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Abstract: In situ ring-opening polymerization of e-caprolac-

tone (e-CL) was performed to coat b-tricalcium phosphate (b-

TCP) scaffolds fabricated by robocasting in order to enhance

their mechanical performance while preserving the prede-

signed macropore architecture. Concentrated colloidal inks

prepared from b-TCP commercial powders were used to fab-

ricate porous structures consisting of a three-dimensional

mesh of interpenetrating rods. Then, e-CL was in situ

polymerized within the ceramic structure using a lipase as

catalyst and toluene as solvent, to obtain a highly homogene-

ous coating and full impregnation of in-rod microporosity.

The strength and toughness of scaffolds coated by e-polycap-

rolactone (e-PCL) were significantly increased (twofold and

fivefold increase, respectively) over those of the bare struc-

tures. Enhancement of both properties is associated to the

healing of preexisting microdefects in the bioceramic rods.

These enhancements are compared to results from previous

work on fully impregnated structures. The implications of the

results for the optimization of the mechanical and biological

performance of scaffolds for bone tissue engineering applica-

tions are discussed. VC 2013 Wiley Periodicals, Inc. J Biomed Mater

Res Part A: 101A: 3551–3559, 2013.
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INTRODUCTION

Bone tissue engineering seeks to restore and maintain the
function of human bone tissues using the combination of
cell biology, materials science, and engineering principles.1

The three main ingredients for tissue engineering are there-
fore, harvested cells, recombinant signaling molecules, and
three-dimensional (3-D) matrices.2 Cells and signaling mole-
cules, such as growth factors, are incorporated to highly
porous biodegradable scaffolds, which are subsequently
implanted to repair bone defects by inducing and directing
the growth of new bone.3 Hence, the first and foremost
function of a scaffold is its role as support structure that
allows cells to attach, proliferate, differentiate, and organize
into normal, healthy bone. In the engineering perspective,
there are two general aspects to focus on a scaffold: the
material (composition, grain size, etc.) and the pore archi-
tecture. These two aspects determine the mechanical (and
also the biological) performance of the scaffold.2

An ideal scaffold has to meet stringent requirements in
terms of biocompatibility, bioactivity, biodegradation,
osteoinduction, pore architecture, mechanical performance,
and so forth.4 Unfortunately most materials are not simulta-
neously mechanically competent and bioresorbable, that is,

mechanically strong materials are usually bioinert, while
degradable materials tend to be mechanically weak,5 espe-
cially when fabricated as porous structures.

Scaffolds require a significant level of pore interconnec-
tivity to promote cell proliferation and diffusion of
nutrients,2,4,6 which in conventional fabrication techniques
implies large volumetric porosities,7 and thereby poor me-
chanical performance.8,9 Direct writing techniques10 such
as robocasting (also known as microrobotic deposition)
allow a much greater control on pore architecture, ena-
bling the attainment of high interconnectivities at reduced
total porosities. These techniques follow a layerwise
fabrication scheme that allows one to build patient specific
scaffolds by using medical scans data to generate the
digital model for the fabrication process, so that the final
implant can fit perfectly into the patient lesion. Robocast-
ing is based on the robotic deposition of highly concen-
trated colloidal suspensions (inks) with minimal organic
content capable of fully supporting their own weight
during assembly.11–13 Thus, a 3-D mesh of interpenetrating
rods is built layer by layer by extrusion of the inks through
the deposition nozzle following the pattern specified in the
digital model.
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Tricalcium phosphate (TCP, Ca3(PO4)2) bioceramics ex-
hibit a high biodegradability (resorption rate) and osteocon-
ductivity, which makes them optimal scaffold materials from
a biological point of view. However, despite improvements
provided by robocasting, TCP scaffolds still exhibit insuffi-
cient mechanical resistance to be suitable for load-bearing
applications.14 One alternative to overcome this hurdle is
adding a biodegradable polymeric phase to the scaffolds in
order to develop a composite material with enhanced tough-
ness15,16 and strength.16,17 It is worth to mention that an
additional advantage of incorporating a polymeric material
is the possibility to use it as a vehicle for biomolecules
(growth factors, antibiotics, anti-inflammatory drugs, etc.),
for controlled delivery.

On previous works, full impregnation of robocast scaf-
folds with biodegradable polymers has been demonstrated
to be an excellent means to improve their mechanical
performance.18,19 The strengthening achieved in fully
impregnated structures was attributed to two mecha-
nisms: stress shielding and defect healing. The former is
produced by the polymer occupying the predesigned mac-
ropores, which sustains part of the load thus reducing
the stresses on the ceramic rods, whereas the latter is
due to the impregnation of the rods micropores, which
makes it harder to initiate a crack from these defects.
Besides, the presence of a continuous ductile polymeric
phase produces also a significant toughening of the
structure19 by means of a crack bridging mechanism.15,16

Nonetheless, the interconnectivity of the pore structure is
lost when the polymer fills the macropores. Thus, the aim
of this work is to produce a biodegradable polymer coat-
ing on the ceramic rods to reinforce the scaffold without
jeopardizing its pore interconnectivity.

The coating method proposed in this work consists
of the in situ polymerization (ISP)20–24 of e-caprolactone
(e-CL), using an enzymatic catalyst25,26 and an appropriate
solvent concentration, since solventless conditions yield
fully impregnated structures.19 Thus, once the coating
process was optimized, polycaprolactone (PCL)-coated TCP
robocast scaffolds were fabricated by ISP and their micro-
structures and mechanical properties were analyzed and
compared to those of bare scaffolds and fully impregnated
structures prepared by ISP.19

EXPERIMENTAL PROCEDURE

Robocast scaffolds preparation
A commercially available Ca-deficient b-TCP powder (Fluka,
Buchs, Switzerland), pre-calcined at 1300�C to obtain a final
84 wt % b-TCP/16 wt % calcium pyrophosphate composi-
tion27 and attritor milled to around 1 lm particle size, was
used to prepare inks for robocasting with a final solid
content of 45 vol %, following a procedure similar to that of
previous works.12,14 First, a stable suspension was prepared
by dissolving 1.5 wt % (relative to powder content)
DarvanVR C dispersant (R.T. Vanderbilt, Norwalk, CT) in
distilled water, and the b-TCP powder gradually added. An
appropriate amount (7 mg/mL of liquid in the final
suspension) of predissolved hydroxypropyl methylcellulose

(Methocel F4M; Dow Chemical Company, Midland, MI) was
then added to the mixture to increase viscosity. Subse-
quently, the ink was gellified by adding 2 vol % (relative to
liquid content) of polyethylenimine as flocculant. After each
addition, the mixture was placed in a planetary centrifugal
mixer (ARE-250; Thinky Corp., Tokyo, Japan) for a few
minutes to improve its homogeneity and stability.

3-D b-TCP scaffolds consisting of a mesh of ceramic rods
were constructed layer by layer via direct-write assembly of
the ink using a robotic deposition device (3-D Inks, Still-
water, OK). The printing syringe was partially filled with the
ink and placed on the 3-axis motion stage, controlled inde-
pendently by a computer-aided direct-write program (Robo-
cad 3.0; 3-D Inks). The ink was deposited through conical
polymeric deposition nozzles (EFD, East Providence, RI)
with a tip diameter d ¼ 250 lm, at a printing speed of
30 mm/s. Each layer in the computer 3-D model of the
structure consisted of parallel rods with a spacing from cen-
ter to center s ¼ 500 lm. Rods in adjacent layers were per-
pendicularly oriented and the layer height was set to h ¼
175 lm. The external dimensions of the scaffolds were set
at about 17 mm � 17 mm � 10 mm so that a total of 60
layers were deposited. The deposition was done in a paraf-
fin oil bath to prevent nonuniform drying during assembly.

The samples were removed from the bath and dried in
air at room temperature for at least 24 h, and then heated
at 400�C (1�C/min heating rate) for 1 h to evaporate organ-
ics. They were finally sintered at 1200�C (heating rate 3�C/
min) for 2 h. These are optimal processing conditions for
this particular type of powders.27

In situ polymerization
Enzymatic ring-opening polymerization28 of e-CL (mono-
mer) was carried out within selected scaffolds to develop a
polymeric film on the ceramic rods. Commercial e-CL and
anhydrous toluene were obtained from Aldrich Chemical Co.
and were first dried over calcium hydride and then distilled
under reduced pressure. Novozym 435—Candida antarctica
lipase B immobilized on cross-linked polymethylmethacry-
late beads—was purchased from Novozymes A/S and dried
following a procedure described elsewhere.29

Novozym 435 (120 mg) and the selected TCP scaffold
were dried in the reaction flask over molecular sieves at
40�C overnight in a vacuum oven. After drying, the oven
was opened under nitrogen flow. A flask containing Novo-
zym 435 and the ceramic sample was stoppered with a rub-
ber septum and placed in an oil bath at 60�C—this temper-
ature has been shown to produce polymers with maximal
monomer conversion and molecular weight.30 Then, the
monomer (6 mL) and toluene (12 mL) were added by sy-
ringe through the septum under nitrogen atmosphere. The
initial water content in all reactions was kept below
0.003 wt %.

After stirring the mixture for 72 h at the prescribed
temperature, the reaction was stopped by retrieving the
sample from the flask. The coated ceramic structure was im-
mediately placed for 48 h in a vacuum oven at 60�C and
0.1 bar to evaporate the solvent.
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Microstructural characterization
As-cut bare TCP scaffolds were observed by scanning elec-
tron microscopy (SEM, S-3600N; Hitachi, Tokyo, Japan), to
analyze the original microstructure. The different dimen-
sions of the bare structures (d, s, and h) were directly meas-
ured on appropriate section micrographs. The morphology
of PCL-coated structures was analyzed also by SEM observa-
tions on transversal fracture surfaces, obtained by bending,
to avoid polymer relocation during cutting. For a better sub-
surface analysis of coated struts a dual beam focused ion
beam (FIB)/SEM microscope (Quanta 3-D FEG; FEI Co.,
Eindhoven, the Netherlands) was used to image polished
transversal sections of selected rods.

Total porosity of these samples was evaluated by simple
weighting and external dimensions measurements, and the
closed porosity was determined from the apparent density
measured by He-pycnometry considering a theoretical den-
sity for b-TCP of 3.07 g/cm3.27 The predesigned macro-
porosity was approximately estimated from geometrical
considerations assuming perfectly interpenetrating cylinders
and using the dimensional parameters evaluated by SEM.

Mechanical characterization
Rectangular parallelepiped specimens with dimensions
of around 3 mm � 3 mm � 6 mm were cut from the
PCL-coated structures for mechanical characterization by
uniaxial compression tests. These tests were carried out on
a universal testing machine (AG-IS10kN; Shimadzu Corp.,
Kyoto, Japan), in air, at a constant crosshead speed of
0.6 mm/min. Tests were performed in the direction per-
pendicular to the printing plane (i.e., orthogonal to the rod
axes), which has been shown to be a weak direction in
these ceramic structures.14,31 Engineering stress–strain
curves were calculated through normalization of captured
load versus displacement data using the initial external
dimensions of each sample. The compressive strength of
the structure was estimated as the maximum stress
applied in each test. A total of around 20 samples were
tested in order to get statistically reliable values. Weibull
statistics32 were used to analyze the resulting strength
data. Toughness was estimated as the strain energy density
at two strain values: strain at compressive strength (Gmax)
and 10% strain (G0.1), from the corresponding integrals of
the nominal stress–strain curves. The data obtained were
thoroughly compared to results for the bare and fully
impregnated structures, obtained under the same experi-
mental conditions, from a previous work.19

Intrinsic mechanical properties of the coated rods were
also evaluated. Instrumented indentation (Nanotest, Micro
Materials, Wrexham, UK) was used to determine their
elastic modulus and hardness. The indentation tests were
performed using a diamond Berkovich indenter on polished
transversal sections (to 1 lm finish) of the coated scaffolds.
Single indentations of about 5 lm depth were placed at the
center of scaffold rods sections. The indent size (�35 lm)
was small enough to avoid the influence of adjacent free
surfaces.

Numerical modeling (FEM)
Finite element simulations were carried out using ABAQUS/
StandardVR software (Dassault Systèmes Simulia Corp.,
Providence, RI) to calculate the stress field developed under
compression tests in bare, coated and fully impregnated
scaffolds, in order to quantify the effect of stress reduction
on the ceramic skeleton provided by the PCL polymer on
the macropores, as would be explained in subsequent
sections. The algorithm models the compression of a rectan-
gular parallelepiped scaffold/infiltrate composite with
approximate external dimensions 2 mm � 2 mm � 1.6 mm,
as shown in Figure 1. The scaffold model consisted of 10
alternating orthogonal layers of parallel b-TCP rods with the
following dimensions: rod diameter, d ¼ 215 lm, in-layer
rod spacing, s ¼ 436 lm, and layer height, h ¼ 162 lm,
which are the average final dimensions of the sintered
structures. The FEM grid for the scaffold system consisted
of nearly six million quadratic tetrahedral elements. The
dimensions of the elements are not uniform throughout the
model. Element size is around 100 lm for most of the
model, but much smaller within the central unit cell
depicted in Figure 1, in which elements in the vicinity of
the external surfaces of the ceramic rods have a minimum
dimension of �3 lm.

Isotropic elastic behavior is assumed for the entire
system since, as it will be shown, fracture of the ceramic
skeleton occurs before significant deviation from linearity is
observed in the stress–strain curves of the composite scaf-
folds. The elastic properties from Table I were used as input
parameters for the simulation of each individual material
(i.e., TCP and TCP/PCL rods, and PCL infiltrate). For the
simulation of bare and coated scaffolds, the corresponding
rod values were used and a negligible elastic modulus was
set for the infiltrating material (dark regions in Fig. 1). Since
interfacial fracture has not been observed as a primary
damage mode in polymer infiltrated robocast structures,18,19

FIGURE 1. Finite element model used to simulate the uniaxial com-

pression of bare, coated and fully impregnated scaffolds. The dimen-

sions of the elements are around 100 lm, except in the interior unit

cell shown in the insert where the dimension is reduced to � 3 lm at

the rod surfaces. [Color figure can be viewed in the online issue,

which is available at wileyonlinelibrary.com.]
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the bonding strength at the scaffold–infiltrate interface was
considered infinite.

Boundary conditions were set as follows: the bottom
surface of the structure is fixed while the top one is free to
move in the normal direction with a defined displacement
of 8 lm. The applied load was calculated as the sum of the
reaction force at every node on the top surface of the struc-
ture and was then normalized by the initial surface area to
get the nominal applied stress.

RESULTS

Shown in Figure 2 are representative scanning electron
micrographs of the bare b-TCP robocast scaffolds after sin-
tering. Both the macroscopic predesigned porosity
[Fig. 2(a)] and the internal rod microporosity [Fig. 2(b,c)]
are apparent. The mean dimensions of the ceramic structure
as determined from the SEM observations were rod diame-
ter, d ¼ 215 6 8 lm, in-layer rod spacing, s ¼ 436 6 10
lm, and layer height, h ¼ 162 6 5 lm. According to the
density measurements the total porosity in the b-TCP scaf-
folds is 66 6 3%, with 4.0 6 0.3% being closed porosity. Pre-
designed macroporosity was calculated to be �50%, so that
rod microporosity would represent �16% of the sample vol-
ume, with �12% being accessible for polymer infiltration.

Figure 3 shows scanning electron micrographs of repre-
sentative specimens of b-TCP robocast scaffolds before
[Fig. 3(a)] and after coating by ISP of PCL [Fig. 3(b)]. A sim-
ilar image for the scaffolds after full impregnation with PCL
by ISP from a previous work19 is included in Figure 3(c).
These micrographs confirm that ISP is suitable to fabricate
hybrid ceramic/polymer robocast structures, where the
polymer either fully infiltrates the structures [Fig. 3(c)] or
simply coats the ceramic bars [Fig. 3(b)]. Fully impregnated
structures can be obtained under solventless infiltration
conditions,19 while the deposition of a homogeneous e-PCL
coating on the ceramic rods surface requires an appropriate
solvent concentration (1:2, monomer:toluene ratio). Under
this condition, a uniform film is created and the macro-
porosity of the structure remains unaltered, with the excep-
tion of some rounding of the pore channels produced by
accumulation of the polymer at the intersections between
TCP rods [Fig. 3(b)]. The coating morphology can be seen
more clearly in Figure 4: the polymer properly coats the
rods, creating a smooth surface [compare Figs. 4(a) and
2(b)], with a film of �0.2 lm minimum thickness
[Fig. 4(b)]. Moreover, PCL also penetrates into the rods’

microporosity, as it is clearly evident in the FIB section
micrograph of Figure 4(c) [cf. Fig. 2(c)]. Indeed, for the PCL-
coated structures, the porosity of the sample is reduced to
52 6 3 vol %, indicating that a 14 6 3% of the sample vol-
ume has been occupied by polymer, which is in excess of
the estimated available rod open microporosity (�12%).
Excess polymer would produce the exterior polymeric film’s
and the observed accumulation of polymer at the rods inter-
sections [Fig. 3(b)]. The extraordinary level of infiltration
that can be achieved by ISP was already evidenced in

TABLE I. Mechanical Properties of the Individual Materials,

With Standard Deviations as Error

E (GPa)a H (GPa)a m

TCP/PCL rod 19 6 2 0.8 6 0.2 0.28b

TCP rod 16 6 2c 0.7 6 0.1c 0.28b

PCL 1.5 6 0.2c 0.07 6 0.02c 0.47d

a Obtained from instrumented indentation tests.
b Assumed equal to that of bulk TCP, from the literature.33

c From previous work.19

d From the literature.34

FIGURE 2. Scanning electron micrographs of the b-TCP robocast scaf-

folds before impregnation: representative as-cut specimens (a), rod

surface, and transversal section details (b and c). Both the macro-

scopic, predesigned porosity, and internal rod porosity are evident.
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previous work,19 where it was demonstrated that all the
scaffold open porosity (62 6 3%) was occupied by polymer
in the fully impregnated structures [cf. Fig. 3(c)].

The mechanical properties of the different microstruc-
tural components of the structures shown in Figure 3, indi-
vidual rods (bare TCP and TCP/PCL rods) and inter-rod
polymer (PCL), are included in Table I. Data for the bare
rods and the infiltrating polymer are from a previous
work.19 Poisson ratios for the different individual materials

were obtained from the literature, as indicated. The elastic
properties in Table I were used in the FEM simulations.
Infiltration with polymer produced a slight increase (�20%,
statistically significant, p < 0.05) in the rod modulus due to
the PCL occupying the in-rod microporosity.

Regarding the mechanical properties of the scaffolds,
Figure 5 shows a nominal representative stress–strain curve
for uniaxial compressive tests performed on PCL-coated
(TCP/PCLC) hybrid structures. The data is compared to
results for the bare b-TCP scaffolds (TCP), as well as PCL

FIGURE 3. Scanning electron micrographs showing the microstruc-

ture of representative fracture surfaces of (a) bare b-TCP robocast

scaffolds, (b) PCL-coated scaffolds, and (c) PCL fully impregnated

structures (from previous work19). Backscattered electrons were used

in (c) to obtain a better contrast between the polymeric and ceramic

phases.

FIGURE 4. Scanning electron micrographs of a representative PCL-

coated scaffold: (a) coated rod surface, (b) backscattered electron

image of a fractured rod surface, and (c) FIB rod section micrograph.

Dark regions in (c) correspond to PCL.
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fully impregnated hybrid structures (TCP/PCL) from previ-
ous work.19 For each type of material, there is some vari-
ability in the shape of the curve from sample to sample, but
the examples shown are representative in terms of area and
maximum values. A noticeable increase on the strain energy
density is evident upon either full infiltration or coating
with PCL. Besides, a considerable improvement in the com-
pressive strength of the TCP scaffolds is also apparent in
both hybrid structures.

The strengthening effect of polymer infiltration is more
clearly evidenced in the Weibull plots of Figure 6. This plot
shows the failure probability as a function of applied com-
pressive stress for TCP, TCP/PCL, and TCP/PCLC scaffolds

(again, data for TCP and TCP/PCL structures is taken from
previous work19). Data correspond to individual compres-
sion tests and the straight lines are the best fits to data
using the Weibull probability function32:

P ¼ 1� exp½�ðr=r0Þm� (1)

with P being the failure probability, and where the Weibull
modulus, m, and central value, r0, are adjustable
parameters.

Figure 7, compares the compressive strength (r0) meas-
ured in TCP/PCLC scaffolds to the corresponding values for
TCP and TCP/PCL structures from previous work.19 It is
clear that the compressive strength of the scaffolds is more
than doubled in the case of PCL coating and nearly tripled
upon full impregnation with PCL.

On the other hand, in terms of reliability, according to
Figure 6, the hybrid structures exhibit an enhancement over
the bare scaffolds which is similar for both types of hybrid
structures, as evidenced by their similar Weibull modulus
(m ¼ 5.2 6 0.2 for TCP/PCLC and m ¼ 5.0 6 0.3 for
TCP/PCL composites, versus m ¼ 3.1 6 0.1 for TCP bare
scaffolds).

The analysis of these strength data can be made in the
light of the stress field generated in the scaffolds under uni-
axial compression, as calculated by FEM. Figure 8 shows the
evolution of the maximum tensile stress in the system as a
function of nominal applied stress (i.e., applied load normal-
ized by external section in the FEM model) for bare TCP,
TCP/PCLC, and TCP/PCL structures. The data for bare TCP
and TCP/PCLC are coincident since variation of the rod
modulus does not affect the intensity of the stresses at a
given load (although the strains, obviously, change). The

FIGURE 5. Representative nominal stress–strain curves obtained dur-

ing uniaxial compression tests performed along the direction orthogo-

nal to the rod layers on robocast b-TCP scaffolds coated with PCL

(TCP/PCLC). Data for bare scaffold (TCP) and fully impregnated struc-

tures (TCP/PCL) from previous work19 are included for comparison.

[Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]

FIGURE 6. Weibull compressive strength plot (i.e., failure probability

vs. applied stress) for PCL-coated structures (TCP/PCLC). Data for

bare (TCP) and PCL fully impregnated (TCP/PCL) structures from

previous work19 are included for comparison. The straight lines

are linear fits to data using a Weibull probability function. [Color

figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]

FIGURE 7. Compressive strength (central value, r0, of Weibull distri-

bution) of PCL-coated (TCP/PCLIC) structures. Data for bare (TCP) and

PCL fully impregnated (TCP/PCL) structures from previous work19 are

included for comparison. Error bars represent standard errors in the

estimation of r0 and are not related to strength data scattering. The

strength attributed to stress shielding in TCP/PCL structures is

included as a white pattern in the corresponding bar (see ‘‘Discus-

sion’’ section). [Color figure can be viewed in the online issue, which

is available at wileyonlinelibrary.com.]
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FEM-calculated stress contours (at indicated applied stress)
corresponding to the maximum tensile stress, rmax, at each
point on the rod surfaces for each system are shown as an
inset. These contours indicate the location of the maxima,
close to the joints between rods, which are responsible for
crack initiation.35 It can be clearly seen that PCL full
impregnation reduces the intensity of the maximum stress
in the ceramic rods only slightly (by 17 6 3%).

For the quantification of the toughening effect of PCL
infiltration, Figure 9, shows the strain energy density at two
strain values: strain at compressive strength (Gmax) and
10% strain (G0.1) for all three materials. Independently of
the strain considered, PCL-coating of the scaffolds produces
at least a fivefold increase in the toughness, while full
impregnation of the structures is even more effective.

DISCUSSION

According to the scanning electron micrograph of Figures 3(b)
and 4, it is possible to state that ISP of e-PCL is a suitable
polymer coating method for robocast scaffolds, providing a
good approach to maintain the designed macroporosity, but
fully impregnating the rod microporosity, thus producing a
considerable enhancement of the mechanical behavior over
bare scaffolds, as evidenced in Figures 6, 7, and 9.

As already mentioned in the ‘‘Introduction’’ section, the
enhancement reported in fully impregnated, TCP/PCL, struc-
tures (a factor of strengthening of 2.6 6 0.4) can be attrib-
uted to two concurrent mechanisms: (i) stress shielding by
the polymer in the macropores which sustains part of the
load, thus reducing the stresses in the ceramics rods and
(ii) defect healing by the polymer within the rod micro-
porosity, which fills pre-existing defects in the b-TCP rods,

bonding the defect walls together, and thus increasing the
stress needed for a crack to propagate from them. Obvi-
ously, the stress shielding component is suppressed in the
coated, TCP/PCLC, structures since the macroporosity
remains virtually intact. Therefore, the strengthening factor
of 2.2 6 0.4 estimated for TCP/PCLC structures (Fig. 7) is
associated solely to the defect healing mechanism. Assuming
that the effectiveness of the healing is similar in TCP/PCL
structures, the strengthening associated to stress shielding,
indicated as a patterned band in the corresponding column
(TCP/PCL) of Figure 7, is estimated as 1.2 6 0.4. This
agrees completely with the results of FEM simulations per-
formed for bare and fully impregnated structures (Fig. 8).
Indeed, the FEM-based calculation of the strengthening fac-
tor associated to stress shielding by PCL full infiltration is
of 1.2 6 0.2, in perfect agreement with the estimation from
the experimental results in Figure 7. This confirms the hy-
pothesis that the defect-healing effect is similar in TCP/PCLC

and TCP/PCL scaffolds. Further evidence of this can
be found in the fact that the Weibull modulus evaluated
in both type of hybrid structures is virtually the same
(m ¼ 5.2 6 0.2 vs. 5.0 6 0.3, respectively), which indicates
that a similar starting flaw population exists in TCP/PCLC

and TCP/PCL systems. The good agreement between the
FEM predictions and experimental data confirms once
more31,36 the reliability of this technique as a tool for pre-
dicting the stress fields in these complex structures.

The strength increase after coating with PCL evidenced
in Figure 7 (120%) is much larger than previously reported
results for conventional scaffolds with similar total poros-
ities coated by immersion in PCL solution (�15–30%16).
And the level of strengthening could even be increased fur-
ther if higher polymerization temperatures and times were
used.20 Nonetheless, since the scaffold geometries and

FIGURE 8. Plot of maximum tensile stress in the scaffold versus the

nominal applied stress (applied load normalized by initial cross-sec-

tional area) for bare TCP, coated TCP/PCLC (coincident data, dark line),

and TCP/PCL (light line). The FEM stress contours of the maximum

tensile stress at each point of the structure at 15 MPa (black dots) of

nominal applied stress are included to clarify the location of the max-

ima whose values are represented in the curves. [Color figure can be

viewed in the online issue, which is available at

wileyonlinelibrary.com.]

FIGURE 9. Strain energy density, G, data from compression tests in

PCL-coated structures (TCP/PCLC). Data for bare (TCP) and PCL fully

impregnated (TCP/PCL) structures from previous work19 are included

for comparison. For each type of structure, left (patterned) bars repre-

sent Gmax values, whereas right bars correspond to G0.1. Error bars

represent standard deviations. [Color figure can be viewed in the

online issue, which is available at wileyonlinelibrary.com.]
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materials are not the same in all these studies, all these
data comparisons should be treated with care.

On the other hand, the mechanical performance
enhancement provided by polymer infiltration is not limited
to strength and reliability but extends also to toughness. As
shown in Figure 9, TCP/PCLC and TCP/PCL scaffolds exhibit,
independently of the strain considered, a strain energy den-
sity in compression at least five times (400%) higher than
the bare TCP structures, with the TCP/PCLC structures
exhibiting slightly lower values. This enhancement is, again,
far superior to that reported in solution-impregnated
conventional scaffolds by other authors (<70%).16 The
toughening can be attributed on the one hand to the
strengthening provided by the polymer infiltration, and on
the other to polymeric fibrils that bridge the crack walls
and hold the structure together after the ceramic skeleton
fails.16 The reduced toughness of TCP/PCLC compared to
TCP/PCL structures is clearly due to the lack of polymer
within the macropores, which negatively affect both contri-
butions. Indeed, the polymer in the macropores is able to
hold the structure together even after large deformations,
with fully impregnated samples preserving mechanical
integrity after 30% strains, while simply coated structures
break into pieces before that. In spite of that, Figures 3(c)
and 4(b) show that polymer fibrils on scaffold fracture
surfaces are short, indicating that crack bridging mechanism
is not very effective with the current processing conditions,
thus, most of the observed toughening is in fact a product
of the strengthening achieved. The bridging mechanism
could be enhanced, nonetheless, by increasing the molecular
weight, and thus the ductility, of the infiltrating PCL
polymer.16

To sum up, deposition of a polymer coating has been
demonstrated to be an excellent means to improve the
mechanical performance of bioceramic robocast scaffolds
while preserving the predesigned macroporosity architec-
ture, with its high degree of interconnectivity. Both strength
and toughness were increased substantially over the values
of bare scaffolds, and in the case of the strength, up to val-
ues that clearly surpass those corresponding to cancellous
bone (<5 MPa), although still fall short of those correspond-
ing to cortical bone (30–250 MPa).37 Obviously, the
improvement on the mechanical performance achieved will
depend on the intrinsic properties of the coating material:
elastic modulus, strength, toughness and adhesion strength
to the scaffold material.

Nonetheless, it is worth mentioning that deposition of a
fully homogeneous coating over the bioceramic scaffold
surface could reduce its bioactivity and affect cell adhesion
since the calcium and phosphate ions would not be exposed
to the biological environment until the polymer was
resorbed. A possible solution to this drawback would be to
adjust the coating process to produce infiltration of in-rod
microporosity but without fully covering the external sur-
face of the rods to preserve some of the superficial calcium
phosphate material. Nevertheless, while achieving this is
deemed feasible, it would be technically difficult and, most
probably, reducing the polymer surface coverage would

result in a reduced healing of rods’ defects, which will
translate into a reduced mechanical performance. A balance
between both key aspects, mechanical and biological
performances, would have to be achieved. An alternative
solution to improve the biological performance without
jeopardizing the mechanical properties would be to incorpo-
rate growth factors into the polymer formulation or biocer-
amics as reinforcing nanoparticles within the polymer (thus
using a nanobiocomposite as infiltrating material). The use
of a nanobiocomposite as the infiltrating material would
also be appealing for the improvement of the mechanical
performance of the coating, and this possibility would be
analyzed in future works.

Finally, it is worth mentioning, that the fabrication pro-
cess proposed here has been tuned to optimize exclusively
the mechanical performance of the resulting coated scaffold,
to show the potential benefits of this strategy. Modifications
of the process would probably be required in order to war-
rant a suitable biological response. For example, additional
washing and scouring steps would be required to eliminate
potentially harmful remnants of the toluene solvent. Alter-
natively, an additional heat treatment could be used to
simultaneously eliminate such remnants and to sterilize the
scaffold, although obviously this additional treatment might
modify the mechanical response and complicate the addition
of biomolecules to the coating. Additional care might be
taken also in avoiding excessive residual unreacted mono-
mers to prevent possible toxicological effects, although e-CL
exhibits low acute toxicity.38

CONCLUSIONS AND IMPLICATIONS

Infiltrating bioceramic scaffolds with a biodegradable poly-
mer (PCL) to produce a homogeneous coating has been
demonstrated to be an excellent means to improve the scaf-
fold’s mechanical performance, both in terms of strength
and toughness, while preserving the predesigned pore
architecture produced by robocasting. In this sense, the
method utilized here, ISP, has demonstrated to be an excel-
lent choice to develop highly homogeneous PCL films and to
completely seal the scaffold microdefects. The selection of
the appropriate coating material might allow one to
improve the mechanical performance even further.

Nonetheless, if mechanical properties were the only
concern, fully impregnating the structures would be a more
efficient reinforcement strategy. In that case, the necessary
porosity to allow cell ingrowth would have to be created
in situ during the scaffold biodegradation, which remains a
scientific challenge. However, preserving the predesigned
macroporosity by applying just a coating will facilitate bone
ingrowth into the hybrid scaffold from the beginning, and
enable seeding of the scaffold with appropriate cell lines
prior to implantation. This possibility may be important
when repairing large defects in order to avoid, or at least to
hamper, the colonization of the scaffold by undesired cell
types, typically fibroblastic, with higher migration or prolif-
eration rates than the target cells.

At any rate, the results of this work provide valuable
insight into the mechanical behavior of hybrid ceramic/
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polymer scaffolds for bone tissue engineering applications,
and pave the way to achieving more appropriate implants
for bone regeneration.
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