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GENERAL DISCUSSION 
 
In recent years, additive manufacturing (AM) techniques, such as 3D-printing, have gained 

increasing attention for the fabrication of patient-specific scaffolds with defined internal structures 

[1-4]. 3D-bioprinting, i.e. layer-by-layer deposition of cells and biomaterials in a single construct, 

is rapidly becoming one of the main innovation sectors of the 3D-printing industry. While this 

technology is deemed to be the future of medicine, there is still significant room for improvements. 

Mechanical, structural, and surface properties of 3D-printed scaffolds are among the key factors 

influencing the performance of the scaffolds in vivo. The main goal of the studies presented in 

this thesis was to fine tune these properties in order to optimize them for bone tissue engineering. 

The innate hydrophobicity and surface smoothness of 3D-printed polycaprolactone (PCL) 

scaffolds hamper cell activities [5, 6]. Different surface modifications have been used on PCL 

scaffolds to overcome these obstacles. We have shown that surface modification of 3D-printed 

PCL scaffolds with 3M sodium hydroxide (NaOH) for 24 h results in the creation of a topography 

on the surface consisting of oval pores, and therefore more strongly enhances the osteogenic 

activity of pre-osteoblasts compared with RGD immobilization on the surface, which enhances 

cell attachment and proliferation, but does not alter the smooth surface of PCL [7]. With increasing 

the NaOH treatment time from 24 to 72 h, the size of the oval pores created on the surface 

increases, while interestingly, cells display less osteogenic activity on these scaffolds compared 

with 24 h NaOH-treated scaffolds [7]. Additionally, we have shown that mechanical properties of 

3D-printed PCL scaffolds can be customized based on the forces on the defect site predicted by 

finite element modeling [8]. This is of great importance for the integration of the scaffold with the 

surrounding bone. Furthermore, we evaluated the osteogenic differentiation potential of pre-

osteoblasts in 3D-printed poly(lactic-co-glycolic) acid/β-tricalcium phosphate (PLGA/β-TCP) 

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

surface of the 3D-printed PLGA/β-TCP struts had a homogeneous roughness resulting from 

dispersion of β-TCP particles, while β-TCP particles were not homogeneously dispersed on the 

surface of the porous scaffolds, and β-TCP aggregates were observed at some locations. This 

inhomogeneous distribution of β-TCP particles probably contributed to increased surface 

roughness in the porous scaffolds compared with the 3D-printed scaffolds. Our data showed that 

osteogenic activity of MC3T3-E1 pre-osteoblasts was higher on the 3D-printed scaffolds 

compared with the porous scaffolds. These results highlight the importance of surface topography 

and the size of topographical surface features in the osteogenic differentiation of pre-osteoblasts 

attached to scaffolds. We also showed that when cells were encapsulated in alginate and printed 
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inside PLGA/β-TCP scaffolds, the osteogenic activity of the cells was lower compared to that 

when cells were seeded onto the scaffolds in the absence of alginate, and thus were in direct 

contact with PLGA/β-TCP struts with suitable surface roughness. These results collectively 

provided a better insight regarding the interaction of pre-osteoblasts with 3D-(bio)printed polymer 

and polymer/calcium phosphate composite scaffolds. 

 

LIMITATIONS OF THE CURRENT STUDIES 
 
Several limitations were identified in the studies described in this thesis. Firstly, during surface 

modification of 3D-printed PCL scaffolds with NaOH, we observed that the topography created 

on the surface was not homogeneous at some locations of the scaffold surface. It is possible that 

the solution was not in contact with the interior surfaces of the scaffolds as much as it was in 

contact with the exterior surfaces of the scaffolds while the scaffolds were immersed in NaOH 

solution. Another explanation might be that the dissolved PCL at the outer surface of the scaffolds 

leaks away more easily, thus forming a concentration gradient with higher PCL loss at the outer 

surface and less PCL loss in the inner surface of the scaffolds. 

Secondly, the pore size of the porous scaffolds was higher than the void size of the 3D-

printed scaffolds. We were unable to create equal-sized pores and voids in the porous and in the 

3D-printed scaffolds, since upon increasing the void size of the 3D-printed scaffolds, the cells 

could not bridge the voids. Another contributing effect was the difference in surface roughness of 

the two scaffold types. Inhomogeneous distribution of β-TCP particles in the PLGA solution 

resulted in inhomogeneous distribution of β-TCP particles on the surface of the porous scaffolds 

after solvent casting-porogen leaching, leading to inhomogeneous surface roughness in the 

porous scaffolds. It is possible that different cellular responses would have been obtained if the 

porous and 3D-printed scaffolds had equal pore size and surface roughness. 

Thirdly, the high temperature (110°C) used for melting PLGA/β-TCP mixture in the 

bioprinting process might have had adverse effects on the viability of alginate-encapsulated cells 

printed between the PLGA/β-TCP struts. In addition, the change of different printer heads 

occasionally caused start-and-stop ink flow, introducing defects into the printed construct. These 

issues were the major limitations faced in the studies presented in this thesis. 
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COMPARISON WITH OTHER STUDIES 
 
Numerous studies have focused on surface modifications of PCL and other polyester scaffolds, 

and studied the effect of these alterations on cellular responses. Gupta et al. showed that NaOH 

treatment of PCL scaffolds with controlled concentration and treatment time improves surface 

topography as well as cell attachment and proliferation [9]. Shuai et al. demonstrated that etching 

the surface of 3D-printed graphene oxide/poly(L-lactic acid) scaffolds with 1 M NaOH for different 

time periods forms micropores on the surface of the struts which results in higher surface 

roughness, and therefore facilitates cell attachment and bone tissue ingrowth [10]. Khampieng et 

al. altered the smooth topography of PCL scaffolds through hydrolysis with 1 and 5 M NaOH for 

2 h, and observed that a rougher surface topography is created due to the formation of pores [11]. 

The size of the formed pores increased with increasing NaOH concentration [11]. Faia-Torres et 

al. studied the surface roughness gradient of PCL scaffolds [12]. They demonstrated that PCL 

scaffolds with a roughness of 0.93 to 1.53 µm optimally induce osteogenic differentiation of human 

mesenchymal stem cells [12]. At this surface roughness, moderate alkaline phosphatase activity, 

mineralization, and type I collagen deposition is observed, while at higher or lower roughnesses, 

these parameters are not optimal [12]. The results of Faia-Torres et al. [12] are consistent with 

our findings showing that 24 h NaOH-treated PCL scaffolds having pores with dimensions of 

0.7×2.5 µm, more strongly enhanced osteogenic differentiation of pre-osteoblasts compared with 

RGD-immobilized scaffolds having no pores, and 72 h NaOH-treated scaffolds having pores with 

dimensions of 2.2×7 µm [7]. 

A number of studies have evaluated the performance of ordered pore scaffolds compared 

with random pore scaffolds in different tissue engineering applications [13, 14]. A general 

conclusion cannot be drawn from these studies since the results are highly dependent on the 

material and cell type used. Sun et al. compared 3D-printed silk fibroin/collagen scaffolds with 

freeze-dried scaffolds for the purpose of cartilage tissue engineering [13]. They observed that 

cells seeded on the 3D-printed scaffolds are more viable and produce higher amounts of 

glycosaminoglycans than those seeded on the freeze-dried scaffolds [13]. They concluded that 

compared to freeze drying technique, the 3D-printed scaffolds exhibit better overall performance 

and are more suitable for cartilage tissue engineering [13]. Mohanty et al. showed that 

poly(dimethyl siloxane) scaffolds with random pores fabricated by solvent casting-salt leaching 

have increased surface area compared to structured pore scaffolds, and therefore more HepG2 

cells (human hepatoblastoma) are trapped and adhere to random pore scaffolds [14]. Moreover, 

there is more surface area in the random pore scaffolds for cell proliferation. However, when cut 
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longitudinally, the structured pore scaffolds show uniform cell distribution throughout, whereas the 

random pore scaffolds have a very low number of cells distributed in the central region [14]. These 

results are clearly in agreement with our data showing slightly lower cell proliferation, but more 

homogeneous cell dispersion in the 3D-printed PLGA/β-TCP scaffolds compared with the porous 

scaffolds. 

Since cells have to be encapsulated in a hydrogel in the bioprinting process (i.e. 

simultaneous printing of cells and biomaterials), most studies have focused on the bioprinting of 

cell-laden hydrogels (bioinks) and optimization of cellular responses in these constructs [15-18]. 

One of the major limitations of using hydrogel-based bioinks is that they are often mechanically 

weak. Hydrogel-based bioinks alone are not capable of supporting loading for applications such 

as bone and osteochondral tissue engineering. To overcome this limitation, composite-reinforced 

scaffolds have been developed where a soft bioink can be reinforced with stiffer biocompatible 

and biodegradable polymer. This approach has been developed first by Schuurman et al. who 

successfully fabricated composite-reinforced constructs by bioprinting chondrocyte-laden alginate 

between PCL struts [19]. They demonstrated that the viability of the cells in the composite-

reinforced constructs is within the same range as those of non-printed constructs consisting of 

hydrogel only [19]. Other studies also developed bioprinted constructs consisting of cell-laden 

alginate reinforced with different thermoplastic polymers, mostly PCL [20-25]. However, no study 

evaluated the osteogenic differentiation of pre-osteoblasts encapsulated in alginate, and 3D-

printed with PLGA/β-TCP struts compared to cells seeded on 3D-printed PLGA/β-TCP scaffolds. 

Therefore, our results are rather unique and difficult to compare with other studies. 

We conclude that both RGD immobilization (0.011 µg/mg scaffold) on the surface and 24 

h NaOH treatment of the surface of 3D-printed PCL scaffolds enhanced pre-osteoblasts 

proliferation and matrix deposition, while only 24 h NaOH treatment resulted in increased 

osteogenic activity, making it the treatment of choice to promote bone formation by osteogenic 

cells. We tailored the mechanical properties of 3D-printed PCL scaffolds based on the predicted 

forces on mandibular symphysis during normal functions. Moreover, we showed that the 

mechanical properties of the 3D-printed PCL scaffolds were different in scaffold-building direction 

compared with the side direction which should be taken into account when placing the scaffold in 

the defect site. Porous and 3D-printed PLGA/β-TCP scaffolds equally supported the pre-

osteoblasts proliferation and matrix deposition while only 3D-printed scaffolds showed enhanced 

mechanical properties and osteogenic differentiation potential in vitro. Encapsulation of MC3T3-

E1 pre-osteoblasts in alginate and printing inside PLGA/β-TCP scaffolds enhanced cell retention, 
but impaired cell proliferation and osteogenic differentiation compared to seeding the cells on the 



122 

COMPARISON WITH OTHER STUDIES 
 
Numerous studies have focused on surface modifications of PCL and other polyester scaffolds, 

and studied the effect of these alterations on cellular responses. Gupta et al. showed that NaOH 

treatment of PCL scaffolds with controlled concentration and treatment time improves surface 

topography as well as cell attachment and proliferation [9]. Shuai et al. demonstrated that etching 

the surface of 3D-printed graphene oxide/poly(L-lactic acid) scaffolds with 1 M NaOH for different 

time periods forms micropores on the surface of the struts which results in higher surface 

roughness, and therefore facilitates cell attachment and bone tissue ingrowth [10]. Khampieng et 

al. altered the smooth topography of PCL scaffolds through hydrolysis with 1 and 5 M NaOH for 

2 h, and observed that a rougher surface topography is created due to the formation of pores [11]. 

The size of the formed pores increased with increasing NaOH concentration [11]. Faia-Torres et 

al. studied the surface roughness gradient of PCL scaffolds [12]. They demonstrated that PCL 

scaffolds with a roughness of 0.93 to 1.53 µm optimally induce osteogenic differentiation of human 

mesenchymal stem cells [12]. At this surface roughness, moderate alkaline phosphatase activity, 

mineralization, and type I collagen deposition is observed, while at higher or lower roughnesses, 

these parameters are not optimal [12]. The results of Faia-Torres et al. [12] are consistent with 

our findings showing that 24 h NaOH-treated PCL scaffolds having pores with dimensions of 

0.7×2.5 µm, more strongly enhanced osteogenic differentiation of pre-osteoblasts compared with 

RGD-immobilized scaffolds having no pores, and 72 h NaOH-treated scaffolds having pores with 

dimensions of 2.2×7 µm [7]. 

A number of studies have evaluated the performance of ordered pore scaffolds compared 

with random pore scaffolds in different tissue engineering applications [13, 14]. A general 

conclusion cannot be drawn from these studies since the results are highly dependent on the 

material and cell type used. Sun et al. compared 3D-printed silk fibroin/collagen scaffolds with 

freeze-dried scaffolds for the purpose of cartilage tissue engineering [13]. They observed that 

cells seeded on the 3D-printed scaffolds are more viable and produce higher amounts of 

glycosaminoglycans than those seeded on the freeze-dried scaffolds [13]. They concluded that 

compared to freeze drying technique, the 3D-printed scaffolds exhibit better overall performance 

and are more suitable for cartilage tissue engineering [13]. Mohanty et al. showed that 

poly(dimethyl siloxane) scaffolds with random pores fabricated by solvent casting-salt leaching 

have increased surface area compared to structured pore scaffolds, and therefore more HepG2 

cells (human hepatoblastoma) are trapped and adhere to random pore scaffolds [14]. Moreover, 

there is more surface area in the random pore scaffolds for cell proliferation. However, when cut 

123 

longitudinally, the structured pore scaffolds show uniform cell distribution throughout, whereas the 

random pore scaffolds have a very low number of cells distributed in the central region [14]. These 

results are clearly in agreement with our data showing slightly lower cell proliferation, but more 

homogeneous cell dispersion in the 3D-printed PLGA/β-TCP scaffolds compared with the porous 

scaffolds. 

Since cells have to be encapsulated in a hydrogel in the bioprinting process (i.e. 

simultaneous printing of cells and biomaterials), most studies have focused on the bioprinting of 

cell-laden hydrogels (bioinks) and optimization of cellular responses in these constructs [15-18]. 

One of the major limitations of using hydrogel-based bioinks is that they are often mechanically 

weak. Hydrogel-based bioinks alone are not capable of supporting loading for applications such 

as bone and osteochondral tissue engineering. To overcome this limitation, composite-reinforced 

scaffolds have been developed where a soft bioink can be reinforced with stiffer biocompatible 

and biodegradable polymer. This approach has been developed first by Schuurman et al. who 

successfully fabricated composite-reinforced constructs by bioprinting chondrocyte-laden alginate 

between PCL struts [19]. They demonstrated that the viability of the cells in the composite-

reinforced constructs is within the same range as those of non-printed constructs consisting of 

hydrogel only [19]. Other studies also developed bioprinted constructs consisting of cell-laden 

alginate reinforced with different thermoplastic polymers, mostly PCL [20-25]. However, no study 

evaluated the osteogenic differentiation of pre-osteoblasts encapsulated in alginate, and 3D-

printed with PLGA/β-TCP struts compared to cells seeded on 3D-printed PLGA/β-TCP scaffolds. 

Therefore, our results are rather unique and difficult to compare with other studies. 

We conclude that both RGD immobilization (0.011 µg/mg scaffold) on the surface and 24 

h NaOH treatment of the surface of 3D-printed PCL scaffolds enhanced pre-osteoblasts 

proliferation and matrix deposition, while only 24 h NaOH treatment resulted in increased 

osteogenic activity, making it the treatment of choice to promote bone formation by osteogenic 

cells. We tailored the mechanical properties of 3D-printed PCL scaffolds based on the predicted 

forces on mandibular symphysis during normal functions. Moreover, we showed that the 

mechanical properties of the 3D-printed PCL scaffolds were different in scaffold-building direction 

compared with the side direction which should be taken into account when placing the scaffold in 

the defect site. Porous and 3D-printed PLGA/β-TCP scaffolds equally supported the pre-

osteoblasts proliferation and matrix deposition while only 3D-printed scaffolds showed enhanced 

mechanical properties and osteogenic differentiation potential in vitro. Encapsulation of MC3T3-

E1 pre-osteoblasts in alginate and printing inside PLGA/β-TCP scaffolds enhanced cell retention, 
but impaired cell proliferation and osteogenic differentiation compared to seeding the cells on the 



124 

PLGA/β-TCP scaffolds post-3D-printing. The findings of this thesis provided new insights on how 

changes in surface chemistry, topography, mechanical properties, and microenvironment of the 

cells in the 3D-(bio)printed scaffolds influence pre-osteoblasts responses, which could have 

important implications for bone tissue engineering in fields such as orthopedics and oral and 

maxillofacial surgery. 

 

 

FUTURE PERSPECTIVE 
 
Based on the present thesis, several questions can be raised which deserve attention in the 

future: 
1) Do the surface modifications used on 3D-printed PCL scaffolds in this study have the same 

effect on PLGA/β-TCP scaffolds in terms of surface topography? 
2) Is mandibular bone tissue growth into the 3D-printed gradient PCL scaffolds different from 

tissue ingrowth into the homogeneous scaffolds in vivo? 
3) Does incorporation of (natural) bioactive peptides in the alginate bioink formulation improve 

osteogenic differentiation potential of the bioink? 
4) Does mechanical loading of the 3D-bioprinted PLGA/β-TCP scaffolds containing alginate-

encapsulated pre-osteoblasts improve osteogenic differentiation potential of the 3D-printed 

construct? 
5) Does dynamic culture of the 3D-bioprinted PLGA/β-TCP scaffolds containing alginate-

encapsulated pre- osteoblasts improve osteogenic differentiation potential of the 3D-printed 

construct?  
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