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ABSTRACT 

 

The inability to control scaffold architecture using traditional fabrication techniques is a problem 

when constructing engineered tissues. Recently, 3D-printing has been used for fabrication of 

scaffolds with controlled shape and architecture. Here, we aimed to determine whether the much 

tighter control of microstructure of 3D-printed poly(lactic-co-glycolic) acid/β-tricalcium phosphate 

(PLGA/β-TCP) scaffolds is more effective in promoting osteogenesis than porous scaffolds 

produced by solvent casting-porogen leaching. Physical and mechanical properties of 3D-printed 

and porous scaffolds were investigated. Responses of MC3T3-E1 pre-osteoblasts to the scaffolds 

were analyzed after 14 days of culture. The surface of 3D-printed scaffolds was smoother (Ra: 22 

± 3 µm) compared with the highly rough surfaces of porous scaffolds (Ra: 110 ± 15 µm). Water 

contact angle was 76 ± 6° on 3D-printed and 112 ± 4° on porous scaffolds. 3D-printed and porous 

scaffolds had pore sizes of 315 ± 17 and 408 ± 90 µm, and porosities of 39 ± 7% and 85 ± 5%, 

respectively. Compressive strength of 3D-printed scaffolds (4.0 ± 0.3 MPa) was higher compared 

with porous scaffolds (1.7 ± 0.2 MPa). Collagenous matrix deposition was similar on both 

scaffolds. Cell proliferation from day 1 to day 14 increased by 3.8-fold in 3D-printed and by 4-fold 

in porous scaffolds. Alkaline phosphatase activity was higher by 21-fold in 3D-printed scaffolds 

compared with porous scaffolds. In conclusion, 3D-printed scaffolds showed enhanced 

mechanical properties and osteogenic differentiation potential compared to porous scaffolds in 

vitro, suggesting that 3D-printed PLGA/β-TCP scaffolds might be more promising for in vivo bone 

formation. 

 

Keywords 
3D-printed scaffold, osteogenic differentiation, PLGA/β-TCP, porous scaffold, pre-osteoblasts  
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INTRODUCTION 
 
Bone is a tissue with self-repairing capacity; however, certain large bone defects caused by 

congenital deformities, trauma, tumor resection and other causes cannot be regenerated by the 

natural bone healing capacity. Treatment of such bone defects by autografts (i.e. bone harvested 

from the same patient) and allografts (i.e. bone harvested from another person) possess several 

drawbacks such as limited availability, need for multiple surgeries, donor site morbidity, and 

rejection [1]. Bone tissue engineering is a developing field aiming to overcome the limitations of 

conventional treatments of bone diseases.  

Bioresorbable scaffolds are a key component in current bone tissue engineering 

approaches by providing a temporary mechanical and structural osteoconductive support. Poly(α-

hydroxy esters) such as poly(ɛ-caprolactone) (PCL), polylactic acid (PLA), and poly(lactic-co-

glycolic) acid (PLGA) are FDA approved biodegradable materials widely used for fabrication of 

bone tissue engineering scaffolds [2]. These polymers have adjustable degradation rates with 

degradation products that can be removed by natural pathways in the body [2,3]. However, poly(α-

hydroxy esters) lack osteoconductivity and cell recognition sites [2,4]. Therefore, these polymers 

are often used as composites with osteoconductive calcium phosphates such as hydroxyapatite 

and β-tricalcium phosphate (β-TCP) [5-8]. 

The 3D porous scaffolds fabricated by conventional techniques such as freeze drying, 

solvent casting-porogen leaching, and gas foaming, aim to mimic the structure of cancellous bone 

[9]. However, control over the internal structure with high accuracy is difficult [10]. Moreover, 

creating patient-specific scaffolds with shapes fitting the defect geometry is virtually impossible. 

To tackle these issues, three-dimensional (3D) printing technology is currently extensively being 

used [11]. In this technology, the shape of the defect site is first identified using medical imaging 

techniques such as computed tomography (CT) and magnetic resonance imaging (MRI). 

Geometrical modelling is then conducted to generate a 3D computer-aided design (CAD) model. 

The 3D scaffold is then printed layer by layer according to the designed model [12]. 

The current study aimed to determine whether the much tighter control of shape and 

nano/microstructure of 3D-printed PLGA/β-TCP scaffolds is more effective in promoting 

osteogenesis than the 3D porous scaffolds produced by solvent casting-porogen leaching using 

the same components. This was evaluated by detailed characterizations of scaffold properties 

(i.e. surface morphology and hydrophilicity, β-TCP particle dispersion, pore size, porosity, and 

compressive strength), as well as multi-parameter assessment of functional osteogenic 

responses (i.e. proliferation, matrix deposition, and alkaline phosphatase activity) in MC3T3-E1 
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pre-osteoblasts. This should provide solid insights in which type of scaffold is preferred for future 

bone tissue engineering applications. 

 

 

MATERIALS AND METHODS 

 
Fabrication of porous scaffolds by solvent casting-porogen leaching 
Scaffolds were fabricated using a previously described method [13] with slight modifications. 

Briefly, sugar crystals (300-500 µm) were used as the porogen. A 10 mm diameter cylindrical 

glass mold filled with the sugar crystals was placed in a humidified sealed container and incubated 

at 37°C for 16 h to partly fuse the crystals, after which drying was performed at room temperature 

for 24 h. PLGA (75/25, PURAC Biomaterials, Netherlands) was dissolved in dimethyl sulfoxide 

(DMSO, MP Biomedicals, France) to 12.5% (w/w) and thoroughly mixed with β-TCP powder 

(particle size: 0.5-1 µm, Nik Ceram Razi, Isfahan, Iran) in a 2:1 (w/w) ratio. This PLGA/β-TCP 

mixture was then added dropwise to the sugar mold allowing diffusion throughout, and transferred 

to -20°C for 2 h to set the scaffold. The sugar crystals were subsequently leached out of the 

precipitated PLGA/β-TCP mixture in deionized water at room temperature for 3 days (3 

refreshments per day). Scaffolds were UV sterilized for 30 min, and immersed in 70% ethanol for 

1 h prior to cell seeding. Scaffolds fabricated by this method are referred to as “porous” scaffolds. 

 

Fabrication of scaffolds by 3D-printing 
PLGA granules were melted in a container on a hot plate at 150°C. β-TCP powder was 

subsequently added to the molten PLGA in a 2:1 ratio, and mixing occurred for 5 min. The 

PLGA/β-TCP mixture was transferred to the heating tank of a 3D Discovery® bioprinter 

(RegenHU, Villaz-St-Pierre, Switzerland). All scaffolds were printed using the HM-300H thermos 

polymer extruder (RegenHU Villaz-St-Pierre, Switzerland) at 125°C and 29 revs/min, equipped 

with a needle with an inner diameter of 300 µm. The mixture was extruded through the pre-heated 

needle at 0.4 MPa (4 Bar), and the struts of PLGA/β-TCP were plotted layer-by-layer with 

alternating 0°/90° lay-down pattern. Cylindrical scaffolds with a diameter of 10 mm and height of 

6 mm (total volume 0.471 cm3) were produced. Scaffolds were UV sterilized for 30 min, and 

immersed in 70% ethanol for 1 h prior to cell seeding. 
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Scaffolds characterization 
Scanning electron microscopy (SEM) was used to study surface morphology, dispersion of β-TCP 

particles, and pore size of porous and 3D-printed scaffolds. Scaffolds were coated with a layer of 

gold using an Edwards Sputter Coater S150B (Edwards, Burgess Hill, UK) and observed using a 

Zeiss EVO LS-15 scanning electron microscope (Zeiss, Oberkochen, Germany) with an 

accelerating voltage of 10 kV. Pore size measurements (n=5), were carried out randomly from 

the three replicates of scaffolds and data were expressed as mean ± SD. Surface hydrophilicity 

was evaluate by measuring the water contact angle at the surface of porous and 3D-printed 

scaffolds using a USB digital microscope (Veho, Hampshire, UK). Surface roughness was 

measured using a surface profilometer (Fanavari Kahroba Co., Tehran, Iran). To determine the 

porosity of the scaffolds, a liquid displacement method was used. Ethanol was used as the 

displacement liquid since it can easily penetrate the scaffold pores without inducing shrinkage or 

swelling [14]. Scaffolds were immersed in a known volume of ethanol (V1) for 20 min under 

vacuum. The total volume of ethanol and ethanol-impregnated scaffolds was recorded as V2. The 

ethanol-impregnated scaffolds were removed and the residual ethanol volume was recorded as 

V3. The porosity of the scaffolds (p) was calculated using the following equation: 

𝑝𝑝𝑝𝑝 = (𝑉𝑉𝑉𝑉1 − 𝑉𝑉𝑉𝑉3)
(𝑉𝑉𝑉𝑉2 − 𝑉𝑉𝑉𝑉3) 

Scaffolds compressive strength was assessed using a universal testing machine (Instron 

6022, Instron Limited, High Wycombe, UK) with a load cell of 1 kN. The cross head speed was 

set to 1 mm/min. Values of load F (N) and time (sec) were recorded during the test. Stress values 

(MPa) were determined by dividing the load (N) by the cross sectional area of each specimen 

(mm2). Strain values were determined by dividing displacement values (mm) by the initial height 

of the specimen. Compressive strength was determined by 1% offset of the first linear section of 

the stress-strain curves.  

 

Cell culture and seeding onto the scaffolds 
MC3T3-E1 pre-osteoblasts were purchased from the American Type Culture Collection (ATCC, 

Manassas, VA, USA). Cells were grown and maintained in α-MEM (Gibco, Life Technologies, 

Waltham, MA, USA) supplemented with 10% fetal bovine serum (FBS; BioWest SAS, Nuaille, 

France) and 1% PSF (antibiotic antimycotic solution, Sigma-Aldrich®, St. Louis, MO, USA) in a 

humidified incubator with 5% CO2 in air at 37°C. Upon reaching ~75% confluency, cells were 

detached using 0.25% trypsin (Gibco, Invitrogen, Waltham, MA, USA) and 0.1% EDTA (Merck, 

Darmstadt, Germany) in phosphate-buffered saline (PBS) at 37°C. Cells were then re-suspended 
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in α-MEM with 10% FBS, 1% PSF, 50 µg/ml ascorbic acid, and 10 mM β-glycerophosphate 

(osteogenic medium).  Five 40 µl drops of the cell suspension were carefully spread all over the 

surface of both porous and 3D-printed PLGA/β-TCP scaffolds at 5×105 cells/cm3 scaffold in 24-

well culture plates. Attachment was allowed for 30 min, and osteogenic medium was added to 

cell/scaffold constructs. The cell-seeded scaffolds were cultured up to 14 days in a humidified 

incubator with 5% CO2 in air at 37°C. Seeding efficiency and cell proliferation were determined 

as described below. At day 14, scaffolds were collected and cut longitudinally into 4 equal parts 

(volume: 0.118 cm3). One part (part 1 construct) was used to assess cell morphology, one part 

(part 2 construct) was used to assess cell dispersion, one part (part 3 construct) was used to 

assess collagenous matrix deposition, and one part (part 4 construct) was used to assess ALP 

activity, as described below. Our experimental set up was in such a way that we always used 

parts from the same location in the scaffolds for comparison between the scaffolds. 

 

Cell seeding efficiency 

Sixteen hours after cell seeding, cell/scaffold constructs in a 24-well culture plate (“old plate”) 

were washed twice with PBS, and transferred to a fresh 24-well culture plate. Seeding efficiency 

was assessed by determining the number of cells attached to the wells of the old plate as well as 

the number of cells attached to the scaffolds, using AlamarBlue® fluorescent assay (Invitrogen, 

Frederick, MD, USA), according to the manufacturer’s instructions. Ten percent AlamarBlue® 

solution in fresh osteogenic medium was added to the wells of the old plate and to each scaffold 

until it completely covered the top of the scaffolds, and incubated in AlamarBlue® solution for 4 h 

in a humidified incubator with 5% CO2 at 37°C. The solutions were harvested from the scaffolds 

and the old plate, and fluorescence was measured at 530 nm with a Synergy HT® 

spectrophotometer. Scaffolds were washed twice with PBS, and culture was continued in a 

humidified incubator with 5% CO2 at 37°C in fresh osteogenic medium. Seeding efficiency was 

calculated according to the following equation [15]: 
 

Seeding efficiency(%) =  

 

Scaffolds were assayed in triplicate. We found a linear relationship between AlamarBlue® 

fluorescence and cell number (data not shown). 

 
 
 

number of cells attached to scaffold 

number of cells attached to scaffold + number of cells attached to plate 
× 100 
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Cell proliferation 
Proliferation was assessed by determining cell number in the scaffolds at days 3, 7, and 14, and 

by dividing these numbers to cell number in the scaffolds at day 1 using AlamarBlue® fluorescent 

assay, as described above under “seeding efficiency”. At each time point, scaffolds were 

transferred to a new plate, 10% AlamarBlue® was added to the scaffolds, and fluorescence was 

measured. Cells attached to the old plates were not included in the measurements. After 

performing the AlamarBlue® assay, scaffolds were washed twice with PBS, and incubated in 

osteogenic medium in a humidified incubator with 5% CO2 at 37°C. Scaffolds were assayed in 

triplicate. 

 
Cell morphology and dispersion  
To study cell morphology on porous and 3D-printed scaffolds, one part (part 1 construct; volume: 

0.118 cm3) of the cell/scaffold constructs were fixed using 4% glutaraldehyde and subsequently 

dehydrated in graded ethanol series (50, 70, 80, 90, and 100%). After drying, the fixed constructs 

were coated with a layer of gold using an Edwards Sputter Coater S150B (Edwards, Burgess Hill, 

UK) and observed using a Zeiss EVO LS-15 scanning electron microscope (Zeiss, Oberkochen, 

Germany) with an accelerating voltage of 10 kV. To determine cell dispersion in porous and 3D-

printed scaffolds, another part (part 2 construct; volume: 0.118 cm3) of the cell/scaffold constructs 

were washed thoroughly with PBS and fixed in 4% formaldehyde. Cells in the fixed constructs 

were fluorescently stained by using 4’,6-diamidino-2-phenylindole (DAPI), and visualized using a 

Leica inverted microscope (Leica Microsystems, Wetzlar, Germany). 

 

Collagenous matrix deposition by cells 

Picrosirius red stain kit (Chondrex, Inc., Redmond, WA, USA) was used to visualize and quantify 

total collagen deposition by the pre-osteoblasts. After 14 days of culture, one part (part 3 

construct; volume: 0.118 cm3) of the cell/scaffold constructs were washed thoroughly with PBS 

and fixed in 4% formaldehyde. Fixed constructs were stained for 2 h with picrosirius red at room 

temperature. Then, constructs were washed twice with acidified water (5 ml acetic acid/L distilled 

water) and visualized using a Nikon SMZ-10 stereo microscope (Nikon, Tokyo, Japan). For 

collagen quantification, picrosirius red stain was eluted from the constructs using 0.2 M 

NaOH/methanol (1:1, v/v) for 30 min under shaking. Hundred µl of this solution per well of a 96-

well plate (Greiner, Bio-One, Alphen aan den Rijn, The Netherlands) was used to measure 

absorbance at 490 nm with a microplate reader (BioRad Laboratories Inc., Veenendaal, The 

Netherlands) [16]. Constructs were air-dried at room temperature for 24 h and weighed. Data 
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Collagenous matrix deposition by cells 
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were normalized to the weight of the dried constructs and expressed as absorbance/g of 

construct. Constructs were assayed in triplicate. 

 
Alkaline phosphatase activity and protein assay 
Alkaline phosphatase (ALP) activity was measured to assess the osteoblastic phenotype of 

MC3T3-E1 pre-osteoblasts in porous and 3D-printed PLGA/β-TCP scaffolds. At day 14 of cell 

culture on the scaffolds, one part (part 4 construct; volume: 0.118 cm3) of the cell/scaffold 

constructs were subjected to cell lysis. Cells were lysed with the CyQuant® lysis buffer (Molecular 

Probes/Invitrogen, Carlsbad, CA, USA) and freeze-thawed 3 times to determine ALP activity and 

protein content. P-nitrophenyl-phosphate (Merck, Darmstadt, Germany) at pH 10.3 was used as 

substrate for ALP as described earlier [17]. The absorbance was read at 410 nm. ALP activity 

was expressed as nmol/µg cellular protein. The total amount of protein was determined by using 

a BCA Protein Assay reagent Kit (PierceTM, Rockford, IL, USA), and the absorbance was read at 

540 nm with a Synergy HT® spectrophotometer. ALP activity was also visualized using nitro blue 

tetrazolium chloride/5-bromo-4-chloro-3-indolyl phosphate (NBT/BCIP; Roche, Germany) 

following the standard protocols. Constructs were assayed in triplicate. 

 
Statistical analysis 
Data are expressed as mean ± standard deviation (n=3). Differences in mean values were 

analyzed by unpaired two-tailed t test using GraphPad Prism® 7.0 (GraphPad Software Inc., La 

Jolla, CA, USA). Differences were considered significant if p<0.05. 

 
 
RESULTS 

 
Characterization of porous and 3D-printed PLGA/β-TCP scaffolds 
The porous scaffolds had a pore size of 408 ± 90 µm and a porosity of 85 ± 5%. The 3D-printed 

scaffolds had a pore size of 315 ± 17 µm and a porosity of 39 ± 7% (Table 1, Fig. 1a). β-TCP 

particles were more homogeneously dispersed on the surface of the 3D-printed scaffolds than on 

the surface of the porous scaffolds (Fig. 1b). β-TCP aggregates were visible only on the surface 

of the porous scaffolds (Fig. 1b). The surface of the 3D-printed scaffolds was smoother (Ra: 22 ± 

3 µm) and more regular compared with the highly rough surface of the porous scaffolds (Ra: 110 

± 15 µm) which had an irregular structure (p=0.0004, n=3; Fig. 2a). The 3D-printed scaffolds had 

a more hydrophilic surface (water contact angle: 76 ± 6°) compared with the porous scaffolds 
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(water contact angle: 112 ± 4°; p=0.0009, n=3; Fig. 2b). Compressive strength of the 3D-printed 

scaffolds (4.0 ± 0.3 MPa) was higher (p=0.0006, n=3) compared with the porous scaffolds (1.7 ± 

0.2 MPa; Fig. 2c). 
 

 

 

 
Table 1. Porosity and pore size of porous and 3D-printed PLGA/β-TCP scaffolds. 

 porosity (%) pore size (µm) 

porous 85 ± 5 408 ± 90 

3D-printed 39 ± 7 315 ± 17 

Values are mean ± SD (n=3). 

 

 

 
Figure 1. Scanning electron microscopy images of porous and 3D-printed PLGA/β-TCP scaffolds. (a) The porous 

scaffolds had a pore size of 408 ± 90 µm and the 3D-printed scaffolds had a pore size of 315 ± 17 µm. Scale bar, 1mm. 

(b) The surface of the porous scaffolds had an irregular structure while the surface of the 3D-printed scaffolds was 

smoother and more regular. β-TCP particles were more homogeneously dispersed on the surface of the 3D-printed 

scaffolds than on the surface of the porous scaffolds. Only the porous scaffolds showed β-TCP aggregates on their 

surface. White arrows, β-TCP aggregates on the porous scaffold; black arrows, β-TCP particles on the 3D-printed 

scaffold. Scale bar, 10 µm. 
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Figure 2. Surface roughness, water contact angle, and compressive strength of porous and 3D-printed PLGA/β-TCP 

scaffolds. (a) The surface of the 3D-printed scaffolds was smoother (Ra: 22 ± 3 µm) and more regular compared with 

the highly rough surface of the porous scaffolds (Ra: 110 ± 15 µm) which had an irregular structure. (b) The 3D-printed 

PLGA/β-TCP scaffolds had a more hydrophilic surface (water contact angle: 76 ± 6°) compared with the porous 

PLGA/β-TCP scaffolds (water contact angle: 112 ± 4°). (c) Compressive strength of the 3D-printed scaffolds (4.0 ± 0.3 

MPa) was significantly higher compared with the porous scaffolds (1.7 ± 0.2 MPa). 3DP, 3D-printed. Values are mean 

± SD (n=3). ***Significantly different from the porous scaffold, p<0.001. 

 

Cell morphology and dispersion on porous and 3D-printed PLGA/β-TCP scaffolds 

Cells were dispersed on the surface of the porous scaffolds with less spread morphology 

compared with on the surface of the 3D-printed scaffolds (Fig. 3a). A dense cellular network was 

formed on and between the struts of the 3D-printed scaffolds, and cellular bridging between 

adjacent struts was observed (Fig. 3a). MC3T3-E1 pre-osteoblasts dispersion on porous and 3D-

printed scaffolds was visualized by DAPI staining after 14 days of culture (Fig. 3b). Slightly higher 

cell coverage was observed on the 3D-printed scaffolds compared with the porous scaffolds.  

 
Cell seeding efficiency and proliferation on porous and 3D-printed PLGA/β-TCP scaffolds 
Seeding efficiency was measured 16 h after seeding. Seeding efficiency was 62 ± 3% for the 

porous and 65 ± 2% for the 3D-printed scaffolds (Table 2). No statistically significant difference in 

seeding efficiency between the scaffolds was observed (p=0.2230, n=3). Cell proliferation on 
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porous and 3D-printed PLGA/β-TCP scaffolds was assessed after 3, 7, and 14 days of culture, 

and compared relative to day 1 (Fig. 3c, Table 2). Cells proliferated from day 1 to day 14 by 4-

fold on the porous scaffolds and by 3.8-fold on the 3D-printed scaffolds. No statistically significant 

difference in cell proliferation between the scaffolds was observed (p=0.0234, n=3). 
 

 

 
Figure 3. MC3T3-E1 pre-osteoblasts morphology, dispersion, and proliferation on porous and 3D-printed scaffolds. (a) 

A dense cellular network was formed on and between the struts of the 3D-printed scaffolds. Cellular bridging between 

adjacent struts occurred in the 3D-printed scaffolds. Cells were dispersed on the surface of the porous scaffolds with 

less spread morphology. (b) MC3T3-E1 pre-osteoblasts dispersion visualized by DAPI staining on porous and 3D-

printed scaffolds after 14 days of culture. Slightly higher cell coverage was observed on the 3D-printed scaffolds 

compared with the porous scaffolds. (c) MC3T3-E1 pre-osteoblasts proliferation on scaffolds was measured after 3, 7, 

and 14 days of culture. The proliferation of cells on the scaffolds were compared relative to day 1. Cell proliferation was 

not significantly different between the two scaffolds. Scale bar, 500 µm. Values are mean ± SD (n=3). 
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Table 2. MC3T3-E1 pre-osteoblasts seeding efficiency and proliferation on porous and 3D-printed PLGA/β-TCP 

scaffolds. 

 seeding efficiency (%) cell number (fold increase) 

  day 3 day 7 day 14 

porous 62 ± 3 2.1 ± 0.4 2.7 ± 0.7 4.0 ± 1.0 

3D-printed 65 ± 2 1.7 ± 0.1 2.3 ± 0.4 3.8 ± 0.5 

Cell number is expressed as fold increase compared to day 1. Values are mean ± SD (n=3). 

 

 

Collagenous matrix deposition by cells on porous and 3D-printed PLGA/β-TCP scaffolds 
Collagen deposition by MC3T3-E1 pre-osteoblasts on porous and 3D-printed PLGA/β-TCP 

scaffolds was visualized by picrosirius red staining using light microscopy, and quantified at day 

14. At day 0 (prior to cell seeding), scaffolds stained with picrosirius red did not display any red 

color (Fig. 4a).  After 14 days of culture, collagen deposition (red) was observed in both the top 

view and the side view of porous and 3D-printed scaffolds (Fig. 4a). Collagen deposition was not 

significantly different (p=0.0817, n=3) between the two scaffolds  (Fig. 4b). 
 

ALP activity by cells on porous and 3D-printed PLGA/β-TCP scaffolds 
ALP activity by MC3T3-E1 pre-osteoblasts on porous and 3D-printed PLGA/β-TCP scaffolds was 

visualized and measured after 14 days of culture. Cells were stained for ALP activity using 

NBT/BCIP. At day 0 (prior to cell seeding), scaffolds stained with NBT/BCIP did not display any 

purple color (Fig. 5a).  After 14 days of culture, ALP activity (purple) was observed in the top view 

and the side view of the 3D-printed scaffolds. Scarce ALP activity was observed on the porous 

scaffolds (Fig. 5a). ALP activity was also measured and normalized to total protein content after 

14 days of culture. ALP activity was higher by 21-fold (p=0.0002, n=3) on the 3D-printed scaffolds 

compared with the porous scaffolds (Fig. 5b). 
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Figure 4. Collagenous matrix deposition by MC3T3-E1 pre-osteoblasts on porous and 3D-printed scaffolds after 14 

days of culture. (a) Collagenous matrix deposition visualized by picrosirius red staining. At day 0 (prior to cell seeding), 

scaffolds stained with picrosirius red did not display any red color.  After 14 days of culture, collagen deposition (red) 

was observed in both the top view and the side view of porous and 3D-printed scaffolds. (b) Quantification of the 

staining. Collagen deposition was not significantly different between the two scaffolds.  3DP, 3D-printed. Scale bar, 500 

µm. Values are mean ± SD (n=3). 
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Figure 5. ALP activity of MC3T3-E1 pre-osteoblasts on porous and 3D-printed scaffolds after 14 days of culture. (a) 

Cells were stained for ALP activity using NBT/BCIP. At day 0 (prior to cell seeding), scaffolds stained with NBT/BCIP 

did not display any purple color.  After 14 days of culture, ALP activity (purple) was observed in the top view and the 

side view of the 3D-printed scaffolds. Scarce ALP activity was observed on the porous scaffolds. (b) ALP activity of the 

cells on porous and 3D-printed scaffolds was measured and normalized to total protein content. ALP activity was 

significantly higher on the 3D-printed scaffolds compared with the porous scaffolds. 3DP, 3D-printedScale bar, 500 µm. 

Values are mean ± SD (n=3). ***Significantly different from the porous scaffold, p<0.001. 
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DISCUSSION 
 
It is generally accepted that 3D-structure and internal architecture of bone tissue engineering 

scaffolds play key roles in improving the performance of the scaffolds since the formation of new 

tissue is greatly influenced by the porosity, pore size, and 3D-structure of the scaffolds [18,19]. In 

this study, we assessed the scaffold characteristics and the proliferation and osteogenic 

differentiation potential of porous versus 3D-printed PLGA/β-TCP scaffolds containing MC3T3-

E1 pre-osteoblasts. We found that compared to the porous scaffolds (i) the 3D-printed scaffolds 

had a relatively smooth surface with more regular structure; (ii) β-TCP particles were more 

homogeneously dispersed on the 3D-printed scaffolds surface; (iii) the surface of the 3D-printed 

scaffolds was more hydrophilic; (iv) compressive strength of the 3D-printed scaffolds was 

significantly higher; (v) a more dense cellular network was formed on and between the struts of 

the 3D-printed scaffolds; (vi) seeding efficiency and cell proliferation were similar; (vii) cells 

deposited comparable amounts of collagenous matrix; and (viii) ALP activity was significantly 

higher on the 3D-printed scaffolds.  

Calcium phosphates such as hydroxyapatite and β-TCP are well known for their 

osteoconductive properties [20]. Some reports also claim osteoinductivity for these materials 

[21,22]. In this study, β-TCP particles were more homogeneously dispersed on the surface of the 

3D-printed scaffolds than on the surface of the porous scaffolds. Moreover, aggregations of β-

TCP particles were visible on the surface of the porous scaffolds which is not favorable for 

homogeneous osteogenesis by pre-osteoblasts. The inhomogeneous dispersion of the β-TCP 

particles in the porous scaffolds was due to low viscosity of the PLGA/DMSO solution, causing 

premature gravity precipitation during the solidification step after casting the mixture over the 

fused sugar mold. On the other hand, the molten PLGA/β-TCP mixture used for 3D-printing was 

far more viscous, thus allowing a more homogeneous distribution of β-TCP particles in the PLGA 

matrix after 3D-printing. This represents an important advantage of the 3D-printed scaffolds in 

this study. 

Scaffold surface roughness is known as an important factor influencing cellular functions 

especially osteogenesis [23,24]. This may occur through topography-induced modulation of the 

cell mechanotransduction [25]. Surfaces with relatively high roughness (high Ra values) as well 

as smooth surfaces (low Ra values) are neither suitable for cell activities [26,27]. For example, 

surfaces with micrometer-sized roughness may prevent cells to establish effective cell-cell and/or 

cell-matrix interactions due to difficult-to-bridge surface irregularities [28]. Moreover, on more 

hydrophilic surfaces, cells generally show good spreading, proliferation and differentiation which 
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was also shown for the currently used pre-osteoblastic cell line MC3T3-E1 by Wei et al. [29]. The 

findings of Wei et al appear to be confirmed by our results. Also, from the differentiation data 

(discussed in more detail below), we can deduce that the Ra value of the porous scaffolds was 

too high to optimally promote osteogenesis, while the slightly rough surface of the 3D-printed 

PLGA/β-TCP scaffolds facilitated osteoblastic maturation potential of the MC3T3-E1 pre-

osteoblasts upon application of osteogenic media. We conclude that the 3D-printed PLGA/β-TCP 

scaffolds having a hydrophilic surface with slight roughness resulted from β-TCP particles might 

be favorable for pre-osteoblasts osteogenic differentiation. 

Another pivotal aspect is the pore structure in the two types of scaffolds; pore size has a 

direct impact on cellular responses [30]. There are conflicting reports in the literature on the 

optimal scaffold pore size for successful bone tissue engineering [31-34]. In our study, the sugar 

leaching process in the porous scaffolds gave pores with dimensions of 408 ± 90 µm while the 

3D-printed scaffolds had square shaped pores with dimensions of 315 ± 17 µm. We found that a 

dense cellular network was formed on and between the struts of the 3D-printed scaffolds while 

such network of cells was not formed in the porous scaffolds. Cells were less spread on the 

surface of the porous scaffolds compared with the 3D-printed scaffolds. Our results agree with 

data by others who observed better cell growth within 3D-printed scaffolds compared with freeze-

dried porous scaffolds [35].  

Last but not least, it has been shown that mechanical properties of bone tissue 

engineering scaffolds can modulate cellular responses (i.e. cell morphology, proliferation, 

migration, and differentiation) [36,37]. The compressive strength of the 3D-printed PLGA/β-TCP 

scaffolds was significantly higher compared with the porous scaffolds. This was expected based 

on the lower porosity of the 3D-printed scaffolds (39 ± 7%) compared with the porous scaffolds 

(85 ± 5%). It has been previously shown that the compressive strength of scaffolds reduces 

significantly as the porosity of the scaffolds increases [38]. Higher compressive strength of the 

3D-printed PLGA/β-TCP scaffolds indicates another advantage of these scaffold for bone tissue 

engineering compared with the porous PLGA/β-TCP scaffolds. 

MC3T3-E1 pre-osteoblasts seeding efficiency of porous and 3D-printed PLGA/β-TCP 

scaffolds was similar after 16 h of culture. Moreover, cells had a similar proliferation rate on the 

two scaffold types. In addition, collagenous matrix deposition was not significantly different 

between the two scaffolds. This indicates that although the difference in surface structure and 

internal architecture between the two scaffold types resulted in different cell attachment and 

spreading pattern, it did not have a significant effect on proliferation and matrix deposition ability 

of the cells. However, it did have a significant effect on the osteogenic differentiation of the pre-

99 

osteoblasts as indicated by the higher ALP activity on the 3D-printed scaffolds compared with the 

porous scaffolds. Higher ALP activity on the 3D-printed scaffolds can be attributed to more 

effective cell-cell contacts on these scaffolds compared with cell-cell contacts on the porous 

scaffolds. It has been shown that cell-cell contacts are essential for inducing osteogenic 

differentiation. Upon cell-cell contact, cells can exchange bioactive molecules via gap junctions 

to facilitate differentiation [39,40]. Therefore, suitable surface roughness, homogeneous 

distribution of β-TCP particles on the surface, and effective cell-cell contact on the surface of the 

3D-printed scaffolds resulted in higher osteogenic differentiation by pre-osteoblasts in these 

scaffolds compared with the porous scaffolds fabricated by solvent casting-porogen leaching. 

These findings have provided further knowledge on the response of pre-osteoblasts to 

ordered 3D-printed or random porous scaffolds fabricated from the same PLGA/β-TCP material, 

which may have important implications for fine-tuning scaffold designs for bone tissue 

engineering. 
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Proliferation, matrix deposition, and differentiation of MC3T3-E1 pre-osteoblasts in porous or 3D-

printed PLGA/β-TCP scaffolds were investigated in the present study. Our data demonstrate that 

porous and 3D-printed scaffolds equally support the pre-osteoblasts proliferation and matrix 

deposition while only the 3D-printed scaffolds show enhanced mechanical properties and 

osteogenic differentiation potential in vitro. This suggests that the 3D-printed PLGA/β-TCP 

scaffolds may be more promising for in vivo bone formation than the porous PLGA/β-TCP 

scaffolds. 
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CHAPTER 5 
 
 

Bioprinting of Alginate-Encapsulated MC3T3-E1 Pre-osteoblasts in 

PLGA/β-TCP Scaffolds Enhances Cell Retention but Impairs Cell 

Proliferation and Osteogenic Differentiation Compared to Cell-Seeding after 

3D-Printing 
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