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A B S T R A C T   

3D printing of polylactic acid (PLA) and hydroxyapatite (HA) or bioglass (BG) bioceramics composites is the most 
promising technique for artificial bone construction. However, HA and BG have different chemical composition 
as well as different bone regeneration inducing mechanisms. Thus, it is important to compare differentiation 
processes induced by 3D printed PLA þ HA and PLA þ BG scaffolds in order to evaluate the strongest osteo-
conductive and osteoinductive properties possessing bioceramics. In this study, we analysed porous PLA þ HA 
(10%) and PLA þ BG (10%) composites’ effect on rat’s dental pulp stem cells fate in vitro. Obtained results 
indicated, that PLA þ BG scaffolds lead to weaker cell adhesion and proliferation than PLA þ HA. Nevertheless, 
osteoinductive and other biofriendly properties were more pronounced by PLA þ BG composites. Overall, the 
results showed a strong advantage of bioceramic BG against HA, thus, 3D printed PLA þ BG composite scaffolds 
could be a perspective component for patient-specific, cheaper and faster artificial bone tissue production.   

1. Introduction 

Every year millions of people are affected by the loss of bone tissue 
due to trauma, inflammation or tumours. Until now, cases with critical 
size bone defects are treated by bone grafting techniques (De Witte et al., 
2018). 

There are three major bone graft categories that are commonly used 
in bone grafting surgical procedures: autografts, allografts, and xeno-
grafts (Chen et al., 2018). Bone grafting is considered as a “gold stan-
dard“ in bone defects treatment (Chen et al., 2018), however, they still 
have some limitations - additional harvesting procedure, donor site 
morbidity, graft availability, immunological rejection, etc.(Roseti et al., 
2017). Thus, scientists all around the world seek to create functional 
biocompatible, osteoconductive, and even osteoinductive artificial 
scaffolds for bone tissue regeneration. 

Bone defects are patient specific, thus artificial bone grafts should be 
able to adapt their structure to fully substitute damaged area. However, 
scaffold inner structure also plays a crucial role in bone regeneration 

process. For complete bone integration into the tissue, constructed bone 
graft should have interconnected pores to allow patient cell immigration 
(Karageorgiou and Kaplan, 2005). It is widely accepted that the best 
osteoinduction is achieved with 100–500 μm interconnected pore scaf-
folds (Hannink and Arts, 2011; Karageorgiou and Kaplan, 2005; Sabree 
et al., 2015). Currently, porous scaffolds have been prepared by a 
number of methodologies and technologies, such as fused filament 
fabrication (FFF) (Alksne et al., 2019; Gregor et al., 2017; Malinauskas 
et al., 2014), stereolithography (Sabree et al., 2015), porogen leaching 
(Mao et al., 2018; Wang et al., 2010), freeze-drying (Xu et al., 2011), gas 
forming (Chen et al., 2012), foam replication (Li et al., 2015) and phase 
separation (Conoscenti et al., 2017; Zhao et al., 2012), however, only 3D 
printing technology allows complete and accurate control of inner and 
outer structure of the scaffolds (Lam et al., 2002). Moreover, this tech-
nology can be used to implement various imaging techniques, such as 
computed tomography and magnetic resonance to create patient bone 
defect-specific 3D tissue or scaffold model. Additionally, 3D printing is 
becoming more and more accessible to a wider range of people, thus 
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instruments and manufacturing process expenditures are continue to 
decrease (Burgio et al., 2018; Kuss et al., 2018). 

A wide range of polymers is used in 3D printing industry, and some of 
them are compatible with bioprinting applications. There are many 
medical grade, US Food and Drug Administration and European Medi-
cines Agency approved, polymers which can be used for bone tissue 
engineering, e.g., polylactic acid (PLA), polyglycolic acid, poly-
caprolactone (PCL), polyvinyl alcohol, polyethylene glycol etc. (Alcon-
cel et al., 2011; Chong et al., 2013; Dorati et al., 2017). Among these 
polymers in the studies of osteogenesis, the most commonly used are 
PCL and PLA polyesters (Huang et al., 2018; Jing et al., 2017; Kim et al., 
2017; Narayanan et al., 2016). The PCL polyester advantages are good 
biocompatibility, relatively slow degradation rate and less acidic 
breakdown products (Lowry et al., 1997; Williams et al., 2005). Despite 
these properties, PCL should be preferable for soft tissue engineering 
because it is a ductile polymer, which has low elastic modulus and high 
elongation at break (Pei et al., 2017; Scaffaro et al., 2016). Meanwhile, 
PLA is a semi-crystalline polymer with relative high elastic modulus and 
low elongation at break, mechanical properties which make it a perfect 
candidate for bone tissue engineering (Scaffaro et al., 2016). Moreover, 
PLA is also a biodegradable and bioactive polyester, which can be pro-
duced even from renewable sources such as starch and sugars (Lopes 
et al., 2012). Despite all these benefits of PLA, it has an unpreferably 
long biodegradation time, and its biodegradation products decrease pH 
in surrounding tissues, which can induce inflammation and autoimmune 
response. Yet, these disadvantages can be overcome by combining PLA 
with other materials, such as bioceramics (B€ostman and Pihlajam€aki, 
2000). 

One of the first studied bioceramic was hydroxyapatite (HA) (Deng 
et al., 2001; Kasuga et al., 2000; Marra et al., 1999). HA is used in bone 
tissue engineering research since it is very similar to a natural bone 
apatite (Baino et al., 2015). HA is the most stable ceramic with low 
solubility in physiological environment which is determined by tem-
perature, pH, body fluids, etc (Jeong et al., 2019). In the organism, HA 
surface can act as a nucleating site for bone minerals, thus it displays 
good osteoconductive properties and promotes cell osteogenesis (in-
duces formation of mineralised matrix, activates the expression of genes 
and proteins related to bone tissue formation) (Jeong et al., 2019; Zhang 
et al., 2016). In addition, HA does not cause inflammatory reactions 
when applied clinically, thus in medical applications its powders are 
used as a bone filler or it is powder coated on metal bone prostheses 
(Baino et al., 2015). Despite its positive properties, HA is brittle, has low 
mechanical stability and slow biodegradation/bioresorption, which 
makes it an unattractive structural material (Huang et al., 2018; Kim 
et al., 2006). Nevertheless, these HA disadvantages can be overcome by 
creating composite PLA þ HA material. 

Another promising ceramic is bioglass (BG). It is also used as bone 
defect filler. After implantation, BG strongly bonds to bone tissue and 
triggers its regeneration as well as new blood vessel formation (Baino 
et al., 2015). These BG properties are determined by its surface modi-
fications which occur due to time-dependent BG degradation in the 
tissue. Repeatedly, after its implantation, BG surface forms an active 
layer of HA (Sanz-Herrera and Boccaccini, 2011) that provides an 
interface where host tissue could easily interact with BG. While this 
bioceramic is degrading over time, it releases soluble silica, calcium, 
sodium and phosphate ions which stimulate osteogenesis and angio-
genesis (Baino et al., 2015; Cao and Hench, 1996; Jones et al., 2010; Qi 
et al., 2018). However, as in the case with HA, it is not easily shaped, 
although in combination with PLA it has great potential to be used for 
bone tissue engineering applications (Turnbull et al., 2018). 

As mentioned before, HA or BG and PLA composites are showing 
great promise for use in bone tissue engineering. By combining these 
bioceramics with PLA polymer they can negate some of eachother’s 
disadvantages. For example, the created composite will biodegrade 
faster in tissue compared to pure materials. HA and BG are alkaline 
materials, which neutralize PLA acidity resulting from its degradation 

(Zhang et al., 2016). Moreover, hydrophilicity of the bioceramics enable 
easier permeability of water into the polymer matrix, thus boosting PLA 
hydrolytic degradation by increasing the surface area where PLA and 
body fluids interact (Barbeck et al., 2017; Delabarde et al., 2011; Luo 
et al., 2019; Wang et al., 2016). Furthermore, studies show that PLA and 
HA or BG composites enhance stem cell osteogenesis and angiogenesis 
processes in vitro as well as bone regeneration in vivo, compared to pure 
PLA, HA and BG materials. These composites are also compatible with 
3D printing applications (Barbeck et al., 2017; Chen et al., 2019; Kasuga 
et al., 2000; Zhang et al., 2017, 2016). Thus both PLA and HA or BG 
composites demonstrate high potential for use in bone tissue engineer-
ing, however, to the authors’ knowledge, there are no studies which 
would compare 3D printed PLA and HA or BG composite scaffolds. 

Adult mesenchymal stem cells (MSC) are commonly used as a tool for 
the assessment of scaffolds osteoinductivity, osteoconductivity and 
biofriendly properties in vitro (Jiang et al., 2013; Ko et al., 2013; Lin 
et al., 2009; Polini et al., 2011). Dental pulp stem cells (DPSC) are a 
perfect adult mesenchymal stem cell source that can be used for 
cell-scaffold interaction studies, as well as for personalised artificial 
bone construct production. These cells possess high proliferative, 
self-renewal, and multipotency capabilities (Alksne et al., 2019; Gron-
thos et al., 2002; Khanna-Jain et al., 2012; Potdar and Jethmalani, 2015; 
Tatullo et al., 2015; Verma et al., 2014). Importantly, DPSCs tend to 
spontaneously differentiate into osteogenic lineage (Monterubbianesi 
et al., 2019; Noda et al., 2019). All these properties make DPSCs a better 
choice than the most commonly used bone marrow stem cells (BMSC) in 
this kind of study. (Berebichez-Fridman and Montero-Olvera, 2018; 
Jiang et al., 2013; Polini et al., 2011). 

We have previously demonstrated that low-cost 3D printed PLA 
macro (i.e. larger than cell diameter) structures without additional 
surface modifications could promote spontaneous stem cell osteogenic 
differentiation (Alksne et al., 2019). In this study, we tried to improve 
the osteoinductivity of these scaffolds and attenuate negative effects of 
PLA degradation by creating composite PLA þ HA (10%) and PLA þ BG 
(10%) filaments, which were then used for scaffold production. We 
aimed to evaluate the bioactive properties of the 3D printed PLA þ HA 
and PLA þ BG composite scaffolds and to compare their impact on rat 
DPSC osteogenesis in vitro. Both HA and BG bioceramics have shown 
great promise for use in bone tissue engineering, thus, it is very 
important to identify the differences between these two 3D printed 
composites to yield and substantiate the best polymer and ceramic 
composition for low cost, easily produced and high quality artificial 
bone graft construction. 

2. Materials and methods 

2.1. Materials for composite filament preparation 

Raw materials used in this study for composite filament preparation 
were PLA (racemic polymer composed of D and L isoforms) beads (STP 
chem. solutions co., Ltd., Thailand) – particle size 100–800 μm, molec-
ular weight 42 700 (g/mol); HA powder (Riga Technical University, 
Latvia) - particle size 50 μm; and BG 45S5 (XL Sci-Tech, Inc., USA) - 
particle size 38–75 μm. 

2.2. Composite filament preparation 

Composite materials were prepared by thoroughly mixing the PLA 
and HA or PLA and BG powders at mass ratio of 9:1; in the case of pure 
PLA filament, only PLA pellets were used. Before extrusion, the mixture 
was stored in a sealed bag with silica gel pellets to absorb all the 
moisture from the material, as otherwise, the extrusion process was hard 
to control due to bubble formation in the filament. A desktop extruder 
(Filabot Original, Filabot HQ) equipped with a 1.75 mm nozzle was used 
to fabricate the filament. The extruder was pre-heated to 145 �C. A self- 
made spooler with adjustable spooling speed was used to wind the 
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filament onto the reel. During the extrusion process, the temperature of 
the extruder was manually adjusted in the range of 140–145 �C when 
needed. The diameter of the prepared composite filament varied from 
1.28 to 1.6 mm. 

2.3. Scaffold production 

Scaffolds were fabricated using an FDM 3D printer 2 (Pharaoh XD 20, 
Mass Portal). The printing head was computer-controlled in three axes 
of delta mode (x, y, z with a xyz speed of 35 mm/s). The nozzle diameter 
was 400 μm. The printing parameters were set as described in a previous 
study (Alksne et al., 2019). Scaffolds were designed with a pore size of 
450 μm and a total porosity of 48%. The scaffold geometry was a 3D 
macro-structured woodpile with threads rotated at an angle of 60� in 
respect to the ones of the previous layer. Each scaffold layer consists of 
two 400 μm width and 200 μm height threads moulded together, which 
formed a 400 μm height layer. All scaffolds had eight layers (Fig. 1A). 
The dimensions of 3D printed scaffolds were 3 cm � 3 cm x 1.6 mm. For 
in vitro studies, scaffolds were cut into 1 cm � 1 cm x 1.6 mm pieces. 

2.4. SEM imaging 

A scanning electron microscope (Hitachi TM-1000) was used to 
analyse the surface and morphology of the scaffolds. The sides of the 
prepared scaffolds were prepared by cutting specimens with laser light 
filament fabrication technology, 10 mm from the sides. Scaffolds were 
scanned edgewise (15 images in total for each group). Thread height, 
width and distance between threads were measured using ImageJ 
(1.8.0_112). 

2.5. Water absorption of scaffolds 

For the evaluation of water absorption tested scaffolds (1 cm � 1 cm 
x 1.6 mm) were weighted, then immersed into the water for 24 h. After 
the predetermined time, specimens were removed from the water, 
drained and weighted again. The water absorption ratio of the samples 
was determined by the equation: water absorption (%) ¼ (Wt� W0)/ 
(W0) � 100, where W0 is the primary weight of samples and Wt is the 
weight of samples after 24 h incubation in the water. 

2.6. Protein adsorption of scaffolds 

To evaluate protein adsorption on to the scaffolds, the Bradford assay 
was performed (Myung et al., 2014). Briefly, the samples (1 cm � 1 cm x 
1.6 mm) were immersed into fetal bovine serum (FBS; Gibco) for 24 h. 
After the predetermined time, scaffolds were removed from FBS, washed 
twice with PBS to remove leftover FBS. Afterwards, scaffolds were 
soaked in Bradford reagent (Thermo Scientific) and the total adsorbed 
amount of proteins was evaluated using microplate reader Varioskan 
Flash (Thermo Scientific), measuring absorbtion at 595 nm. For back-
ground measurements, the scaffolds immersed in PBS for 24 h were 
used. 

2.7. Cell culture 

Rat DPSCs were used for this study. The use of rat DPSCs and their 
extraction from teeth procedure was approved by license of Animal 
research ethics committee (Lithuania) No. G2-40, 2016-03-18. Cell 
isolation and characterization protocols are described in (Alksne et al., 
2019). Isolated DPSCs were maintained in growth medium (GM): 
Iscove’s Modified Dulbecco’s Medium (IMDM; Gibco) supplemented 
with 10% FBS and penicillin - 100 U/mL, streptomycin 100 mg/mL 
antibiotics solution (Gibco) at 37 �C in a humidified atmosphere con-
taining 5% CO2. The cells used in the experiments were up to 20 
passages. 

2.8. Cellular adhesion efficiency 

To evaluate cell adhesion efficiency, DPSCs were grown (5 � 104 

cell/cm2) on tested samples for 0.5, 2 and 24 h. After predetermined 
time points, cultured cells were fixed with 4% paraformaldehyde (Carl 
Roth, GmbH) in phosphate-buffered saline (PBS; Gibco) for 15 min at 
room temperature (RT) with 25 rpm shaking. Next, samples were 
washed trice with 0.2% Triton X-100 (AppliChem GmbH) in PBS for 5 
min at RT and stained with 5 U/mL rhodamine-phalloidin (Merck Mil-
lipore) and 12.5 μg/mL 40,6-Diamidino-2-Phenylindole (DAPI; Life 
Technologies, Inc.) solution in PBS for 1 h at RT in the dark. Samples 
were washed trice with PBS for 5 min at RT; stained F-actin filaments 
were visualized by fluorescence inverted microscope (Olympus IX51). 
Quantitative differences in cells’ adhesion efficiency were calculated by 
measuring the DPSCs surface area on different scaffolds at pre-
determined time points using an image processing program ImageJ 
(1.8.0_112). 

2.9. Cellular adhesion strength 

Cell adhesion strength on tested scaffolds was qualitatively and 
quantitatively evaluated by visualising focal adhesions (FA) within the 
cells 24 h after seeding (5 � 104 cell/cm2) on different scaffolds. 
Cultured cells were fixed with 4% paraformaldehyde prepared in PBS for 
15 min at RT with 25 rpm shaking. Then samples were washed trice with 
0.2% Triton X-100 in PBS for 5 min at RT and blocked for 1 h with 3% 
Bovine serum albumin (BSA; AppliChem GmbH) and 10% FBS prepared 
in PBS. After blocking procedure, specimens were incubated with pri-
mary mouse anti-vinculin antibody (1:50; Merck Millipore) for 1 h at RT 
with 25 rpm shaking. Then, samples were washed trice with 0.05% 
Tween-20 (Sigma-Aldrich Co.) in PBS for 5 min and incubated with 
secondary goat anti-mouse antibodies conjugated with Alexa Flour 488 
(Invitrogen) and 12.5 μg/mL DAPI solution in PBS for 1 h at RT in the 
dark with 25 rpm agitation. The samples were washed trice with PBS for 
5 min at RT and visualized by fluorescence inverted microscope 
(Olympus IX51). Quantitative differences in cell adhesion strength were 
determined by counting FA within the cells using image processing 
program ImageJ (1.8.0_112). 

2.10. Cell migration 

For evaluation of cells migration on tested scaffolds, DPSCs (5 � 104 

cell/cm2) were seeded in tissue culture plate wells. After 24 h, tested 
scaffolds were placed on the formed cell monolayer and incubated for 
72 h. Then, specimens were transferred to the new plate wells and 
washed with PBS. The numbers of cells which have migrated on each 
scaffold were determined by Crystal Violet assay. Briefly, samples were 
stained with 0.1% crystal violet (Sigma-Aldrich Co.) in 20% Ethanol 
(EtOH; Vilniaus degtin _e) for 30 min with 25 rpm shaking. Then, the 
specimens were washed trice with deionized water and the crystal violet 
was dissolved in the elution buffer (0.1% acetic acid (Sigma-Aldrich Co.) 
in 50% EtOH) and incubated for 10 min. Dissolved crystal violet 
absorbance was measured using a microplate spectrophotometer Vari-
oskan Flash (Thermo Scientific) at 590 nm. As a background value, 
scaffolds without cells were used. 

2.11. Cell proliferation 

In proliferation experiments, DPSCs (3 � 104 cell/cm2) were grown 
on tested scaffolds for 24, 48, 72, 96 and 120 h. After predetermined 
time points, cell counts on different specimens were determined using 
DAPI assay as described in (Alksne et al., 2019). Cells were lysed by 
freezing in � 20 �C and cellular DNA was dissolved in 0.04% sodium 
dodecyl sulfate (SDS)/saline-sodium citrate solution (Sigma-Aldrich 
Co.). DNA concentrations in the samples were evaluated with DAPI dye, 
by measuring its fluorescence (Ex. 360 nm, Em. 460 nm). As a 
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Fig. 1. The properties of 3D printed composite scaffolds: A – SEM images of the scaffolds’ top and front views; B –dimensions of scaffold threads and pores; C – 
hydrophobicity of the composites; D – protein adsorption on 3D scaffolds quantification by Bradford assay. Statistically significant data are indicated as ** (p < 0.01). 
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background value, scaffolds without cells were used. Results were 
standardized according to the cell numbers determined on the appro-
priate composites after 24 h of incubation. 

2.12. Osteogenic differentiation efficiency assessment 

For DPSCs spontaneous osteogenic differentiation evaluation, cells 
(seeded cell number noted in Table 1) were grown on different com-
posite scaffolds for 1, 7 and 10 days. Specimens were maintained in basic 
GM at 37 �C in a humidified atmosphere containing 5% CO2; half of GM 
was changed every second/third day. 

2.12.1. Alkaline phosphatase activity 
Alkaline phosphatase (ALP) activity was detected using Phosphatase 

Substrate Kit (Thermo Scientific). All procedures were performed as 
described in (Alksne et al., 2019). Cells grown on tested scaffolds were 
immersed in 1 mg/mL p-Nitrophenyl phosphate (PNPP) solution and 
after 1 h of incubation 2 M NaOH (Merck Millipore) was added to stop 
ALP reaction. The reaction product was measured with spectropho-
tometer Varioskan Flash (Thermo Scientific) at 405 nm. As a back-
ground value, scaffolds without cells were attributed. Obtained data 
were normalised according to cell numbers which were determined on 
each type of scaffold after 1, 7 and 10 days. 

2.12.2. Collagen amount 
The amount of collagen in the extracellular matrix (ECM) was 

determined using Sirius red assay. At 1, 7 and 10 days’ time points, GM 
was discarded; specimens were washed twice with PBS. Then, 1 mg/mL 
Direct red 80 (Sigma-Aldrich Co.) dissolved in 1.3% picric acid (Sigma- 
Aldrich Co.) was added to each sample and incubated for 1 h at RT with 
25 rpm shaking. Afterwards, Sirius Red solution was removed; the 
samples were washed with 0.01 N HCl (Sigma-Aldrich Co.) in PBS and 
centrifuged at 100 g for 30 s (centrifuge HERMLE Labortechnik GmbH). 
Sirius Red residues on the scaffolds were dissolved in 0.1 N NaOH 
(Sigma-Aldrich Co.) in PBS, by incubating for 30 min at RT with 25 rpm 
shaking. The absorbance was measured using a microplate spectropho-
tometer Varioskan Flash (Thermo Scientific) at 550 nm. As a back-
ground value, scaffolds without cells were used. 

2.12.3. Osteogenesis-related gene expression 
Osteogenesis-related proteins Runx2, Osteopontin (OPN), and 

Osteocalcin (OCN) coding genes expression was evaluated using qPCR 
assay. RNA extraction, cDNA synthesis, and qPCR assays were per-
formed as described in (Alksne et al., 2019). Cells grown on scaffolds 
were lysed with TRIzol Reagent (Ambion, Life Technologies, Inc.) and 
RNA extraction was performed using according to its manual in com-
bination with PureLink RNA Mini Kit (Invitrogen, CA, USA). For cDNA 
synthesis 391 ng of RNA was used and the reaction was performed by 
RevertAid First Strand cDNA Synthesis Kit (Thermo Scientific). Quan-
tification was implemented by qPCR with Maxima SYBR Green/ROX 
qPCR Master Mix (2X) (Thermo Scientific). The comparative 2� ΔΔCt 

method was used to quantify genes’ expression levels (Livak and 
Schmittgen, 2001). Primers sequences used for qPCR analysis are shown 
in Table 2. Data was normalised according to 
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) gene expression 
and gene expression was further standardized to levels measured for 

undifferentiated cells, seeded on tissue culture plate surface at initial 
time point. 

2.12.4. Mineralisation assay 
Calcium deposits within DPSCs produced ECM were quantitatively 

evaluated using Alizarin red S (ARS) staining. All the procedures were 
performed as described in (Alksne et al., 2019). Cells grown on the 
scaffolds were fixed with 4% paraformaldehyde and stained with 2% 
ARS (Sigma-Aldrich Co.) solution. ARS residues were dissolved in 5% 
perchloric acid (AppliChem, GmbH) and measured with spectropho-
tometer Varioskan Flash (Thermo Scientific) at 490 nm. As a back-
ground value, scaffolds without cells were used. 

2.13. Statistical analysis 

R program package (RStudio v1.1.442) was used to perform statis-
tical analysis. Data were reported as median � IQR (of at least 3 inde-
pendent experiments, N � 3 samples per group). The number of FA 
within cells are presented with distribution density function. Data 
normality was evaluated using Shapiro-Wilk test (when n � 5). Signif-
icant differences of not normally distributed results, between three and 
more groups were evaluated by Kruskal–Wallis one-way analysis of 
variance test; post hoc Tukey test was used to highlight differences in 
data. Normally distributed data (also, when n < 5) with three and more 
groups was evaluated using a one-way analysis of variance (ANOVA) 
and subsequently analysed with the post hoc Tukey test. p-values < 0.05 
were considered to be statistically significant. 

3. Results 

3.1. Physical characteristics of the scaffolds 

Composite scaffold materials were produced by mixing pure PLA 
beads with HA or 45S5 BG particles (mass ratio 9:1). The composite 
filaments were fabricated using filament extruder. We used the maximal 
amount of the bioceramics, which still had mechanical properties 
compatible with FFF manufacturing method. Obtained filaments were 
used for composite PLA þHA (PLA with 10% of HA) and PLA þ BG (PLA 
with 10% of BG) scaffolds 3D printing. Produced scaffold morphology 
(pore sizes and threads heights/widths) was evaluated by SEM (Fig. 1 
A): the mean pore size of the PLA scaffolds was 414.43 � 23.4 μm, with 
the filament height of 219.4 � 8.4 μm and width of 387.9 � 10.8 μm. 
The composite PLA þ HA scaffolds had 412.3 � 10.9 μm mean pore size 
with threads height of 224 � 9.5 μm and width 407.6 � 17.9 μm. In the 
PLA þ BS composite 3D printed scaffolds, filaments height was 218 �
10.2 μm and width was 384.4 � 13.0 μm, which formed about 396.9 �
25.5 μm size pores (Fig. 1B). Moreover, the obtained SEM micrographs 
show that BG and HA particles are evenly distributed in the composite 
PLA þ BG and PLA þ HA filaments (Fig. 1A). 

The impact of nonorganic components – HA and BG to scaffold water 
absorption and protein binding properties were evaluated. The results of 
water absorption revealed that both pure PLA and composite PLA þ HA 
scaffolds tended to absorb less water than PLA þ BG scaffold (p < 0.01) 
(Fig. 1C). The same tendency was observed in serum protein adsorption 

Table 1 
The amount of cells which were seeded on the scaffolds 
for analysis of osteogenic differentiation at the corre-
sponding time points.  

Time points Cell count 

Day 1 1 � 105 cell/cm2 

Day 7 3 � 103 cell/cm2 

Day 10 3 � 103 cell/cm2  

Table 2 
Sequences of analysed gene primer pairs used for qPCR.  

Gene Primer 

OPN FW: 5‘-CCAGCCAAGGACCAACTACA-3‘ 
RV: 5‘-TGGCTACAGCATCTGAGTGTTT-3‘ 

OCN FW: 5‘-TGCATTCTGCCTCTCTGACC-3‘ 
RV: 5‘-CTGGGGCTCCAAGTCCATTG-3‘ 

Runx2 FW: 5‘-TGAGATTTGTAGGCCGGAGC-3‘ 
RV: 5‘-GCTTCTGTCTGTGCCTTCTTG-3’ 

GAPDH FW: 5‘-AGTGCCAGCCTCGTCTCATA-3‘ 
RV: 5‘-ATGAAGGGGTCGTTGATGGC-3‘  
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to scaffold surface evaluation. The highest amount of deposited proteins 
was detected on PLA þ BG scaffolds, compared to PLA (p < 0.01) and 
PLA þ HA (p < 0.05) specimens (Fig. 1D). 

3.2. DPSCs characterization 

Cells were isolated from rat’s incisors dental pulps. Surface antigens 
analysis by flow cytometry demonstrated that DPSCs were positive for 
CD44, CD54, CD90 and negative for hematopoietic and endothelial 
markers CD13, CD14 and CD31 (Fig. S1). 

3.3. Cell adhesion on composite scaffolds 

To compare bioceramic-polymers composites impacts on DPSCs 
adhesion efficiency, the cells were seeded on the tested composite 
scaffolds and cell surface area (0.5, 2 and 24 h post-seeding) was ana-
lysed by visualising DPSC F-actin filaments. Obtained F-actin filaments 
fluorescent microscope images (Fig. S2) and cell surface area measure-
ments (Fig. 2B) showed that DPSCs were capable to adhere to all the 
tested surfaces. However, after 0.5 h, the cells adhere better to com-
posite PLA þ HA and PLA þ BG scaffolds compared with pure PLA (p <
0.01 and p < 0.05 respectively). However, after 24 h the best DPSCs 
adhesion efficiency was observed on PLA scaffolds and the worst 
adhesion was determined on PLA þ BG, compared with pure PLA (p <
0.01) and PLA þ HA (p < 0.001). To understand better the cell adhesion 
process, focal adhesion spots (24 h post-seeding) were visualized 

(Fig. 2A) and quantified (Fig. 2C). The results showed that the minimum 
number of FA were formed in cells grown on composite PLA þ BG 
scaffolds, which means that DPSC adhesion strength on PLA þ BG 
scaffolds was the weakest compared to PLA þ HA (p < 0.05) and pure 
PLA (p < 0.05). 

3.4. DPSCs migration and proliferation on tested scaffolds 

To evaluate the impact of the different chemical composition of 
scaffold filaments on cell attraction, vertical migration of DPSCs onto 
tested scaffolds was assessed (Fig. 3A). Composite scaffolds were incu-
bated on a monolayer of DPSCs for 72 h, and then the amount of cells 
migrated onto these scaffolds was determined. The results indicated that 
among the tested scaffolds the most attractive for cells was composite 
PLA þ BG surface, in this case, DPSCs demonstrated the highest 
migration potential compared to PLA (p < 0.01) and PLA þ HA (p <
0.01). 

To evaluate the influence of different composite materials to cell 
proliferative activity, DPSC number was registered at 24, 48, 72, 96 and 
120 h after cell seeding. Results were standardized according to cell 
number determined on the appropriate composites after 24 h of incu-
bation. The assessment of cell proliferation activity indicated that, 
almost after all time measurements, DPSCs showed significantly better 
proliferative activity on pure PLA scaffolds compared to composite ones 
(Fig. 3B). The worst DPSC proliferation was registered on the composite 
PLA þ BG scaffolds. However, after 96 and 120 h, significant differences 

Fig. 2. DPSC adhesion on 3D printed composite scaffolds. A – immunofluorescence staining of nucleus (DAPI, blue) and FA spots (vinculin, green) in DPSCs after 24 
h post seeding; B – cell surface area after culturing for 0.5, 2 and 24 h on the scaffolds; C – quantitative FA evaluation within the cells after culturing for 24 h. 
Statistically significant data between different scaffold groups are indicated as * (p < 0.05), ** (p < 0.01) and *** (p < 0.001), while # shows statistically significant 
differences compared to 0.5 h within the same scaffold group - # (p < 0.05), ### (p < 0.001), Δ demonstrates significant differences compared to 2 h within the 
same scaffold group - ΔΔΔ (p < 0.001). 
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between PLA and PLA þ HA or PLA þ BG scaffolds were not detected. 

3.5. Osteogenic differentiation 

To determine the effect of scaffolds’ chemical composition on the 
induction of DPSC osteogenic differentiation, ALP activity, bone tissue 
specific ECM and osteogenic-related gene expression were analysed. 

ALP activity results were normalised according to cell counts 
determined on each type of scaffold after predetermined time points. 
Obtained results indicated that ALP activity in DPSCs grown on com-
posite PLA þ BG scaffolds was increased even after 1st cultivation day, 
compared to pure PLA (p < 0.01) and PLA þ HA (p < 0.01) (Fig. 4 A). 
Later on, ALP activity in DPSCs grown on PLA þ BG scaffolds gradually 
decreased. However, the highest enzyme activity, in the cells main-
tained on PLA and PLA þ HA scaffolds, was detected only after 10 days 
of differentiation (Fig. 4A). 

DPSCs grown on all surfaces tended to accumulate collagen in their 
ECM, however, significant differences between scaffold impact on 
collagen accumulation were not observed (Fig. 4B). In contrast, ECM 
mineralisation results indicated that even at the 1st day of DPSC culti-
vation on tested scaffolds, higher calcium depositions were observed on 
both composite scaffolds (PLA þ HA (p < 0.001) and PLA þ BG (p <
0.001)) compared to pure PLA (Fig. 4C). Moreover, at 7 and 10 day of 
the differentiation, the greatest and statistically significant increase of 
ECM mineralisation was registered in cell cultures maintained on com-
posite PLA þ BG scaffolds. 

Runx2, OPN, and OCN gene expression measurement results showed 
that all tested scaffolds stimulated DPSC differentiation towards osteo-
genic lineage by upregulation of Runx2 and OPN gene expression 
(Fig. 5A). Moreover, the highest Runx2 gene expression was determined 
in cells maintained on all tested scaffolds at 10th day of differentiation. 
In DPSCs grown on PLA þ BG, it tended to increase greater compared to 
cells grown on pure PLA (p < 0.27) and PLA þ HA (p < 0.09) scaffolds. 
However, in this case, differences in Runx2 gene expression did not 
reach statistically significant levels. In the case of OPN gene expression, 
it remained almost unchanged at 1st and 7th differentiation evaluation 
days in cells grown on all investigated scaffolds. Enhanced OPN 
expression after 10 days of culture was observed in cells maintained on 
PLA þ BG scaffolds (p < 0.01) compared to PLA and PLA þ HA groups 
(Fig. 5B). Differences in OCN gene expression were not observed on any 
time point in cells grown on tested scaffolds. At 10th day of DPSC 

differentiation, OCN showed a slightly higher increase in gene expres-
sion level in DPSCs grown on PLA þ BG scaffold group compared to 
other ones (PLA – p < 0.61; PLA þ HA – p < 0.84), but it did not reach 
significant values (Fig. 5C). 

4. Discussion 

Bone tissue engineering continues to gain more and more attention. 
It is a promising alternative for widely used autografts and allografts in 
bone defect reconstruction and repair procedures (T. and C., 2001). 
Currently, scientists are trying to create artificial bone tissue grafts from 
various natural and synthetic materials alone or in a combination with 
each other (Jammalamadaka et al., 2018; Narayanan et al., 2016). Over 
the last few years, artificial bone grafts manufactured from composite 
materials showed promising results. Many studies compare the proper-
ties of different kinds of scaffolds from various polymers and 
bio-ceramics combinations fabricated using diverse techniques (Huang 
et al., 2018; Kim et al., 2017). One of the promising artificial bone graft 
manufacture techniques is 3D printing and, considering potential 
chemical constitution, composite material (Burgio et al., 2018; Huang 
et al., 2018; Kim et al., 2017; Kuss et al., 2018; Qi et al., 2018; Zhang 
et al., 2016). 3D printing stands out from other scaffold manufacture 
methods since it is cheap, fast and suitable for highly structured scaffolds 
production. HA and BG bioceramics perfectly enrich the widely used 
polymers in 3D printing – PLA or PCL. It makes polymeric material more 
biocompatible, osteoconductive and even osteoinductive (Motealleh 
et al., 2017 n.d.; Zhang et al., 2016). However, there are no studies in 
which osteoconductive and osteoinductive properties of HA or BG and 
PLA composites scaffolds fabricated using 3D printing technique would 
be compared to each other. To determine, which composite material is 
the most suitable for the use in artificial bone grafts production by 3D 
printing technology, an in vitro study was carried out. The biological 
properties of composites PLA þ HA and PLA þ BG and their effect on 
DPSCs adhesion, migration, proliferation and osteogenesis were 
compared (Fig. 6). 

Composite scaffold materials were produced by mixing pure PLA 
beads with HA or 45S5 BG particles (mass ratio 9:1). The composite 
filaments were fabricated using filament extruder. We used the maximal 
amount of the bioceramics, which still had mechanical properties 
compatible with FFF manufacturing method. Obtained filaments were 
used for 3D printing and finally, composite PLA þ HA (PLA with 10% of 

Fig. 3. DPSC migration and proliferation on tested scaffolds. A – Evaluation of vertical cell migration onto the composite scaffolds using crystal violet assay; B – 
relative DPSC proliferation rate; data is standardized according to the number of cells maintained on appropriate scaffolds for 24 h. Statistically significant results 
indicated as * (p < 0.05), ** (p < 0.01) and *** (p < 0.001). 
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HA) and PLA þ BG (PLA with 10% of BG) scaffolds were manufactured. 
SEM observations of the scaffolds showed that pure PLA specimens had a 
surface of continuous and smooth appearance, while the PLA þ HA and 
PLA þ BG scaffolds surfaces had visible HA or BG particles. Neverthe-
less, the HA particles were scattered more equally throughout scaffold 
surface compared to BG beads in their composites. All 3D printed PLA, 
PLA þ HA and PLA þ BS scaffolds had about 400 μm diameter inter-
connected pores, which, according to the literature, is a perfect topog-
raphy for bone tissue regeneration (Ji et al., 2018). 

For successful bone regeneration not only porous topography of bone 
graft is important. The constructed scaffold should also be as hydrophilic 
as possible. Implanted bone graft constantly interacts with body fluids, 
which are rich in nutrients and proteins. Good water absorption and 
hydrophilicity of the construct would ensure better nutrients and pro-
teins absorption, which could lead to successful scaffold integration into 
the body (Ma et al., 2007). For this reason, the impact of nonorganic 
components (HA and BG) to scaffold water absorption properties was 
evaluated in our experiments. The results showed that BG components 
increased water absorption by about 15.5% more than pure PLA and 
PLA þ HA scaffolds. It was shown previously that the incorporation of 

hydrophilic materials into hydrophobic polymers is a feasible approach 
to improve water absorption of these composites (Li and Chang, 2004; 
Wu et al., 2013). In our case, hydrophilic BG beads were more protruded 
from PLA filament than HA particles, which could lead to the formation 
of larger hydrophilic surface area on PLA þ BG scaffold and as a result a 
better PLA þ BG composite water absorption might have been achieved. 

Artificial bone grafts must also be suitable and attractive for cells to 
adhere. Cell-surface interactions are necessary to maintain cell survival 
and homeostasis in newly formed tissue (Kutys et al., 2013; Ohashi et al., 
2017). However, cells cannot directly attach to the synthetic polymer 
surface, because their surface molecules, such as integrins, can interact 
only with certain extracellular proteins’ amino acid sequences. For this 
reason, it is necessary that the proteins, presented in the body fluids 
(such as albumin, α2-HS-glycoprotein and etc.) could easily adsorb and 
deposit on the scaffold surface (Aiyelabegan and Sadroddiny, 2017; 
Allen et al., 2006). Thus, we have determined that all our tested speci-
mens’ surfaces were suitable for proteins to adsorb. However, the 
highest amount of deposited proteins was determined on PLA þ BG 
scaffold surface. In case of DPSC adhesion, cells showed the capability to 
adhere to all tested surfaces, since they acquired flatter morphology 

Fig. 4. Osteogenic differentiation assessment. A - ALP activity at 1, 7 and 10 days of osteogenic differentiation evaluated by p-nitro phenol assay; B - DPSCs collagen 
production evaluated by Sirius Red staining; C - ECM mineralisation analysis by ARS staining. Statistically significant differences between different scaffolds groups 
are marked with * (p < 0.05), ** (p < 0.01) and *** (p < 0.001), while # shows statistically significant differences compared to day 1 within the same scaffold group - 
## (p < 0.01), ### (p < 0.001), Δ demonstrates significant differences compared to day 7 within the same scaffold group - ΔΔ (p < 0.01), ΔΔΔ (p < 0.001). 
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after 24 h of cultivation compared to 0.5 and 2 h. However, contrary to 
protein adsorption results, different scaffold groups’ adhesion efficiency 
and strength comparison showed that the worst DPSC adhesion was 
observed on composite PLA þ BG scaffolds. In this scaffold group, the 
changes in cell surface area within 24 h were minimal and the deter-
mined focal adhesions counts within the cells were the lowest. As 
mentioned before, cells can only attach to surfaces containing deposited 
proteins from the medium or body fluids. The interaction between 
proteins and PLA þ HA or PLA þ BG surface is primarily facilitated by 
coordinate covalent and electrostatic bonds. For example, electrostatic 
interactions could occur between the negatively charged ions (in BG) or 
phosphorus groups (in HA) surface and protonated amine groups (–NH) 
of proteins, thus high surface charge density of the ions or phosphorus of 
BG and HA surfaces induce strong protein adsorption (Einspahr and 
Bugg, 1974; Gorbunoff and Timasheff, 1984; Lobel and Hench, 1996; 
Srinivasan et al., 2012). Therefore, BG containing scaffolds should have 
better interaction with cells compared to pure PLA or PLA þ HA scaf-
folds. Conversely, BG beads had a negative effect on cell attachment in 
the first 24 h of cell incubation onto the surfaces. 

To achieve successful bone tissue regeneration, endogenous stem 

cells should be able to migrate to the damaged tissue site, where they can 
proliferate, synthesize new ECM, and in that way replace artificial bone 
scaffold and form fully functional tissue (Su et al., 2018). Therefore, a 
promising tissue-engineered bone graft should attract and stimulate 
cells to migrate and proliferate. For this purpose, scaffold surfaces are 
often modified by various cytokines or ECM proteins to promote cell 
migration and proliferation onto artificially created bone graft (Ohashi 
et al., 2017; Su et al., 2018). However, as shown previously, scaffold 
chemistry and topography properties are sufficient enough to modulate 
cell migration and proliferation (Anselme, 2000; Tamburaci and Tih-
minlioglu, 2018). For this reason, the migration of DPSCs onto com-
posite scaffolds was analysed. It was shown that the most intensive cell 
migration was promoted by PLA þ BG scaffolds compared to pure PLA 
and PLA þ HA. These results can be caused by dissolved ions from 45S5 
BG, which stimulate cell migration (Li et al., 2016; Yu et al., 2016). 
However, during the DPSCs proliferation evaluation, it was observed 
that cells cultivated on pure PLA scaffolds proliferate better compared to 
both composite scaffolds groups. Such slower cell proliferation could be 
associated with the onset of DPSC osteogenic differentiation on these 
composite scaffolds. It is well known that stem cells committed to 

Fig. 5. Osteogenesis-related gene (Runx2, OPN, OCN) expression levels in DPSC grown on 3D printed scaffolds. A – Runx2, B – Osteopontin and C - Osteocalcin 
expression level changes during 10 days of cells cultivation on PLA and composite scaffolds. Statistically significant differences between cells grown on different 
scaffolds groups are marked with ** (p < 0.01), while # shows statistically significant differences compared to day 1 within the same scaffold group - # (p < 0.05), 
## (p < 0.01), Δ demonstrates a significant differences compared to day 7 within the same scaffold group - ΔΔ (p < 0.01). 
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differentiate into the specific lineage exit the cell cycle and start the 
differentiation process within the cell (Rutkovskiy et al., 2016). 

Osteoinductivity is another important feature of the scaffold 
designed for bone regeneration. One of the main bone tissue engineering 
goals is to create an artificial bone graft which, solely by its chemical 
composition and topographic surface characteristics, would initiate 
spontaneous stem cell osteogenic differentiation (Alizadeh-Osgouei 
et al., 2019; G�omez-Cerezo et al., 2019; Jaidev and Chatterjee, 2019; 
Jiang et al., 2012). In order to compare which of the bioceramics (HA or 
BG) demonstrates better osteoinductivity properties, ALP activity, bone 
tissue specific ECM and osteogenesis-related gene expression were 
analysed in DPSCs cultivated on PLA þ HA as well as PLA þ BG com-
posite scaffolds. ALP is an early marker for bone repair and regeneration, 
which is expressed in osteogenic-differentiation committed cells (Kuru 
et al., 1999). Results obtained from our study indicated that PLA þ BG 
scaffolds induced the earliest and highest increase in ALP activity 
compared to pure PLA and PLA þ HA samples. Moreover, to elucidate 
scaffold-triggered bone-specific ECM deposition, collagen and calcium 
production were analysed. It is known that stem cells, committed to 
osteogenic lineage, produce and accumulate ECM rich in type I collagen 
and calcium mineral deposits (Langenbach and Handschel, 2013; Rut-
kovskiy et al., 2016). Our results indicated that the highest ECM min-
eralisation efficiency was registered when cells were grown on the 
composite PLA þ BG scaffolds which correlated with ALP activity re-
sults. However, all the analysed scaffold groups did not have a signifi-
cant impact on the collagen accumulation process as differences 
between them were not observed. To further confirm the enhanced 
osteogenic activity of the composite PLA þ BG scaffolds, mRNA 
expression of osteogenesis-related genes (Runx2, OPN, and OCN) in 
DPSCs were evaluated. It was observed that, on all the tested samples, 
the expression of Runx2 and OPN genes were up-regulated at 10th day of 
differentiation. We believe that the BG chemical composition could 
affect the biological response of DPSCs due to the dissolution of ions 
from BG particles. Studies have shown that the released Ca, P and Si ions 
from BG can stimulate metabolic activity, proliferation and 

differentiation of osteoblasts (Qi et al., 2018; Silver et al., 2001; Valerio 
et al., 2004; Xynos et al., 2001). Besides, the highest Runx2 and OPN 
genes expression was determined in cells grown on PLA þ BG scaffolds; 
this confirms that this particular composite group ensures strongest 
osteoinductivity. In contrast, there was no significant increase in OCN 
gene expression in DPSCs cultivated on tested specimens. OCN is an ECM 
protein, which is also a specific marker for mature osteoblasts. It was 
shown that physical environment induces only primary differentiation 
steps in stem cells (Lee et al., 2015). Chemical inductors or additional 
time is needed for cells to reach the final stage of differentiation (Tanaka 
et al., 2009). This was also observed in our study. The lack of OCN 
expression after 10 days of spontaneous DPSCs differentiation on tested 
scaffolds, despite ECM mineralisation, concludes that cells are not fully 
matured yet. 

Both PLA þHA and PLA þ BS composites had positive effect on DPSC 
osteogenesis. The cells maintained on these scaffolds demonstrate 
enhanced expression of osteogenic differentiation markers. As a conse-
quence, stronger cell osteogenic lineage commitment impacted DPSC 
proliferation and morphology (Fig. 6). Cell proliferation is usually 
negatively affected by their differentiation (Cooper, 2000; Janners and 
Searls, 1970; Li and Kirschner, 2014). 

Even though both bioceramics had a positive effect to cell osteo-
genesis, their impact on cell behavior was different. Cell spreading and 
higher numbers of formed FA were observed on PLA þ HA scaffolds 
compered to PLA þ BG. However, this might be caused by higher DPSC 
migration on PLA þ BG scaffolds. Intermediate level of attachment 
strength produces maximal migration rates (DiMilla et al., 1991). At low 
adhesive strength sufficient traction cannot be generated for cell 
migration to proceed, whereas, at higher adhesive strength, the cells do 
not release their adhesions efficiently (Huttenlocher et al., 1995). Thus, 
this explains why DPSCs have formed a smaller amount of FA compared 
to PLA þ HA scaffolds. 

Osteogenic differentiation data revealed that DPSCs grown on the 
PLA þ BG composites even after first days of cultivation showed 
increased expression of genes related to bone lineage differentiation and 

Fig. 6. Comparison of PLA þ HA and PLA þ BG scaffolds osteoinductive, osteoconductive and biofriendly properties.  
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enzymatic ALP activity. Although both HA and BG had a positive effect 
to collagen production, more mineralised ECM was observed on PLA þ
BG scaffolds. Also, earlier DPSC osteogenic commitment on the PLA þ
BG scaffolds was in agreement with slower cell proliferation on BG 
containing scaffolds (Ruijtenberg and van den Heuvel, 2016). 

5. Conclusions 

The results showed that BG particles, in comparison to HA, are more 
suitable for the production of 3D printed composite scaffolds for bone 
regeneration. Our fabricated PLA þ BG composite scaffold demonstrated 
better biofriendly and osteoinductive properties compared to pure PLA 
and PLA þ HA scaffolds, revealing strong BG bioceramic advantage 
against HA. It is likely that BG chemical composition is the main factor 
determining this difference of effect between PLA þ HA and PLA þ BG. 
Ions dissociated from BG particles affected cell fate, biological response, 
and osteogenic commitment more than HA, which only ensures inor-
ganic bone building material accessibility. 

Finally, tested PLA þ BG composition was compatible with FFF 3D 
printing application. 3D printing technology in combination with easily 
accessible medical grade PLA and BG materials allows the production of 
patient-specific, cheap, effective and quick to manufacture scaffolds for 
clinical applications for bone defect treatment. 
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