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Abstract
Bone tissue engineering (BTE) aims to repair bone defects using biocompatible 
materials with tailored geometries and pore structures, providing appropriate 
mechanical support and control over biodegradation kinetics to promote bone 
growth. In this study, we utilized digital light processing (DLP) 3D printing to fabricate 
scaffolds with varying pore sizes using polymer–ceramic slurries composed of 
polylactic acid (PLA) as the main polymer matrix, incorporated with hydroxyapatite 
(HA) and bioactive borate glass (BBG) at various ratios. We studied the effect of 
composition on rheological behavior, printability, mechanical properties, bioactivity, 
degradation rate, and biocompatibility. While HA increased viscosity and reduced 
printing accuracy, it also improved mechanical properties and bioactivity. BBG 
increased the hydrophilicity and shape fidelity of the scaffold. Both HA and BBG 
enhanced the compressive mechanical properties by reinforcing the polymer matrix 
with ceramic particles. To study the scaffold’s bioactivity, samples were immersed in 
simulated body fluid for 4 weeks. Both ceramic additives enhanced the bioactivity 
of PLA scaffolds, evidenced by the formation of a secondary HA layer on the scaffold 
surface. Among the scaffolds studied, PLA-BBG exhibited the highest osteocyte 
viability, followed by PLA-HA and then plain PLA samples. Our findings highlight the 
potential of DLP 3D printing for the fabrication of tailored polymer–ceramic scaffolds 
for BTE and other biomedical applications.
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1. Introduction
Bone is the primary component of the mammalian skeletal 
system, serving key roles in motor function and the 
protection of internal organs.1,2 Bone defects are caused by 
trauma, inflammatory and infectious diseases, congenital 
malformations, tumor resection, osteoporosis, and bone 
loss associated with tooth extraction or periodontal 
disease.3 Critical bone defects surpass the body’s natural 
healing capabilities and require medical intervention for 
regeneration. Despite advances in treatment outcomes, 
managing critical bone defects remains a significant 
challenge in clinical practice. Globally, over 2 million bone 
grafts take place each year (with approximately 500,000 in 
the United States), making bone the second most common 
transplant tissue after blood.4,5 Autografts, the gold standard 
for treating critical bone defects, are limited by donor site 
morbidity, low availability, and prolonged recovery times. 
Allografts, while readily available, carry risks of immune 
rejection, infection, and poor integration. Synthetic grafts 
and bone cement often lack the bioactivity and mechanical 
robustness for effective bone regeneration, particularly 
in load-bearing bones.6–9 Bone tissue engineering (BTE) 
has emerged as a promising approach to address critical 
bone defects by developing scaffolds that mimic bone’s 
extracellular matrix, providing structural support, 
guiding cell attachment and proliferation, and delivering 
biochemical cues to enhance osteogenesis. 

Besides biocompatibility and bioactivity, BTE scaffolds 
should be adequately porous to provide vascularization, 
mechanical strength in the range of surrounding bone, 
and degradation kinetics aligned with bone regeneration, 
supporting the fragile healing tissue.10–12 Traditional 
methods such as solvent casting, particulate leaching, 
freeze-drying, gas foaming, and electrospinning have 
been extensively employed in BTE scaffold fabrication 
due to their simplicity and scalability.13,14 However, 
these techniques face significant limitations, such as 
material constraints, restricted customization, limited 
precision in controlling geometry and porosity, and poor 
reproducibility.12,15–17 Additionally, traditional fabrication 
methods often fall short in replicating the intricate 
3D architecture of vascularized bone and the spatial 
distribution of osteogenic cues essential for successful 
tissue regeneration.6–9,18,19

Advancements in 3D printing (additive manufacturing) 
over the past two decades have significantly enhanced 

scaffold fabrication by enabling precise control over 
geometry, pore architecture, and material composition. 
Continuous improvements in printing resolution, 
material versatility, and process optimization now allow 
for the fabrication of highly customized, patient-specific 
bone scaffolds with tailored mechanical and biological 
properties.20–25 Various advanced manufacturing methods 
like vat photopolymerization, powder bed fusion, binder 
jetting, material extrusion, and directed energy deposition 
have been employed to fabricate porous scaffolds for 
BTE.21,26–29 Among these, vat photopolymerization 
methods, including stereolithography (SLA) and digital 
light processing (DLP), stand out for their ability to create 
intricate geometries with high precision and resolution. 
DLP, in particular, can selectively cure an entire resin 
layer simultaneously, enabling fast processing, while 
maintaining excellent surface finish and shape fidelity 
with micron-level precision. Its compatibility with a broad 
range of biocompatible materials, including polymers and 
ceramic composites, establishes DLP as a versatile platform 
for functional scaffold development.30,31 While both fused 
filament fabrication (FFF) and DLP can be utilized for 
scaffold fabrication, DLP offers distinct advantages in 
terms of resolution, geometric precision, and surface 
finish. The photopolymerization process in DLP enables 
the creation of complex, highly interconnected pore 
architectures with minimal geometric distortion, whereas 
FFF is limited by filament extrusion constraints, which can 
result in inconsistent pore sizes, surface roughness, and 
reduced shape fidelity.32 Additionally, DLP provides greater 
control over mechanical properties through modulation of 
crosslinking density and photopolymerization parameters, 
an aspect not achievable in FFF due to its reliance on layer 
adhesion and extrusion settings.

Biomimetic polymer–ceramic scaffolds combine 
the polymer’s flexibility and biodegradability with the 
ceramic’s bioactivity and mechanical strength, mimicking 
the structure and properties of natural bone.15 The polymer 
matrix provides a supportive framework, facilitating cell 
attachment and proliferation, while the ceramic phase, 
such as hydroxyapatite (HA), bioactive borate glass (BBG), 
nanodiamond, clays, etc., enhances osteoinductive and 
osteoconductive properties, promoting bone mineralization 
and regeneration.33–40 Integrating bioactive ceramics such as 
HA and BBG into photopolymerizable resins enables DLP 
fabrication of scaffolds with precisely tailored structural 
and functional properties. This approach, however, 
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requires slurry to exhibit optimal rheological behavior 
and curing characteristics for uniform ceramic dispersion, 
consistent layer curing, and accurate scaffold geometry.41 
Excessive ceramic content can increase viscosity, impeding 
self-leveling, and potentially causing printing failures. 
Zhang et al.42 obtained well-controlled multi-level porous 
scaffolds by blending calcium phosphate bioceramics with 
a photosensitive resin composed of polyethylene glycol 
diacrylate and urethane acrylate. The sintered scaffolds 
enhanced bone regeneration and osteoinduction in an 
ectopic preclinical model. In another study, Wang et al.43 
used DLP to fabricate porous biphasic calcium phosphate 
(BCP) bioceramic scaffolds with ~56.3 vol% porosity and a 
compressive strength of ~20.07 ± 2.09 MPa.

Polylactic acid (PLA) is an FDA-approved44 
biopolymer. It has been widely used in BTE due to its 
biocompatibility, tunable biodegradability, and favorable 
mechanical properties.5,45,46 An effective approach to 
overcome PLA’s hydrophobicity and limited reactivity, 
which restricts cell adhesion and scaffold integration 
with surrounding tissues,18,47,48 is to combine PLA with 
bioactive materials that can enhance its surface properties, 
bioactivity, and cellular interactions.49 HA, the mineral 
content of natural bone, is a calcium phosphate-based 
material with exceptional biocompatibility, bioactivity, 
and osteoconductive properties, which supports bone 
ingrowth by forming direct chemical bonds with living 
tissues.50 HA contributes to scaffold stiffness and promotes 
osteointegration. However, low solubility and brittleness 
limit its standalone use in load-bearing applications.51 In 
contrast, BBG is a highly reactive glass that releases various 
therapeutic ions, including calcium, sodium, magnesium, 
copper, and zinc, which are essential for promoting bone 
growth and angiogenesis.51,52 Ions released from BBG 
interact with surrounding tissues and biological fluids 
to form a biologically active calcium phosphate layer on 
the scaffold surface, promoting strong bonding with the 
surrounding bone tissue and osteointegration.53,54 While 
BBG exhibits excellent bioactivity and biodegradability, 
its rapid degradation can lead to mechanical instability, 
resulting in suboptimal bone regeneration.55–58

Most research on DLP-printed BTE scaffolds has 
focused on bioceramics, with few studies exploring the 
fabrication of polymer–ceramic composite scaffolds.59,60 
The present paper integrates PLA, HA, and BBG for DLP 
3D printing, allowing for control over scaffold geometry, 
pore architecture, and material distribution and leveraging 
the osteoconductive properties of HA, the bioactivity and 
angiogenic potential of BBG, and the structural versatility 
of PLA.

In this study, PLA-based scaffolds for bone regeneration, 
incorporating HA and BBG, were fabricated using DLP 3D 
printing. We studied the effects of formulation and design 
on the physical properties of DLP-printed polymer–ceramic 
scaffolds. The composite slurry was formulated by blending 
PLA with varying contents of HA and BBG powders. The 
effects of HA and BBG on the rheological behavior and 
printability of the slurry were analyzed, along with their 
influences on the scaffold microstructure, wettability, 
mechanical properties, bioactivity, and degradation 
rates. The incorporation of ceramics enhanced both the 
mechanical and biological properties of the scaffolds. 
These findings advance the current understanding of using 
DLP 3D printing to fabricate biomimetic polymer–ceramic 
scaffolds and offer promising insights for advancing 
current biomaterial technologies and fabrication methods 
in future biomedical applications. 

Bone is the primary component of the mammalian 
skeletal system, serving key roles in motor function and the 
protection of internal organs.1,2 Bone defects are caused by 
trauma, inflammatory and infectious diseases, congenital 
malformations, tumor resection, osteoporosis, and bone 
loss associated with tooth extraction or periodontal 
disease.3 Critical bone defects surpass body’s natural 
healing capabilities and require medical intervention for 
regeneration. Despite advances in treatment outcomes, 
managing critical bone defects remains a significant 
challenge in clinical practice. Globally, over 2 million bone 
grafts take place each year (with approximately 500,000 
in the United States), making bone the second most 
common transplant tissue after blood.4,5 Autografts, the 
gold standard for treating critical bone defects, are limited 
by donor site morbidity, low availability, and prolonged 
recovery times. Allografts, while readily available, carry 
risks of immune rejection, infection, and poor integration. 
Synthetic grafts and bone cement often lack the bioactivity 
and mechanical robustness for effective bone regeneration, 
particularly in load-bearing bone.6–9 BTE has emerged as 
a promising approach to address critical bone defects by 
developing scaffolds that mimic bone’s extracellular matrix, 
providing structural support, guiding cell attachment and 
proliferation, and delivering biochemical cues to enhance 
osteogenesis. 

Besides biocompatibility and bioactivity, BTE scaffolds 
should be adequately porous to provide vascularization, 
mechanical strength in the range of surrounding bone, 
and degradation kinetics aligned with bone regeneration, 
supporting the fragile healing tissue.10–12 Traditional 
methods such as solvent casting, particulate leaching, 
freeze-drying, gas foaming, and electrospinning have 
been extensively employed in BTE scaffold fabrication 
due to their simplicity and scalability.13,14 However, 
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these techniques face significant limitations, such as 
material constraints, restricted customization, limited 
precision in controlling geometry and porosity, and poor 
reproducibility.12,15–17 Additionally, traditional fabrication 
methods often fall short in replicating the intricate 
3D architecture of vascularized bone and the spatial 
distribution of osteogenic cues essential for successful 
tissue regeneration.6–9,18,19

Recent advances in 3D printing (additive 
manufacturing) have transformed scaffold fabrication 
through precise control over geometry, pore architecture, 
and material composition, allowing for personalized 
treatments with patient-specific bone scaffolds.20–23 
Various advanced manufacturing methods like vat 
photopolymerization, powder bed fusion, binder jetting, 
material extrusion, and directed energy deposition 
have been employed to fabricate porous scaffolds for  
BTE.21,26–29 Among these, vat photopolymerization 
methods, including SLA and DLP, stand out for their ability 
to create intricate geometries with high precision and 
resolution. DLP, in particular, can selectively cure an entire 
resin layer simultaneously, enabling fast processing, while 
maintaining excellent surface finish and shape fidelity 
with micron-level precision. Its compatibility with a broad 
range of biocompatible materials, including polymers and 
ceramic composites, establishes DLP as a versatile platform 
for functional scaffold development.30,31

Biomimetic polymer–ceramic scaffolds combine 
the polymer’s flexibility and biodegradability with the 
ceramic’s bioactivity and mechanical strength, mimicking 
the structure and properties of natural bone.15 The polymer 
matrix provides a supportive framework, facilitating cell 
attachment and proliferation, while the ceramic phase, 
such as hydroxyapatite (HA), BBG, nanodiamond, clays, 
etc., enhances osteoinductive and osteoconductive 
properties, promoting bone mineralization and 
regeneration.33–38 Integrating bioactive ceramics such as 
HA and BBG into photopolymerizable resins enables DLP 
fabrication of scaffolds with precisely tailored structural 
and functional properties. This approach, however, 
requires the slurry to exhibit optimal rheological behavior 
and curing characteristics for uniform ceramic dispersion, 
consistent layer curing, and accurate scaffold geometry.41 
Excessive ceramic content can increase viscosity, impeding 
self-leveling, and potentially causing printing failures. 
Zhang et al.42 obtained well-controlled multi-level porous 
scaffolds by blending calcium phosphate bioceramics with 
a photosensitive resin composed of polyethylene glycol 
diacrylate and urethane acrylate. The sintered scaffolds 
enhanced bone regeneration and osteoinduction in an 
ectopic preclinical model. In another study, Wang et al.43 
used DLP to fabricate porous BCP bioceramic scaffolds 

with ~56.3 vol% porosity and a compressive strength of 
~20.07 ± 2.09 MPa.

Polylactic acid (PLA) is an FDA-approved44 
biopolymer. It has been widely used in BTE due to its 
biocompatibility, tunable biodegradability, and favorable 
mechanical properties.5,45,46 An effective approach to 
overcome PLA’s hydrophobicity and limited reactivity, 
which restrict cell adhesion and scaffold integration 
with surrounding tissues,18,47,48 is to combine PLA with 
bioactive materials that can enhance its surface properties, 
bioactivity, and cellular interactions.49 HA, the mineral 
content of natural bone, it is a calcium phosphate-based 
material with exceptional biocompatibility, bioactivity, 
and osteoconductive properties, which supports bone 
ingrowth by forming direct chemical bonds with living 
tissues.50 HA contributes to scaffold stiffness and promotes 
osteointegration. However, low solubility and brittleness 
limit its standalone use in load-bearing applications.51 In 
contrast, BBG is a highly reactive glass that releases various 
therapeutic ions, including calcium, sodium, magnesium, 
copper, and zinc, which are essential for promoting bone 
growth and angiogenesis.51,52 Ions released from BBG 
interact with surrounding tissues and biological fluids 
to form a biologically active calcium phosphate layer on 
the scaffold surface, promoting strong bonding with the 
surrounding bone tissue and osteointegration.53,54 While 
BBG exhibits excellent bioactivity and biodegradability, 
its rapid degradation can lead to mechanical instability, 
resulting in suboptimal bone regeneration.55–58 

Most research on DLP-printed BTE scaffolds has 
focused on bioceramics, with few studies exploring the 
fabrication of polymer–ceramic composite scaffolds.59,60 
The present paper integrates PLA, HA, and BBG for DLP 
3D printing, allowing control over scaffold geometry, pore 
architecture, and material distribution and leveraging the 
osteoconductive properties of HA, the bioactivity and 
angiogenic potential of BBG, and the structural versatility 
of PLA.

In this study, PLA-based scaffolds for bone regeneration, 
incorporating HA and BBG, were fabricated using DLP 3D 
printing. We studied the effects of formulation and design 
on the physical properties of DLP-printed polymer–ceramic 
scaffolds. The composite slurry was formulated by blending 
PLA with varying contents of HA and BBG powders. The 
effects of HA and BBG on the rheological behavior and 
printability of the slurry were analyzed, along with their 
influences on the scaffolds’ microstructure, wettability, 
mechanical properties, bioactivity, and degradation 
rates. The incorporation of ceramics enhanced both the 
mechanical and biological properties of the scaffolds. 
These findings advance the current understanding of using 
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DLP 3D printing to fabricate biomimetic polymer–ceramic 
scaffolds and offer promising insights for advancing 
current biomaterial technologies and fabrication methods 
in future biomedical applications. 

2. Materials and methods
2.1. Materials
The commercial PLA photocurable resin composition 
with 2–3% methacrylate monomers (X15 Transparent, 
Uniformation, Shenzhen, China), HA powder (Sigma-
Aldrich, MO, USA), and BBG powder (ETS Wound Care, 
MO, USA) were used as the polymer matrix and ceramic 
fillers, correspondingly. The BBG used in this study is 1605 
borate glass composed of 51.6 wt.% B2O3, 20 wt.% CaO, 
6 wt.% Na2O, 5 wt.% MgO, 4 wt.% P2O5, 12 wt.% K2O, 1 
wt.% ZnO, and 0.4 wt.% CuO. Isopropyl alcohol was used 
to dissolve and remove the uncured resin composition 
from printed parts. Dulbecco’s Modified Eagles Medium 

(DMEM), phosphate-buffered saline (PBS), fetal bovine 
serum (FBS), penicillin/streptomycin (pen/strep), MTT, 
and trypsin/EDTA were purchased from Sigma-Aldrich. 

The particle size distributions of the HA and BBG were 
measured by a Microtrac S3500 tri-laser diffraction particle 
analyzer (Microtrac Inc., PA, USA). Approximately, 100 
mg of each powder was suspended in 10 mL deionized 
water to prevent agglomeration. Particle morphology was 
observed by scanning electron microscopy using Helios 
5 Hydra DualBeam SEM (Thermo Fisher Scientific, MA, 
USA) at 5 kV acceleration voltage and 8 mm working 
distance under a high vacuum. Figure 1 shows the particle 
size distribution and SEM micrographs of HA and BBG. 
The D50 values for HA and BBG are 14.27 and 9.99 µm, 
respectively. BBG particles showed a smoother and 
more round morphology with a unimodal particle size 
distribution, while HA particles exhibited sharper edges 
and a bimodal distribution.

Figure 1. SEM micrographs (a) and particle size distribution (b) of HA and BBG samples. Abbreviations: BBG, bioactive borate glass; HA, hydroxyapatite; 
SEM, scanning electron microscopy.
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2.2. Preparation of slurry suspension
UV-curable suspensions were prepared by blending 
0–20% w/v of HA and BBG powders with the commercial 
photocurable PLA resin composition to obtain composite 
slurries, as described in our previous work.61 The 
composition of the polymer–ceramic slurries and the 
corresponding sample names adopted in this research are 
detailed in Table 1. 

2.3. 3D printing of scaffolds
The porous scaffolds were designed in SolidWorks software 
(Dassault Systems Solidworks Corp., MA, USA) with small 
(S), medium (M), and large (L) pore sizes of 500, 650, and 
800 µm, respectively. Anycubic Photon Workshop software 
was used to slice the 3D models and generate G-code for 
printing. Scaffolds were fabricated using a commercial 
DLP 3D printer (Anycubic Photon 5M, Shenzhen, China) 
equipped with a UV light projector (wavelength 405 nm). 
Figure 2 depicts a schematic of DLP printing of polymer–
ceramic scaffolds. UV light from LED source positioned 

below the vat reaches the sample through a transparent 
window to solidify resin layer by layer. Scaffolds were 
printed with a layer thickness of 50 μm, exposure time 
of 2.7 s, and 3-s off time. After printing, they were rinsed 
with isopropyl alcohol, and residual uncured slurry was 
removed from the pores using airflow. To enhance the 
overall strength, the scaffolds were subsequently exposed 
to UV light for 10 min.

2.4. Characterization 
The rheological behavior of the slurries was assessed by a 
rotational rheometer Kinexus Ultra+ (Malvern Panalytical 
Ltd., Malvern, UK). All measurements were carried out at 
room temperature (24 °C), with the shear rate ramping up 
from 0 to 100 s−1. The pore sizes of the small, medium, and 
large scaffolds were measured using ImageJ software on 
light microscope images. 

The scaffold porosity was calculated using Archimedes 
principle, following the ASTM F2450-10 standard.62 The 

Figure 2. Schematic of DLP 3D printing of polymer–ceramic scaffolds (a) and sample printed parts (b). Abbreviations: BBG, bioactive borate glass; DLP, 
digital light processing; HA, hydroxyapatite; PLA, polylactic acid.

Table 1. Composition of slurries for DLP printing

Slurry sample PLA resin composition (mL) HA (g) BBG (g)

PLA 100 0 0

PLA-10HA 100 10 0

PLA-15HA 100 15 0

PLA-20HA 100 20 0

PLA-10HA-10BBG 100 10 10

PLA-10BBG 100 0 10

PLA-20BBG 100 0 20

Abbreviations: BBG, bioactive borate glass; DLP, digital light processing; HA, hydroxyapatite; PLA, polylactic acid.
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scaffold apparent density (ρa), pore volume (Vp), and 
porosity (P) were calculated using Equations I–III:

	 a
dry e

dry wet

W
W W

� (I)

	 V V
W
gp a

dry

a

� (II)

	 P
V
V

p

a

100% � (III)

where ρe is the density of ethanol, g is the standard 
acceleration of free fall (9.8 m/s2), and Wdry and Wwet are 
the sample weight before and after immersing in ethanol, 
respectively. Va is the apparent volume of the sample, 
calculated using its external dimensions. 

The contact angle between the scaffold and a droplet 
of water was measured using a goniometer. For each 
experiment, a 5 μL water droplet was applied to the 
scaffold surface and an optical image was captured with 
a microscope to assess the contact angle. The surface 
roughness (R) of the scaffolds was analyzed using a 3D 
digital microscope KH-8700 (Hirox Co Ltd., Tokyo, Japan).

X-ray diffraction (XRD) was conducted using a Rigaku 
Smartlab at a scanning rate of 10°/min within 2θ values 
from 20° to 60° to analyze the scaffold’s phase composition. 
The Fourier transform infrared (FTIR) spectra were 
recorded with a Nicolet iS50 spectrophotometer (Thermo 
Fisher Scientific), outfitted with a mid-IR range (4000– 
400 cm–1) diamond crystal cell for attenuated total 
reflection. Scaffolds were placed over the crystal on the 
splitter area and spectra acquired at a 4 cm−1 resolution, 
32 scans per spectrum with a data interval of 0.482  
cm–1. Spectral analysis was performed using the OMNIC 
software version 9.2.41 (Thermo Fisher Scientific).

Thermogravimetric analysis (TGA) was conducted 
using a TGA/DSC 3+ instrument (Mettler Toledo, 
Schwerzenbach, Switzerland) to determine the actual 
ceramic content in the printed scaffolds. Due to resin–
ceramic interactions and potential ceramic sedimentation 
during 3D printing, the ceramic content in the printed 
parts may differ from that in the original slurry. The TGA 
was performed in two stages: an initial isothermal segment 
at 150°C in argon atmosphere at a flow rate of 100 mL/min 
for 60 min to remove volatiles including adsorbed water, 
followed by a dynamic segment with a temperature rise 
from 150 to 700°C at 5°C/min in oxygen flow (100 mL/

min) for complete burning of organic matter, leaving only 
the ceramic residue.

2.5. Mechanical properties
Mechanical properties of the 3D-printed scaffolds were 
evaluated by compressive strength tests, using an MTS 
Landmark materials testing system with a 250 kN load 
cell. The compressive strength was determined from 
stress–strain curves recorded at a loading speed of  
1 mm/min at room temperature. The average compressive 
strength and standard deviation were calculated from at 
least five measurements. To determine the elastic modulus 
of the scaffolds, stress–strain curves were obtained from 
compressive testing results. The modulus was calculated 
from the initial linear region of the stress–strain curves, 
representing elastic behavior.

2.6. Bioactivity and biodegradation
The bioactivity of the scaffolds was evaluated by soaking the 
samples in simulated body fluid (SBF) prepared according 
to Kokubo and Takadama63 at 37°C. The 3D-printed 
scaffolds, with approximate dimensions of 7.8 × 7.8  
× 6.1 mm³, were weighed, thoroughly rinsed with ethanol 
and deionized water, and air-dried at room temperature. 
Each scaffold was then individually soaked in 5 mL of 
SBF, maintaining a mass-to-liquid ratio of approximately  
50 mg/mL, for 4 weeks. After the incubation period, 
the scaffolds were carefully removed, air-dried at room 
temperature, and stored at 4°C.

Surface morphology of the scaffolds was examined 
using Helios 5 Hydra DualBeam scanning electron 
microscope (Thermo Fisher Scientific) at an accelerating 
voltage of 10 kV and a working distance of 5.7 mm. The 
samples were coated with gold using Denton Desk V coater 
prior to imaging.

The elemental composition of the scaffolds was mapped 
using energy-dispersive X-ray spectroscopy (EDS) to study 
the deposition and distribution of calcium phosphate 
layers, formed on the scaffolds surface after immersing 
in SBF. EDS mapping and point analyses were conducted 
to quantify key elements such as calcium, phosphorus, 
and oxygen.

The degradation rate of the 3D-printed samples was 
measured after immersion in SBF at 37 °C. Approximately 
500 mg of each sample was weighed and placed in  
6 mL of SBF in 12-well plates, with three replications. At 
predetermined timepoints, the samples were carefully 
removed, dried at room temperature, and weighed. The 
weight changes were monitored over a 12-week period 
using Equation IV:
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	 Weight
W W
W

t0

0

100loss % � (IV)

where W0 is the initial dry weight, and Wt is the dry 
weight at a given timepoint during immersion in SBF. 

2.7. In vitro biocompatibility
The MTT assay was employed to evaluate the viability of 
human osteosarcoma cells (MG63, ATCC, USA) in contact 
with the 3D-printed scaffolds. In accordance with ISO-
10993 standard, sample extracts were used for indirect cell 
viability assessment. Extracts were collected and filtered 
after 7 days of scaffold immersion in DMEM with three 
replicates. DMEM culture media served as blank control. 
Initially, MG63 cells were cultured in 100 µL of DMEM 
media supplemented with 10% FBS and 1% pen/strep at a 
density of 10,000 cells per well and incubated at 37 °C in 
5% CO2. After 24 h, the initial media were replaced with 
90 µL of sample extract fortified with 9% FBS and 1% pen/
strep. Following another 24 h, the media were replaced with 
100 µL of 0.5 M MTT solution. After 4 h of incubation, the 
MTT solution was replaced with 100 µL of isopropanol to 
dissolve formazan crystals. Finally, the optical density (OD) 
of formazan was measured at 545 nm using an ELISA reader 
Stat Fax 2100 (Awareness Technology, Inc., FL, USA).

2.8. Statistical analysis 
All experiments in this study were conducted with a 
minimum of three replicates per sample for each test. Data 
are presented as mean ± standard deviation (SD). Statistical 
differences among groups were evaluated using one-way 
analysis of variance (ANOVA), which assesses overall 
group differences and identifies significant variations 
between group means. p < 0.05 was considered statistically 
significant. All statistical analyses were performed using 
Microsoft Excel.

3. Results and discussion
The design and fabrication of effective BTE scaffolds require 
careful consideration of material characteristics, structural 
geometry, biological functionality, and manufacturing 
feasibility. The overall performance of the scaffold is shaped 
by both the intrinsic properties of its components and their 
interactions during fabrication and under physiological 
conditions. These interactions govern critical factors such 
as mechanical strength, bioactivity, degradation behavior, 
and cellular compatibility, all of which must be harmonized 
to achieve functional tissue regeneration.

3.1. Rheological behavior and structural  
analysis of slurries
The rheological behavior of PLA-based composite slurries 
significantly influences their printability, layer resolution, 

dimensional accuracy, and scaffold integrity. Figure 3 
shows how slurry composition affects viscosity and shear 
rate. The as-received commercial PLA resin composition 
demonstrated near-Newtonian behavior, maintaining a 
stable viscosity of approximately 361 mPa·s across varying 
shear rates. This behavior, characteristic of low-viscosity 
slurries, results from minimal interparticle interactions, 
enabling smooth flow and self-leveling during the DLP 
printing process. Incorporating HA into PLA resin markedly 
increased viscosity, particularly as HA concentration rose 
from 10 to 20 wt.%. The shear-thinning behavior, where 
viscosity decreases with increasing shear rate, is evident 
in the declining viscosity at higher shear rates, reflecting 
interparticle interactions and irregular morphology of HA 
particles, which impede the flow. PLA-20HA exhibited the 
highest viscosity, which can induce a jamming effect due 
to irregular morphology, sharp edges, and large size of HA 
particles (Figure 1), thus restricting the flow within the 
polymer matrix.43,64 At low shear rates, this jamming effect 
dominates, leading to viscosities approaching 60,000 mPa·s 
for PLA-20HA, which may present potential challenges for 
printability. Similar observations by Xu et al.65 reported 
HA-based slurries with viscosities 40,000–70,000 mPa·s 
requiring precise shear-thinning characteristics for 
effective layer deposition. Beyond this range, severe 
jamming and sedimentation further impair printability. 
Consequently, PLA-15HA and PLA-20HA were deemed 
unprintable due to excessive viscosity and were excluded 
from further scaffold experiments.

Conversely, BBG had a minimal effect on viscosity, 
with PLA-10BBG and PLA-20BBG slurries maintaining 
values below 500 mPa·s. This behavior can be explained 
by several mechanisms. First, the spherical morphology 
and smaller particle size of BBG reduce interparticle 
friction and clustering, thereby facilitating smoother 
flow compared to the irregular, angular particles of HA. 
Additionally, unlike HA, which is chemically stable, 
BBG’s higher ionic activity, attributed to mobile ions such 
as Ca²+, Na+, and B³+, enhances surface reactivity in the 
slurry. The electrostatic interactions between BBG ions 
and the charged functional groups of the resin reduced 
the interparticle aggregation and enabled better particle 
dispersion within the slurry. On a molecular level, the 
carbonyl-oxygen linkage (COO) within the ester functional 
group in methacrylate monomers within the PLA resin, 
are capable of weakly interacting with BBG ions through 
dipole–ion interactions, which, unlike HA, improves 
particle dispersion and prevents aggregation. Interestingly, 
the PLA-10HA-10BBG slurry showed a viscosity profile 
similar to PLA-10HA, suggesting that HA dominates the 
viscosity profile in the hybrid formulation. The irregular 
morphology and high surface area of HA are likely to 
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contribute to its dominant influence, overshadowing the 
fluidity-enhancing effects of BBG. 

The structural composition and crystalline phases 
of the 3D-printed PLA-based scaffolds were analyzed 
using X-ray diffraction (XRD), as shown in Figure 4. The 
XRD patterns of PLA, PLA-10BBG, and PLA-20BBG 
scaffolds lack sharp characteristic peaks, confirming their 

predominantly amorphous structure.55,66 The broad peaks 
at 2θ = 8.98° and 19.25° reflect semicrystalline nature of 
PLA, suggesting a mixture of amorphous and crystalline 
regions at room temperature.67 These broad peaks signify 
partial crystallization of the PLA molecular chains due to 
the rapid polymerization during the DLP printing process, 
which limits extended crystalline domain formation.

Figure 3. Viscosity versus shear rate of PLA-based composite slurries. Abbreviations: BBG, bioactive borate glass; HA, hydroxyapatite; PLA,  
polylactic acid.

Figure 4. X-ray diffraction (XRD) pattern of neat PLA, PLA-10HA, PLA-10HA-10BBG, PLA-10BBG, and PLA-20BBG scaffolds. Abbreviations: BBG, 
bioactive borate glass; HA, hydroxyapatite; PLA: Polylactic acid.
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After incorporating BBG, the PLA’s semicrystalline 
characteristic peak at 19.25° exhibited a slight shift to 
20.08°, as observed in PLA-10BBG and PLA-20BBG, 
suggesting a reduction in lattice spacing within the 
polymer matrix, possibly caused by enhanced interactions 
between the BBG particles and the PLA chains. These 
interactions could stem from the presence of mobile ions 
(e.g., Ca²+, Na+, and B³+) in BBG, which interact with the 
polar ester groups of PLA and carbonyl-oxygen linkage 
in methacrylate groups via ion–dipole interactions. The 
interactions disrupt the regularity of the PLA chains, 
promoting amorphization and hindering crystallization. 
The increased amorphization also leads to broader and 
less defined peaks in PLA-20BBG, confirming BBG’s role 
in disrupting crystalline domain formation. However, 
excessive ceramic particle loading, as in PLA-20BBG, 
may also introduce structural heterogeneity, for example, 
agglomerates, potentially affecting the scaffold’s mechanical 
strength and integrity.

In contrast, the XRD patterns of HA-incorporated 
PLA scaffolds (PLA-10HA and PLA-10HA-10BBG 
scaffolds) exhibit distinct crystalline peaks that align 
with the reference pattern of HA (JCPDS #09-0432). No 
other characteristic peaks besides those of HA and PLA 

were observed, consistent with sample composition. HA 
characteristic peaks at 2θ = 25.9°, 31.9°, 33.0°, 46.7°, and 
49.5° correspond to its (002), (211), (300), (222), and (213) 
planes, indicating that HA retains its crystalline structure 
during the composite fabrication process. The higher 
intensity of these peaks in PLA-10HA scaffolds compared 
to PLA-10HA-10BBG suggests that HA dominates the 
crystalline phases in PLA-10HA scaffolds. The slightly 
lower intensity of HA characteristics peaks in PLA-10HA-
10BBG scaffolds can be attributed to the amorphous nature 
of BBG, which dilutes the content of HA and enhances 
diffuse scattering during the XRD measurements. 

The chemical structure of various PLA-based composite 
scaffolds was analyzed using FTIR spectroscopy, as shown 
in Figure 5. In PLA scaffolds, the peaks observed between 
3000 and 2850 cm–¹ correspond to C–H stretching  
in =CH– and –CH₃ groups of the polymer backbone.49 The 
strong absorption peak at 1721 cm–¹ is attributed to the 
carbonyl (C=O) stretching in ester functional groups that 
connect the repeating lactic acid units in the PLA polymer 
chain.68 The peak at 1406 cm–¹ arises from C–H bending 
vibrations in –CH₃ groups.69,70 The peaks at 1191 and  
1080 cm–¹ correspond to C–O stretching in the ester 

Figure 5. FTIR spectra of PLA, PLA-10HA, PLA-10HA-10BBG, PLA-10BBG, and PLA-20BBG scaffolds. Abbreviations: BBG, bioactive borate glass; FTIR, 
Fourier transform infrared; HA, hydroxyapatite; PLA, polylactic acid.
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groups.71 As expected, these peaks are consistently 
observed across all of the PLA-based scaffolds. 

The FTIR spectrum of neat HA shows distinct peaks 
corresponding to its phosphate groups. A prominent peak 
at 1030 cm–¹ is associated with the asymmetric stretching 
vibrations of phosphates (PO₄³–), while bending vibrations 
appear at 565 cm–¹.72 As expected, the addition of HA to 
PLA reduces the overall intensity of the characteristic 
peaks of PLA. The 1030 cm–¹ phosphate peak becomes less 
intense and broader, possibly due to interactions between 
HA and the PLA matrix. Additionally, carbonyl oxygen in 
the PLA’s methacrylate groups may weakly interact with 
HA through hydrogen bonding, increasing the width and 
reducing intensity of the C=O peak. 

The FTIR spectrum of neat BBG exhibits broad, low-
intensity peaks between 1400 and 600 cm–¹, indicative of 
its amorphous nature. These broad features correspond 
to B–O stretching vibrations in boron–oxygen linkages at 
approximately 1350–1250 cm–¹ and the peaks appearing 
in the 1000–600 cm–¹ range, associated with metal oxides, 
such as Ca–O, Mn–O, Cu–O, and Zn–O.34 However, these 
BBG-related peaks are not prominent in the PLA-10BBG, 
PLA-20BBG scaffolds, as the BBG particles are well-
dispersed within the PLA matrix. The interactions between 
PLA chains and BBG likely involve dipole–ion interactions 
between BBG’s mobile ions (e.g., Ca²+, Na+) and PLA’s 
carbonyl (C=O) groups. Such interactions disrupt the 
regularity of PLA chains, as evidenced by the slight shifts 
and broadening of the carbonyl peak at 1721 cm–¹. The 
spectra of PLA-10HA-10BBG scaffolds display overlapping 
features of HA and BBG. The 1030 cm–¹ phosphate peak 

from HA is less intense, and BBG’s peaks contribute to the 
overall spectral profile but appear less distinct.

The ceramic content of 3D-printed samples may vary 
from the original slurry composition due to particle 
precipitation, non-uniform distribution, and other factors 
during the DLP process. TGA analysis was performed to 
measure the actual ceramic content in the printed scaffolds, 
as depicted in Figure 6. According to the literature, PLA 
has a glass transition temperature (Tg) of approximately 
53–55  °C and primarily decomposes between 300 and 
500 °C.73–75 The melting point of neat PLA typically ranges 
between 170 and 240  °C, depending on its crystallinity 
and molecular weight. PLA with a higher degree of 
crystallinity exhibits higher melting point.76 Amorphous 
PLA may exhibit a lower melting point or may not show 
a distinct melting peak, instead transitioning directly into 
the viscous state upon heating (Figure 6b). Addition of HA 
to PLA increased its crystallinity and shifted the melting 
temperature to 216  °C, thus broadening the temperature 
window of the scaffold’s solid state. All scaffold samples 
exhibited a two-step weight loss (Figure 6a) during their 
thermal degradation in oxygen atmosphere. First, a 
minor weight loss between 150 and 270  °C corresponds 
to evaporation of residual moisture and other volatiles, 
followed by major weight loss associated with burning off 
of the combustible content of the sample between 270 and 
500 °C. Incorporating HA and BBG alters the weight loss 
profile. PLA-10HA scaffolds degrade at a slightly lower 
temperature (maximum degradation at ~478.3 °C), which 
may be due to the interfacial stress between the PLA matrix 
and the rigid HA particles, leading to microstructural 
defects. Incorporation of BBG into scaffolds has a smaller 

Figure 6. Thermal analysis of the neat PLA, PLA-10HA, PLA-10HA-10BBG, PLA-10BBG and PLA-20BBG: (a) TGA and (b) DSC. Abbreviations: BBG, 
bioactive borate glass; DSC, differential scanning calorimetry; HA, hydroxyapatite; PLA, polylactic acid; TGA, thermogravimetric analysis.
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effect on their melting temperature, with PLA-10BBG and 
PLA-20BBG showing melting points of approximately 
193.9 and 196.3 °C, respectively. Exothermic peaks 
corresponding to the maximum burning rates were 
observed at 481.9 °C for PLA, 478.3 °C for PLA-10HA, 
464.4 °C for PLA-10HA-10BBG, 469 °C for PLA-10BBG, 
and 463.3 °C for PLA-20BBG. Combustion is complete at 
619 °C for PLA, 554.2 °C for PLA-10HA, 536.9 °C for PLA-
10HA-10BBG, 558.6 °C for PLA-10BBG, and 575.8 °C for 
PLA-20BBG. All scaffolds showed that the incorporation 
of ceramics to PLA resulted in a decrease in both the 
temperature of the maximum decomposition and the 
overall decomposition temperature. This effect can be 
attributed to the interfacial interactions between HA and 
PLA, as well as to increased destabilization of the PLA 
structural framework within the composites.77 

The residual mass after thermal decomposition of 
neat PLA is approximately 2.4%, likely due to inorganic 
additives present in the commercial PLA resin.78 The 
density of PLA is 1.1 g/mL, leading to an actual content 
of 8.3% for scaffolds with 10 w/v% ceramic addition and 
15.4% for those with 20 w/v% ceramic addition. PLA-
10HA had a residual mass of about 8.9%, slightly higher 
than the amount of ceramic added to the resin. 

3.2. Scaffold microstructure and porosity
Porosity is a key property of BTE scaffolds, directly 
influencing their mechanical performance and 
degradation kinetics, cell attachment, cell migration, 
vascularization, nutrient and oxygen transport, and new 
tissue growth. Pore sizes commonly used in BTE scaffolds 
vary between 100 and 900 µm. Osteoblasts (10–50 µm in 
size) prefer pore sizes greater than 300 µm as this enables 
infiltration of biomolecules and transport of nutrients and 
wastes.79 Figure 7 presents optical images of 3D-printed 
scaffolds with different compositions, highlighting 
the effect of HA and BBG on modulation of structural 
attributes during DLP fabrication. The average porosity 
and pore size (side length) of the 3D-printed scaffolds are 
provided in Table 2. The data reveal variations among the 
scaffolds, reflecting the effects of material composition 
on resin curing dynamics and light scattering during the 
photopolymerization process. PLA-10HA scaffolds, which 
have the highest viscosity among our printed samples, 
exhibited the largest discrepancy in porosity and pore size 
compared to the intended values. The higher viscosity 
of PLA-10HA slurries reduces flowability, resulting in 
lower accuracy compared to the intended pore geometry. 
Additionally, the irregular particle morphology as well as 
high refractive index and light-scattering effects of HA lead 

Figure 7. Optical micrographs of small (S), medium (M), and large (L) pores in DLP-fabricated PLA, PLA-10HA, PLA-10HA-10BBG, PLA-10BBG, and 
PLA-20BBG scaffolds. Abbreviations: BBG, bioactive borate glass; DLP, digital light processing; HA, hydroxyapatite; PLA, polylactic acid.
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to uneven curing, partial overcuring, and overall structural 
distortion. The difference in refractive index between the 
ceramic particles and the photosensitive monomer has 
a negative effect on the curing ability and printability in 
the DLP process.80 This mismatch can lead to inefficient 
transmission and scattering of light, resulting in incomplete 
polymerization, compromising structural integrity of the 
printed scaffolds.80,81 

PLA and PLA-10BBG scaffolds exhibited pore sizes 
mostly larger than the intended designs, while PLA-10HA, 
PLA-10HA-10BBG, and PLA-20BBG exhibited pore sizes 
mostly smaller than the intended designs. Although PLA 
and PLA-10BBG scaffolds show similar results in terms 
of increased pore size, the mechanisms are different. 
In PLA scaffolds, the increase in pore size can be due to 
shrinkage-driven pore expansion during resin curing 
and post-curing processes. Neat PLA resin lacks ceramic 
particles that could hinder polymerization or scatter light, 
resulting in a more uniform and consistent curing process. 
During photopolymerization, the PLA resin undergoes 
volumetric shrinkage as the liquid monomer converts 
into a solid polymer network. The shrinkage produces 
tension within the scaffold structure, which may expand 
the pore walls outward due to the absence of reinforcing 
ceramic fillers.82,83 Consequently, the pore size increases 
slightly compared to the intended design. Additionally, 
the lack of ceramic particles blocking the UV light during 
photopolymerization results in more uniform curing. 
For PLA-10BBG, unlike PLA-10HA, BBG’s smooth 
particle morphology and reduced light scattering (due to 
lower refractive index compared to HA) promote more 
uniform polymerization, reducing structural collapse or 
pore shrinkage. Thus, PLA-10BBG scaffolds have larger 
porosities and pore sizes than PLA-10HA scaffolds. 

PLA-20BBG produced scaffolds with smaller porosities 
and pore sizes than PLA-10BBG. This can be attributed 
to the higher concentration of BBG, which may cause 
more particle sedimentation during the printing process, 
leading to less uniform distribution of ceramic particles 
within the PLA resin. The higher ceramic content in PLA-
20BBG scaffolds could also cause higher degree of light 
scattering, particularly at larger layer thicknesses, resulting 
in undercured regions or partial collapse of the pore walls. 
Furthermore, higher particle loading increases the overall 
solid content that may restrict free volume within the 
pores, leading to smaller pore sizes.

Figure 8 depicts the SEM images and corresponding 
surface roughness (R) of the scaffolds. The R values were 
obtained from 3D digital light microscopy as the average 
deviations from the mean surface level. Larger xcv indicates 
a rougher surface with greater irregularities, while smaller 
R indicates a smoother surface. Optimal surface roughness 
can significantly enhance bone-to-implant contact and cell 
attachment, making it a critical factor in scaffold design.78 
Studies have shown that the osteoinductive capacity of 
scaffolds strongly correlates with their roughness: rough 
surfaces promote biomineralization and interaction with 
mesenchymal stem cells.37,38,84,85 PLA scaffolds have the 
smoothest surface with the lowest R values, which tend to 
increase upon adding HA and BBG. The smooth surface 
in PLA scaffolds, with minimal irregularities, results from 
uniform curing, consistent with neat PLA’s low viscosity, 
and the absence of ceramic particles. A significantly rougher 
texture is evident in PLA-10HA scaffolds, with visible 
agglomerates of HA on the scaffold surface. The irregular, 
angular morphology of HA particles (Figure 1), coupled 
with their chemical inertness, and lack of ionic interactions 
results in poor dispersion within the polymer matrix. PLA-

Table 2. The porosity and pore size of the 3D-printed scaffolds

Scaffolds
Porosity (%) Pore size (µm)

S M L S M L

Intended 50 50 50 500 670 800

PLA 52.7 ± 2.1 51.6 ± 1.4 52.8 ± 2.7 531.8 ± 11.6 676.1 ± 11.8 844.7 ± 19.8

Deviation (%) 5.4 3.2 5.6 6.36 0.91 5.59

PLA-10HA 46.3 ± 5.1 48.8 ± 4.2 49.3 ± 2.7 458.6 ± 14.9 571.3 ± 26.5 722 ± 21.3

Deviation (%) –7.4 –2.4 –1.4 –8.28 –14.73 –9.75

PLA-10HA-10BBG 48.7 ± 5.7 49.2 ± 2.6 49.9 ± 2.3 464.7 ± 16.7 612.9 ± 24.7 766.6 ± 23.5

Deviation (%) –2.6 –1.6 –0.2 –7.06 –8.52 –4.18

PLA-10BBG 51.1 ± 1.3 50.7 ± 2.1 51.3 ± 1.5 520.4 ± 15.6 659.8 ± 14.4 820.4 ± 24.2

Deviation (%) 2.2 1.4 2.6 4.08 -1.52 2.55

PLA-20BBG 49.1 ± 3.4 48.9 ± 2.8 52.1 ± 2.5 489.2 ± 19.8 622.6 ± 25.1 768.4 ± 27.2

Deviation (%) –1.8 –2.2 4.2 –2.16 –7.07 –3.95
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10HA-10BBG scaffolds exhibit mixed morphology where 
ceramic particles appear partially embedded in the matrix 
and the roughness is less pronounced compared to PLA-
10HA. The surface of PLA-10BBG is smoother compared 
to the other ceramic–polymer scaffolds, but still slightly 
rougher than PLA scaffolds. The smoother morphology of 
PLA-10BBG scaffolds is likely due to the smaller particle 
size and rounded shape of BBG, which facilitates particle 
dispersion, while in PLA-20BBG scaffolds the surface 
shows an intermediate roughness, slightly higher than 
PLA-10BBG but still smoother than PLA-10HA. With 
higher BBG content, the likelihood of particle clustering 
and sedimentation increases. While BBG particles are 
smaller and smoother than HA, higher BBG loading 
reduces the free volume within the resin, causing uneven 
dispersion. 

3.3. Mechanical properties
The compressive strength of non-porous and porous PLA-
based composite scaffolds demonstrates that the material 
composition and pore architecture influence its mechanical 
properties. The compressive strength of non-porous PLA 
is 48.9 ± 4.89 MPa, the lowest value among the tested 
compositions as shown in Figure 9a. The incorporation 
of HA and BBG enhances the strength of the composite, 
indicating that these fillers augment the load-bearing 
capacity of the material through their inherent rigidity 
and interactions with the PLA matrix.86 Regardless of the 
pore design, PLA-10HA scaffolds demonstrate the highest 
compressive strength among all samples, indicating 
that the incorporation of HA significantly enhances the 
mechanical properties of the composite. The compressive 

strength of nonporous PLA-10HA scaffolds, measured at 
64.5 ± 3.6 MPa, reflects the ability of the HA particles as 
a physical filler to distribute and bear applied mechanical 
load. The compressive strength of porous PLA-10HA 
scaffolds decreased substantially to 10.9 ± 1.2 MPa, an ~85% 
reduction compared to their nonporous counterparts. 
As expected, all porous samples, regardless of their 
composition, exhibited a similar reduction in compressive 
strength compared to their nonporous versions. This trend 
highlights the intrinsic trade-offs introduced by porosity, 
which is critical in scaffold design, where porosity reduces 
mechanical strength in favor of biological functionality. 
Neat PLA scaffolds exhibited lower compressive strength 
compared to ceramic-containing composites. Among the 
composite scaffolds, PLA-10BBG exhibited the lowest 
compressive strength, with a slight increase in PLA-10HA-
10BBG and PLA-20HA scaffolds.

The range of compressive strengths observed in the 
porous scaffolds (8.4–10.9 MPa) falls well within the range 
for cancellous bone (0.1–16 MPa).66,87 This makes them 
suitable candidates for applications in bone repair and 
regeneration, especially in areas where structural integrity 
and gradual integration with native bone are critical for 
successful healing.88 Overall, these findings indicate that 
ceramic inclusions, particularly HA, enhance compressive 
strength and provide mechanical compatibility for 
physiological environments requiring cancellous 
bone-like support.

As shown in Table 3, the Young’s modulus of the 
PLA-based scaffolds follows a trend similar to that of 
compressive strength. The incorporation of HA increased 

Figure 8. SEM images and surface roughness of the PLA-based scaffolds. Abbreviations: PLA, polylactic acid; SEM, scanning electron microscopy.
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Table 3. The Young’s moduli of non-porous scaffolds

Scaffolds
Young’s modulus (MPa)

Porosity (%) Medium pore size

PLA 853.8 ± 63.4 84.8 ± 4.1

PLA-10HA 1016.2 ± 52.2 198.4 ± 5.7

PLA-10HA10BBG 929.4 ± 57.2 107.4 ± 3.8

PLA-10BBG 905.4 ± 48.6 96.6 ± 4.7

PLA-20BBG 966.1 ± 62.9 120.8 ± 6.2

Abbreviations: BBG, bioactive borate glass; HA, hydroxyapatite; PLA, polylactic acid.

Figure 9. Mechanical properties of the samples. (a) Compressive strength of scaffolds: solid bars are non-porous blocks fabricated with different material 
compositions indicated, and dotted bars are medium pore scaffolds fabricated with the corresponding material compositions. (b) Stress–strain curves for 
non-porous scaffolds (number of replicates = 5). Abbreviations: BBG, bioactive borate glass; HA, hydroxyapatite; PLA, polylactic acid.

https://doi.org/10.36922/IJB025040029


DLP-printed polymer–ceramic scaffolds

588Volume 11 Issue 2 (2025) doi: 10.36922/IJB025040029

International Journal of Bioprinting

the modulus from 853.8 ± 63.4 MPa (PLA) to 1016.2 ± 52.2 
MPa (PLA-10HA), indicating improved stiffness due to the 
reinforcement effect of HA particles. The addition of BBG, 
while still enhancing the modulus, had a less pronounced 
effect, with values of 905.4 ± 48.6 MPa (PLA-10BBG) 
and 966.1 ± 62.9 MPa (PLA-20BBG). The combined 
addition of HA and BBG (PLA-10HA-10BBG) resulted 
in an intermediate modulus of 929.4 ± 57.2 MPa. The 
increase in stiffness can be attributed to the ceramic fillers 
restricting the movement of polymer chains, reinforcing 
the composite structure. A similar trend was observed 
in medium-pore (M) scaffolds, where Young’s modulus 
ranged from 84.8 MPa (PLA) to 198.4 MPa (PLA-10HA). 

Representative stress–strain curves for non-porous 
(NP) scaffolds (Figure 9b) illustrate the mechanical 
response under compressive loading, showing distinct 
deformation behaviors across different compositions.

3.4. Contact angle
The wettability of the PLA/HA/BBG scaffolds was studied 
by measuring contact angles with water. Contact angles 
less than 90° indicate hydrophilic properties, increased 
wettability, and surface affinity for water.89 This may 
enhance cellular adhesion and tissue integration. PLA/HA/
BBG scaffolds exhibited hydrophilic behavior with contact 
angles ranging from 69.7° ± 4° to 81.4° ± 5.3° (Figure 10). 
In neat PLA, a contact angle of 79.7° ± 4.2° was recorded, 
consistent with a prior reported value (80.2° ± 3.4°).90 This is 
consistent with the low wettability of PLA. The addition of 
HA did not significantly change the contact angle, with any 
variations among the PLA-10HA scaffolds falling within 
the experimental error. Despite its hydrophilic properties, 

HA did not significantly affect the overall wettability of 
PLA when added alone. In contrast, the addition of BBG 
notably decreased the water contact angle, particularly 
in the PLA-20BBG scaffolds, which exhibited the lowest 
contact angle at 69.7° ± 4°. This enhanced wettability is 
likely attributable to the intrinsic surface characteristics 
of BBG, which increased water affinity and surface energy. 
The incorporation of BBG into both PLA and PLA-10HA 
composites resulted in a reduction in contact angles (74.9° 
± 5.1° for PLA-10BBG and 73.5° ± 4.4° for PLA-10HA-
10BBG), suggesting that BBG is more effective than HA 
alone in enhancing surface hydrophilicity.91 These findings 
align with previous research reports that PCL scaffolds 
containing BBG exhibited higher wettability and superior 
green fluorescent protein adsorption compared to neat PCL 
scaffolds.55 Consequently, BBG-enriched PLA composites 
are promising scaffold materials, given their ability to 
provide biocompatibility and cell-supportive surfaces.91

3.5. Bioactivity and biodegradation profile
Figure 11 shows the surface morphology of PLA-based 
scaffolds after 4 weeks immersion in SBF. Analysis of 
surface precipitates by EDS confirmed the presence 
of Ca and P, the main elements of apatite as shown in  
Table 4. The scaffolds remained untreated after removal 
from SBF to preserve the morphology of the secondary layer. 
EDS analysis was performed to identify surface elements, 
indicating residual salt deposits from SBF evaporation. 
Micrographs and EDS from Figure 11 and Table 4 revealed 
higher and varying degrees of apatite formation on the 
surfaces of PLA scaffolds containing HA and BBG. Apatite 
formation is primarily influenced by the presence of Ca and 

Figure 10. Images and results of water contact angle measurements for PLA PLA-10HA, PLA-10HA-10BBG, PLA-10BBG, and PLA-20BBG scaffolds 
(number of replicates = 5). Abbreviations: BBG, bioactive borate glass; HA, hydroxyapatite; PLA, polylactic acid.
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P on the scaffold surfaces, especially on PLA-10HA, PLA-
10HA-10BBG, and PLA-20BBG scaffolds.92 Incorporation 
of HA and BBG into PLA scaffolds enhances bioactivity 
and consequent biomineralization, as calcium phosphate 
compounds are critical for mimicking the mineral content 
of natural bone tissue. Ca/P atomic ratios were calculated 
by dividing the atomic percentages of Ca and P on the 
scaffold surfaces after 4-week immersion in SBF, providing 
insights into mineralization and assessment of calcium 
phosphate compound formation.93 The Ca/P ratios for the 

scaffolds were 12.22 for neat PLA, 1.87 for PLA-10HA, 
0.97 for PLA-10HA-10BBG, 2.46 for PLA-10BBG, and 
2.19 for PLA-20BBG. 

Neat PLA scaffolds exhibit a highly hydrophobic 
nature due to nonpolar methyl (CH₃) side groups and 
ester (COOR) functional groups, which limit hydrogen 
bonding with water molecules. This results in low surface 
energy, reducing the likelihood of immediate interaction 
with aqueous solutions such as SBF. Additionally, PLA 
lacks hydroxyl or phosphate groups that would otherwise 

Figure 11. SEM micrographs of PLA-based scaffolds (PLA, PLA-10HA, PLA-10HA-10BBG, PLA-10BBG, and PLA-20BBG) after immersion in SBF 
for 4 weeks. Abbreviations: BBG, bioactive borate glass; HA, hydroxyapatite; PLA, polylactic acid; SEM, scanning electron microscopy; SBF, simulated  
body fluid.

Table 4. Scaffolds’ surface EDS after 4 weeks of immersion in SBF 

Element (wt.%) PLA PLA-10HA PLA-10HA-10BBG PLA-10BBG PLA-20BBG

C 44.31 ± 2.32 19.42 ± 3.30 43.62 ± 4.45 36.05 ± 1.90 31.60 ± 3.25

O 41.30 ± 3.47 27.44 ± 2.94 48.61 ± 4.37 46.14 ± 4.28 35.30 ± 5.40

Na 2.40 ± 0.91 8.73 ± 1.09 2.51 ± 0.59 2.11 ± 1.96 8.46 ± 7.09

CL 2.57 ± 1.59 17.27 ± 2.28 1.14 ± 0.20 3.16 ± 1.71 6.57 ± 5.63

P 0.31 ± 0.39 8.15 ± 3.69 1.82 ± 0.52 1.98 ±0 .39 3.60 ± 1.08

Ca 3.79 ± 0.60 15.24 ± 2.13 1.77 ± 0.71 4.86 ± 0.83 7.89 ± 3.56

Others 5.32 ± 0.68 3.75 ± 2.15 0.52 ± 0.08 5.71 ± 3.07 6.58 ± 7.92

Ca/P 12.22 1.87 0.97 2.46 2.19

Note: Number of replicates = 5.
Abbreviations: BBG, bioactive borate glass; EDS, energy-dispersive X-ray spectroscopy; HA, hydroxyapatite; PLA, polylactic acid.
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act as nucleation sites for calcium phosphate precipitation. 
Consequently, in the absence of such functional groups, 
ion exchange with the surrounding solution is negligible, 
preventing the direct formation of HA or calcium phosphate 
mineral phases. Instead, the observed cubic morphology 
(Figure 11) is characteristic of face centered cubic (FCC) 
NaCl or orthorhombic CaCl2,

94–96 both of which are 
common salts present in SBF, which is a supersaturated 
solution mimicking blood plasma with approximately 9% 
NaCl content. This interpretation is further supported 
by the EDS results: (1) high C and O signals, indicating 
incomplete crystallization and the presence of an exposed 
polymer surface with no secondary mineral phase, and 
(2) relatively high Ca, Cl, and Na content but low P levels, 
further suggesting that the deposits are SBF-derived salts 
rather than HA. This justifies the unusually high Ca/P ratio 
observed in neat PLA, which is attributed to the absence 
of secondary apatite formation. PLA-10HA scaffolds 
exhibited a Ca/P ratio of 1.87, which deviates slightly from 
the stoichiometric ratio of HA (1.67). Scaffolds with Ca/P 
ratios near 1.67 are particularly suitable for BTE, as they 
closely mimic the mineral composition of native bone. 
The PLA-10BBG and PLA-20BBG scaffolds exhibited 
Ca/P ratios of 2.46 and 2.19, respectively, indicating a 
higher calcium content. These values exceed the ideal 
stoichiometry of HA, suggesting formation of secondary 
phases such as CaO, calcium-rich amorphous phases, or 
incomplete phosphate incorporation within predominantly 
HA matrix.97 Incorporating HA and BBG into PLA scaffolds 
enhances bioactivity by promoting calcium phosphate 
compound formation, which is crucial for mimicking 
bone mineral composition.98,99 These findings suggest that 
PLA-10HA, PLA-10BBG, and PLA-20BBG scaffolds have 
strong potential for bone repair, as their surfaces promote 
mineral formation closely resembling mineral component 
of natural bone, supporting improved biocompatibility 
and tissue integration. 

Scaffold degradation is a critical factor determining its 
suitability in biological applications. A low degradation 
rate can limit tissue regeneration by restricting space 
for new tissue growth, while rapid degradation may 
lead to premature scaffold failure before sufficient tissue 
formation.34,100 In BTE, controlling the degradation 
rate is essential to maintain mechanical support while 
progressively creating space for new bone tissue. To assess 
the degradation behavior of PLA-based scaffolds, mass loss 
over time in SBF solution was measured. Figure 12 depicts 
the weight loss in the studied scaffolds over time. Among 
them, PLA-20BBG and neat PLA scaffolds showed the 
highest degradation rates (weight losses of 28.3% and 26.4%, 
respectively) over a 14-week period. The addition of BBG, 
known for its reactivity and rapid degradation, accelerated 

the breakdown of PLA, highlighting BBG’s potential role 
in tuning the degradation rates of biomaterials to match 
tissue regeneration needs.34 Neat PLA’s elevated weight 
loss primarily occurs through hydrolytic degradation 
due to inherent susceptibility of ester bonds to attack by 
water molecules. This process begins with the diffusion of 
water into the polymer matrix, where it cleaves the ester 
linkages, generating shorter polymer chains, carboxyl 
groups, and hydroxyl-terminated fragments. The presence 
of acidic carboxyl groups accelerates hydrolysis, ultimately 
leading to the release of lactic acid as the main degradation 
product, progressively reducing molecular weight and 
mechanical integrity over time. Incorporating HA into the 
PLA scaffolds significantly slowed the degradation rate. 
The PLA-10HA and PLA-10HA-10BBG scaffolds exhibited 
lower mass losses of 18.3% and 20.2%, respectively. HA, 
being highly stable and insoluble in aqueous environments, 
reduces water uptake and acts as a physical barrier within 
the polymer matrix, slowing hydrolysis and preserving 
structural integrity. However, prolonged structural stability 
could potentially delay scaffold resorption, affecting 
the rate of tissue regeneration in certain contexts.101 In 
contrast to HA, BBG is highly reactive and dissolves upon 
immersion in SBF, releasing ions such as Ca²+, B³+, and 
Na+, which alter the local pH and ionic strength, further 
accelerating the PLA hydrolysis. Furthermore, contact 
angle measurements indicate that HA decreases surface 
wettability, reducing water penetration, and thereby 
delaying hydrolytic degradation, whereas BBG improves 
wettability, facilitating water diffusion, and accelerating 
degradation. Therefore, achieving an optimal degradation 
profile requires balancing HA and BBG content within 
the PLA matrix. BBG enhances bioactivity and scaffold 
resorption, whereas HA provides long-term mechanical 
support, enabling a tunable degradation profile, balancing 
mechanical support with controlled biodegradation to 
synchronize it with new tissue formation.

3.6. Biocompatibility
The MTT assay results presented in Figure 13 evaluate 
the in vitro cell viability in contact with HA, BBG, and 
3D-printed PLA-based scaffolds using MG63 osteoblast-
like cell line over a 7-day extraction period. The assay 
measures the metabolic activity of cells, directly correlating 
to cell viability and scaffold biocompatibility. According to 
ISO 10993-5:2009, which provides guidelines for in vitro 
cytotoxicity testing, a material is considered cytotoxic 
if it reduces cell viability by more than 30%, meaning 
that samples with viability above 70% are deemed non-
cytotoxic. The results indicate that all scaffold compositions, 
including neat PLA and HA- or BBG-enriched variants, 
maintain cell viability above this threshold, confirming 
their non-cytotoxic nature. PLA-10HA scaffolds exhibited 
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the highest cell viability (p > 0.05), followed by HA 
powder, suggesting strong osteoconductive properties of 
this sample. HA closely mimics the mineral composition 
of natural bone, providing a calcium and phosphate-rich 
surface that facilitates the adsorption of proteins and cell 
adhesion molecules, which are essential for osteoblast 
attachment, proliferation, and differentiation.102 The 
presence of HA promotes the formation of a bone-like 
apatite layer on the scaffold surface upon immersion in 
physiological environment, further improving its ability to 
integrate with surrounding bone tissue.13,14 Furthermore, 
the moderate wettability of PLA-10HA scaffolds (~74.9° 
contact angle) allows for better protein adsorption 
compared to neat PLA, facilitating cell attachment 
and growth. Unlike BBG-containing scaffolds, which 
release high concentrations of ions that can transiently 
alter local pH and induce oxidative stress, HA degrades 
more slowly, providing long-term structural integrity 
and sustained bioactivity without cytotoxic effects. This 
balance between bioactivity, structural stability, and cell-
supportive characteristics makes PLA-10HA scaffolds 
highly promising for BTE applications.

In contrast, PLA-10BBG and PLA-20BBG scaffolds 
demonstrated slightly lower viability than PLA-10HA, 

though they remained within the biocompatible range. 
The impact of BBG on cell viability is closely linked to 
its ionic dissolution profile and the subsequent biological 
interactions. BBG rapidly releases ions such as Ca²+ 
and Na+ into the surrounding medium, influencing the 
local microenvironment and cellular responses.40,103 A 
controlled level of ionic dissolution has been shown to 
enhance osteogenic differentiation and angiogenesis by 
activating pathways, such as the PI3K/Akt and MAPK/
ERK pathways.104 However, excessive and rapid release 
of these ions can transiently elevate the local osmotic 
pressure and pH, creating a hypertonic environment that 
may induce oxidative stress.105 This phenomenon explains 
the slightly lower cell viability observed in PLA-10BBG 
and PLA-20BBG scaffolds compared to PLA-10HA. 
While BBG can enhance bone regeneration by stimulating 
osteogenic gene expression, its rapid degradation profile 
necessitates careful optimization of its content to balance 
bioactivity with cell compatibility.106 Furthermore, BBG’s 
relatively fast dissolution can contribute to localized 
hypoxia, where cells experience transient stress due to 
rapid ion exchange disrupting homeostasis. The influx 
of Ca²+ and BO₃³+ ions can modulate hypoxia-inducible 
factor 1-alpha (HIF-1α) stabilization, a key regulator 
of cellular adaptation under stress conditions.107 While 

Figure 12. Degradation rate of PLA-based scaffolds (number of replicates = 3). Abbreviations: BBG, bioactive borate glass; HA, hydroxyapatite; PLA, 
polylactic acid.
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moderate upregulation of HIF-1α is beneficial for 
angiogenesis and osteogenesis, excessive ionic stress may 
impair mitochondrial function, reducing ATP production 
and leading to oxidative damage.108 The reduced cell 
viability in PLA-20BBG compared to PLA-10BBG could 
be attributed to this effect, as a higher BBG content 
may lead to an imbalance in the rate of ion dissolution 
relative to cell adaptation. However, despite these minor 
reductions in cell viability, all scaffolds remained within 
the biocompatible range, as demonstrated by cell viability 
greater than 70%. PLA-10HA-10BBG scaffolds showed 
intermediate cell viability between PLA-10HA and PLA-
10BBG. This suggests a synergistic effect of combining 
HA and BBG, where the osteoconductivity of HA 
complements the ionic bioactivity of BBG. The balance 

between the two bioactive materials may create a favorable 
microenvironment for cell attachment and proliferation.

4. Conclusion
This study investigated the feasibility of fabricating PLA-
based bone scaffolds enriched with HA and BBG by DLP 
3D printing. HA enhanced PLA’s mechanical properties 
and bioactivity by increasing compressive strength and 
promoting calcium phosphate deposition. However, the 
wettability of the PLA-based scaffolds decreased with the 
incorporation of HA. The addition of BBG to PLA and 
PLA-HA decreased the viscosity of resin slurry, improving 
printability and wettability. Thermal analysis showed 
slight deviations but the overall good agreement between 

Figure 13. In vitro cell viability of HA, BBG, and 3D-printed PLA scaffolds using MG63 cells. All samples indicated 7-day biocompatibility. PLA-10 HA 
scaffolds exhibited the highest cell viability, followed by HA powder and PLA-BBG20 showed the lowest cell viability followed by BBG powder. All samples 
showed a toxicity level lower than 30%, which is the toxicity threshold per ISO 10993-5. Statistical significance for comparisons is denoted by *p < 0.05, **p 
< 0.01, ***p < 0.001, and NS as p > 0.05 (number of replicates = 6). Abbreviations: BBG, bioactive borate glass; HA, hydroxyapatite; PLA, polylactic acid.
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the intended and actual contents of incombustibles in 
the printed scaffolds. The secondary apatite formation on 
PLA scaffolds incorporating HA and BBG was enhanced 
in comparison to neat PLA. In vitro biocompatibility 
studies confirmed that all scaffold compositions were non-
toxic to MG63 cells, with PLA-10HA scaffolds achieving 
the highest cellular activity. The combination of HA and 
BBG yields a balance between structural stability and 
bioactivity, with HA providing prolonged mechanical 
support and BBG enabling accelerated biodegradation 
and active ion release. Future studies will focus on 
advanced biocompatibility assessments, enzymatic activity 
assays, wet mechanical properties, and in vitro and in 
vivo biomineralization, to further validate the scaffolds’ 
osteogenic potential and clinical applicability. Overall, our 
findings highlight the potential of PLA-based DLP-printed 
scaffolds to address the limitations of conventional bone 
grafts by offering a customizable platform for designing 
scaffolds with controlled porosity that cater to specific 
clinical requirements for personalized treatment.
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