Design and Preparation of p-Bimodal Porous Scaffold

for Tissue Engineering

A. Salerno,"? M. Oliviero,® E. Di Maio,' S. Iannace,® P. A. Netti'*?

"Interdisciplinary Research Centre in Biomaterials (CRIB), University of Naples Federico II, P.le Tecchio 80,

80125 Naples, Italy

Italmn Institute of Technology (1IT), Via Morego 30, 16163 Genoa, Italy
3Institute for Composite and Biomedical Materials (IMCB)-CNR, P.le Tecchio 80, 80125, Napoli, Italy

Received 7 March 2007; accepted 21 May 2007
DOI 10.1002/app.26881

Published online 17 August 2007 in Wiley InterScience (www.interscience.wiley.com).

ABSTRACT: The aim of this study was to prepare poly-
e-caprolactone (PCL) foams, with a well-defined micromet-
ric and bimodal open-pore dimension distribution, suitable
as scaffolds for tissue engineering. The porous network
pathway was designed without using toxic agents by com-
bining gas foaming (GF) and selective polymer extraction
techniques. PCL was melt-mixed with thermoplastic gela-
tin (TG) in concentrations ranging from 40 to 60 wt %, to
achieve a cocontinuous blend morphology. The blends
were subsequently gas foamed by using N,-CO, mixtures,
with N, amount ranging from 0 to 80 vol %. Foaming tem-
perature was changed from 38 to 110°C and different pres-
sure drop rates were used. After foaming, TG was re-

moved by soaking in H,O. The effect of blend composi-
tions and GF process parameters on foam morphologies
was investigated. Results showed that different combina-
tions of TG weight ratios and GF parameters allowed the
modulation of macroporosity fraction, microporosity
dimension, and degree of interconnection. By optimizing
the process parameters it was possible to tailor the mor-
phologies of highly interconnected PCL scaffolds for tissue
engineering. © 2007 Wiley Periodicals, Inc. ] Appl Polym Sci
106: 3335-3342, 2007
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INTRODUCTION

One of the great challenges in tissue engineering is
to design biocompatible and biodegradable scaffolds
that provide the necessary support for cells to prolif-
erate and maintain their differentiated function in
vitro and/or in vivo, defining the ultimate shape of
the new engineered tissue."

Several techniques have been developed to pre-
pare synthetic and natural polymeric scaffolds with
a single scale 2porous network, including particulate
leaching (PL),** gas foaming (GF),*® and selective
polymer extraction (PE) from cocontinuous blends.”®
Unfortunately, these methods showed great limita-
tions in terms of scaffold design and function. For
instance, scaffolds prepared via PL, by removing
premixed percolated porogens from the polymeric
matrix, possess a well-defined porosity and pore
size. However, the presence of inorganic porogen
particles eventually entrapped into the matrix may
damage transplanted cells and represent a big limita-
tion of this technique.” Furthermore, PL leads to a
highly interconnected porosity with a drastic reduc-
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tion of mechanical properties.” GF uses high-pressure
gas processing to induce porosity formation into a
polymeric matrix. The porosity and pore structure
depend on the competition between gas bubble
nucleation and growth and can be finely regulated
by the selection of the blowing agent and processing
parameters. However, this technique generally leads
to scaffolds with partially closed cellular structure
and nonporous external skin.* The PE technique
involves the selective extraction of a polymeric phase
from cocontinuous blends and provides scaffolds
with mechanical properties suitable for load bearing
application, such as bone and cartilage repair. In this
case, scaffold porosity (ranging from 40 to 60% ca.),
interconnectivity, and the difficulty in completely
extracting the polymeric phase are the main limita-
tions.””?

Recently, advances in tissue engineering revealed
that porosity architectures at different scales are key
morphological properties of a scaffold to be used for
the regeneration of complex three-dimensional tis-
sues, such as bone and cartilage.” In particular, pores
with mean diameters of the order of 100 pm (macro-
porosity) provide the necessary substrate for cells to
adhere, grow, and proliferate. Furthermore, pores
with diameters of few microns (microporosity), not
accessible to cells but interconnected to the macro-
porosity, may represent a preferential way for fluids
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and nutrients, providing the continuous supply for
cell proliferation and biosynthesis and allowing the
complete harvest of three-dimensional constructs.

With the aim of preparing scaffolds with a dou-
ble-scale porosity (macroporosity and microporos-
ity), thermally induced phase separation'® or solvent
casting (SC)/PL" techniques have been used recently.
These process technologies, however, require the use
of organics solvents that can remain in the scaffold,
in turn damaging transplanted cells and biological
signals eventually entrapped into the matrix.

To overcome this problem, GF/salt leaching
(SL)'*"* and PE/SL'* methods have been applied to
obtain porous networks on a double scale, with mac-
roporosity formed after the removal of salt particles
and microporosity created by GF or selective PE. If
compared with SC/PL, these techniques allowed an
increase of the exposure of bioactive particles on the
scaffold surfaces and an increase of pores intercon-
nectivity, with the consequence of enhancing bone
regeneration efficacy of osteogenic cell transplanta-
tion for the treatment of bone defects.’> The use of
inorganic porogen and the difficulty of regulating
the degree of interconnection by GF and selective PE
represent to date the most important limitations for
these techniques.

The aim of this study was to prepare poly-e-capro-
lactone (PCL) scaffolds'® with bimodal-micron scale
porosity (p-bimodal) without the use of toxic sol-
vents and/or porogens, by combining the two tech-
niques of GF and PE. This was achieved by: (i) pre-
paring PCL and thermoplastic gelatin (TG) (a highly
water-soluble natural polymer from animal protein)
cocontinuous blends, (ii) GF the blends with physical
blowing agent mixtures, and (iii) extracting the TG
by submerging the foamed samples in water.

The correspondence between blend composition
and cocontinuous blend morphologies and the effect
of blend composition, foaming temperature, blowing
agent, and pressure drop rate on foaming were stud-
ied to optimize macroporosity fraction, microporos-
ity dimension, and degree of interconnection of the
final PCL scaffolds.

EXPERIMENTAL
Materials

PCL (Mw = 65 kDa, T,, = 59-64°C, T, = —60°C,
and p = 1.145 g/cm’) and gelatin powder (type B,
My = 40-50 kDa) were purchased from Sigma-
Aldrich (Italy). Glycerol anhydrous with purity
grade higher than 99.5% was purchased from Fluka
(Italy) and used as plasticizer for the preparation of
TG. N, and CO, mixtures (Air liquide, Italy) were
used as physical blowing agent for GF experiments.
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TABLE I
Abbreviations and Weight Compositions
of PCL/TG Blends

PCL/TG60/40 PCL/TG55/45 PCL/TG50/50 PCL/TG40/60

PCL 60 55 50 40
TG 40 45 50 60

Blends preparation

Cocontinuous blends were prepared with PCL and
thermoplasticized gelatin. Thermoplasticization is a
thermomechanical process used to induce, with the
aid of suitable plasticizers, the formation of a ther-
moplastic material out of the original hierarchical-
structured natural polymers.'® TG was prepared by
using an internal mixer (Rheomix® 600 Haake, Ger-
many) controlled by a measuring drive unit (Haake
Rheocord®™ 9000). 50 g of gelatin powder were
mixed with 20 wt % of glycerol at 60°C, 60 rpm for
6 min. The TG was then extracted from the mixer
and ground for further processing. Subsequently,
PCL-TG blends were obtained with the same mixing
equipment at 60°C, 80 rpm for 6 min. PCL-TG com-
position, ranging from 60 to 40 to 40-60 wt % (see
Table I), were chosen in the region of the inversion
point'”'® (prg = 1.18 g/cm?, as evaluated by gravi-
metric and volumetric measurement). Finally, the
blends were extracted from the mixer and com-
pressed at 70°C and 30 bar into 2 mm-thick plates
by a P 300 P hot press (Collin, Germany).

Achievement of the porous structures: GF and
TG extraction

Physical batch foaming was conducted in a high-
pressure vessel (HiP, US) as described by Marrazzo
et al.,'” adapted to provide a fine control of the basic
foaming parameters: blowing mixture composition,
foaming temperature (Tr), saturation pressure (Pgyu),
and pressure drop rate (PDR).**>

Samples were solubilized with the blowing mix-
ture for 4 h at 70°C and subsequently cooled or
heated to the desired foaming temperatures with a
precise protocol. The pressure was then released to
ambient pressure with controlled pressure drop rates
(PDRs). Three GF processing variables were selected
to modulate foam morphologies: N,-CO, blowing
mixture (0-100 to 80-20 vol %), Tr in the range 38—
110°C and PDR from 70 to 700 bar/s. Foams were
finally soaked at 38°C in distilled H,O until com-
plete TG extraction and subsequently dried to
achieve the final scaffold architectures.

Morphological analysis

Scanning electron microscopy (SEM) and image anal-
ysis were used to assess foamed sample morphologies
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and to determine the volume fraction of the single
foamed components by means of the area fraction
measurements.”>** Samples were cross-sectioned,
gold sputtered, and analyzed by SEM LEICA 5440 at
an accelerating voltage of 20 kV, at various magnifica-
tions. )

Image analysis [Image J*] was used as a numerical
tool to evaluate the effect of blend compositions and
GF process parameters on the multiphase morphol-
ogy of the foams. In particular, the volume fraction
of the expanded TG phase (®), defined as (eq. (1)):

volume of foamed TG phase

1)

" total volume of foamed sample’

was identified with the TG area fraction’>** and was

measured by tracing the areas of foamed PCL and
TG from a 7 mm?” micrograph. The image magnifica-
tion (90X) was chosen as a compromise between
phase resolution and error related to the mean phase
domain dimension. Moreover, the morphology of
each phase was characterized by the average size of
bubbles within the expanded PCL phase (Dpcr) and
the expanded TG phase (Drg). Dpcr, and Dyg were
evaluated from SEM micrographs by tracing a mini-
mum of 150 pores for each phase and correcting the
software value, calculated with the hypothesis of
spherical shape, with the factor 4/n, according to the
ASTM D 3576.

By considering that the PCL microstructure is
unvaried after the TG extraction, ® corresponds to
the macroporosity volume fraction and Dpcp, corre-
sponds to the microporosity characteristic dimension
of the final PCL scaffolds.

RESULTS AND DISCUSSION

The architecture of the porous structure in our sys-
tem strongly depends on several factors, related to
the materials and the processes involved. In particu-
lar, the composition of the blend (PCL/TG), the kind
of process (blending and foaming), and the composi-
tion of the blowing agent (N,/CO,) are the parame-
ters that affect the final morphology.>> Moreover, the
analysis is further complicated since all of these pa-
rameters are mutually correlated and interdepend-
ent. For instance, blend composition is one of the
most important parameters in defining cocontinuous
morphologies and, hence, macroporosity of the final
scaffolds. However, this parameter also affects PCL
foaming and therefore scaffold microporosity. To
make our analysis simpler, this study will be mostly
devoted to the understanding of the GF process,
once the effective cocontinuity and characteristic
dimensions of the phases have been verified.
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Cocontinuous blends characterization

The achievement of heterogeneous blends was con-
firmed by dynamic mechanical thermal analysis,
which showed the presence of the two T,’s of the
single components (at —60°C for PCL and 50°C for
TG, consistently with DSC results®®). Furthermore,
the cocontinuous morphology patterns of the blends
were verified by electron microscopy and gravimet-
ric measurements after TG extraction. These results
(not shown) confirmed the complete removal of the
TG for all the PCL/TG blends.

Gas foaming of cocontinuous blends

The effect of blend composition and GF process
parameters (Tr, blowing mixture composition, and
PDR) on ®, Dpcr, and Dyg in PCL/TG foamed
blends was investigated, with the aim of modulating
the volume fractions of the two phases and achiev-
ing open-celled PCL foams. As a co-effect, TG phase
will also foam, but its porous structure is of minor
importance since it will be subsequently removed.

Effect of blend composition on foam
microstructures

SEM micrographs of the foams prepared from all the
blends (see Table I) by using a 80-20 vol % N»-CO,
mixture as the blowing agent, at Tr = 43°C, P, = 180
bar, and PDR = 700 bar/s, are shown in Figure 1.
The PCL/TGgosa0 and PCL/TGaose0 systems [Fig.
1(a,d)] showed a morphology characterized by two
foamed phases, while the PCL/TGss,45 and PCL/
TGsoss0 [Fig. 1(b,c)] systems showed a negligible
expansion of the TG phase. The porosities of the two
phases are rather different, with expanded TG phase
characterized by smaller pores with respect to
expanded PCL phase. Figure 2 reports the effect of
TG concentration on ®, Dpcr, and Drg. As expected,
® increases (from 0.2 to 0.65 ca.) with the increase of
TG content in the original blend composition. In par-
ticular, at the lower TG concentrations (from 40 to 50
wt %), ® was less than nominal TG concentration,
showing a more pronounced expansion of the PCL
phase. At the highest TG concentration (60 wt %),
conversely, ® = 0.65 demonstrated an increased
expansion of the TG phase. Dpcy, decreases progres-
sively from 50 pm for the system PCL/TGgp 40 to 30
pum for the system PCL/TGsp 50 and increases with
further increase of TG (50 pum for PCL/TGyg,/60)-
When expanded (systems PCL/TGgg 40 and PCL/
TGuao,60), the TG phase showed a foam morphology
with Dyg between 10 and 20 um. Taking into
account these results, we selected the PCL/TGg 40
system [Fig. 1(a)] for further GF investigations.

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 1 SEM micrographs of PCL/TGeg,40 (a), PCL/TGss/45 (b), PCL/TGs0,/50 (), and PCL/TGyg,60 (d) blends foamed
with 80-20 vol % N,-CO, blowing mixture at Tr = 43°C, Pyt = 180 bar, and PDR = 700 bar/s.

Effect of foaming temperature on foam
microstructures

Figure 3 shows SEM picture of PCL/TGgp 40 foam
morphologies, prepared in the Tr range of 38-110°C,
using a 80-20 vol % Ny-CO, mixture, at Ps,y = 180
bar and PDR = 700 bar/s. Figure 3(a) shows that, at
38°C, TG did not foam at all. This effect is related to
the glass transition temperature of TG (T, = 50°C,
see earlier section), which could be eventually low-
ered by the presence of blowing agent (plasticizing
effect). In fact, at temperatures below the T, of the
TG/blowing agent solution, foaming is hindered by
the very high rigidity of the glassy polymer, while at
temperatures higher than or equal to 42°C, TG was
able to expand, giving fine-celled morphologies.
Regarding the PCL phase, the porous structures
change drastically whether the T is lower or higher
than the PCL melting temperature (T,,). In fact, at Tp
higher than 60°C, PCL do not crystallize and the
foamed structure collapsed. The resulting morpholo-
gies of the PCL/TG system are then characterized
by a foamed TG phase surrounded by a collapsed,
dense PCL phase [see Fig. 3(d)]. These effects are
also described by the ®, Dpcr, and Drg versus Tr
curves, reported in Figure 4. When T < T, ®
decreases with the increase of Ty up to 42°C, for the
improved tendency of PCL to foam [Fig. 3(a,b)], and
then increases, as a result of the increased tendency
of PCL to collapse [Fig. 3(c)]. Finally, when Tr > T,
® is almost constant and equals to 0.33. As already
observed in the previous section, PCL foams give
coarser porous structures with respect to TG. At
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Ty > T,, furthermore, Dpc, increased of almost one
order of magnitude for the extensive bubble coales-
cence. The effect of the other processing parameters
on foam microstructures was then studied by select-
ing T in the range 42-45°C.

Effect of blowing mixture composition on
foam microstructures

The effect of the blowing agent composition on
PCL/TGgp,40 was studied in the range 0-100 to 80—
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Figure 2 Effect of blend compositions on ® (@), Dpcr,
(O), and Drg (A) for samples prepared with 80-20 vol %
N,-CO, blowing mixture, Tr = 43°C, Ps¢ = 180 bar, and
PDR = 700 bar/s. Black symbols refer to the left axis and
closed symbols refer to the right axis.
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Figure 3 SEM micrographs of PCL/TGeg,40 blend foamed with 80-20 vol % N»-CO, blowing mixture at different Tp:

38°C (a), 44°C (b), 50°C (c), and 70°C (d).

20 vol % N»-CO,, at Tr = 43°C. Py, changed in the
range 100 (for the 0-100 mixture) to 180 bar (80-20)
and PDR changed accordingly, from 500 to 700 bar/s,
respectively. SEM micrographs of selected foams are
shown in Figure 5, while ®, Dpcy, and Drg curves
are reported in Figure 6. Results show that the
porous structure of the PCL/TGgp 40 samples is
strongly affected by the gas mixture composition. In
particular, in the range 80-20 to 50-50 vol %, foams
were characterized by two foamed phases [Figs. 1(a),
3(b), and 5(a)], with finer TG phase morphologies
with respect to the PCL phase. With further increase

i 600
-500
04| &
] s 1 I 2
[ ] 4 === 4000
03F . ®* - | 2
~ i
a .\._“"’d l_...-'f..l _31](]_|°
* e - a
0.2, - —
01}
I | . {100
——= [
m_l? ity Ir'. """ "'f" - et i fara 0
36 38 40 42 44 46 48 50 T~ 70 80 90100110
Te [°C]

Figure 4 Effect of Tr on ® (@), Dpcr, (O), and Drg (A) of
PCL/TGgo/40 blend foamed with 80-20 vol % N»-CO,
blowing mixture, Ps,; = 180 bar and PDR = 700 bar/s.
Closed symbols refer to the left axis and open symbols
refer to the right axis.

of CO,, the TG phase foams did not change signifi-
cantly, while PCL foams were characterized by
coarse and mainly closed-cell structures. The differ-
ences in the foaming behavior of the two different

Figure 5 SEM micrographs of PCL/TGeg,40 blend foamed
at Tr = 43°C with different CO,-N, blowing mixture:
(a) 40-60 vol %, (b) 70-30 vol %.

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 6 Effect of blowing mixture composition on ® (@),
Dpcr, (O), and Drg (A) of PCL/TGgp,40 blend foamed with
Tr = 43°C and PDR = 700 bar/s. Closed symbols refer to
the left axis and open symbols refer to the right axis.

phases could be ascribed to the different solubilities
and related plasticization effect of the blowing mix-
tures. In particular, with the increase of CO, content
beyond 50 vol %, elongational properties of PCL
dramatically decreased, resulting in the impossibility
to withstand the elongational stresses during foam-
ing. In fact, the increased plasticization effect of CO,

Figure 7 SEM micrographs of PCL/TGeg, 49 blend foamed
with 80-20 vol % N,-CO, blowing mixture at Ty = 43°C
and P, = 180 bar with different PDR: 70 bar/s (a) and
200 bar/s (b).
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Figure 8 Effect of PDR on ® (@), Dpcr, (1), and Drg (A)
of PCL/TGegp,40 blend foamed with 80-20 vol % N»-CO,
blowing mixture at Tr = 43°C and Py, = 180 bar. Closed
symbols refer to the left axis and open symbols refer to the
right axis.

could be described as a temperature increase, which,
as observed before, could lead to cell collapse. Con-
versely, TG did not present any collapse in the ana-
lyzed experimental range of blowing agent composi-
tion, as observed earlier, in the analysis of the effect
of Tr [Fig. 5(b)], proving a wider foaming window
with respect to PCL. The effect of PDR on foam
microstructures was investigated by selecting 80-20
vol % N»-CO, blowing mixture during next foaming
experiments.

Effect of PDR on foam microstructures

The effect of PDR on PCL/TGgp, 49 foam microstruc-
tures was evaluated in the range 70-700 bar/s, by
GF with 80-20 vol % N,-CO, mixture as the blowing
agent, at Tr = 43°C and Pg,; = 180 bar. SEM micro-
graphs of samples foamed at PDR of 70, 200, and
700 bar/s [Figs. 7(a,b) and 1(a) respectively] show
morphologies characterized by PCL porous structure
and limited expansion of the TG phase in the whole
range of PDR. ® and Dpcp decrease significantly
from 70 to 700 bar/s, as shown in Figure 8.** We
finally selected PDR = 700 bar/s to prepare the PCL
scaffolds.

PCL scaffold preparation by TG extraction

Results of TG extraction are reported in Figures 9
and 10. Figure 9 shows SEM micrograph of the scaf-
fold prepared at Tr = 70°C, by foaming PCL/TGe,
40 blend with 80-20 vol % N,-CO, at Py, = 180 bar
and PDR = 700 bar/s. The morphology is character-
ized by a single-scale porous network with rounded
and well interconnected macropores. In fact, when
foaming process is achieved at Tr > T,,, PCL expands
and soon collapses on the TG walls, as previously
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described, thus creating macropores on the same
dimension of the pores created by TG extraction.

SEM micrographs of the scaffold prepared at Tr =
44°C, by foaming PCL/TGep 40 blend with 80-20 vol
% N»-CO, at Py, = 180 bar and PDR = 700 bar/s,
are reported in Figure 10. As expected, the lower
magnification of Figure 10a reveals that by this tech-
nique it is possible to prepare scaffold with pore size
and shape on a double scale: (i) macroporosity cre-
ated by the removal of TG foamed phase and (ii)
microporosity formed during PCL foaming. In par-
ticular, the macroporosity appears elongated, inter-
connected, and homogeneously distributed around
open and circular shaped microporosity (D ~ 30 pm),
as evidenced in Figure 10b. The micrograph of
Figure 10c shows the morphology of the polymeric
walls between macroporosity and microporosity. The
image reveals that the macroporosity walls appear
rough and porous, with an homogeneous distribu-
tion of circular pores (D ~ 10 um). This third scaled
porosity is probably originated by the rupture of
PCL bubble walls at the interface with TG and led to
the formation of a single and highly interconnected
macro and micro-porous network, necessary for the
growth of thick cross sections of tissue.”” >

CONCLUSIONS

The present study investigated the feasibility of pre-
paring PCL scaffolds with a well controlled porous
architecture without using toxic solvents and/or
porogens. PCL and TG polymers and GF and PE
techniques were selected and combined to regulate
scaffold morphology on a single or double scale.

The effect of PCL/TG blend composition and GF
process parameter (blowing mixture composition,
PDR, and Tf) on foamed blend morphologies was
studied to design the final scaffold architectures.

Figure 9 SEM micrograph of PCL scaffold prepared by
GF/PE technique from PCL/TGgg 40 blend foamed with
80-20 vol % N,-CO, blowing mixture, Ps, = 180 bar, PDR
= 700 bar/s at Tr = 70°C.

Figure 10 SEM micrographs of p-bimodal PCL scaffold
prepared by GF/PE technique from PCL/TGgg 40 blend
foamed with 80-20 vol % N,-CO, blowing mixture, Py, =
180 bar, PDR = 700 bar/s at Tr = 44°C.

Scaffold with a single scale porous network was
prepared from PCL/TGgp,40 blend by GF with 80-20
vol % N,-CO, blowing mixture, P, = 180 bar, PDR
= 700 bar/s, and Tr = 70°C.

p-Bimodal and highly interconnected PCL scaffold
with pore shape and dimension on a double scale
was prepared by selecting Tr = 44°C and unvarying
the other process parameters.

These results suggest that the appropriate selection
of blend composition and GF process parameters
allows the design of highly interconnected porous
network of PCL scaffolds suitable to be used for tis-
sue engineering.

Journal of Applied Polymer Science DOI 10.1002/app
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