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ABSTRACT: Scaffolds of polycaprolactone (PCL) and PCL composites reinforced with b-tricalcium phosphate (b-TCP) were manufac-

tured aiming potential tissue engineering applications. They were fabricated using a three-dimensional (3D) mini-screw extrusion print-

ing, a novel additive manufacturing process, which consists in an extrusion head coupled to a 3D printer based on the Fab@Home

equipment. Thermal properties were obtained by differential scanning calorimetry and thermogravimetric analyses. Scaffolds mor-

phology were observed using scanning electron microscopy and computed microtomography; also, reinforcement presence was

observed by X-ray diffraction and the polymer chemical structure by Fourier transform infrared spectroscopy. Mechanical properties

under compression were obtained by using a universal testing machine and hydrophilic properties were studied by measuring the

contact angle of water drops. Finally, scaffolds with 55% of porosity and a pore size of 450 lm have shown promising mechanical

properties; the b-TCP reinforcement improved mechanical and hydrophilic behavior in comparison with PCL scaffolds. VC 2015 Wiley

Periodicals, Inc. J. Appl. Polym. Sci. 2016, 133, 43031.
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INTRODUCTION

The main goal of tissue engineering is to develop biological sub-

stitutes to restore, maintain, or improve the functions of differ-

ent kinds of normal and pathological mammalian tissues.1,2

Scaffolds are biological substitutes that mimic the extracellular

matrix (ECM); they are temporary structures that allow cell

attachment and cell growth.3–5 Tissue engineering is a viable

solution to the limitations of conventional treatments, which

are mainly restricted due to the small number of donors.6 This

is an interdisciplinary research field, where the principles of

engineering and life sciences are combined to fabricate scaf-

folds.2 In this context, additive manufacturing (AM) processes

have gained attention since these processes allow the generation

of scaffolds with controlled geometry and suitable properties for

tissue engineering applications. Biocompatibility, bioactivity,

bioresorption, mechanical strength, and porosity are the main

requirements of scaffolds. These characteristics can be achieved

using both, biomaterials and AM processes.7,8

There are different AM processes that can be used to fabricate

scaffolds for tissue engineering applications. The most common

are Stereolithography (SL), Selective Laser Sintering (SLS),

three-dimensional (3D) printing (3DP), and Fused Deposition

Modeling (FDM). These processes have been grouped according

to the ASTM F2792-12a process categories; SL is a vat photopo-

lymerization process, SLS is a powder bed fusion process, 3DP

is a material jetting process and FDM is a material extrusion

process.9 Moreover, 3D mini-screw extrusion based on FDM

technology used in this research presents three innovative char-

acteristics for portable 3D printer: it allows the use of small

amounts of raw powder material (30–60 g), it is possible to

reuse powder from SLS technology and it allows a better proc-

essing control.10 Conversely, in commercial printers the process

is tightly connected with their own supplied materials, which

may not be suitable for biomedical applications. On the other

hand, running specific medical grade materials is not possible

in commercial printers, since printer parameters are not opened

and consequently the printer cannot be configured to process

different types of materials. The great advantage of the screw

head is the possibility to mix different materials to create com-

posite scaffolds; for example, with a trade-off solution of degra-

dation rate and stiffness. In the 3D mini-screw system, a wide

range of operating parameters is available, where the screw

works with a maximum torque of 26 Nm, which allows
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processing polymeric materials and polymer matrix composites.

A maximum head speed of 12 mm/s for depositing the material

and screw rotations in the range of 3–12.5 rpm can be readily

set for scaffolds fabrication.

Polycaprolactone (PCL) is an aliphatic polyester biodegradable,

bioresorbable, and biocompatible commonly used as biomate-

rial.11 It has been widely used for bone and cartilage potential

applications due to its mechanical properties.12,13 However, its

hydrophobicity can affect cell adhesion and proliferation.2,14,15

Therefore, PCL composites and polymer blends have been fabri-

cated to improve the scaffolds performance. Bioceramics such

as hydroxyapatite (HA) and tricalcium phosphates (TCP) have

been used as reinforcement of polymer matrix composites.

These bioceramics are bioactive materials, which have appropri-

ate biological properties in order to promote osteointegra-

tion.16–18 In addition, 3D mini-screw extrusion printing allows

fabricating PCL scaffolds and composite scaffolds, starting from

polymer and ceramic powders without requiring the fabrication

of filaments or pellets as in other extrusion processes.10

In this research, PCL and PCL/b-TCP scaffolds were fabricated

by 3D mini-screw extrusion printing. The b-TCP was used as

reinforcement to enhance mechanical and hydrophilic proper-

ties. The influence of b-TCP in the polymer matrix was studied;

morphological, thermal, mechanical, and chemical properties

were analyzed. Furthermore, b-TCP reinforcement was used

because it shows higher bioresorption than a-TCP and HA.17

The aim of this work was to fabricate scaffolds with 08/908

architecture, from raw materials in powder form. To achieve

good morphologies, a path generator software was developed.

This program is compatible with the Fab@Home software and

allows generating continuous 08/908 3D paths to print scaffolds.

EXPERIMENTAL

Materials

PCL CAPA
VR

6505 (Mw 5 50,000 g/mol) was purchased from

Rhodia Solvay Group. This polymer is in powder form; 97.5%

of the material has a particle size less than 500 lm. Melting

point is in the range of 588C to 608C. The bioceramic powder

(b-TCP) was provided by the Ceramics Laboratory of LABIO-

MEC—UNICAMP with a mean particle size of 8 lm and par-

ticles in the range of 0.05–50 lm.

METHODS

Scaffold Fabrication

PCL and PCL/b-TCP scaffolds were fabricated with 08/908 archi-

tecture. They were identified by the weight content of polymer

and ceramic as follows: P100C0 for PCL pure scaffolds, P90C10,

P80C20, and P70C30 for composite scaffolds. The powders were

weighed on analytical balance and mixed in a mortar. All scaf-

folds were fabricated at 1058C. Extruder head speeds of 11.5

and 12 mm/s were fixed for PCL and PCL/b-TCP scaffolds,

respectively. Screw rotation of 7.5 rpm was defined for all scaf-

fold groups. Essentially, the used equipment is an interchange-

able head that works coupled with the Fab@CTI 3D printer, as

showed in Figure 1. In addition, a nozzle of 400 lm in diameter

was used. To generate the 3D printing path, software named

BioScaffolds PG was developed using Visual Basic. This software

generates a 08/908 vector with a continuous path, where the

user can easily define the scaffold geometrical parameters. Then,

a *.txt file compatible with the Fab@Home software is created.

The continuous path is an advantage since the 3D printer does

not need to stop the process between layers, minimizing mor-

phological defects due to the additive process.

Morphological Characterization

In order to analyze scaffolds morphology, a Zeiss Evo MA 15

Scanning Electron Microscope (SEM) was used. Surface and

cross section were observed. Specimens were fractured using liq-

uid nitrogen and coated with a conductive layer of sputtered

gold in a Bal-Tec SCD 050 Sputter Coater. Measurement of

extruded strands diameter and pore size was performed using

ImageJ 1.47v. Mean diameters were determined by performing

100 random measurements. Scaffolds porosity was obtained by

l-CT analysis using a X-ray Skyscan 1074 l-CT scanner at a

voltage of 40 kV and a current of 1000 lA, The exposure time

was 600 ms for all specimens; 400 scans were done with a step

of 0.98 for a 3608 reconstruction. The image capture software

was Skycan 1074 v2.1. Porosity analyses were performed using

CT v1.9.1.0 Analyser and 3D reconstructions were carried out

using InVesalius 3.0. Specimens of approximately 10 3 10 3

2 mm were used for morphological characterizations.

Thermal Characterization

Differential scanning calorimetry (DSC) analyses were per-

formed using the equipment DSC 200 F3 Maia—Netzsch. First

heating was carried out between 208C and 2008C. Then, speci-

mens were cooled to 21008C and maintained at this tempera-

ture for 2 min. Finally, a second heating was performed up to

2008C. Heating and cooling rates were 108C/min. All analyses

were performed in a nitrogen atmosphere (50 mL/min). The

data analysis was performed using Netzsch Thermal Analyses

6.0.0 Proteus; transition temperatures and enthalpies of fusion

and crystallization were obtained in accordance with ASTM

D3418-12.19 Furthermore, thermogravimetric analyses (TGA)

were performed using a Mettler Toledo TGA equipment. Heat-

ing rate of 108C/min in the range from 258C to 7008C was

used. Analyses were performed in a nitrogen atmosphere

(50 mL/min). Thermal characterization specimens of approxi-

mately 10 mg were used.

X-ray Diffraction (XRD)

XRD analyses were carried out in an X’Pert PRO PANalitycal

diffractometer (PW3040/60), using a voltage of 40 kV and a

current of 20 mA with a Cu-Ka tube with k5 1.5405 Å. All

analyses were carried out in the range of 208� 2h� 408. With

this analysis, the presence of b-TCP in the PCL matrix was eval-

uated. Raw materials were analyzed in powder form and com-

posites using scaffolds with dimensions of 18 3 18 3 2 mm.

Fourier Transform Infrared Spectroscopy (FTIR)

The FTIR analyses were performed in a Bruker Tensor 27 spec-

trometer in order to determine structural changes in both PCL

and PCL/b-TCP scaffolds. The transmittance was evaluated in

the wave number range from 4000 to 600 cm21. Attenuated

total reflection (ATR) mode was used with 32 scans for each

specimen.
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Mechanical Characterization

Mechanical properties were obtained by compression test. A

universal testing machine MTS (Model 810-FlexTest 40) with a

1.5 kN load cell was used. Speed test was 1.3 mm/min. Five

specimens with dimensions of 5 3 5 3 10 mm were tested for

each scaffold group. The apparent compressive modulus was

determined based on the slope of the linear region of the stress

versus strain curve.

Water Contact Angle Measurement (WCA)

The water contact angle analyses were performed using a Hita-

chi microscope with AxioVision v4.8 software. For this test,

non-porous specimens were fabricated with dimensions of 20 3

20 3 3 mm, in order to evaluate the hydrophilic properties of

PCL and PCL/b-TCP surfaces. Deionized water drops of 5 lL

were used. Drops were placed on the surfaces using a Transferp-

ette pipette. All analyzes were performed with an environmental

temperature of 268C 6 28C and a relative humidity of

46% 6 2%. For each group, five tests were carried out. An

image was captured after place the drop and another after

300 s, in order to evaluate the variation of the angle over time.

Contact angle measurements were performed using ImageJ

1.47v with Drop Analyses (ADSA-LB) plugin.

RESULTS AND DISCUSSION

Scaffold Fabrication and Morphology

Scaffolds were fabricated using BioScaffolds PG software to

avoid stopping the process between layers. When the process

stops, defects in the scaffold morphology can appear due to

stress overshoot, material remains in the nozzle and the delayed

response time20; this defects can be observed in the Figure

2(a,c). Conversely, continuous printing allowed fabricating scaf-

folds with better morphologies, as shown in Figure 2(b,d). On

the other hand, Figure 3 shows SEM micrographs of 08/908

architecture, strand surfaces and strand cross sections of the

scaffolds. Microporosity in PCL scaffolds is observed in the

Figure 3(a), which would be related to the screw extrusion pro-

cess. These micropores make the surfaces of scaffold more

roughened, which is a positive factor, since surface roughness

can improve cell adhesion and proliferation.8,21 With regard to

composite scaffolds, Figure 3(b–d) show the presence of b-TCP

particles in both, scaffold surfaces and cross section; in this

case, microporosity did not appear due to b-TCP presence. As

observed, b-TCP particles are dispersed in the polymer matrix.

However, as shown in Figure 4, l-CT analysis revealed a small

amount of b-TCP agglomerations in the cross section of

P80C20 scaffolds and a larger quantity in P70C30 scaffolds. All

scaffold architectures presented good morphology and intercon-

nected pores, as can be seen in Table I. Taking into account that

scaffolds where fabricated with a 400-lm nozzle, strand diame-

ter increased for all cases due to die swell, which is generated

because of the elastic recovery when the strand leaves the

Figure 2. SEM micrographs of PCL scaffolds: (a,c) Morphological defects

(arrows point to the defects locations) and (b,d) morphology without

defects obtained by continuous additive process.

Figure 1. Fab@CTI 3D printer (interchangeable head): (a) Mini-screw head mounted on Fab@CTI platform, (b) scaffolds deposition using the mini-

screw head, and (c) schematic illustration. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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nozzle.16 Additionally, pore size and porosity were inside the

adequate ranges commonly used for bone tissue applications.

For bone tissue regeneration the minimum pore size recom-

mended is 100 lm, but better osteogenesis is achieved with a

pore size greater than 300 lm.22 It was reported in the literature

scaffolds with pore size up to 750 lm for bone tissue regenera-

tion.18 In relation to porosity, cortical bone is denser (porosity

of 10% or less) than cancellous bone (porosity >50%).23

Thermal Properties and Composition

Second heating DSC curves of PCL CAPA
VR

6505, PCL scaffolds

and composite scaffolds are showed in Figure 5(a). With these

data, glass transition temperature (Tg), melting temperature

(Tm), and melting enthalpy (DHm) were obtained. Moreover,

Figure 5(b) shows cooling DSC curves. With these data, crystal-

lization enthalpy (DHc) and crystallization temperature (Tc)

were obtained. Crystallinity degree of PCL was determined

using eq. (1),24 where DHm
0 5 139.5 (J/g)25,26 and x is the poly-

mer weight fraction.

vc ð%Þ5
DHm

DH0
m � x

� �
3100 (1)

Table II shows the results obtained by DSC analyses. Tg and Tm

values did not show a significant variation and are around the

theoretical values of PCL. Composites crystallization tempera-

ture Tc values were higher in comparison with PCL CAPA
VR

6505, which shows the influence of b-TCP as nucleating agent.27

DHm and DHc values increased for PCL scaffolds in comparison

with PCL CAPA
VR

6505 and decreased with the increment of

b-TCP content; this behavior influenced the results obtained for

crystallinity degree. Additionally, PCL scaffolds showed more

crystallinity than PCL CAPA
VR

6505, which would be associated

to heating during manufacturing process.28,29 Crystallinity

increased for composite scaffolds due to the nucleating effect of

reinforcement.27 As observed previously, l-CT analyses revealed

some agglomerations of b-TCP at higher concentrations;

therefore, crystallinity degree would be affected by the presence

of agglomerates.

TGA analyses were performed to determine the real composi-

tion of scaffolds. When TGA analyses of PCL are performed in

nitrogen atmosphere, 5-hexanoic acid, CO2, CO, and e-

caprolactone are liberated. In this case, thermal degradation

curve shows one degradation stage; initially, 5-hexanoic acid

and CO2 are liberated. The peak degradation temperature for

PCL was around 4058C for PCL and PCL/b-TCP scaffolds as

observed in Figure 6(a). Above 4308C e-caprolactone and CO

vestiges are liberated.30 On the other hand, b-TCP is stable up

to 11258C.31 Therefore, as observed in Figure 6(b), within the

temperature range fixed for the tests (258C–7008C), PCL scaf-

folds showed practically complete mass loss. For composite

Figure 3. SEM micrographs of scaffolds: (a) P100C0, (b) P90C10, (c) P80C20, and (d) P70C30. (At row 1 is presented the 08/908 architecture, at row 2

the strand surface and at row 3 the cross section of the strand).

Figure 4. The 3D reconstructions generated from l-CT data for scaffolds:

(a) P100C0, (b) P90C10, (c) P80C20, and (d) P70C30. [Color figure can

be viewed in the online issue, which is available at wileyonlinelibrary.

com.]
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scaffolds it was possible to verify the real quantity of ceramic

reinforcement, taking into account that b-TCP has no mass loss

during the test.16 Scaffolds P70C30 showed a larger divergence

between real and theoretical compositions; it would be associ-

ated to the presence of reinforcement agglomerations. Addition-

ally, XRD analyses showed scaffolds compositions qualitatively.

PCL is a semicrystalline polymer; crystalline regions are consti-

tuted by orthorhombic unit cells.17 The X-ray diffractometric

pattern of PCL has basically three peaks associated to the planes

(110), (111), and (200) around 2h values of 21.48, 21.98, and

23.68, respectively.32,33 In Figure 7(a,b), the PCL and all the

composite diffractometric patterns showed the three characteris-

tic peaks. PCL CAPA
VR

6505 showed more intense peaks in com-

parison to the PCL and composite scaffolds. The porosity of

scaffolds decreases the intensity of peaks. In contrast, the dif-

fractometric pattern of b-TCP has some characteristic

planes34,35 as showed in Figure 7(b). Consequently, composite

scaffolds revealed the influence of both, PCL and b-TCP. Com-

posites with higher b-TCP content present peaks with higher

intensity for b-TCP and less intensity for PCL, which is in

agreement with TGA results.

Fourier Transform Infrared Spectroscopy (FTIR)

In Figure 8 it can be observed very similar FTIR spectra for all

cases where the PCL is present, which means that polymer deg-

radation during processing was not significant, mainly due to

the fact that the band located at 1727 cm21 is observed after

processing, which is attributed to the carbonyl group (AC@O).

Likewise, it is possible to observe two well-defined bands near

2949 cm21 and 2865 cm21, which are associated with asymmet-

ric and symmetric CH2 stretching, respectively.36 Additionally,

the PCL peak temperature of thermal degradation is around

4058C, which suggests that no chemical transformations

occurred during fabrication, since the system temperature was

1058C. On the other hand, the FTIR spectrum for b-TCP shows

a band around 1020 cm21, which corresponds to calcium phos-

phate PO32
4 .37 In the FTIR spectra of composite scaffolds a

strong influence of the b-TCP was not observed. For the three

Figure 5. (a) Second heating DSC curves for PCL CAPA
VR

6505 and scaffolds. (b) DSC cooling curves for PCL CAPA
VR

6505 and scaffolds. [Color figure

can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

Table I. Results of Morphological Characterization of PCL Scaffolds and PCL/b-TCP Composite Scaffolds

Sample P100C0 P90C10 P80C20 P70C30

Strand diameter (mm) 453 6 26 447 6 14 453 6 17 447 6 24

Pore size (mm) 441 6 59 430 6 79 413 6 104 447 6 60

Porosity (%) 55.3 6 0.5 57.2 6 1.4 55.8 6 1.1 55.7 6 1.6

Table II. Thermal Properties of PCL CAPA
VR

6505, PCL Scaffolds, and PCL/b-TCP Composite Scaffolds

Sample Tg (8C) Tm (8C) Tc (8C) DHm (J/g) DHc (J/g) vc (%)

PCL CAPAVR 6505 261.8 57.6 24.8 62.9 55.4 45.1

P100C0 261.0 58.5 30.4 70.1 64.3 50.3

P90C10 261.3 59.2 31.3 68.8 59.6 54.7

P80C20 261.7 58.2 32.0 57.5 47.2 51.5

P70C30 261.5 58.4 33.0 53.7 46.9 54.9
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compositions, the spectra were shifted slightly near the charac-

teristic band of PO32
4 . FTIR tests were conducted using the

attenuated total reflection mode (ATR), that is, the sample anal-

ysis depth was typically in the range of micrometers, which

would be associated to small influence of b-TCP in the FTIR

spectra.

Mechanical Properties

One of a scaffold requirement is its compatibility with the

mechanical properties of the host tissue. Scaffolds should pro-

vide a temporary support during the process of tissue regenera-

tion.7 That requirement was achieved with the four groups of

scaffolds; Figure 9(a) shows stress versus strain curves and Fig-

ure 9(b) the apparent compressive modulus for PCL and com-

posite scaffolds. P100C0, P90C10, and P80C20 scaffolds showed

a mechanical behavior with a uniform trend within each group.

Oppositely, P70C30 scaffolds showed a mechanical behavior

with a greater variation. As observed in l-CT analyses, scaffolds

with a greater amount of reinforcement have higher agglomera-

tion of b-TCP, which was related to the highest variation of

mechanical properties. This agglomeration may be generated

due to nozzle clogging16 and the limited mixing capacity of the

extruder screw. However, mechanical properties of all the scaf-

folds studied are within the range of applications in bone tissue,

specifically cancellous bone; it has a compressive Young’s modu-

lus in the range of 20–500 MPa.38,39 Bone is anisotropic and

mechanical properties vary according to the bone localization in

the body; that is, under compression, superior femoral bone has

a strength of 2.35 MPa, inferior femoral bone 0.56 MPa, and

proximal tibia 2.22 MPa.40 Hence the fabricated scaffolds have

good mechanical characteristics for applications in specific

zones of the cancellous bone.

Figure 6. (a) TGA curves and (b) Derivative thermogravimetry (DTG) curves for PCL and PCL/b-TCP composite scaffolds. [Color figure can be viewed

in the online issue, which is available at wileyonlinelibrary.com.]

Figure 7. X-ray diffraction patterns: (a) PCL CAPA
VR

6505 and PCL scaffolds, (b) PCL/b-TCP composite scaffolds and b-TCP raw material. [Color figure

can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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With more b-TCP content, the stiffness of scaffolds increased.

For P90C10 scaffolds, the elastic modulus increased 26% com-

pared with P100C0 scaffolds. In the case of P80C20 scaffolds,

elastic modulus increased significantly, specifically 107% and

P70C30 scaffolds showed an increase of 92%. The results show

that the presence of b-TCP improved mechanical properties of

the polymer matrix in all cases: the composition of 20% by

weight has presented the best properties. Additionally, mechani-

cal tests revealed that linear region is evident at low stress val-

ues, as reported in the literature.12,28 Moreover, studies of

mechanical behavior of scaffolds of PCL and PCL/HA show

mechanical properties compatible with PCL and PCL/b-TCP

scaffolds, in both cases suitable for bone tissue engineering

applications. Scaffolds of PCL and PCL/HA obtained by preci-

sion extruding deposition have a compressive apparent modulus

of 59 MPa and 84 MPa, respectively, and a porosity of 60% and

25% by weight content of HA.18 Using b-TCP as reinforcement

improved mechanical properties, taking into account that this

allotropic form of TCP have reported better mechanical and

biological properties than a-TCP and a0-TCP.41 F-tests of equal-

ity of variances (a 5 0.05) between the analyzed groups con-

firmed significant difference between mechanical properties of

the analyzed groups.

Hydrophilic Properties

Hydrophilic properties of biomaterials are of great importance

in tissue engineering applications. Hydrophilicity of scaffold

surfaces influences the behavior of cells, particularly in cell

adhesion and proliferation. It also influences the adsorption of

proteins, an important factor to start cell adhesion.42,43 Figure

10 shows the results obtained for water contact angle measure-

ments. As observed, the addition of the bioceramic improved

Figure 8. FTIR spectra for PCL CAPA
VR

6505, b-TCP, PCL scaffolds, and PCL/b-TCP composite scaffolds. [Color figure can be viewed in the online issue,

which is available at wileyonlinelibrary.com.]

Figure 9. Mechanical properties: (a) Stress versus strain curves and (b) compressive modulus of PCL scaffolds and PCL/b-TCP composite scaffolds;

mean and standard deviation. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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hydrophilic properties. F-tests of equality of variances (a 5 0.05)

and one-way analysis of variance (a 5 0.05) showed a significant

difference between analyzed groups. According to literature,

using bioceramics as reinforcement improves hydrophilic prop-

erties.17,41,44 In this study, b-TCP slightly improved hydrophilic

properties; when b-TCP content increases, water contact angle

decreases.

CONCLUSIONS

PCL and PCL/b-TCP scaffolds were obtained by 3D mini-screw

extrusion printing using the Fab@CTI 3D printer. The thermal

characterization revealed that the reinforcement acted as nucle-

ating agent, which allowed a better organization of polymer

chains, increasing the crystallinity of polymer matrix. In addi-

tion, TGA allowed obtaining the real content of reinforcement

in composite scaffolds. XRD analysis showed qualitatively the

presence of b-TCP in the polymer matrix. Although some

agglomerations of b-TCP were observed by l-CT, all mechanical

properties of composites were improved in comparison with

PCL scaffolds; the composition of 20% by weight showed the

best mechanical properties, but all groups of scaffolds have suit-

able mechanical properties for bone tissue applications. FTIR

analyses showed the characteristic bands of the PCL structure,

which suggest that the extrusion process did not change signifi-

cantly the chemical structure of PCL. In PCL/b-TCP compo-

sites, hydrophilic properties improved slightly. Good

morphology and properties were obtained; the fabricated scaf-

folds have potential for bone tissue applications. Future works

will include in vitro tests.
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