wt.% Naz O, 5 wt.%
MgO, 4 wt.% P»0s, 12 wt.% K»0, 1 wt.% ZnO, and 0.4 wt.% CuO. Deionized water was used
in biomaterial ink preparation and other experiments.

2.2. Fabrication of scaffolds

The slurries for fabricating scaffolds were prepared by adding different weight/volume
percentages (wt./v%, g/ml) of HA and BBG powders to photo-curable PLA resin. The different
formulations included: 10 wt./v% HA, 10 wt./v% HA + 10 wt./v% BBG and 20 wt./v% BBG.
The mixtures were then homogenized using a magnetic stirrer.

The scaffolds were designed with SolidWorks software and the model files were
converted to the .STL (Standard Triangulation Language) file. The porous samples have the
dimensions of 8 x 8 x 8 mm?® with a pore size of 650 pm.

Anycubic Photon 5M was used to fabricate the scaffolds. First, .STL files were imported
into slicing software to generate G-code defining the scaffold printing pattern. Then, the
prepared slurries were poured into the resin tank to print the scaffolds. The printing parameters
set in our study were: layer thickness = 50 pm, exposure time = 2.7 s and off time 3s. Following
the printing, the scaffolds were cleaned with isopropyl alcohol and subjected to airflow through
their pores to remove uncured slurry. The samples were then placed under UV light to improve
the overall strength and quality of scaffold.

2.3. Characterization

The slurry’s rheological behavior was assessed using Kinexus Ultrat (Malvern
Panalytical Ltd., Malvern, U.K.), a rotational rheometer. Viscosity and shear rate curves were
obtained for comparison and analysis of the rheological properties of the scaffold slurries. All
measurements were carried out at room temperature (24 °C), with the shear rate ramped up from
0 s' to 100 s™!. Helios Hydra DualBeam, a scanning electron microscope, was used to
characterize the scaffold’s morphology and surface microstructure. Samples were mounted in
a holder with double insulated tape and coated with gold before SEM analysis. X-ray diffraction
(XRD) was measured with Rigaku Smartlab at a scanning rate of 10°/min and 26 values from
20° to 60° to analyze the phase composition of the scaffold. Fourier transform infrared
spectroscopy was performed by using a Nicolet iS50 spectrophotometer in the mid-IR range
(4000 — 400 cm™") to examine the chemical bonds between PLA, HA and BBG.

The water contact angles of the scaffolds were measured by applying 5 pL water
droplets to the scaffold surfaces and imaging the droplets after 5 seconds. Three replicates per
sample variation were run for each composition.

The compressive strengths of scaffolds (dimensions: 8x8x8 mm?®) were measured using
an MTS universal testing machine with the loading speed of 1 mm/min. Five samples were
tested for each scaffold. The average and standard deviation of the five samples were calculated
from the measured data.
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Apatite formation on a scaffold in simulated body fluid (SBF) is useful for predicting
the material’s in vivo bone bioactivity. The bioactivity of scaffold was evaluated by immersing
the scaffold samples in SBF for 4 weeks. Afterwards, the samples were dried at room
temperature and kept in a closed container before characterization.

3. Results and discussion

3.1. Rheological evaluation of slurry

The SEM micrograph of HA and BBG powders and the viscosity-shear rate graph for
four different compositions of slurry are shown in Figure 1. BBG powder has D50 around 14.27
pum and shows unimodal particle size distribution with a low range change of particle size. HA
has a larger particle size range and a bimodal size distribution with D50 around 9.99 pm.

The rheological behavior of the scaffold slurry is a critical factor influencing the
printability of slurry in the DLP method. The slurry should be able to move and spread out
easily in the print vat. High viscosity can make it difficult for the slurry to flow back into the
print tank and can cause particles in the slurry to deposit onto the previous layer, after the print
head has passed, leading to printing inaccuracy [38,40]. Adding ceramic fillers into a
photosensitive resin typically causes a significant increase in the viscosity of the resulting slurry
[41,42]. This increase can be attributed to a number of factors, including increased internal
friction between the particles, impeded resin flow due to particle packing, potential trapping of
the resin within the filler network, and different particle sizes incorporated into resin [38]. In
this study we incorporated the HA and BBG into the PLA-based resin. The viscosity-shear rate
graph for different compositions of slurry was assessed for different compositions of slurry by
rheological measurements. The PLA resin without any additives had the lowest viscosity, while
the PLA-HA10 slurry had the highest viscosity. The addition of HA powder greatly increased
the viscosity of the slurry and made it a shear-thinning fluid. However, BBG powder does not
change the rheological behavior of the resin significantly. It was also observed that the addition
of BBG to the PLA-HA10 slurry had a viscosity reduction effect. The high solubility of BBG,
powder size and chemical reactions between composition ingredients can lead to the reduction
of viscosity [43]. The viscosity of slurry affects the pore size, pore shape and shape fidelity of
the fabricated scaffolds.
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Figure 1. SEM micrograph of (a) HA and (b) BBG, (c) particle size distribution of HA and BBG, and (d)
viscosity vs. shear rate of PLA, PLA-10HA, PLA-10HA-10BBG and PLA-20BBG slurries.

3.2. Scaffold microstructure

The shapes of the cranial bone defects can be very different, depending on the cause,
the size and the location. A customizable, high-precision bone graft substitute is necessary to
ensure the integrity of the bone defect repair and preservation of the original contour shape [44].
Figure 2 presents the optical micrographs and SEM images of scaffold surfaces for various
scaffolds fabricated using a DLP 3D printer with different material compositions including
PLA, PLA-HA10, PLA-HA10-BBG10, and PLA-BBG20. The average pore size, pore area,
pore perimeter, and shape fidelity of the fabricated scaffolds are shown in Table 1. The pore
size of scaffold printed with pure PLA is larger than the designed size and the other scaffolds.
The mean pore size of PLA scaffold was 666.7 + 12.5 pm. Note that curing causes a resin
material to shrink by narrowing the molecular gaps, consequently enlarging the pores by
incorporating this space into the material volume [45,46]. The pore size of scaffold fabricated
with the PLA-HA10 blend was 571.3 £ 26.5 um, which is smaller than the designed size. PLA-
HA10 composites have smaller pore sizes due to the rheological behavior of PLA. The decrease
in the precision of the scaffold is caused by the lower viscosity and light reflection of HA
particles in the PLA/HA resin [47]. The high viscosity of PLA-HA10 blend reduces the ability
of the slurry to spread in the resin tank and reduces the ability of the uncured slurry to flow
through the pores and cause HA powder to deposit on the printed layers [48]. The pore size of
the PLA-HA10-BBG10 scaffolds increased from that of PLA-HA10 to 612 + 24.7 um. This is
because incorporating BBG powder into the PLA-HA10 slurry resulted in reduced viscosity
and improved flow. The pore sizes of the PLA -HA10-BBG10 and PLA-BBG20 scaffolds are
close to each other, with the lower viscosity of PLA-BBG20 resulting in a lightly larger pore
size of 622 +25.1 um.
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Figure 2. Microstructure of the scaffolds PLA, PLA-10HA, PLA-10HA-10BBG and PLA-20BBG a) Optical
micrographs b) SEM images of scaffold surfaces.

Table 1. The average pore size of scaffolds.

Pore size (nm)

Mean SD

PLA 666.7 12.5
PLA-HA10 571.3 26.5
PLA-HA10-BBG10 612.9 24.7
PLA-BBG20 622.6 25.1

The details of microstructure and surface of the scaffolds were measured using scanning
electron microscopy (SEM), which allows visualizing the distribution and precipitation of the
HA particles during the DLP printing process. It appears that the PLA-HA 10 scaffold has higher
surface roughness than the other scaffolds. The XRD patterns of the scaffolds fabricated with
the four different material compositions are shown in Figure 3. Neither PLA nor PLA-BBG20
show any characteristic peaks in the XRD pattern, suggesting that both materials have an
amorphous structure. X-ray diffraction (XRD) analysis showed peaks at 20 values of 25.9°,
31.9° and 33.0°, corresponding to the standard patterns for the crystalline hydroxyapatite (HA)
phase. XRD analysis of the PLA-HA10 and PLA-HA10-BBG10 scaffolds revealed peaks
consistent with the reference pattern for pure hydroxyapatite in the standard phase (JCPDS #
09-0432). Figure 4 shows the FTIR spectra of the PLA, PLA-HA10, PLA-HA10-BBG10 and
PLA-BBG20 scaffolds. The characteristic C—-O—C, C-H, C=0 and O-H peaks of the PLA can
be seen at around 1192, 1406, 1719, 2928 and 3350 cm™ [49]. The FTIR spectra show
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characteristic peaks at 567 cm-' and 809 cm-', which correspond to the fundamental bending
and stretching vibrations of the PO4*- groups in HA, respectively [50].
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Figure 3. X-Ray Diffraction (XRD) pattern of pure PLA, PLA-HA10, PLA-HA10-BBG10 and PLA-BBG20
scaffolds.
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Figure 4. FTIR spectra of PLA, PLA-HA10, PLA-HA10-BBG10, and PLA-BBG20 scaffolds.

3.3. Compressive strength

The scaffolds should be strong enough to integrate seamlessly with the surrounding bone
and to maintain the structural integrity necessary for successful bone repair. The compressive
strength of the non-porous blocks for different material compositions and the porous scaffolds
made of PLA-HA10 are shown in Figure 5. The addition of HA and BBG ceramics increases
the compressive strength of the composite scaffolds. The compressive strength of PLA-HA10
scaffold, measured 64.4 MPa, is higher than the compressive strengths of PLA-HA10-BBG10
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and PLA-BBG20 scaffolds. The addition of BBG to the PLA-HA10 composite decreases the
strength of the scaffolds. The compressive strength of the porous scaffolds (10.4 MPa - 12.04
MPa) is within the range of cancellous bone (0.1 MPa - 16 MPa) [51]. This suggests that these
scaffolds can be suitable for use in applications in which they are required to withstand
compressive loads similar to those of cancellous bone.
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Figure 5. Compressive strength of scaffolds: a) non-porous blocks fabricated with different material
compositions, b) porous scaffolds fabricated with different material compositions. The unit of compressive
strength is MPa.

3.4. Contact angle

The hydrophilic surface properties of the scaffolds affect the cell adhesion of the
scaffolds [24]. PLA has low hydrophilicity, resulting in poor wettability, which implies lack of
cell attachment and interaction between the scaffold and surrounding tissues [52]. Figure 6
shows the images and data statistics of water contact angle measurement for PLA, PLA-HA10,
PLA-HA10-BBG10, and PLA-BBG20 scaffolds. The contact angle of the scaffolds increases
with the addition of HA and decreases with the addition of BBG. The lowest contact angle is
69.7° for PLA-BBG20 scaffold.

PLA PLA - HA10
79.7°£4.2° 81.4°t5.3°
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Figure 6. Images and statistics of water contact angle measurement for PLA PLA-HA10, PLA-HA10-BBG10,
and PLA-BBG20 scaffolds.
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3.5. Bioactivity of scaffold upon soaking in SBF

The SEM micrographs and EDS results of the scaffolds immersed in SBF for 4 weeks
are shown in Figure 7. The mineralized apatite growth and salt can be seen on the surface of
the scaffolds, which can be confirmed by EDS analysis. Energy-dispersion X-ray spectroscopy
(EDS) analysis revealed the presence of calcium (Ca) and phosphorus (P) on the surfaces of
PLA-HA10 and PLA-BBG20 scaffolds. In contrast, the PLA scaffold showed minimal calcium
and phosphorus, suggesting poor HA formation on its surface. In the same line with other
research work, PLA has a poor bioactivity due to its hydrophobic nature [13,53] . The formation
of HA is dependent on several factors, including the pH of the medium, the adsorption and
release of ions at the interface, surface roughness, and the wettability [54—56].
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Figure 7. SEM micrograph of scaffolds (PLA, PLA-HA10, PLA-HA10-BBG10 and PLA-BBG20) and EDS
analysis of PLA and PLA-HA10 scaffolds.

247



4. Conclusion

3D printing by Digital Light Processing (DLP) is ideal for fabrication of scaffolds with
intricate structures due to its high resolution and precision fabrication capabilities. The physical
and biological properties of scaffolds can be improved by incorporation other biomaterials. In
this study, PLA resin was blended with different ratios of HA and BBG ceramics to fabricate
porous scaffolds with DLP for the regeneration of cranial bone. The rheological properties of
the slurry affect the printability of the slurry. Incorporating HA significantly affected the
rheological properties of the PLA resin, resulting in reduced printability, while incorporating
BBG changes the viscosity of the PLA resin slightly. It can be seen that PLA-HA10 scaffold
has the smallest pore size and PLA scaffold has largest pore size. PLA-BBG20 has the lowest
contact angle, with a value of 69.7°, among the various material compositions used in the study.
A lower contact angle may increase cell adhesion and proliferation. This is beneficial for new
bone formation. Apatite formation is another important factor in bone repair. The apatite
formation on scaffolds fabricated with HA and BBG ceramics was better compared with pure
PLA. Although pure PLA has higher printability, the surface properties and bioactivity of PLA
scaffold is lower compared to the other scaffolds. The weak features of PLA for bone
regeneration have been improved with the use of HA and BBG.
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