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Fabrication of new biodegradable scaffolds that guide and stimulate tissue regeneration is still a major
issue in tissue engineering approaches. Scaffolds that possess adequate biodegradability, pore size, inter-
connectivity, bioactivity and mechanical properties in accordance with the injured tissue are required.
This work aimed to develop and characterize three-dimensional (3-D) scaffolds that fulfill the aforemen-
tioned requirements. For this, a nozzle-based rapid prototyping system was used to combine polylactic
acid and a bioactive CaP glass to fabricate 3-D biodegradable scaffolds with two patterns (orthogonal
and displaced double layer). Scanning electron microscopy and micro-computer tomography showed
that 3-D scaffolds had completely interconnected porosity, uniform distribution of the glass particles,
and a controlled and repetitive architecture. Surface properties were also assessed, showing that the
incorporation of glass particles increased both the roughness and the hydrophilicity of the scaffolds.
Mechanical tests indicated that compression strength is dependent on the scaffold geometry and the
presence of glass. Preliminary cell response was studied with primary mesenchymal stem cells (MSC)
and revealed that CaP glass improved cell adhesion. Overall, the results showed the suitability of the tech-
nique/materials combination to develop 3-D porous scaffolds and their initial biocompatibility, both
being valuable characteristics for tissue engineering applications.

� 2012 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
1. Introduction

Rapid prototyping (RP), also known as additive manufacturing
(AM), has emerged in the biomaterials field as a new tool for
the fabrication of scaffolds with well-defined and reproducible
architectures. RP techniques open the possibility of building
custom-made scaffolds based on patient-specific tissue defects.
These techniques combine computer design together with auto-
mated printing technology. In addition, temporary, tailor-made
scaffolds fabricated by RP provide an excellent in vitro platform
for the study of the effect of geometry/architecture on cell
response, and for computer modeling of the scaffold’s behavior. It
also allows three-dimensional (3-D) structures with improved
mechanical performance to be obtained. In fact, RP structures show
mechanical properties significantly higher than those of structures
fabricated by other well-known techniques such as solvent-casting
and particle leaching, thermal-induced phase separation and gas
foaming, among others [1–4].
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Several RP techniques have been developed in recent decades.
The elaboration of different polymer and ceramic scaffolds with
different geometries has been reported [1–8]. Of remarkable inter-
est are the nozzle-deposition-based techniques, particularly the
approach consisting in a dispensing system integrated with pump-
ing technology and a CAD/CAM tool. This is a versatile technique
that allows the building of 3-D structures and complex geometry
models with precise control and reproducibility, using a large vari-
ety of materials [5].

Reviewing the literature on RP fabricated scaffolds reveals that
numerous degradable polymers such as polycaprolactone, polylac-
tic acid (PLA), polyglycolic acid, chitosan and their copolymers
have been used to fabricate 3-D scaffolds [2,6,8–11]. In particular,
PLA is a currently used biodegradable polymer that has been ap-
proved by the FDA for various biomedical applications. Though this
polymer has been extensively studied, its use in the fabrication of
RP scaffolds and specifically those elaborated through nozzle-
based systems has been limited and scarcely reported. At present,
most of the reported PLA-based scaffolds fabricated by RP require
the molecular modification of the PLA matrix, the use of tempera-
ture during printing or further processing of the structure by
freeze-drying [12,13]. The RP tool used in the present study allows
the fabrication of PLA 3-D structures without modifying the poly-
mer structure with specific chemical groups, without melting the
ll rights reserved.
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Fig. 1. Axial and cross-section view of the theoretical 3-D structures of (a) ORTH
and (b) DISPL scaffolds: d1 = 500 lm; d2 = 250 lm; Ø = 200 lm.
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polymer and without using any subsequent process to remove the
solvent from the final structure.

One of the strategies to improve the bioactivity and mechanical
integrity of polymer scaffolds is the incorporation of an inorganic
phase such as calcium phosphate (CaP) particles [14]. Indeed, sev-
eral studies combining biodegradable polymers with different CaP
ceramics have been reported [15–17]. In this area, CaP-based
glasses are an interesting option, given their controlled biodegrad-
ability and bioactive potential [18]. In particular, CaP glasses in the
system P2O5–CaO–Na2O–TiO2 have shown excellent biocompati-
bility both in vitro and in vivo [19,20].

This work describes the fabrication of PLA-based 3-D scaffolds
by RP. Both polyethylene glycol (PEG) and G5 glass particles were
combined with the PLA matrix to obtain 3-D fully biodegradable
porous composite structures with superior mechanical and bioac-
tive properties. The structures obtained were characterized in
terms of their processing effect, final architecture, mechanical
behavior, surface properties and biological response.

2. Materials and methods

2.1. Material

Poly(95L/5DL) lactic acid (PURAC) and PEG (Mw = 400 Da; Sigma
Aldrich) were dissolved in chloroform (5% w/v) and combined to
obtain a homogeneous polymer blend solution. Regarding the com-
posite material preparation, a polymer blend (2.5% w/v in chloro-
form) was prepared to mitigate the increase in viscosity due to
the presence of glass particles. PEG was used as a plasticizer to
facilitate scaffold processing. A titania-stabilized, completely
degradable CaP glass with molar composition 44.5P2O5–44.5Ca2-

O–6Na2O–5TiO2 coded G5, was used in the form of particles
(<40 lm) and added to the solution [18]. Materials were combined
according to the compositions shown in Table 1.

2.2. Scaffolds design and fabrication

A nozzle-deposition system also known as a direct-print tool
(Tissue Engineering 3-Dn-300, Sciperio/nScrypt Inc. Orlando, FL,
available in the Rapid Prototyping service of the Biomedical Net-
working Center, CIBER-BBN and IBEC www.ibecbarcelona.eu/bio-
materials) was used to fabricate the 3-D scaffolds. The machine
consists of a dispensing system integrated with pumping technol-
ogy to conformably deposit various types of materials. It uses a
computer-aided-design/computer-aided-manufacturing (CAD/
CAM) approach to build 3-D structures. The dispensing process is
controlled by the motion control software and the CAD program,
allowing flexible alteration of parameters such as speed of deposi-
tion, air pressure in the pneumatically actuated pump, dispensing
height and 3-D geometry of the deposition pathways. The tool pro-
vides accuracy and reproducibility of the XYZ positioning of the
dispensing nozzle with a resolution within few microns [21]. In or-
der to study the influence of pore size and pore distribution in the
axial and transversal direction, two different architectures were
designed and fabricated (see Fig. 1): (a) an orthogonal layer config-
uration (ORTH) with distance between struts axes (d1) of 500 lm
and diameter of the struts (Ø) �200 lm, and (b) a displaced
Table 1
Composition of the studied materials.

Material Polymer matrix (w/w%) G5 particles (w/w%)

PLA PEG

PLA/PEG 95 5 –
PLA/PEG/G5 95 5 50
double-layer design (DISPL) [22] with distance between struts
d2 = d1/2 dispensing a double layer in each direction.

Three-dimensional structures were built accordingly to the cre-
ated designs by means of the layer-by-layer deposition of the
material using the pumping equipment. A printing pressure in a
range between 40 and 80 psi and a motor speed of 3 mm s�1 were
used to enable the material flow through a G27 (200 lm) nozzle.
The syringe temperature was set at 40 ± 5 �C using a heating jacket,
and room temperature was kept at 25 ± 2 �C.

2.3. Scaffold characterization

2.3.1. Differential scanning calorimetry
Differential scanning calorimetry (DSC; DSC-2910, TA Instru-

ments) was used to determine the effect of PEG in the thermal
properties of the polymer blend, and the thermal properties of
the material pre- and post-processing. Samples (5–10 mg) of the
PLA/PEG 3-D-deposited scaffolds, were first heated from 10 �C to
200 �C, then cooled to �25 �C and heated up to 200 �C at a heating
rate of 10 �C min�1 in aluminum pans, with nitrogen as a purge
gas. The resulting DSC curves were analyzed to determine the glass
transition (Tg) temperature, and the crystallinity (Xc) of the poly-
mer. Tg values were taken from the thermograms corresponding
to the second heating cycle, whereas for the Xc calculation, enthal-
py values were taken from the first cycle.

2.3.2. Morphological scanning electron microscopy study
Morphological analysis of the 3-D structures was carried out by

scanning electron microscopy (SEM; JEOL JSM 6400, Tokyo, Japan)
to visualize and evaluate the architecture of the 3-D scaffolds, sur-
face morphology and structural stability of the deposited struts
and layers. SEM observation allowed qualitative evaluation of the
differences between the theoretically defined pore geometry and
size and those obtained after processing. Image J software was
used to calculate the diameter of the struts and pores obtained. A
one-way analysis of variance (ANOVA) test was performed to
determine the statistical significance (p < 0.05) of the differences
in the experimental values obtained. It also allowed verification
of the distribution of glass particles within the polymer matrix
and the final 3-D scaffold.

2.3.3. Porosity
The theoretical volume porosity percentage (%Voltheoretical) was

calculated for each scaffold using the initially designed geometries
based on a unit cube (Fig. 1), whereby the strut diameter and
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spacing between layers were equal (i.e., no overlapping due to the
fusion between struts from one layer to the adjacent one was as-
sumed). It was also considered that, when changing the design
from the ORTH to the DISPL configuration, the value of volume
porosity was not changed.

%Voltheoretical ¼ ðVa � V tÞ=Va � 100% ð1Þ

where Vt is the true volume (mm3) (=VcNcNl=(Ø2/4)PLNcNl); Vc is
the cylinder volume (mm3); and Va is the apparent volume
(mm3) = Lwh; L = ØNc + D(Nc � 1); D is the distance between struts;
h = ØNl.

Therefore,

%Voltheoretical ¼ ð1� ð£2=4ÞPNcNl=ðwhÞÞ � 100% ð2Þ

where Ø, L, w and h refer to the strut diameter, strut length, scaffold
width and scaffold height in millimeters, respectively. Furthermore,
Nc represents the number of cylinders (struts) per layer, while Nl

represents the number of layers per scaffold.

2.3.4. Microstructure analysis and 3-D reconstruction by micro-
computer tomography

Three scaffolds (for each material composition) were scanned
using a micro-computer tomography (lCT) X-Tek HMX225 (Digi-
sens) instrument with a voxel resolution of 8 � 8 � 8 lm3. Com-
puter 3-D reconstruction of the scaffolds was made using Mimics
14.0 software (Materialise, Leuven, Belgium) to determine the
porosity as well as the percentage and distribution of the glass par-
ticles within the 3-D composite structures.

2.3.5. Mechanical properties of scaffolds
A Universal Testing Machine (MTS-Bionix 858, MTS Systems

Corporation, Eden Prairie, USA) with a 2,5 KN load cell was
used to evaluate the mechanical properties of the scaffolds. The
samples were tested at a speed of 1 mm min�1 without preloading.
Stress–strain data were computed from load–displacement mea-
surements. The compressive modulus was determined based on
the slope of the stress–strain curve in the elastic region. For each
material composition, three cubic scaffolds (5 � 5 � 5 mm3) were
tested. Cubic samples were cored from larger 3-D printed blocks
initially designed in the CAD software. The real accurate dimen-
sions of the specimens were measured before the test.

An ANOVA test was performed to determine the statistical sig-
nificance (p 6 0.05) of the differences in the values of compressive
modulus.

2.3.6. Topography
Surface topography as well as glass distribution at the surface of

the composite material were observed by optical interferometry
(WYCO NT1100, Veeco), a non-destructive technique that allows
measurement of surface topography in 3-D. The studied parame-
ters were: surface roughness (Sa), skewness, or the asymmetry of
the surface about the mean plane (Ssk) and kurtosis, or peakedness
of the surface about the mean plane (Sku). The study was performed
in solvent-cast films made of the same polymer blend and glass
percentage as the RP scaffolds, in order to re-create the topography
of the surface of the RP struts. Three samples of each material (PLA/
PEG and PLA/PEG/G5) with the following dimensions
(2 � 2 � 0.1 cm3) were used for the study. Three different zones
(124 � 96 lm2) were analyzed for each material.

2.3.7. Wettability
Contact angle measurements were performed to evaluate the

material’s wettability. The sessile drop method was used to mea-
sure the contact angle by depositing ultrapure water (3 ll; Milli-
Q; Millipore, USA) on the surfaces of the polymer samples using
a contact angle measurement system (OCA 20; Dataphysics, GmbH,
Germany). As in the case of topography, PLA/PEG and PLA/PEG/G5
films were used to carry out the measurements. Three samples of
each material (PLA/PEG and PLA/PEG/G5) with the following
dimensions (3 � 1 � 0.1 cm3) were used for the study. Three mea-
surements were performed in each specimen, and independent
experiments were conducted on three different samples.

An ANOVA test was performed to determine the statistical sig-
nificance (p 6 0.05) of the differences in the values of wettability as
well as surface topography.
2.3.8. Cell cultures
Rat mesenchymal stem cells (rMSC) isolated from bone marrow

were employed for cell culture studies. Cells were plated in culture
flasks with Advanced Dulbecco’s modified Eagle medium (Invitro-
gen) supplemented with 15% fetal bovine serum, 1% penicillin/
streptomycin, 1% L-glutamine, and 1% pyruvate (all supplements
from Invitrogen) at 37 �C in a humidified atmosphere of 5% CO2

in air. The culture medium was changed every 2 days. At the fifth
passage, cells were rinsed with phosphate buffered saline (PBS)
and trypsinized with trypsin–EDTA (0.25%) in an incubator for
5 min at 37 �C. The cells were replated according to the conditions
for the WST test.
2.3.9. Adhesion test
Cell adhesion was investigated by WST assay (Roche, Germany),

which quantified the formazan released from cells into the super-
natant by viable cells. The WST assay measures the reduction of
the tetrazolium salt to formazan by mitochondrial succinate dehy-
drogenase. The increase in the supernatant formazan was directly
correlated to the amount of viable cells. The 3-D PLA/PEG and PLA/
PEG/G5 structures (10 mm diameter, 3 mm high) previously steril-
ized by ethanol were located in a 48-well polystyrene standard
culture plate. A concentration of 1 � 105 cells was seeded in the
scaffolds with 300 ll of medium per well. Polystyrene microplate
wells were used as control. Cell adhesion was studied at 4 and
24 h. After each adhesion time point, scaffolds were replaced in
new culture plates with 300 ll of fresh medium. For the assay,
30 ll of WST reagent were added to each sample including the
polystyrene controls. The plate was incubated at room tempera-
ture for 1 h, and absorbance values were read in the spectroscopic
microplate reader at 450 nm using a Power-Wave X, Bio-Tek spec-
trophotometer. The results are expressed as the averaged absor-
bance levels of three replicates. An ANOVA between groups test
was performed to determine the statistical significance (p 6 0.05)
of the differences in the absorbance values.
2.3.9.1. Immunofluorescence study. In order to observe the morphol-
ogy of the cells attached to the studied surfaces, an immunofluo-
rescence study was performed. After 4 h of culturing, the cells
were fixed by immersion in 3% paraformaldehyde in 10 mM PBS
at room temperature for 15 min. The cells were rinsed with a mix-
ture of 10 mM PBS and 20 mM glycine. Subsequently, the cells
were permeabilized with a solution of 0.05% saponine in 10 mM
PBS/20 mM glycine. After 10 min, the cells were blocked with a
1% bovine serum albumin solution in 10 mM PBS/20 mM glycine
for 20 min and then incubated with various specific antibodies
and dyes (phalloidin-TRITC, 1:2000; and DAPI, 1:500) for 1 h at
37 �C. The phalloidin-TRICT was used to stain actin filaments of
the cytoskeleton, and DAPI was used to dye the cells’ nuclei. The
samples were rinsed and mounted on slides with Mowiol mount-
ing media (Calbiochem) and observed in a Leica TCS40 confocal
microscope.
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3. Results

3.1. Thermal characterization

The thermal characteristics of PLA and PLA/PEG samples both
before and after processing are shown in Table 2. DSC analysis
showed that the addition of 5% w/w of PEG into the PLA matrix de-
creased Tg to 40 �C. It also confirmed that the crystalline fraction of
PLA/PEG did not changed significantly when the polymer was pro-
cessed. Indeed, it varied between 27.48% and 26.51% for the mate-
rial before and after processing, respectively. Moreover, there were
no significant differences between the glass transition temperature
values before and after the process.

3.2. Morphological evaluation by SEM and porosity

Fig. 2 shows the final ORTH structures for both PLA/PEG and
PLA/PEG/G5. Both polymeric and composite scaffolds showed
well-defined structures with pore size �375 ± 25 lm in the axial
view and strut width �75 ± 5 lm. The total spacing between the
struts axes was therefore �500 lm, according to the nominal de-
sign. In the case of the material with G5 glass, a fairly homoge-
neous distribution of the particles within the matrix was
observed. The glass was well incorporated and embedded by the
polymer (Fig. 2b, d) adding an interesting topography to the scaf-
fold surface. Fig. 3 shows the final DISPL structures obtained for
PLA/PEG and PLA/PEG/G5. SEM images showed well-defined struc-
tures with pores �165 ± 5 lm and struts �75 ± 5 lm. In this case,
the pores size in the transversal direction (Fig. 3c, d) was improved
(double) with respect to the one of the ORTH design. Furthermore,
in both cases, these 3-D structures showed a combination of poros-
ities ranging from the macroscale due to the initial designed pore
size to the micro and nanoscale due to the presence of glass parti-
cles and to the pores left by solvent evaporation (Fig. 4c, d).

3.3. Porosity and microstructure characterization by lCT

Theoretical volume porosity percentage ranged between 85.7%
and 87.2% (for both materials, ORTH geometry) considering a dis-
tance between struts (D) of 400 lm and 350 lm, respectively.

lCT enabled 3-D characterization of RP-fabricated scaffolds.
The 3-D reconstructed model for PLA/PEG/G5 scaffold, displayed
in Fig. 5a, shows disposition of struts and pores size similar to
the SEM image (Fig. 5b) of the same structure. Moreover, analogous
topography, due to the presence of glass particles embedded by the
polymer struts, can be observed in both images.

The evaluation of porosity from the lCT 3-D reconstruction re-
vealed values of 75 ± 0.86% for the PLA/PEG blend scaffold and
70 ± 1.2% for the PLA/PEG/G5 one. A homogeneous distribution of
the glass particles throughout the scaffold structure, and full pore
interconnectivity were confirmed from the analysis of 3-D recon-
struction (Fig. 5).

3.4. Mechanical evaluation

Fig. 6 shows the data corresponding to the compressive modu-
lus for the polymer both with and without glass particles and for
Table 2
Thermal characteristics of PLA/PEG.

Material Tg (�C) %Xc

PLA 59.15 ± 0.16 40.68 ± 0.42
PLA/PEG Non-processed 40 ± 0.6 27.48 ± 0.72

Processed 44.61 ± 0.32 26.51 ± 0.19
both geometries, ORTH and DISPL. The compressive modulus of
PLA/PEG scaffolds was found to be 92.32 ± 2.18 MPa for the ORTH
design and 28.38 ± 3.99 MPa for the DISPL one, whereas for PLA/
PEG/G5 the value increased to 99.81 ± 3.55 MPa for the ORTH
and to 44.19 ± 2.67 MPa for the DISPL design.

3.5. Topography

Table 3 displays the results obtained for the topography study.
Interferometry measurements showed that the average roughness
of PLA (117.72 ± 60.50 nm) increased significantly with the addi-
tion of G5 glass particles and PEG (PLA/G5 = 1401.81 ± 570.59 nm
and PLA/PEG/G5 = 1003.89 ± 228.45 nm). Additionally, Ssk values
suggested a higher surface asymmetry when 5% PEG was added
to PLA. No statistically significant differences (p < 0.05) were found
for Sku values for the studied materials.

3.6. Contact angle measurement

The contact angle values for the studied materials are showed in
Table 4. As observed, the presence of G5 increased the wettability
of the surface. Moreover, the addition of 5% PEG into the PLA and
PLA/G5 materials also led to a decrease in the contact angle.

3.7. Cell adhesion

Cell adhesion was assessed from two different points of view.
The viability of the cells was evaluated using the WST assay, and
the cell morphology was monitored using immunofluorescence
staining. Fig. 7a displays the absorbance values after both 4 and
24 h adhesion as measured by the WST assay, and the fluorescence
images of the attached cells.

After 4 h of contact with the studied scaffolds, the polystyrene
control plate showed the highest absorbance values, and no signif-
icant differences (p < 0.05) were observed between the PLA/PEG
and PLA/PEG /G5 samples. After 24 h of culture, no significant dif-
ferences were observed between the studied samples and, once
again, the polystyrene plate showed the highest absorbance values.

Despite the fact that, after 4 h, the WST assay did not display
any important difference (p < 0.05) for both scaffolds (PLA/PEG
and PLA/PEG/G5) the immunofluorescence study demonstrated
very clear variations in the morphology of the cells. Fig. 7b and c
shows images of the rMSC adhering to the two different scaffolds
after 4 h of contact.

The cells adhering to the surface of the PLA/PEG scaffold
showed mostly rounded shapes, and were sparsely spread on the
surface. In the case where the glass particles were added, the cells
showed a very well-spread morphology with a spread
cytoskeleton.
4. Discussion

In this study, the RP method was used to fabricate 3-D poly-
meric (PLA/PEG) and composite (PLA/PEG/G5) scaffolds for tissue
engineering applications. Scaffolds’ fabrication parameters were
optimized, and the final structures were studied using SEM, lCT,
optical interferometry, contact angle, compressive mechanical
testing, and DSC to characterize their architecture, the surface
topography and wettability, and their mechanical and thermal
properties.

It is known that an optimal ‘‘printing’’ process involves complex
interactions between the hardware, software and material proper-
ties [7,23]. Thus, each aspect has to be carefully tuned in order to
successfully obtain the right 3-D structures for each particular
application. Choosing the right processing conditions guarantees



Fig. 2. SEM micrographs of 3-D printed scaffolds with ORTH pattern: (a, c) PLA/PEG; (b, d) PLA/PEG/G5; (a, b) top view; (c, d) cross-section view.

Fig. 3. SEM micrographs of 3-D printed scaffolds with DISPL pattern: (a, c) PLA/PEG; (b, d) PLA/PEG/G5; (a, b) top view; (c, d) cross-section view.
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obtaining high quality 3-D structures without harming the mate-
rial properties; in the case of PLA, processing by nozzle deposition
is relatively complex, owing to the combination of parameters
affecting the polymer solution, such as solvent evaporation and
processing temperature, among others.

In this work, the most advantageous set of parameters for fab-
ricating 3-D scaffolds without degrading or affecting the polymer
properties was chosen. In the case of the composite material, a
set of parameters and an adequate polymer/solvent concentration
were chosen to avoid any segregation phenomenon in the syringe
due to the glass particles. In addition, PEG was used as plasticizer
to decrease the Tg of the blend and to facilitate the material pro-
cessing at low temperature. A PEG percentage of 5% w/w was cho-
sen, given that it was the minimal amount for considerably



Fig. 4. SEM micrographs of (a) PLA/PEG and (b) PLA/PEG/G5 scaffolds surface. Higher magnification of (c) PLA/PEG and (d) PLA/PEG/G5 struts surface showing microporosity
due to the evaporation of solvent and presence of glass particles.

Fig. 5. (a) 3-D reconstructed and (b) SEM images of a PLA/PEG/G5 scaffold. Three-dimensional reconstructions of an ORTH scaffold (c) PLA/PEG/G5 scaffold, and (d) G5
particles distribution within the polymeric matrix.
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Fig. 6. Compressive modulus of PLA/PEG and PLA/PEG/G5 scaffolds with both ORTH and DISPL geometries. The values marked with the asterisk (�) showed statistical
significant differences (p 6 0.05).

Table 3
Roughness parameters for the studied materialsa (value ± SD).

Material PLA PLA/PEG PLA/G5 PLA/PEG/G5

Sa (nm) 117.72 ± 60.50 147.12 ± 29.11 1401.81 ± 570.59 1003.89 ± 228.45
Ssk 0.79 ± 0.66 1.08 ± 0.55 �0.5 ± 0.17 �0.03 ± 0.52
Sku 7.56 ± 5.62⁄ 4.71 ± 0.39⁄ 3.8 ± 1.10⁄ 2.82 ± 0.26⁄

The values marked � did not show statistical significant differences (p 6 0.05).
a Sa = average roughness, Ssk = skewness, Sku = kurtosis.

Table 4
Contact angle values for the studied materials (value ± SD).

Material PLA PLA/PEG PLA/G5 PLA/PEG/G5

Distilled and deionized water (�) 83.77 ± 0.77⁄ 76.56 ± 1.61⁄⁄ 77.57 ± 7.58⁄,⁄⁄ 60.33 ± 8.57

The values marked �, �� did not show statistical significant differences (p 6 0.05).

Fig. 7. (a) WST assay and fluorescence images of attached cells on (b) PLA/PEG and (c) PLA/PEG/G5 scaffolds.
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lowering the Tg of the blend (PLA Tg = 59.15 �C; PLA/5% PEG
Tg = 40 �C) and for improving the material processing without
affecting the physico-chemical properties of the polymer. In fact,
DSC results confirmed that the processing parameters used to elab-
orate the scaffolds did not induce significant changes in terms of
polymer Tg and crystallinity (Table 2). Thus, the material did not
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undergo degradation because of possible elevated temperatures or
shear forces during material deposition, which in turn could com-
promise scaffold in vitro and in vivo behaviour.

The selected set of fabrication parameters allowed well-de-
fined porous structures to be obtained, as observed by SEM.
According to the morphological analysis, though the struts were
thinner than the needle diameter, the distance between axes
and the overall structure are very close to the theoretical geome-
tries designed by CAD software. Two different geometries were
used in this work, namely orthogonal and displaced geometry.
The idea was to decrease the pore size in the axial direction
and improve it in the transversal one by changing the printing
pattern of the scaffold.

In addition, important information regarding pore and strut
dimensions was also retrieved from the SEM analysis. It was ob-
served that the average diameter of the struts was �75 lm, while
pore size ranged between 165 and 375 lm and between 75 and
150 lm in the axial and transversal directions, respectively,
depending on the scaffold geometry. These results are in good
agreement with those reported in previous investigations of bone
ingrowth into porous materials [2,3,24,25]. In addition, large pore
size could improve infiltration of new blood vessels into the scaf-
fold enhancing its vascularization and providing cell survival into
the inner part of the scaffold. Moreover, RP scaffolds showed high
pore size interconnectivity required to improve permeability, facil-
itating mass transport within the 3-D construct.

The diameter of the struts of the structures obtained in this
study was significantly thinner than the diameter of other polymer
RP structures reported in the literature and fabricated by similar
nozzle-deposition-based systems [7,26,14]. This ‘‘high-resolution’’
effect was attributed to the interplay between the right printing
parameters (pressure, temperature, speed, nozzle diameter and
distance between the needle and the substrate), the viscosity of
the polymer solution and the evaporation of the solvent that takes
place once the material has been deposited. It allowed overall con-
trol of the printing process. The solvent found in the polymer solu-
tion plays a major role, since it evaporates immediately after the
solution flows out from the syringe, leading to an important in-
crease in viscosity, shrinkage of the struts and formation of pores
at the scaffold surface.

Differences observed between the nominal diameter of the
struts and the experimental are mainly attributed to this solvent
evaporation effect. Indeed, in the case of fused deposition systems,
where polymers are melted and subsequently extruded without
using solvent, this shrinkage phenomenon is not as significant
[7,10,14,26].

In general, a reduction in strut diameter confers a higher scaf-
fold resolution though it leads to a reduction in pore size in the
transversal direction and increases the fabrication time to obtain
a desired volume. Additionally, lower dimension of struts lead to
scaffolds with higher specific surface, improving the interaction
between the material and the biological environment. In order to
double the interconnecting pore size in the cross-section view,
the approach adopted was to dispense two equal layers one on
top of the other in each direction.

Two different methods were used to measure the scaffolds
porosity: theoretical and experimental by lCT. As expected, the
theoretical porosity was higher than that obtained by lCT 3-D
reconstruction. During the fabrication process, it is possible that
some fusion between the struts (of deposited material) and the
underlying layers takes place; this is the reason why lCT evalua-
tions of porosity were somewhat lower than the theoretical ones.
Moreover, differences between porosity values can be further ex-
plained by the fact that the theoretical calculations assume a unit
cube as opposed to the actual deposition of struts, which generated
edge effects [26]. Despite the structure fabrication defects, porosity
evaluation by lCT gives lower values than the theoretical one
(Voltheoretical > VollCT) as a consequence of considering fabricated
scaffolds. However, 3-D reconstruction allowed a quantitative
measurement and examination of morphologies, interconnectivity
and the internal architecture of the scaffolds. Composite scaffolds
showed a porosity value of 70%, whereas the polymer blend scaf-
folds with the same geometry showed 75% of porosity. This differ-
ence could be attributed to the lower content of polymer per strut
in the case of composites. Since the polymer is the shrinkable
phase during solvent evaporation, a lower content of polymer
could lead to less shrinkage and, therefore, to smaller pores and
lower porosity.

It is well known that not only the architecture of the scaffolds,
but also their surface properties are of paramount importance for
understanding cell/material interactions and developing successful
constructs. Two-dimensional (2-D) solvent-casting films were used
to reproduce the surface of the scaffolds’ struts and to analyse their
topography and wettability. As shown in Fig. 5, glass particles were
well distributed in the polymer matrix. The presence of G5 parti-
cles added an interesting topography to the scaffold surface, as ob-
served in Fig. 4. In addition, the surface of the polymer struts
showed micro and nanopores left by the evaporation of the sol-
vent. Thus, the final structures presented a combination of porosi-
ties ranging from the macroscale due to the pores initially designed
to the micro and nanoscale due to solvent evaporation. According
to the interferometry results, the addition of both glass particles
and PEG significantly increased the average roughness (Sa) of the
surface in comparison with PLA. In the case of PLA/PEG samples,
incorporation of PEG increased Sa values because of its plasticizing
effect, which accelerated the spherulite growth and formation rate
of PLA [27,28]. The fast spherulites formation in PLA/PEG led to
higher values of skewness (Ssk) showing a higher asymmetry of
the surface about the mean plane in comparison with PLA. None-
theless, in the case of PLA/PEG/G5 material, the good plasticizing
properties of PEG led to a better coating and embedment of the
glass particles in the polymer matrix, providing a smoother surface
and decreasing Sa values. According to the results obtained, both
PLA/G5 and PLA/PEG/G5 showed negative Ssk values. This fact indi-
cates that, in these cases, the asymmetry with respect to the mean
plane was mainly due to the presence of valleys rather than peaks.
These valleys were probably caused by the polymer/glass non-un-
ions. No statistical differences in the values of the kurtosis (Sku)
were found. Nevertheless, similarly to the Ssk results, Sku values
for the materials with G5 suggested some differences with respect
to PLA and PLA/PEG surfaces. The materials without glass particles
showed the spikiest surfaces, probably due to the presence of
scratches caused during their manipulation and to the presence
of non-randomly distributed spherulites induced by the effect of
PEG [28]. Composite materials PLA/G5 and PLA/PEG/G5 showed
Sku values �3 driving to a random distribution of peaks within
the surfaces.

With respect to the wettability, the contact angle measure-
ments reported in Table 4 showed important differences on addi-
tion of PEG and G5 glass to PLA. It is known that G5 glass has a
highly hydrophilic surface (29.8�) [29]. Thus, addition of G5 parti-
cles contributed to a decrease in PLA contact angle. PEG is also con-
sidered to be a hydrophilic polymer [30]. Therefore, the contact
angle obtained for the PLA/PEG/G5 material showed the synergistic
contribution of PEG and G5 particles’ hydrophilicity.

The mechanical properties of 3-D structures are an important
issue to consider in order to fulfil the requirements of the final
application of the scaffold. According to the compression test re-
sults, changing the scaffold geometry from ORTH to DISPL de-
creased the scaffold’s compressive modulus significantly. This
diminution could be caused mainly by two aspects: (1) the separa-
tion between layers in the case of the DISPL geometry, and (2) the
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displaced disposition of the struts. The synergistic effect of both as-
pects leads to a combination of compressive and flexural stresses
in the struts that decrease the mechanical stability of the structure
in comparison to the ORTH scaffold. In the case of the ORTH struc-
tures, layers are closer and pores are smaller in the transversal
direction, leading to a more dense and solid structure in the direc-
tion where compressive forces are applied during the mechanical
test. Conversely, the displaced disposition of the struts in the case
of the DISPL structures led to a higher pore size in the transversal
direction, and the discontinuous arrangement of the vertical struts
increased the bending effect of the horizontal struts under the
compressive forces, resulting in lower compressive modulus
values.

It was also observed that, independently of the geometry, the
addition of G5 particles increased the compressive modulus of
the scaffolds, being more remarkable in the case of the DISPL struc-
tures. More specifically, the compressive modulus of the DISPL
structures increased �35%, whereas ORTH ones showed an in-
crease of 8%. In general, the structures obtained in this study
showed compressive modulus values considerably higher than
those reported in the literature for other RP structures with similar
geometry and similar porosity percentages [7,14].

With respect to the biological evaluation, the WST test results,
in combination with the images obtained from the immunofluores-
cence study, showed an interesting picture of the cells’ behavior in
contact with the studied surfaces after short periods of time. The
addition of G5 glass particles into the polymer matrix strongly
influenced the cell response in terms of morphology at early cul-
ture times. According to the WST results, though there was a gen-
eral increase of the number of cells after 24 h of culture, there were
no statistical significant differences (p < 0.05) between PLA/PEG
and PLA/PEG/G5. It is worth mentioning that the substantially
higher absorbance values obtained in the case of the control poly-
styrene plate were due to some extent to the fact that, after each
culture time point, scaffolds were removed from the plate and re-
placed in a new plate to quantify only the amount of viable cells
attached to the structure, leaving behind the ones attached in the
bottom of the polystyrene wells. However, cells cultured on the
2-D control material were quantified directly in the same wells
and the cell density was higher.

In spite of the WST results obtained after 4 and 24 h, remarkable
differences were observed in the cells’ morphology on comparing
both types of scaffolds. After 4 h of adhesion, immunofluorescence
images showed clear differences in the morphology of the cells,
depending on what substrate was used (see Fig. 7b, c). In the case
of PLA/PEG, cells showed a relatively rounded morphology with a
clear nucleus, and no signs of cytoskeleton spreading as observed
by the phalloidin stained actin fibres. In the case of the material
with glass particles, cells spread very well, with a clear cytoskele-
ton extending along the scaffolds struts. Moreover, a higher inten-
sity of the phalloidin staining was concentrated toward the edges
of the extended filopodia. Surface characterization indicated
remarkable differences between materials both with and without
glass particles in terms of their wettability and roughness. Thus,
the information obtained from the surface analysis together with
cell results suggest that both topography and chemistry changes
owing to the presence of the glass particles in the surface of the
scaffolds’ struts strongly affect cell response at early contact times.
These results are in full agreement with previous work showing
how other cell types preferentially attach and spread when in con-
tact with G5 glass [16,29]. Moreover, it has been reported recently
that the biological effect of G5 glass is attributed mainly to the con-
tribution of the chemotactic effect of the Ca ions released by the
particles (mediated through the calcium sensing receptor, CaRS)
and the material stiffness (mediated through NMII cytoskeletal
contraction and signaling) [31].
5. Conclusion

RP, in particular the nozzle-based deposition system used in the
present work, is suitable for fabricating 3-D composite scaffolds
based on PLA and glass (G5). The addition of 5% PEG to the PLA ma-
trix in combination with the chosen processing parameters al-
lowed high-resolution 3-D scaffolds to be obtained without
affecting the polymer blend properties. The technique also permit-
ted the fabrication of highly porous scaffolds with mechanical
properties considerably higher than other methods commonly
used to fabricate 3-D polymer scaffolds, such as solvent-casting
and phase separation.

The addition of the soluble G5 glass particles (and PEG) to the
PLA matrix changed both the morphology and the physico-chemi-
cal properties of the surface of the materials. These surface changes
affected cell behavior. Both types of scaffolds showed positive bio-
logical response; however, only the scaffolds with G5 displayed
well-spread cells. In general, the technique/materials combination
used in this work led to the fabrication of promising fully degrad-
able, mechanically stable, bioactive and biocompatible composite
scaffolds with well-defined architectures valuable for tissue engi-
neering applications.
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