
1. Introduction
Extrusion-based additive manufacturing processes
(3D printing) have emerged as an appealing tool in
the fabrication of designed and patient-specific tis-
sue engineering scaffolds [1]. For any type of tissue,
only an open and interconnected network of pores
allows mass transport of oxygen, nutrients and meta-
bolic waste products, thereby promoting vascular-
ization and cell viability [2–4]. Despite the many
benefits, 3D printing in biomedical engineering is
hindered by the limited availability of suitable ma-
terials that can be printed [5, 6].

Natural bone is a complex, highly organized hierar-
chical structure from the nano- to the macro-scale.
It can be considered a composite material mainly
consisting of organic collagen fibrils and inorganic
(carbonated) hydroxyapatite nanocrystals embedded
within them, and has excellent mechanical proper-
ties. It is composed of two main bone tissue types:
cortical (or compact) bone, which is dense and has
5–10% porosity with pores of 10–50 μm diameter,
and cancellous (or trabecular) bone, which is highly
porous (75–85% porosity) with 300–600 μm diam-
eter interconnected open pores [7, 8].
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Besides the obvious mechanical properties, bone tis-
sues play important biological roles, too. They con-
tain a variety of cells, such as osteocytes, osteoblasts,
osteoclasts and undifferentiated osteogenic cells,
which maintain bone homeostasis. Furthermore,
cancellous bone is highly vascularized and innervat-
ed, and haematopoiesis takes place in the bone mar-
row in cancellous bone [9, 10].
In bone tissue engineering, scaffolds with an inter-
connected porosity have been prepared with pores
of different sizes that allow for vascularization of the
cell construct as well as the formation of bone tissue
[11–14], and it is of great interest to make use of
porous structures prepared from bone-forming ma-
terials [14]. Composites of bone-inducing or bone-
conducting calcium phosphates (e.g. hydroxyapatite,
nano-apatite, and tricalcium phosphate) and synthet-
ic biodegradable polymers have been previously
used to prepare such scaffolding structures by 3D
printing [14–17]. We have shown that in vivo, com-
posites based on calcium phosphates and a bio -
degradable poly(trimethylene carbonate) (PTMC)
matrix, which degrades by a surface erosion process
without the formation of acidic degradation prod-
ucts, have excellent bone-forming characteristics
[17–19].
Previously, we reported on the synthesis and proper-
ties of triblock copolymers prepared from 1,3-tri -
methylene carbonate and ε-caprolactone [20]. These
PCL-b-PTMC-b-PCL block copolymers consist of
an amorphous poly(trimethylene carbonate) segment
(Tg is approximately –17 °C) and two crystallizable
poly(ε-caprolactone) segments (Tg and Tm are respec-
tively approximately–60 and 65°C). The crystalliz-
ability of the poly(ε-caprolactone) segments allows
these PTMC-based triblock copolymers to be
processed by an extrusion-based 3D printing process.
In this current paper, we describe the preparation and
properties of PCL-b-PTMC-b-PCL and nano-apatite
(nAp) composites. The size of the inorganic compo-
nent in natural bone is considered to be important
not only for the mechanical properties of bone, but
also for enhanced protein adsorption and osteoblast
adhesion. Therefore, in a bone regenerative implant
material, an artificial matrix incorporating nanome-
ter-sized apatite can be expected to have an influence
on the behavior of cells [22–25]. We have processed
these composites into well-defined designed porous
structures by 3D printing using EC as a benign crys-
tallizable solvent. We expect these porous composite

structures to be highly suited for bone tissue engi-
neering.

2. Experimental
2.1. Materials
1,3-trimethylene carbonate (TMC) was obtained
from Huizhou ForYou Medical Devices Company
(Huizhou, China), diphenyl phosphate (DPP) from
Tokyo Chemical Industry UK Ltd. (Oxford, UK), and
2,2-dimethyl-1,3-propanediol (DMP) from Sigma-
Aldrich (Taufkirchen, Germany). ɛ-caprolactone
(ɛ-CL), obtained from Acros Organics (Geel, Bel-
gium), was purified by drying over CaH2 and distil-
lation under vacuum. Nano-apatite (nAp) aggregates
(ø = 15 µm) of needle-like apatite crystals of 200 to
400 nm long and 20 to 50 nm wide were kindly pro-
vided by XPand Biotechnology BV (Amsterdam, The
Netherlands). Ethylene carbonate (EC) and chloro-
form were obtained from Sigma-Aldrich (Taufkir-
chen, Germany) and used as received. Dichloro -
methane and methanol, respectively obtained from
VWR Chemicals and Merck (Schiphol-Rijk, The
Netherlands), were of analytical grade and used as
received.

2.2. Synthesis of the PCL-b-PTMC-b-PCL
triblock copolymer

The PCL-b-PTMC-b-PCL triblock copolymer was
synthesized by sequential ring-opening polymeriza-
tion (ROP) of TMC and ɛ-CL. As reported before
[20], TMC and DMP were charged in a flask under
an argon atmosphere using DPP as a catalyst. The
molar ratio of DPP catalyst to DMP initiator was 1:1.
Under an argon atmosphere, a hydroxy-terminated
PTMC oligomer was first prepared by polymeriza-
tion for 72 h at a temperature of 70°C. Subsequently,
this PTMC oligomer was used to initiate the ROP of
ε-CL. This reaction was allowed to proceed for an-
other 24 h under the same conditions, leading to the
formation of a PCL-b-PTMC-b-PCL triblock copoly -
mer. The targeted molar masses of the PTMC- and
PCL blocks were, respectively 40 and 20 kg/mol.
The obtained polymers were analysed by 1H-nuclear
magnetic resonance (NMR) with a 400 MHz Bruker
Ascend (San Jose,USA) instrument, using deuterat-
ed chloroform (Sigma-Aldrich) as solvent.
The thermal characteristics of the polymer were
evaluated by differential scanning calorimetry (DSC).
The polymer was heated from –100 to 100 °C at a
rate of 10 °C/min, after 1 min, it was then cooled to
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–100°C at 20 °C/min, after which a second scan was
taken at 10 °C/min. This erases the thermal history
of the specimens. The glass transition (Tg) and the
melting (Tm) temperatures were obtained in the sec-
ond heating scan.

2.3. Preparation of PCL-b-PTMC-b-PCL and
nAp composites 

A series of PCL-b-PTMC-b-PCL and nAp compos-
ites were prepared by first dispersing the nAp nano -
particles in chloroform by stirring and use of ultra-
sound, then dissolving the PCL-b-PTMC-b-PCL
polymer in this dispersion at a concentration of
0.1 g/mL at ambient conditions by overnight stirring.
Finally, the dispersions were precipitated in cold
methanol and dried in a vacuum oven for 7 days.
Composites containing 0, 20 and 40 wt% nAp were
prepared, these are indicated as n0 (nAp:PCL-b-
PTMC-b-PCL = 0:100), n20 (nAp:PCL-b-PTMC-b-
PCL = 20:80), and n40 (nAp:PCL-b-PTMC-b-PLC
40:60).
The nAp content in the composites was verified by
thermogravimetric analysis using a TGA7 (Perkin
Elmer, Waltham, USA). Samples (5–10 mg) were
heated under a nitrogen flow from 30 to 600 °C at a
heating rate of 20 °C/min.

2.4. Preparation and characterization of
non-porous and porous
PCL-b-PTMC-b-PCL and nAp composite
films

Non-porous and porous films were prepared by cast-
ing solutions on glass plates. The solutions for prepar-
ing non-porous films were made by dissolving the
dried precipitate in chloroform at a concentration of

0.3 g/mL for 1 day. After casting and drying at am-
bient conditions for 7 days, the thickness of the
obtained films was 150 to 200 μm. All chloroform
had evaporated. For the fabrication of porous (com-
posite) films, the dried precipitates were redissolved
in EC at 50°C at a concentration of 25 wt% for 1 day,
sonicated for 15 min, and cast on glass plates before
use. They were then continuously extracted for 2 days
in cold demi water (4 °C) and dried at ambient con-
ditions, yielding 200 to 250 μm thick films.
For tensile testing, ASTM D882-91 tensile test spec-
imens (100×5 mm) were punched out from the non-
porous and porous films. A universal tensile tester
(Zwick Z020, Ulm, Germany) equipped with a 500 N
load cell was used. The distance between the clamps
was 50 mm, and the crosshead speed was 50 mm/min.
The tensile tests were conducted in five-fold.
The morphology of the pore network of the porous
films was analysed by high-resolution scanning elec-
tron microscopy (HR-SEM, Zeiss 1550, Oberkochen,
Germany) after sputter-coating with gold. Character-
istics of the pores were determined from the images
using ImageJ software (https://imagej.nih.gov/) [21].

2.5. 3D printing of composite scaffolds
Cylindrical scaffolds were designed using Solid-
works 3D computer-aided design (CAD) software
(www.solidworks.com). Figure 1 shows the scaffold
design. The scaffold design was imported into Repeti-
er-Host software (www.repetier.com) to perform the
slicing into layers and produce the G-code for the
3D printer.
The scaffolds were fabricated by 3D printing using a
pneumatic extrusion-based 3D (bio)printer (Biobots1,
Louisville, KY, USA). The apparatus is equipped
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Figure 1. Design of the cylindrical scaffolds (diameter 6 mm, height 4.2 mm) that are to be prepared by 3D printing. The
lay-down pattern of the fibres is such that after depositing three layers, the pattern is rotated 90°. A total of 21 layers
are to be deposited.



with a heated 10 mL stainless steel syringe with a di-
ameter of 14.7 mm and fitted with a stainless steel
extrusion nozzle (PVA, Helmond, The Netherlands),
see Figure 2a. To heat the mounted extrusion nozzle
(Figure 2b), an in-house built heating element
(Figure 2c) was used.
The precipitated n0, n20 and n40 composites were
dissolved in EC at 50°C at a concentration of 25 wt%
and charged into the heated metal syringe. The ther-
mal behavior of these composite solutions was also
assessed by DSC, allowing optimization of the print-
ing conditions. Suitable conditions were found to be:
a cylinder temperature of 65–70°C and an extrusion
nozzle temperature of 70°C. After 1 h equilibration
period, the solutions were extruded at a pressure of
450 to 650 kPa and a printing speed of 8 mm/s in the
x-y direction. Upon extrusion of a layer, the structure
was cooled with dry ice to ensure solidification by
crystallization of EC.  A next layer could then be
printed onto the previous layer. The printed scaffolds
were then extracted for 2 days in cold demineralized
water (4°C) and dried at ambient conditions.
Light microscopy (Leica DMRX optical microscope
and Leica MZ 125 stereo microscope, Leica, Wetz-
lar, Germany) and SEM analysis (1550 HR-SEM,
Zeiss, Germany) were used to evaluate the structure
and morphology of the 3D printed scaffolds.

3. Results and discussion
3.1. Properties of the PCL-b-PTMC-b-PCL

triblock copolymer
The PCL-b-PTMC-b-PCL triblock copolymer was ob-
tained by sequential polymerization of TMC and ε-CL
[20]. Figure 3 illustrates the reaction steps involved.

The TMC monomer conversion in the first step was
determined from the integral values of the charac-
teristic –CO–O–CH2–CH2–CH2–O– peaks of TMC
(at 4.44 to 4.48 ppm) and the integral value of the
corresponding peaks of PTMC at 4.18 to 4.32 ppm
in the NMR spectra. Mn of the precursor PTMC
polymer was determined by comparison of the inte-
gral value of the methyl H atoms of the DMP com-
ponent at 0.94 ppm with those of the PTMC peaks
at 4.18 to 4.32 ppm.
The conversion of ε-CL in the second reaction step
was determined by comparison of the integral values
of the characteristic –O–CH2–CH2–CH2–CH2– CH2–
–CO–O– peaks of ε-CL monomer at 2.52 to
2.67 ppm which can be distinguished from those of
the corresponding polymeric peaks of PCL at 2.27
to 2.34 ppm.
The composition of the purified PCL-b-PTMC-b-
PCL triblock copolymer was calculated from the ra-
tios of the integral values of the peak signals at 2.01
to 2.09 ppm or at 4.18 to 4.32 ppm (corresponding
to the PTMC block) and at 2.26 to 2.33 ppm (corre-
sponding to the PCL blocks). Knowing the Mn of the
PTMC block and the composition of the copolymer,
the Mn of the triblock copolymers can readily be cal-
culated as well.
The TMC monomer conversion was 99.5%, while
the number-averaged molecular weight ( Mn) of the
PTMC block was found to be 38 kg/mol. In the sub-
sequent ɛ-CL polymerization, the ɛ-CL conversion
was 99.0%. Mn of the PCL blocks of the triblock-
copolymer was 19.5 kg/mol, and the overall Mn of
the triblock-copolymer was 77 kg/mol. These values
are close to our targeted values.
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Figure 2. a) Characteristics of the stainless steel extrusion nozzle used in the 3D printing process. The tip length of the nozzle
is 12.7 mm, and the inner diameter is 200 µm. b) Extrusion nozzle mounted onto the syringe, and c) heating element
fitted to the extrusion nozzle.



3.2. Thermal- and mechanical properties of
PCL-b-PTMC-b-PCL and nAp
composites 

DSC analysis showed that the PCL-b-PTMC-b-PCL
triblock copolymer had a segmented, phase-separated
structure with two glass transition temperatures and
a single melting temperature. Tg1 and Tm correspon-
ding to the PCL segments were respectively –60 and
55°C, while Tg2 corresponding to the non-crystalliz-
able PTMC segment was –20°C.
Thermogravimetric analysis was used to determine
the nAp contents in the different PCL-b-PTMC-b-
PCL and nAp composites. While the polymeric com-
ponent decomposes at temperatures between approx-
imately 325 and 425 °C, the ceramic component
remains unchanged at temperatures up to 600 °C. It
was determined that the n0, n20, and n40 composites
contained respectively 0, 19 and 35 wt% nAp after
precipitation and drying.

To investigate the mechanical properties of the n0,
n20, and n40 PCL-b-PTMC-b-PCL and nAp com-
posites, the cast non-porous films were subjected
to tensile testing. In Table 1, an overview of their
mechanical properties is given.  It can be seen that
with an increase in nAp content, the elasticity
modulus (E) of the composites significantly in-
creases. While the yield stress does not change
very much, the tensile stress at break, the elonga-
tion at break and the toughness (energy to break,
area under the stress-strain curve) decrease consid-
erably.
For the porous films prepared by casting solutions
in ethylene carbonate and subsequent extraction with
water and drying, the porosity is close to values that
could be expected based on the total solids content
in the solutions (25 wt%). The dimensions of the
pores ranged from 20–31 in µm length and 11–16 µm
in width.
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Figure 3. Reaction scheme illustrating the synthesis of PCL-b-PTMC-b-PCL triblock copolymers. In the first reaction step,
ring-opening polymerization of the TMC monomer with bifunctional DMP as initiator yields an α-ω hydroxy
group-terminated PTMC block. Upon addition of ε-CL monomer and subsequent polymerization, a PCL-b-PTMC-
b-PCL triblock copolymer is formed in the second step.

Table 1. Tensile properties of non-porous and porous PCL-b-PTMC-b-PCL and nAp composite films. (n = 5, average ±SD).

Specimen Porosity
[%]

E
[MPa]

σyield
[MPa]

ɛyield
[%]

σbreak
[MPa]

ɛbreak
[%]

Toughness
[N/mm2]

Non-porous
n0 – 142±19 6±1 7±1 24.7±0.6 824±37 1476±185
n20 – 179±16 6±1 3±1 16.8±0.8 507±32 585±67
n40 – 243±14 7±1 3±1 13.5±0.3 430±22 589±83

Porous
n0 71 0.06±0.03 0.26±0.09 5±2 1.0±0.2 57±9 34±12
n20 70 0.21±0.08 0.28±0.11 2±1 0.9±0.2 34±3 26±7
n40 74 0.26±0.06 0.18±0.08 4±1 0.7±0.3 35±3 19±6



It is clear from the table that porosity has a very large
effect on the mechanical properties of the compos-
ites. Compared to the analogous non-porous materi-
als, the E modulus, tensile yield strength, tensile
strength at break, elongation at break, and toughness
were significantly lower. Nevertheless, here, too, the
ceramic component has an important effect on me-
chanical properties, increasing the elasticity modulus
and decreasing tensile yield stress, elongation at break
and toughness.
Both the non-porous and the porous films had more
than adequate mechanical properties and could be
handled with ease. This indicates that these PCL-b-
PTMC-b-PCL composite materials will be useful
materials for the preparation of medical implants.

3.3. 3D printing of PCL-b-PTMC-b-PCL and
nAp composites 

The dissolution/dispersion of the PCL-b-PTMC-b-
PCL and nAp composite in a crystallizable solvent,
such as ethylene carbonate, should facilitate the ex-
trusion of the composite during the 3D printing
process and allow for rapid solidification of the
printed structure after extrusion.
DSC analysis of the composite PCL-b-PTMC-b-PCL
and nAp solutions in EC, once again indicated the
presence of phase-separated block copolymers. After
cooling to –100°C, all crystallized composite solu-
tions showed the presence of two glass transition
temperatures in the second heating scan: one around
–60 °C (Tg1) corresponding to the PCL segment of
the block copolymer and one close to –20 °C (Tg2)
corresponding to the PTMC segment of the triblock
copolymer. No melting temperature corresponding
to the PCL segment (which should be close to 55°C)
was observed. However, a melting temperature close
to the melting point of ethylene carbonate (EC melt-
ing point is 37°C) was seen. The observed melting
temperatures were similar, with determined values
of respectively 38, 39, and 36°C for the n0, n20, and
n40 composite solutions. These low melting temper-
atures are advantageous for the printing of the com-
posites. Under the applied conditions, the DSC analy-
ses showed that the n0, n20, and n40 composite
solutions in EC crystallized at temperatures of re-
spectively –9, –2, and 0 °C. Apparently, nAp has a
positive effect on the crystallization rate of the EC
solvent. In optimizing the 3D printing conditions, we
found that cooling the printing stage with dry ice was
a very convenient way to reach these temperatures

and allow rapid solidification of the extruded struc-
ture.
All PCL-b-PTMC-b-PCL and nAp composite com-
positions could readily be printed. The n20 compos-
ite formulation in EC (25 wt% solids in 75 wt% EC)
was printed at a cylinder temperature of 68 °C, an
extrusion nozzle temperature of 70 °Cand an extru-
sion pressure of 620 kPa. Figures 4a and 4b show
optical light microscopy images of the printed struc-
tures before extraction of the crystallized solvent. It
can be seen that the printed structure very closely re-
sembles the design. The composite fibres clearly do
not sag, and the printed structures maintain their
form stability upon 3D printing.
Figures 4c and 4d show optical microscopy images
of printed structures after solvent extraction. Here
too, the shape fidelity of the built structures, as com-
pared with the design, remains very high. Apparent-
ly, in this process, the extraction of the crystallized
EC solvent with water does not have a detrimental
effect on the form stability of the 3D-printed struc-
tures. After a period of several weeks at ambient con-
ditions, the printed and extracted structures were
found to have kept their shape.
Figure 5 shows SEM images of the 3D-printed com-
posite structures after extraction of the crystallized
solvent and drying. Figures 5a and 5b show that
under the applied printing and cooling conditions,
the extruded fibres were very regular with a constant
thickness and homogeneously porous as well. It can
also be seen that they were well-bound to each other.
From Figure 5c, the diameter of the extruded fibres
could be determined to be 170 to 200 μm, indicating
that the fibre diameters closely match the diameter
of the extrusion nozzle and that die swell upon ex-
trusion of the composite through the 200 μm nozzle
is avoided.
The high-resolution SEM image in Figure 5d shows
the presence of the needle-like nAp particles in the
polymer matrix of printed structures. The regular
dispersal of the nanoparticles in the (sub) microme-
ter-sized pores shows that during the whole process,
i.e. upon sonication in CHCl3, precipitation in
methanol, redissolution in EC, printing, crystalliza-
tion of the composite solution and extraction, the
nAp remains homogeneously distributed in the poly-
mer and does not significantly aggregate.
Figures 5e and 5f represent images of the character-
istic pore structure that results from the crystalliza-
tion and subsequent extraction with water of EC.
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Figure 5f highlights internal features with nano-
pores present. Together these images show that the
3D printed composite structures display a multiplic-
ity in pore sizes: besides the designed and printed
pore structure (with pore sizes ranging in size from
530 to 620 µm), also smaller pores (5–30 µm due to
EC crystallization and even smaller ones (200–
500 nm due to liquid-liquid exchange upon extrac-
tion of the solvent in the polymer-rich phase), can
be discerned.

4. Conclusions
Novel biodegradable composite materials based on
thermoplastic PCL-b-PTMC-b-PCL triblock copoly-
mers and nano-sized apatite were prepared and eval-
uated with regard to their physical properties. Flex-
ible materials with nAp contents of up to 35 wt%
were prepared. While elasticity modulus values in-
creased with nAp content, tensile stress, elongation

at break and toughness decreased. Nevertheless, ma-
terials with excellent handling characteristics were
obtained.
Porous composite structures could be prepared using
ethylene carbonate as a solvent. After cooling of this
low melting solvent, the solidified solvent can be ex-
tracted with water, leaving behind well-defined
porous structures.
The PCL-b-PTMC-b-PCL triblock and nAp com-
posites dissolved/dispersed in ethylene carbonate,
could also be readily processed by an extrusion-
based additive manufacturing processing (3D print-
ing) operating under relatively mild conditions.
Upon extraction and drying of the 3D printed struc-
tures, porous composites with pores in accordance
with the design of the printed structure, and microm-
eter- and sub-micrometer-sized pores resulting from
ethylene carbonate solvent crystallization and ex-
traction were obtained.
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Figure 4. Optical light microscopy images of porous structures prepared by 3D printing of n20 PCL-b-PTMC-b-PCL and
nAp composites from 25% solutions in ethylene carbonate. The images were obtained before extracting the crys-
tallized solvent (a, b) and after extracting the solvent and drying (c, d).



It is expected that these biodegradable 3D-printed
thermoplastic elastomeric composite structures will

be of great value in bone tissue engineering. Further
research in this direction will, however be required.
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Figure 5. Scanning electron microscopy images of 3D printed porous structures prepared from 25% solutions of n20
PCL-b-PTMC-b-PCL and nAp composites in ethylene carbonate at different magnifications. The images were
taken after extraction of the crystallized solvent and drying. In a)–c) the constant thickness of the extruded fibres
and the homogeneity of the pores in is illustrated. Well-bound fibers (a) accurately resembling the design (b) with
regular thickness matching the diameter of the extrusion nozzle (c) are shown. In d), the presence of needle-like
nAp within the polymer matrix can be observed.
In e) and f), the characteristic pore structure resulting from ethylene carbonate crystallization and subsequent ex-
traction is shown. f) Illustrates the presence of nano-sized pores.
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