
This document is downloaded from DR‑NTU (https://dr.ntu.edu.sg)
Nanyang Technological University, Singapore.

Solvent and melt based extrusion 3D printing of
polycaprolactone bioactive glass composite for
tissue engineering

Kolan, Krishna C.R.; Li, Wenbin; Semon, Julie A.; Day, Delbert E.; Althage, Rachel; Leu, Ming
C.

2018

Kolan, K. C. R., Li, W., Althage, R., Semon, J. A., Day, D. E., & Leu, M. C. (2018). Solvent and
melt based extrusion 3D printing of polycaprolactone bioactive glass composite for tissue
engineering. Proceedings of the 3rd International Conference on Progress in Additive
Manufacturing (Pro‑AM 2018), 176‑182. doi:10.25341/D4B018

https://hdl.handle.net/10356/88300

https://doi.org/10.25341/D4B018

© 2018 Nanyang Technological University. Published by Nanyang Technological University,
Singapore.

Downloaded on 23 May 2023 11:00:09 SGT



ABSTRACT: Bioactive glasses are widely used in tissue engineering because of their several 
unique and interesting characteristics including promoting angiogenesis. In 3D bioprinting, 
bioactive glasses are added to bio-ink in limited weight percentages to promote bioactivity. In this 
study, we investigate two different approaches, solvent-based and melt-based extrusion 3D printing, 
to fabricate scaffolds using a bioactive glass contained polymer composite suitable for bioprinting 
applications. Highly angiogenic and bioactive borate glass (13-93B3) is added to polycaprolactone 
(PCL) in 50 wt.% to prepare the polymer-glass composite. The scaffolds fabricated using the two 
approaches are studied for their mechanical properties, degradation, and bioactivity. The scaffold 
stiffness and yield strength increased after the addition of borate glass irrespective of the fabrication 
approach. Scaffolds were soaked in minimum essential medium for up to four weeks to study weight 
loss and bioactivity. The weight loss results indicated a faster borate glass dissolution in scaffolds 
made using solvent-based 3D printing whereas an apatite-like layer was formed on scaffolds 
fabricated with both approaches.   
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1. INTRODUCTION
Bioactive glasses are known to elicit specific biological responses at the interface of materials, which
result in a bond between tissue and the implant (Jones 2013). The advantage of bioglasses over other
bioceramics is their amorphous structure and high resorbability. Bioactive borate glass (13-93B3)
degrades faster (a few hours to days in a simulated body fluid) in comparison to silicate based
glasses, has found applications in repairing both soft and hard tissues (Jung 2010). 13-93B3 glass is
Food and Drug Administration (FDA) approved for diabetic wound healing and has been proven to
be an excellent candidate for vascularization. Table 1 shows the composition of the 13-93B3 and
45S5 glasses. The release of boron ions from the glass contributes to its high angiogenic nature (Jung
2010). The 13-93B3 glass is being used in different forms (nano fibers, microspheres, and scaffolds)
for both hard and soft tissue repair, the glass has never been used in bioprinting.

Table 1. Composition (in wt.%) of 13-93B3 and 45S5 glasses. 
Na2O K2O MgO CaO SiO2 P2O5 B2O3 

13-93B3 6 12 5 20 0 4 53 
45S5 24.5 0 0 24.5 45 6 0 

In 3D bioprinting, a “bio-ink” (cells suspended in a medium) is used to create a 3D tissue model 
with or without additional materials in a layer-by-layer fashion. Extrusion-based 3D bioprinting is 
by far the most successful and widely adopted technique because of its compatibility to use high-
viscosity biopolymer pastes and hydrogels (Ozbolat & Hospodiuk 2016). In some recent studies, 
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45S5 glass and hydroxyapatite (HA) were added to alginate and gelatin-based hydrogels to improve 
the bioactivity of the printed constructs for bone tissue engineering (Utech & Boccaccini 2016). A 
major limitation in such methods is the small amount of inorganic materials (less than 5 wt.% of 
bioglass or bioceramic) that can be added to the hydrogel. Alternatively, researchers have added 
bioactive glasses to biocompatible polymers such as PCL to fabricate 3D scaffolds (Amini, 
Laurencin, & Nukavarapu 2012; Korpela et al. 2013; Poh et al. 2013). Although improved 
bioactivity was reported, the degradation and bioactivity of the composite is highly dependent upon 
the fabrication procedure and density of the filament. For example, scaffolds made using solvent 
casting, freeze drying, and electrospinning methods reportedly have good bioactive properties but it 
is difficult to control the porosity and the methods are not suitable for bioprinting applications as it 
is not feasible to incorporate cells during the fabrication process (Turnbull et al. 2017). Fused 
deposition modeling (FDM) can incorporate higher amounts of bioactive glasses to make 3D 
scaffolds, but is limited to polymers with a relatively low melting point (such as PCL; 60°C). 
Solvent-based extrusion 3D printing of polymer composite scaffolds was recently investigated by 
Murphy et al. (2017) and can produce scaffolds with high bioactive glass content (50% or more). 
There exists no reports in the literature to compare the rate of glass dissolution and bioactivity of 
polymer composite scaffolds made using different 3D printing approaches. In this study, we 
investigate the properties of PCL/13-93B3 glass composite scaffolds fabricated using two different 
fabrication approaches: solvent-based and melt-based extrusion 3D printing. 
 
2. MATERIALS AND METHODS 
2.1. Solvent-based 3D printing 
Chloroform (CF) (Sigma-Aldrich, St. Louis, MO, USA) was added to 13-93B3 bioactive borate 
glass (MO-SCi Corp., Rolla, MO, USA; particle size of ~20 μm) in a 2:1 volume to weight ratio (3 
ml of CF per 1.5 g of 13-93B3 glass).  The mixture was ultrasonicated for 3 min to eliminate glass 
agglomerates before adding equal weight percentage (1.5 g) of Polycaprolactone (PCL) powder 
(Polysciences Inc., Warrington, PA; MW - 50000). The materials were mixed using a planetary 
mixer at 3000 rpm for 5 min. The paste was transferred to a 3 mL syringe barrel attached with a 
dispensing tip. To prepare PCL paste without glass, 2.25 ml of CF was added to 2 g of PCL powder 
and mixed in planetary mixture at 3000 rpm for 5 min. A 22G (410 μm) blunt tip needle was used 
to fabricate scaffolds with PCL/13-93B3 paste to avoid nozzle clogging in the case of glass 
agglomerates. An air pressure of 40 psi was used to fabricate PCL/13-93B3 glass composite parts at 
a table speed of 10 mm/s. The PCL only scaffolds were fabricated using a 27G (210 μm) tapered 
tip, 70 psi air pressure and a table speed of 10 mm/s. In both cases, a filament spacing of 1 mm and 
layer thickness of ~0.1 mm was used to fabricate scaffolds to provide an overall filament width of 
about ~500 μm. A dwell time of 1 min was used before depositing the next layer during fabricating 
PCL/13-93B3 glass composite scaffolds to allow drying of the paste whereas no dwell time was 
required to fabricate PCL only scaffolds as the filaments dried almost instantly. Fabrication was 
performed with an assembled 3D printer (Geeetech, Prusa I3 A Pro), which was modified to have 
two syringes connected to external digital syringe dispensers (Loctite® Henkel North America, 
Rocky Hill, CT). The dispensers were computer controlled. A customized software was written to 
generate g-code for directing nozzle movement. 

2.2. Melt-based 3D printing 
In melt-based printing, equal quantities of PCL and 13-93B3 glass powder were dry-ball milled for 
8 hrs using zirconia media. The composite powder was later transferred to a custom made heating-
enabled metal syringe. Similarly, a heating temperature of 170°C and air pressure of 80 psi was used 
to extrude the PCL, and a temperature of 180°C and an air pressure of 90 psi was used to extrude 
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PCL+13-93B3 glass composite using a 20G metal dispensing tip. The table speed was maintained 
at 10 mm/s, a 50% infill (0.6 filament-filament distance), and a layer thickness of ~0.3 mm were 
used to fabricate scaffolds in both cases. The printer used for melt-based extrusion was custom-built 
at Missouri S&T for the ceramic on-demand extrusion (CODE) process (Li et al. 2017). 

2.3. Mechanical testing 
Rectangular scaffolds measuring (50x10x1) mm3 were used to determine the mechanical properties 
of the parts fabricated by solvent-based 3D printing. Dog bone specimens with a gage length of 25 
mm, thickness of 2 mm and a width of 10 mm were used for melt-based extrusion 3D printing. A 
cross-head speed of 5 mm/min was used on a mechanical load frame (Instron 5969 UTM, Norwood, 
MA, USA) to determine the maximum load of the fabricated specimens. The yield strength and 
modulus of elasticity were calculated based on the tensile stress-strain graph. A sample size of n=6 
was used and the results were reported as mean ± standard deviation. Analysis for differences in 
elastic modulus and yield strength for different scaffolds was performed using one-way ANOVA 
with Tukey’s post hoc test and differences were considered significant for p<0.05. 

2.4. Weight loss and bioactivity assessment 
Scaffolds measuring (10x10x1) mm3 and (10x10x2) mm3 were used for weight loss experiments for 
solvent-based and melt-based 3D printing, respectively. The as-fabricated scaffolds were weighed 
and stored in dulbecco’s modified eagle medium (DMEM), where 200 ml of solution was used for 
1 g of scaffold weight. The container holding the scaffolds was kept in an incubator maintained at 
37°C. The scaffolds were removed at different time intervals ranging from 1 day to 4 weeks and 
then dried overnight in air before weighing and performing microscopy. The specimens were 
sputter-coated with Au/Pd and examined by scanning electron microscopy (SEM) (S-4700 FESEM, 
Hitachi Co., Tokyo, Japan) to observe the morphology of both specimens as-fabricated and after 
weight-loss experiments. Thin-film X-ray diffraction analysis (XRD) (Philips X-Pert, Westborough, 
MA, USA) was performed to analyze the formation of a crystalline phase. 

3. RESULTS AND DISCUSSION 
3.1. Scaffold fabrication 
A filament width of ~500 μm and average pore size of ~455 μm was obtained for scaffolds fabricated 
with PCL/13-93B3 glass composite and only PCL using solvent-based extrusion 3D printing. The 
filament’s cross-section in the solvent-based approach was more oval than circular because of 
changes in the paste viscosity after the deposition due to solvent evaporation. The filament height 
was measured about 100 μm in both cases (with and without glass). SEM images of the PCL/13-
93B3 scaffolds fabricated using the solvent-based method are shown in Figures 1a and 1b. Figure 
1a shows filament surface with crack-like surface pores (several tens of microns in length) and 
Figure 1b shows the filament cross-section with small pores (< 10 μm) and glass particles. Guo et 
al. (2013) have used a solvent-based 3D printing approach to fabricate 3D shapes using polylactic 
acid (PLA) with a 32G (100 μm) dispensing tip which is less than half the size of the tip used to 
extrude PCL only scaffolds in this study. Although it is possible to fabricate scaffolds with very fine 
filaments and pore sizes, such scaffolds could have limited use in certain tissue engineering 
applications such as bone repair and regeneration where average pores measuring ~300 μm are 
recommended (Karageorgiou and Kaplan 2005). Also, fabricating a polymer composite with high 
bioactive glass content such as 50 wt.% used in this study is difficult to produce using such fine tips. 
However, solvent evaporation was almost instant for PCL filaments and less than one minute from 
PCL/13-93B3 glass filaments causing no significant time delay during fabrication. This suggests 
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Figure 3. Weight loss of scaffolds soaked 
in DMEM for different times. 

Figure 4. XRD patterns of composite 
scaffolds soaked in DMEM for 1 week. 
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