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Abstract The development of bioactive scaffolds with a
designed pore configuration is of particular importance in
bone tissue engineering. In this study, bone scaffolds with a
controlled pore structure and a bioactive composition were
produced using a robotic dispensing technique. A poly(e-
caprolactone) (PCL) and hydroxyapatite (HA) composite
solution (PCL/HA = 1) was constructed into a 3-dimen-
sional (3D) porous scaffold by fiber deposition and layer-
by-layer assembly using a computer-aided robocasting
machine. The in vitro tissue cell compatibility was examined
using rat bone marrow stromal cells (rBMSCs). The adhe-
sion and growth of cells onto the robotic dispensed scaffolds
were observed to be limited by applying the conventional
cell seeding technique. However, the initially adhered cells
were viable on the scaffold surface. The alkaline phosphatase
activity of the cells was significantly higher on the HA-PCL
than on the PCL and control culture dish, suggesting that
the robotic dispensed HA-PCL scaffold should stimulate
the osteogenic differentiation of rBMSCs. Moreover, the
expression of a series of bone-associated genes, including
alkaline phosphatase and collagen type I, was highly
up-regulated on the HA-PCL scaffold as compared to that on
the pure PCL scaffold. Overall, the robotic dispensed
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HA-PCL is considered to find potential use as a bioactive 3D
scaffold for bone tissue engineering.

1 Introduction

Over the last decade, there has been considerable progress
in the development of 3-dimensional (3D) scaffolds for the
applications in tissue engineering. Scaffolds should be
nontoxic to tissue cells, and provide open-spaced channels
for the blood circulation and nutrients supply which is
prerequisite for the cell population and further differenti-
ation into specific cell/tissue type [1]. Moreover, appro-
priate degradability is required to meet the rate of de novo
tissue formation. A range of biomedical-grade materials
have been developed into tissue engineering scaffolds,
which include degradable polymers, bioactive ceramics
and their composites [2—-8].

Among the methodologies to develop porous scaffolds,
recent approaches, including solid freeform fabrication,
fused deposition, selective laser sintering, inkjet printing,
and robotic dispending, etc., have shown great promise to
control the 3D pore configuration [9—17]. The robotic dis-
pensing (RD) method, which is also known as 3D plotting,
is a rapid prototyping (RP) technique that utilizes a solu-
tion-based material to dispense/inject through a nozzle to
draw/construct a 3D scaffold structure using the computer
program [18]. The method is potent to construct scaffolds
with defined architecture, which affects the initial cell
adhesion and migration and the blood and nutrient supply,
consequently determining neo-tissue formation [16, 17].
Using the RD technique, a range of compositions, such as
degradable polymers (polylactic acid, polyglycolic acid and
polycaprolactone) and bioactive ceramics (hydroxyapatite,
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tricalcium phosphate and bioglasses) have been fabricated
into scaffolds, which retain interconnected pores and a
tailored 3D structure [9-15].

Above all, the composites of degradable polymers with
bioactive ceramics have gained considerable attention for
the applications in bone tissue engineering [7, 19-23].
Recent studies on the composite scaffolds have shown
beneficial effects of the bioactive inorganics within the
polymer matrices on the bone cell functions, such as
enhanced cell adhesion, proliferation and matrix synthesis,
as well as on the degradation issue associated with the
absorbable polymer component [19-23].

In this study, a degradable and bioactive 3D bone
scaffold of polycaprolactone (PCL)/hydroxyapatite (HA)
was produced using the RD technique. The processing
tools to generate the robotic-dispensed bioactive scaffold
are described and the in vitro tissue cell responses to the
scaffold are investigated using bone marrow derived stro-
mal cells (BMSCs), as a first criterion to confirm the use-
fulness of the scaffold in the bone tissue engineering area.

2 Materials and methods
2.1 Robotic dispensing

Commercially available hydroxyapatite (HA, Alfa Aesar)
powder was pre-calcined at 900°C for 1 h, milled and
sieved down to 45 um. The HA powders were dispersed in
acetone at 50°C by ball-milling for 24 h. Poly(e-caprolac-
tone) (MW = 80,000, Sigma-Aldrich) was dissolved in
HA-acetone solution by vigorous mixing using a ball miller
at 50°C. Based on a pilot study, the HA/acetone ratio was
determined to be 0.25 by weight, and the PCL/HA ratio
was set to 1.

Robotic dispensing into a 3D porous scaffold was per-
formed using robocasting equipment (Ez-ROBO3, Iwash-
ita). The HA-PCL mixture solution was contained in a
syringe, which was held by a thermostatically controlled
heating jacket set at 50°C. The solution was then injected
through a 520 um diameter needle using a force-controlled
plunger to regulate the mass flow rate. A positional control
unit linked to a personal computer was operated to direct
the fiber dispensing path. As a pilot study, the movement
speed of the dispensing fiber was varied (2-13 mm/s) to
obtain uniform fiber deposits and well-developed pore
structure. By controlling the dispensing program, porous
scaffolds could be produced with different pore configu-
rations, such as pore size and porosity. Herein, the intended
pore sizes were set to 500 um x 500 um on the xy-plane
by adjusting the interspacing of the injected fibers. The
pore dimension along the z-axis could be determined by the
diameter of the fibers. In particular, deposition was
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performed onto a cooled ethanol bath to rapidly solidify the
HA-PCL composition. After drying, the sample was pre-
heated to 50°C to aid contact fusion of the deposited fibers.
Figure la shows a schematic diagram of the robotic dis-
pensing set-up used in this study.

The prepared scaffolds were coated with Pt to observe
the morphology by scanning electron microscopy (SEM;
Hitachi 3000, Japan) under operation conditions of an
accelerating voltage 15 kV and magnifications ~ 20—
1000x. The pore configuration was assessed from the
SEM-obtained images.

2.2 Cell isolation and culturing

BMSCs were harvested from adult rats (180-200 g,
Korea), according to code of practice for the care and use
of animals for scientific purposes approved by Animal
Ethics Committee, Dankook University School of Medi-
cine. The proximal and distal epiphyses of the femora and
tibiae of the rats (n = 2) were excised, and the bone
marrow was gathered by flushing with a syringe onto a
culture flask. The harvested product was centrifuged, and
the supernatant was collected and suspended within a
culture flask containing «-MEM supplemented with 10%
fetal bovine serum and antibiotics (100 U/ml penicillin and
100 mg/ml streptomycin) in a humidified atmosphere
containing 5% CO, at 37°C. After incubation for 1 day, the
medium was refreshed and cultured for up to 7-10 days
until the cells reached near confluence.

2.3 Cell viability and growth morphology

For the cell tests, the scaffold prepared with a dispensing
speed of 6 mm/s was chosen for its well-developed 3D
pore configuration and appropriate pore dimension which
supports future tissue engineering application (as deduced
from Fig. 1 image and Table 1). The samples prepared
with dimensions of ~5 mm x 5 mm X 2 mm were ster-
ilized with 70% ethanol and dried overnight. The cells
were seeded on each scaffold (PCL and HA-PCL) and
culture dish at a density of 5 x 10* cells/sample, and
cultured in an osteogenic medium (the culturing medium
described above plus 10 mM f-glycerol phosphate and
50 pg/ml L-ascorbic acid). After culturing the cells for
7 days, the scaffolds were transferred to new culture wells.
The CellTiter 96 aqueous one solution cell proliferation kit
(MTS assay, Promega) was used to determine the cell
viability. The culture medium was removed and a diluted
MTS solution was added to each sample and allowed to
react for 3 h. A 200 pl aliquot of the reaction sample was
used for a colorimetric measurement at A490 nm using a
UV-spectrophotometer (Libra S22, Biochrom). Three rep-
licate samples were tested.
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Fig. 1 a Schematic diagram of the robotic dispensing system used in
this study: HA-PCL slurry contained in a syringe equipped with
thermostatic heating jacket was dispensed into a fiber by the air-
pressure within the ethanol pool, and the individual fibers were
assembled layer-by-layer to a 3D porous scaffold using a computer-

Table 1 Designed and measured configuration of the robotic dis-
pensed PCL and HA-PCL scaffolds

PCL PCL-HA
Designed value x-Interval 500 500
y-Interval 500 500
z-Interval 200 200
Measured value x-Interval 466 (10) 454 (15)
y-Interval 451 (8) 446 (17)
z-Interval 153 (19) 176 (23)
x-Channel size 260 (9) 222 (29)
y-Channel size 246 (15) 216 (24)
z-Channel size 153 (19) 176 (23)
x-Fiber thickness 206 (12) 232 (16)
y-Fiber thickness 205 (4) 230 (14)
z-Fiber thickness 153 (19) 176 (23)

The cell growth morphology was observed by SEM at
an accelerating voltage of 15 kV. Cell-scaffold constructs
were fixed with glutaraldehyde (2.5%) for 10 min, dehy-
drated with a graded series of ethanol (75, 90, 95 and
100%) each for 7 min and treated with hexamethyldisi-
lazane for 10 min and sputter-coated with Pt.

Confocal laser scanning microscopy (CLSM; LSM 510,
Carl Zeiss) was also used to observe the cells grown on the
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aided program. b The 3D scaffolds produced were preheated to form
fused contacts of individual fibers (left), as compared with those not
preheated (right). ¢, d The fiber size was controlled by the xy-plane
movement speed: the fiber size was decreased with increasing speed

samples. The cells grown on each sample were fixed with
4% paraformaldehyde, treated with 0.2% Triton X-100,
and then blocked with 1% bovine serum albumin (BSA) to
prevent nonspecific protein binding. An alexa Fluor 546
phalloidin (invitrogen A22283) solution diluted in PBS was
added to each sample to stain F-actin. ProLong® Gold
antifade reagent with DAPI (invitrogen P36935) was used
to stain the nucleus. A fluorescence image was obtained by
CLSM.

2.4 Alkaline phosphatase activity

The alkaline phosphatase (AP) activity was measured to
observe the osteogenic differentiation of the BMSCs. The
cells were seeded at a density of 5 x 10* cells on each
sample (20 mm x 20 mm x 2 mm), and cultured for up
to 14 days. The level of AP expression was observed by
staining the cell-scaffold constructs using a chemical
regent (Takara). After washing with PBS, a fixation solu-
tion was added to each sample, which was followed by the
addition of the AP reaction substrate. The samples stained
in violet were observed by optical microscopy. For the
quantification of AP, the cells cultured for 14 days were
chosen as a representative example. After culturing, the
cell layers were gathered from the scaffolds by disruption
with 0.1% Triton X-100 and a further cyclic freezing/
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thawing process. The cell lysates were normalized to the
total protein content, which was obtained using a DC
protein assay kit (BioRad, USA). The AP activity was
assessed colorimetrically using a p-nitrophenyl phosphate
substrate. The enzymatic product p-nitrophenol was
detected by measuring the optical density (OD) at
A410 nm, and the OD value was converted to the AP
activity based on a protein standard curve obtained using
bovine serum albumin. Three replicate samples were
tested.

2.5 Gene expression by real-time PCR

At the culturing period of 10 days, the expression of the
bone-associated genes, including collagen type I and
alkaline phosphatase, was confirmed by quantitative real-
time polymerase chain reaction (PCR). After isolation,
RNA was converted to cDNA and amplified. Accumulation
of PCR products was monitored and quantified using
SYBR GreenER qPCR SuperMix reagents (Invitrogen) and
the comparative CT method in which the accumulated PCR
products for each of the genes examined is normalized to
the housekeeping gene GAPDH. Primer sequences were as
follows: ALP forward: 5'- GTCTGGAACCGCACTGA
ACT C-3/, reverse: 5'-CCAGCAAGAAGAAGCCTTTG-
3’; COL forward: 5'-CTGGCAAGAACGGAGATGAT-3,
reverse: 5-TTAGGACCAGCAGGACCAGT-3'; GAPDH
forward: 5'-AAACCCATCACCATCTTCCA-3’, reverse:
5-GTGGTTCACACCCATCACAA-3. Two replicate
samples were tested.

2.6 Statistical analysis

The data was represented as the mean =+ one standard
deviation. Statistical analysis was carried out using one-
way ANOVA followed by a Bonferroni correction. The
significance level was set to P < 0.001.

3 Results and discussion
3.1 Robotic dispensed bioactive scaffolds

As shown in Fig. 1a, the 3D scaffolds with an adjusted pore
configuration could be generated by the fiber deposition in
the xy-plane, and in the z-axis with a layer-by-layer
assembly process using the robocasting equipment. The
slurry properties are of particular importance for the suc-
cess of the fiber deposition and 3D assembly. Herein, the
HA was calcined and milled to a fine powder in order to
improve the rheological properties. In practice, the initial
HA nanopowders, when not being calcined, could be loa-
ded at limited levels in acetone, which hampered the easy
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fabrication of the fiber injection. When the powders were
calcined and milled to fine powders, the powder charac-
teristics provided the appropriate slurry properties for the
HA-PCL mixture and subsequent fiber deposition. The use
of a heating jacket set at an elevated temperature (50°C)
assisted in dispensing the fibers with a uniform size. The
deposition pool where the fiber was ejected should also be
carefully set in order to aid fiber formation. Herein, the
ethanol used was found to be beneficial in allowing rapid
solidification of the HA-PCL mixture slurry and main-
taining the fiber morphology. In addition, a preheating
treatment at low temperature was required to integrate the
individual fibers into a 3D scaffold through a layer-by-
layer process.

The SEM image in Fig. 1b showed the effect of the
preheating treatment (at 50°C for 10 min) on the contact
fusion of the individual fibers, which resulted in a
mechanically stable 3D scaffold without disintegration of
each layer. The uniformity and size of the fibers were also
controlled by the speed of the xy-plane movement (shown
in Fig. 1c, d). At low speed, the injected fibers were held
together with the adjacent fibers, resulting in the disinte-
gration of the fiber morphology (1 mm/s in Fig. 1c). At
appropriate speeds, well-developed cylindrical fibers could
be generated (6 mm/s in Fig. 1c). However, as the speed
increased to 12 mm/s, the fiber thickness was variable
depending on the position, resulting in nonuniform fibers.
The change in fiber thickness with respect to the speed was
presented in Fig. 1d. Data showed a linear decrease in the
fiber thickness with increasing the speed. Herein, the speed
was determined to 6 mm/s to generate fibers with thick-
nesses of approximately 200-230 um. Consequently, con-
trol of the slurry characteristics and the fiber formation was
prerequisite to constructing 3D scaffold with well-devel-
oped pore configuration. The shape and pore configuration
were further controlled using a 2D fiber-assembling pro-
cess and 3D layer-integration step, which were controlled
by the computer-aided program.

Table 1 summarizes the designed and measured values
of the pore configurations of the robotic dispensed PCL and
HA-PCL scaffolds. The intervals of the fiber deposition
along the xy-plane and the vertical z-axis were set to 500
and 200 pm, respectively. However, the measured values
were slightly reduced to approximately 450-480 pwm and
150-180 pum, respectively. Along the xy-plane, the fiber
thicknesses of PCL and HA-PCL were measured to be
approximately 230 and 210 um, respectively. Along the z-
axis, the thicknesses of PCL and HA-PCL were approxi-
mately 150 and 180 pum, respectively. The smaller fiber
thicknesses along the z-axis with respect to those along the
xy-plane were attributed to vertical suppression by gravity,
and the larger fiber thicknesses in the HA-PCL with
respect to those in PCL are believed to be due to
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differences in the slurry properties or in the solidification
rate during deposition. Consequently, the pore channel
sizes for PCL along the xy-plane and z-axis were approx-
imately 250-260 pm and 150 pm, respectively. For HA-
PCL the pore channel sizes along xy-plane and z-axis were
approximately 220 and 180 pum, respectively. In the design
of the pore channels, it should be noted that the channel
size along the xy-plane decreases with increasing fiber
thickness while the trend is reverse along the z-axis. The
channel sizes obtained herein were considered to be suit-
able to aid the vascularization and cell migration, which is
at least prerequisite for the 3D scaffold in tissue engi-
neering. In practice, the 3D pore configuration of the
scaffold is adjustable by changing the RD processing
parameters, which definitely influences the scaffold per-
formance in view of biological and mechanical functions.
Therefore, the elucidation of the relationship between pore
configuration and scaffold performance is of special
importance to gain optimal designing and scaffold fabri-
cation tools to target bone tissue. Regarding this issue,
further work is needed using different pore configurations,
such as pore size, porosity and pore connectivity.

Figure 2 shows the morphology of the robotic dispensed
HA-PCL scaffold. The electron macroscopic views taken
along the xy-plane (Fig. 2a, c) and z-axis (Fig. 2b) showed
the formation of fibers and square channels well. An
enlarged morphology of the fiber surface (Fig. 2d) showed
the presence of HA powders with sizes less than a few
micrometers embedded uniformly within the PCL matrix.

Fig. 2 SEM images of the
robotic dispensed HA-PCL
bone scaffolds: a xy-plane
horizontal view and b z-axis
vertical view. ¢ tilted view of a,
showing well-developed straight
fibers and open-channeled
pores. d microstructure of the
fiber stem in ¢, revealing the
hydroxyapatite particles
distributed in the PCL matrix

3.2 rBMSCs responses

Rat bone marrow derived stromal cells (rBMSCs) were
isolated and cultured on the robotic dispensed 3D scaffolds,
and the cell growth and osteogenic differentiation behav-
iors were observed. Figure 3 shows the morphology of the
cells grown on the PCL and HA-PCL scaffold for 7 and
14 days of culturing. At day 7, the SEM images showed the
presence of cells on both types of scaffolds, which are in
intimate contact with the underlying substrates (Fig. 3a, b)
for PCL and d, e for HA-PCL). The CLSM images
revealed active cytoskeletal extensions of the cells and
stained nuclei (Fig. 3c for PCL and f for HA-PCL). At day
14, significant cell growth was observed on both types of
scaffolds, where the cells formed a layer covering the
scaffold surface (Fig. 3g for PCL and h for HA-PCL).
Similar growth morphology was observed for both types of
scaffolds.

Cell growth at day 7 was assessed by the MTS cell
viability, as shown in Fig. 4. There was no significant
difference in cell growth observed between PCL and HA—
PCL scaffolds (P > 0.05), even though the data showed a
slightly higher level in the HA-PCL scaffold. However,
the cell viability was significantly lower on the both types
of 3D scaffolds with respect to that on the control (culture
dish) (Fig. 4a). This was due to the large quantity of
seeded cells settling to the bottom of the culture dish
bypassing the pore channels of the scaffolds. Many cells
that adhered to the bottom of the culture dish and grew

@ Springer



1960

J Mater Sci: Mater Med (2009) 20:1955-1962

Fig. 3 BMSCs growth
morphology upon the 3D
scaffolds of PCL (a—c, g) and
HA-PCL (d-f, h), as observed
by SEM and CLSM: At day 7
(a-f), the cells were viable in
intimate contact with the
underlying fiber stems (PCL:

a, b and HA-PCL: d, e). CLSM
revealed the cell nuclei and
cytoskeletal process (PCL:

¢ and HA-PCL: f). At day 14,
the cells proliferated actively on
both scaffolds, covering most
the fiber stems completely
(PCL: g and HA-PCL: h)

during the culturing period were easily observed. There-
fore, a fraction of the cells that adhered directly to the
surface of the scaffold should contribute to the MTS result
because the cell-scaffold construct was transferred to a new
culture well for assay. For this reason, another set of the
MTS experiments were carried out to include the cells
present on the bottom of the culture dish, which showed
that the level of cell growth was similar and even slightly
higher than that of the culture dish control (Fig. 4b).
Therefore, the culturing method used in this study required
further development in order to improve the initial cell
adherence. A culture system involving the circulation of a
cell source for uniform adhesion and further 3D vascular-
ization for an active cell growth is required [24-26], which
is currently in progress. These results suggest that the cells
initially adhering to the scaffold surface grew actively and
were viable to the level of the culture dish, forming a thick
cell layer on the scaffolds. This shows that the bioactive
scaffolds should retain cellular compatibility providing a
favorable substrate condition for the cells to populate on.

Further osteogenic differentiation of the cells was
assessed by determining the alkaline phosphatase (AP)
activity. The AP enzyme is intimately involved in the
relatively early stages of bone cell differentiation and
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mineralization, and is a useful marker for osteogenic
pathway for the osteoprogenitor/stem cells. Figure 5a
shows the AP-stained images of the cell-scaffold con-
structs, after culturing for 7 and 14 days. Clear differences
in the violet color stain were observed between the PCL
and HA-PCL scaffolds, i.e., much darker violet staining on
the HA-PCL scaffold for both periods. The quantitative AP
result demonstrated significantly higher AP activity in the
rBMSCs on the HA-PCL scaffold than on the PCL scaffold
(Fig. 5b). Moreover, the PCL scaffold showed a better AL
level than the culture dish. Based on this, the HA-PCL
scaffold is believed to offer better substrate conditions for
the rBMSCs to be modulated into an osteogenic differen-
tiation. The incorporated HA should play a stimulatory role
in the differentiation of rBMSCs by altering the cellular
microenvironment, such as increasing the released ionic
level and altering the surface properties.

The expression of a series of bone-associated genes,
including collagen type I and alkaline phosphatase, was
assessed on both types of the robotic dispensed scaffolds by
using real-time PCR, as shown in Fig. 6. At the culturing
period of 10 days, the rBMSCs showed significantly higher
level of gene expressions upon the HA—PCL scaffold than
on the PCL scaffold (by a factor of ~10). The result
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Fig. 4 Cell viability on the 3D bone scaffolds after culturing for
7 days, as assessed by the MTS method: a cells only adhered to the
scaffolds were assessed by transferring the scaffold samples to a new
culture plate, whilst b cells grown on the bottom of the culture wells
bypassing the pore channels of the scaffolds were also assessed

suggested the developed HA-PCL scaffold should better
support the bone marrow mesenchymal stem cells to
undergo osteogenic pathway, and thus hold greater poten-
tial to be used as bone tissue engineering scaffolds.
Based on the results, the robotic dispensed HA-PCL
bioactive scaffold is considered to provide cell compatible
substrate conditions that can stimulate rBMSCs into oste-
ogenic differentiation, and thus have potential applications
as a 3D matrix for bone tissue engineering. Currently,
further experiments are underway to determine the optimal
culturing conditions for the cell adhesion and population
using dynamic perfusion culture system for real tissue
engineering applications of the designed scaffolds.

4 Conclusions
Poly(e-caprolactone) (PCL)-hydroxyapatite (HA) bioac-

tive scaffold with a designed pore structure was produced
using a computer-aided robocasting technique. The slurry
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Fig. 5 a AP staining image of the cell-scaffold constructs (PCL and
HA-PCL) after culturing for 7 and 14 days, showing much darker
violet in the cells on the HA-PCL scaffold for both periods. b AP
activity expressed by the cells was quantified at day 14, as a
representative time point. One-way ANOVA followed by Bonferroni
correction showed statistical significance at *P < 0.001
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Fig. 6 Real time PCR showing the expression of collagen type I and
alkaline phosphatase upon the robotic-dispensed 3D scaffolds of PCL
and HA-PCL at the culturing time of 10 days. Significantly higher
stimulation of gene expressions was noticed on the HA-PCL than on
the PCL

deposition into individual fibers and the subsequent layer-
by-layer integration should be controlled carefully in order
to construct a uniform and stable 3D structure. The rat bone
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marrow stromal cells (r BMSCs) showed limited adhesion
to the 3D scaffolds by the conventional 2D cell culturing
method. However, the adhered cells were viable and
reached the level of growth observed on the culture dish. In
particular, the HA-PCL scaffold was found to stimulate the
osteogenic differentiation of rBMSCs according to the
measured alkaline phosphatase activity and bone-associ-
ated gene expressions. Overall, the robotic dispensed HA—
PCL scaffold has potential applications as a bioactive
matrix in the bone tissue engineering field.
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