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Abstract

Highly porous calcium phosphate (CaP) scaffolds for bone-tissue engineering were fabricated by
combining a robocasting process with a sol—-gel synthesis that mixed Calcium Nitrate Tetrahydrate
and Triethyl Phosphite precursors in an agueous medium. The resulting gels were used to print
scaffolds by robocasting without the use of binder to increase the viscosity of the paste. X-ray
diffraction analysis confirmed that the process yielded hydroxyapatite and S-tricalcium phosphate
biphasic composite powders. Thus, the scaffold composition after crystallization of the amorphous
structure could be easily modified by varying the initial Ca/P ratio during synthesis. The
compressive strengths of the scaffolds are ~6 MPa, which is in the range of human cancellous
bone (2-12 MPa). These highly porous scaffolds (~73 vol% porosity) are composed of macro-
pores of ~260 um in size; such porosity is expected to enable bone ingrowth into the scaffold for
bone repair applications. The chemistry, porosity, and surface topography of such scaffolds can
also be modified by the process parameters to favor bone formation. The studied sol-gel process
can be used to coat these scaffolds by dip-coating, which induces a significant enhancement of
mechanical properties. This can adjust scaffold properties such as composition and surface
morphology, which consequently may improve their performances.

1 Introduction

Calcium phosphate (CaP) materials, especially biphasic calcium phosphate (BCP) composed
of hydroxyapatite (HA, Cajg(PO4)g(OH),) and g-tricalcium phosphate (8-TCP, Caz(POy),),
are widely used as bone-substitute material and in various tissue-engineering applications
[1-8]. Interest is growing in BCP because of the faster dissolution rate of s-TCP, which
enhances the formation of new bone inside the implanted material [3, 4]. However, in vitro
tests indicate that fast dissolution can decrease the mechanical strength of CaP materials [9].
Thus, the HA/B-TCP ratio is a key parameter controlling the performance of the scaffold for
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bone repair applications, since it determines both biodegradation speed and mechanical
properties of the material [10].

Various liquid-solution techniques have been used to prepare HA and g-TCP powders,
including sol-gel synthesis, hydrothermal techniques, microemulsion, gas phase reactions
and precipitation [11, 12]. Among these techniques, the sol-gel method offers considerable
advantages because of its low cost, simplicity, high versatility, homogeneous molecular
composition, and low synthesis temperature [11-13]. Because of its homogenous
composition and controllable Ca/P ratio, the sol-gel method constitutes an ideal processing
technique for fabricating BCP materials with various compositions. Sol-gel synthesis
technique is well established, and can produce nanocrystalline powders, amorphous
monolithic solids, and thin films, thus opening a wide field of applications [11-21].
Especially, there have been numerous studies of deposition of CaP coatings by sol-gel for
biomedical applications [16-21]. Besides, several reports on the fabrication of porous
scaffolds using sol—gel technique are found in the literature [22—28]. However, these studies
are primarily focused on bioactive SiO,-Ca0O-P,05 glasses and derived hybrid
compositions. No systematic studies on the use of sol-gel processing of BCP scaffolds have
been reported. Thus, the combination of sol-gel and solid free-form fabrication techniques
may result in new constructs with adjustable chemical and structural properties.

Scaffolds for bone regeneration require interconnected large (>50 um) and small macro-
pores (1-50 um) that create favorable conditions for cell seeding, proliferation and
vascularization, and new bone formation [29]. An optimal three-dimensional (3-D) scaffold
must be strong enough to replace the bone, at least temporarily, while providing a substrate
for cell attachment and proliferation. It also must dissolve gradually as new tissue grows
[30]. A variety of techniques has been used to fabricate porous ceramic scaffolds for tissue
engineering, including: replica templates [31, 32], emulsions [33], the use of porogens [34],
freeze-casting [35], and solid freeform fabrications which include robocasting as a rapid
prototyping technique [9, 31, 36—-38]. Compared to these methods, the solid freeform
fabrication system offers better control of the macro-porosity and facilitates the complex
shape formation required for bone scaffolds [9, 31, 36—-38]. The robocasting method applied
in this study is a printing process that builds 3-D structures layer-by-layer, extruding a
continuous filament through a needle guided by a computer-assisted positioning system [9,
31, 36-38].

In this study, we offer an original approach by combining this robocasting technique with a
sol—gel process to fabricate sol-gel CaP scaffolds for bone regeneration. The first objective
is to correlate the Ca/P ratio of the sol-gel synthesis with the final composition of the BCP
materials. Then, a given Ca/P ratio was selected to produce amorphous gels which were
used to print porous scaffolds using the robocasting technique. The structure, composition,
total porosity, and compressive strength of these scaffolds are subsequently characterized.
Finally, the effects on the scaffold properties of a sol-gel coating derived from the same sol-
gel process are analyzed.

2 Experimental

2.1 Preparation of amorphous CaP solutions and gels

A flowchart summarizing the sol—gel process used in this work is presented in Fig. 1. The
first solution was prepared by dissolving Calcium Nitrate Tetrahydrate (CNT) in absolute
ethanol under vigorous stirring. Calcium concentration in the solution was 3 M, and since
the CNT is a tetrahydrate, the H,O/Ca molar ratio was 4. In parallel, the Triethyl Phosphite
(P(OEt)3) precursor was mixed with deionized water to get a HoO/P molar ratio of 4; and
with absolute ethanol, to fix the P(OEt)3 concentration at 3 M. This mixture was sealed in a
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glass beaker immediately after solvent addition, and then stirred vigorously. Because of the
immiscibility between the phosphite and water, the mixture initially appears opaque since
the light is scattered by the emulsion phase. However, after approximately two hours of
mixing, the emulsion clarified indicating that the phosphite was completely hydrolyzed in
agreement with the literature data [16, 17]. Both solutions were aged for two days at room
temperature before use. During that time, the hydrolysis reactions took place in the ethanol—
water media leading to the formation of P(OEt)3_4(OH), phosphoric esters and
Ca(NOgz),-y(OEt) following reactions (1) and (2), for P(OEt)3 and CNT precursors
respectively [16].

P(OEt);+xH,0 — P(OEt);_, (OH), +xEtOH o)

Ca(NO3),+yEtOH — Ca(NOs),_(OEY), +yH* +yNO; %)

Then, the CNT and P(OEt)3 hydrolysed sols were mixed using a Ca/P ratio ranging from 1.5
to 1.67. Water was added to fix the HoO/P molar ratio at 20, which induces a final
concentration of reactants at ~2.5 M. The solution was again aged for two days while hetero-
condensation reactions occurred, yielding a polymeric solution composed of oligomeric
derivatives containing -Ca—O-P-bonds following reaction (3) [16].

P(OE1);_,(OH),+Ca(NO3),_(OEt), — (OEV,_;(NO3),_,Ca~O-P(OH),_;(OE);_, +Et@H

Evaporating the solvent from the solution at 40°C allows acceleration of the poly-
condensation reactions, resulting in polymeric amorphous particles containing -(Ca—O-P),-
oligomers. These particles were dried at 110°C, and then they were carefully crushed with a
mortar and sieved through a 105 pm mesh to obtain an amorphous CaP powder. SEM
images of these amorphous particles are shown in Fig. 2. Next, the powders were mixed
with a solvent, either water or isopropanol (IPA), to create gels. In the first case, 6 g of
powder were mixed with 1 mL of water to get the printable amorphous gel. In the second
case, amorphous sol-gel powder was mixed with IPA to obtain liquid slurry, which was
ball-milled overnight. The printable gel was subsequently obtained after the partial
evaporation of the IPA. Regardless of the solvent used, the gel was dried at 50°C few hours
until it had the proper viscosity for printing by robocasting. Finally, prior to fabrication of
the 3-D porous scaffolds, the gel was sieved though a 75 um mesh to avoid agglomerates
that could block the gel extrusion tip during printing. The untreated amorphous powder was
also crystallized at 1,085°C to study the HA/B-TCP composition resulting from the sol-gel
process before printing. As indicated in Fig. 1, the polymeric solution of the process may
also be used for dip-coating to modify and adjust the properties of the scaffolds. Here, the
dip-coating experiments were performed on sintered scaffolds with an immersion and
withdrawal speed of 1 mm/s; and with complete immersion for 30 s. Coated samples were
then heat treated at 1,085°C for two hours.

2.2 Scaffold printing

The gel was used to print HA/A-TCP ceramic grids (7.2 x 7.2 x 7.2 mm3) using a robotic
deposition device (Robocad 3.0, 3-D Inks, Stillwater, OK) [9, 31, 36, 37]. The diameter of
the printing nozzles controlling the diameter of the scaffold rods was 250 um (EFD
precision tips, EFD, East Providence, RI). The width between rods and the layer height were
fixed at 330 and 180 pm, respectively. The scaffolds were printed over a mirror-polished
silicon wafer (0.6 mm thick) and inside a reservoir of non-wetting oil (Lamplight,
Menomonee Falls, WI) to prevent the scaffolds from drying during the printing process. The
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scaffold remains stable during printing because the silicon surface is hydrophilic, promoting
adhesion with the first printed line. Moreover, the inert mirror-polished silicon surface
allows easy removal of the samples after fabrication, which facilitates handling and prevents
deformations due to uneven shrinkage during drying and sintering. After printing, the
samples were dried and sintered on the silicon wafer. First, the plates were tilted to drain the
excess oil. After drying for two days at room temperature, the scaffolds were fired at 600°C
(2°C/min heating rate) for 2 h to evaporate the organics, followed by sintering for 2 h at
1,085°C with a heating and cooling rate of 5°C/min. The temperature of 1,085°C was
chosen to avoid the formation of a-TCP crystals during the sintering [36]. Micro-cracks,
which would decrease the mechanical performance of the scaffolds, can be generated as
result of volume changes during the phase transformation [36, 39].

2.3 Characterization

X-ray diffraction (XRD) (Siemens D-500, Cu Kal = 1.5406 A) was used to identify and
quantify the HA and B-TCP phases. The patterns were compared with reference HA and -
TCP patterns (JCPDS 09-0432 and 09-0169 respectively) matching the peak intensities of
each phase. As a result, the percentage of HA and S-TCP phases in the powders and
scaffolds were quantified, and the crystalline Ca/P ratio can be calculated. Such a procedure
was previously calibrated on a 60HA/405-TCP industrial powder. Analyses of the scaffolds
were made after grinding them to powder. The #-Di Calcium Pyrophosphate (5-DCPP,
Cay07P5) phase matches the JCPDS pattern 09-0346.

Images of the scaffolds were taken with scanning electron microscopy (SEM) (Hitachi FE-
SEM-4300EN) to visualize the quality of the scaffolds and to identify the grain and pore
sizes of the scaffold rods.

The density of the scaffolds was calculated from the mass and dimensions of at least three
samples with regular shapes. The theoretical densities of HA (3.16 g/cm3) and -TCP (3.14
g/cm3) were used as references to calculate the total volume fraction of porosity. Also, the
theoretical density of the -DCPP phase has been reported to be 3.09 g/cm?3 [40].

The compressive strength of the scaffolds was measured on a servo-hydraulic testing
machine (MTS810, MTS Systems, Eden Prairie, MN), with a crosshead speed of 0.2 mm/
min, for at least three samples. The sizes of the tested scaffolds are about 6 x 6 x 6 mm3 as
discussed further in Sect. 3.2.

3 Results and discussion

3.1 Composition of sol—gel powders after sintering

The sol-gel powders were analyzed following the drying step described in the experimental
section (Fig. 1) for different initial Ca/P ratios, after sintering at 1,085°C. As illustrated in
Fig. 2 by SEM images, the powders consisted of particles of several tens of nanometers
compacted into micrometer-sized agglomerates similar to previous studies on sol—gel
syntheses [11, 12, 14]. Figure 3 shows the XRD patterns obtained for powders with initial
Ca/P ratios of 1.5, 1.53, 1.58 and 1.67. Pure HA, Caj(PO4)g(OH),, and S-TCP, Caz(POy),,
phases give Ca/P ratio values of 1.67 and 1.5, respectively. The position of HA and s-TCP
peaks are also indicated in this figure based on JCPDS patterns 09—-0432 and 09-0169. For
every Ca/P ratio in the range 1.5-1.67, the sol—gel process leads to HA/S-TCP biphasic
powders after sintering, as presented in Fig. 3. When the initial Ca/P ratio increases from 1.5
to 1.67, the figure also shows that an increase in HA is associated with a decrease of the /-
TCP phase. Matching the XRD peak intensities of each phase with the JCPDS patterns
makes it possible to evaluate approximately the HA/B-TCP composition. Thus, our sol—gel
process produces HA/B-TCP biphasic materials with weight compositions from 15HA/854-
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TCP to 70HA/304-TCP. The percentage of HA and S-TCP phases in the biphasic powders
allows us to calculate the Ca/P ratio after sintering. Figure 4 presents the Ca/P ratio of the
powder after crystallization as a function of the initial Ca/P ratio of the sol-gel solution. It
clearly shows that the Ca/P ratio differs from the initial ratio of the sol-gel solution. Shifts to
higher and smaller Ca/P ratio are observed when the initial Ca/P ratio is near 1.5 and 1.67.
In other words, the system tends to produce biphasic materials instead of single phase
materials. This is most likely the result of incomplete hydrolysis and polycondensation
reactions during the sol—-gel synthesis. Similar results have been observed in previous work,
and it was shown that single phase HA or 5-TCP can be obtained by adjusting pH and the
temperature parameters during the sol—gel synthesis [14]. In summary, BCP powders were
successfully produced by the sol—gel process, enabling the preparation of inks with different
HA/S-TCP composition for robocasting.

3.2 Robocast scaffolds

Three-dimensional scaffolds were successfully printed by extruding gels through a 250 um
cone tip (Fig. 5). The gels were obtained by mixing a solvent with the amorphous sol-gel
powder derived from the solution with an initial Ca/P ratio of 1.58. This composition should
lead to the same Ca/P ratio after sintering of the scaffolds, i.e. a composition of ~50HA/505-
TCP, as shown in Fig. 4 and described in the previous section. Two solvents, water and
isopropanol (IPA), have been studied here following the respective experimental steps
described in the experimental section. For both solvents, the respective steps yielded a gel
with a high viscosity which enables the printing of scaffolds by robocasting without any
additional components. Neither hydrogel nor polymer as a binder is required to increase the
viscosity of the gel in this work, unlike procedures frequently reported in the robotic
deposition literature [9, 31, 36—38]. Indeed, the amorphous powder, consisting of an
inorganic polymer network formed by -(Ca—O-P),- oligomer chains, entraps water and IPA
solvents to form a viscous gel. Formation of such a network was possible due to the 3- or 5-
coordinated phosphate atoms yielding a 3D cross-linked network. Moreover, we observed
that this network presents a transition state at around 30-35°C, transforming from a solid at
low temperatures to a viscous gel at higher temperatures. This transition makes necessary
careful control of the temperature and hygrometry during the drying step that follows the
printing of the scaffolds. The oil and solvent inside the scaffolds from the printing process
have to be dried for several days, in a dry atmosphere, at a temperature below 30°C prior to
sintering. If these conditions are not carefully followed, the inorganic network, soft during
the sintering because of the temperature increase, can be partially dissolved by the
remaining solvent. That would further decrease the gel viscosity, resulting in a deformation
of the scaffold shape. Moreover, since evaporation of IPA is faster than that of water, it is
easier to manage scaffolds derived from IPA gel.

A general view of the scaffolds is shown in Fig. 5, as well as SEM micrographs from the
corner (Fig. 5b), the top (Fig. 5¢) and the side (Fig. 5d). Also shown are cross-section views
(Figs. 5e—f) for scaffolds derived from water-gel and IPA-gel after sintering at 1,085°C. The
dimensions of the water-processed scaffolds are approximately 6.4 x 6.4 x 6.0 mm?3 on
average, which represent shrinkages of ~11% in the x and y directions and ~17% in the z
direction (direction orthogonal to the substrate) after sintering. For the IPA scaffolds, the
dimensions are ~6.15 x 6.15 x 5.8 mm?3, which represent shrinkages of ~14% in the x—y
directions and ~19% in the z direction. The higher shrinkage in the direction perpendicular
to the substrate could probably be due to the effect of gravity from the weight of the scaffold
during the drying and sintering steps. Different sintering for IPA and water-based inks can
be related to different initial solid contents. Sintered scaffolds contain two characteristic
dimensions of large macro-pores, the first of ~260 um, resulting from the space between the
rods in the x-y plan (Fig. 5b, c, e, f), and the second ~80 um, induced by the space between
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the layers in the z direction (Fig. 5d, e, ). Such porosities should promote cell seeding,
proliferation and vascularisation, and bone formation inside the scaffold as required for
tissue engineering applications. A survey of the literature indicates that pores in the range of
100-400 pum are optimal for the bone ingrowth [41-45]. This macro-porosity must also
provide transport pathways for nutrients, oxygen, and wastes necessary to maintain living
cells within the scaffold. Since the macro-porosity results from the designed structure of the
scaffold, the pore size can be easily controlled to fit the applications of the scaffold.

Water and IPA scaffold compositions were studied by XRD. Corresponding patterns are
illustrated in Fig. 6, in which peaks are identified according to the CaP JCPDS patterns.
Figure 6 shows that the printing of the water-gel yields the expected HA/S-TCP biphasic
scaffolds (in agreement with Fig. 4). However, following the JCPDS patterns, the IPA-gel
yields g-TCP/B-DCPP (p-DiCalcium Pyrophosphate, Ca,O7P5) biphasic scaffolds. As
previously discussed, compositions of the scaffolds have been quantified from the XRD
patterns, however, the 8-TCP and S-DCPP peak overlaps made such quantification more
difficult and less accurate. The scaffold compositions, as well as the scaffold Ca/P ratios, are
reported in Table 1. The synthesis of f-TCP/S-DCPP biphasic material for the IPA scaffolds
is related to a significant decrease of the Ca/P ratio from the initial amount of 1.58, while the
Ca/P ratio stays almost constant when water is used as the solvent. This observation could
be explained by (1) an unexpected effect of the IPA on the sintering condition of the
amorphous gel which would modify the final composition of the scaffold after sintering;
and/or (2) a slight evaporation of unreacted calcium nitrate precursors during the IPA
evaporation step following the ball-milling performed for the IPA-gel preparation (see
experimental section). In other words, the solvent itself, and/or different experimental steps
used to prepare the gels, could significantly affect the CaP composition of the scaffolds after
sintering of the amorphous gel structure. As a result, a wide range of CaP scaffold
compositions can be obtained by controlling carefully the process parameters and/or varying
the initial CaP ratio (see Sect. 3.1).

Images of the scaffold rods tested in this work before and after fracture are illustrated in Fig.
7. The rod surfaces of the IPA scaffolds exhibit a homogeneous roughness full of pores of
~1-2 um (Fig. 7¢). In addition to large pores from robocasting, surfaces with small pores
could also promote a fast bone formation since it is believed that small pores are favorable
for cell adhesion and crystallization of hydroxycarbonate apatite [26, 46]. In contrast,
surfaces of scaffolds printed from a water-gel exhibit an inhomogeneous roughness
composed of two pore ranges, a small one of ~1 um and a second one ~5-30 um (Figs. 5f,
7a). In fact, pores of 5-50 um could also help to favor bone formation, since previous
studies indicated that 5-20 um is an optimum pore size for neovascularisation and fibroblast
ingrowth [42, 44, 47]. Between these pores, which are dispersed randomly with a substantial
distance between them, the surfaces of scaffolds using gels processed with water look very
smooth. Cross-section (Fig. 5f) and fracture (Fig. 7b) images of water scaffolds show that
both types of pores also appear inside the rods. The presence of large pores in the water
scaffold could be explained by (1) an incomplete miscibility of water in the amorphous gel,
which created water droplets inside the gel that evaporated during the sintering and/or (2)
too-high viscosity of the gel, which did not allow the removal of air bubbles entrapped in the
gel prior to printing. The fracture images also show a larger particle size for the IPA scaffold
than for the water scaffold, ~1 um compared to ~0.5 um (Fig. 7b, d). This observation could
be explained by an easier sintering of the IPA-gel structure, in agreement with the higher
shrinkage value of the IPA scaffold, which could be related either by the chemistry or
process variations. To conclude, depending of the sol-gel parameter, the sol-gel process can
provide different kinds of surface morphology and rod structures that could be selected for
different purposes.

J Mater Sci Mater Med. Author manuscript; available in PMC 2013 April 1.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Houmard et al.

Page 7

Finally, the total volume porosity and the compressive strength of the scaffolds have been
measured and reported in Table 1. Regardless of which solvent is used, both scaffolds have
an overall porosity of ~73 vol%. This porosity results from the addition of large macro-pores
designed by the scaffold printing and the pores included into the printed rods. Since it is
easy to control the scaffold design, i.e. the space between the rods and the layers, it is also
easy to modify the volume porosity and the corresponding mechanical strength. Mechanical
tests on these scaffolds, in the direction perpendicular to the printing plane, indicate a
compressive strength of ~6 MPa for both solvents, which matches the range of compressive
strength of human cancellous, also called trabecular, bone (2-12 MPa) [48]. Moreover, early
studies indicate that, for these types of robocast scaffolds, compressive strength should be
almost the same in all directions (parallel and perpendicular to the printing plane) [37]. In
agreement with a recent review of CaP scaffolds [49], this compressive strength is similar to
values reported in the literature for HA and S-TCP scaffolds with volume porosity in the
same range. For instance, Cordell reported that robocast BCP scaffolds with a porosity of 67
vol% have compressive strength of ~8 MPa [50]. Bignon, on the other hand, described BCP
scaffolds with a compressive strength of ~1.5 MPa for a porosity of 73 vol% [51].
Nevertheless, the obtained compressive strength values are sufficient for scaffold handling
during in vitro or in vivo experiments. In summary, the sol-gel process developed here,
combined with robocasting, yields CaP scaffolds with variable chemistry and with
properties required for bone ingrowth. Moreover, the porosity and surface morphology
characteristics can be modified by varying the experimental conditions.

3.3 Coated scaffolds

Coating derived from the polymeric solution of the studied sol-gel process (Fig. 1) was also
analyzed in this work. IPA scaffolds were dip-coated into a sol-gel solution with an initial
Ca/P ratio of 1.67. The choice of this ratio was made to increase the Ca/P ratio of the f-TCP/
S-DCPP structure derived from the IPA-gel. After the dip-coating process, the samples were
sintered at 1,085°C for two hours to crystallize the polymeric film. The coated scaffolds
were characterized by their surface morphology, chemistry, porosity, and compressive
strength. These traits were then compared with the properties of uncoated IPA scaffolds.
SEM micrographs of the IPA-scaffold surfaces, with and without sol-gel coating, are shown
in Fig. 7c, e. The images show an inhomogeneous film on the surface of the printed rods as a
result of the applied sol—gel coating (Fig. 7e). The coating introduces a supplementary range
of porosity ~5-20 um on the top of the scaffold surface (Fig. 7e). This porosity could be
induced by a dewetting effect of the sol—gel solution on the top of the rough surface after the
scaffold dipping. As discussed in the previous section, this additional porosity might favor
bone formation via faster neovascularisation and fibroblast ingrowth [42, 44, 47]. It should
be noted that the macro-porosity of ~260 um, necessary for bone ingrowth, is not modified
by the coating process. Porosity and compressive strength properties of the coated IPA
scaffolds are reported in Table 1. Compared with uncoated scaffolds, the data show a
decrease of the volume porosity, from ~73 to ~66 vol%, which results from the deposition of
the coating being on rod surfaces and from the infiltration of the sol—gel solution into the
porous structure.

Figure 7d, f shows the images of the fractured scaffold rods with and without coating. As
previously mentioned, the images confirm that the coating process decreases the pore
volume due to sol—gel infiltration in the porous rods. Because the dipping process is
followed by a heat-treatment step, the sol-gel matter sintered on the scaffold particles
leading to a slight increase of the grain size (Fig. 7d, f). Also, significant increases in
compressive strength occurred after the coating process, from ~6 to ~12 MPa. Because the
smallest pores and cracks of the CaP structure are being filled by the sol-gel solution, denser
scaffolds with increased mechanical properties are produced. Since macro-porosity does not
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vary after coating, both the porosity decrease and mechanical strength increase are related to
the decrease of micro-porosity after sintering of the infiltrated solution. It was also verified
that the additional heat treatment at 1,085°C on uncoated scaffolds does not affect the
scaffold properties. Finally, the chemistry of the coated scaffold has been characterized by
XRD. A comparison between uncoated and coated patterns of IPA scaffolds is showed in
Fig. 6. Both analyses show a -TCP/5-DCPP structure. However, matching the peak with
the JCPDS patterns underscores a variation in f-TCP/5-DCPP ratio. Compositions and Ca/P
ratios of uncoated and coated IPA scaffolds are reported in Table 1. The coating induces a
variation of the 5-TCP/S-DCPP ratio from 72/28 to 82/18 which is related to an increase of
Ca/P ratio from 1.36 to 1.41. This significant increase of Ca/P ratio can be explained by the
presence of solid matter from the coating process, with an initial Ca/P ratio of 1.67, which
represents more than 20% of the coated-scaffold volume (in agreement to the total porosity
measurement of Table 1). In conclusion, controlling the sol-gel coating appears to be a good
way to manage scaffold properties such as surface morphology, porosity, chemistry, and
mechanical strength. This provides a pathway to improving their bone regeneration
performance.

4 Conclusion

A sol-gel process was developed to fabricate HA/S-TCP composites from amorphous
polymeric solutions and powders. In particular, highly porous biphasic CaP scaffolds have
been successfully produced by combining sol-gel synthesis with robocasting. The scaffolds
exhibit large fractions of porosity with macro-pores ~260 um, which should enable bone
ingrowth for bone repair applications. The internal scaffold surfaces show morphologies
with various pore sizes which could influence the in vivo bone formation. Also, with good
control of process parameters, a large range of CaP compositions for these scaffolds should
be easily accessible for further studies. The sol-gel process allows the coating of scaffolds
by dip-coating in an amorphous polymeric solution. Such a coating can not only improve
significantly the mechanical properties of the structure, but also modify the topography and
the chemistry of the internal scaffold surface to favor bone formation. The entire process
allows varying the scaffold chemistry, porosity, and surface morphology parameters that are
key factors affecting scaffold performance. As sol—gel technique is quite versatile, these
factors can be monitored during and after the scaffold fabrication, opening a wide field for
other highly promising applications in bone-tissue engineering.
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Fig 1.

Sol-gel procedure to obtain calcium phosphate gels and solutions used, respectively, to print
and to coat scaffolds

J Mater Sci Mater Med. Author manuscript; available in PMC 2013 April 1.



duasnuely Joyiny vVd-HIN 1duosnuey JoyIny vd-HIN

duasnuely Joyiny vd-HIN

Houmard et al. Page 13

Fig 2.

SEM images of an amorphous sol-gel powder (Ca/P of 1.58) after the drying and sieving
steps. The image on the right shows that the powder consists of micrometer-sized
agglomerates; the image to the left demonstrates that the agglomerates themselves are
composed of particles of several tens of nanometers
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Fig 3.

XRD patterns of sol-gel powders with initial Ca/P ratios of (a) 1.5, (b) 1.53, (c) 1.58 and (d)
1.67 after crystallization at 1,085°C. HA and S-TCP peaks are identified according to the
JCPDS patterns 09-0432 and 09-0169, respectively
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Fig 4.
Ca/P ratio of the sol-gel powder after sintering at 1,085°C as a function of Ca/P ratio of the
initial sol—gel solution
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Isopropanol

Fig 5.

SEM pictures of sol-gel scaffolds built with water and isopropanol (IPA) as solvent, and
derived from the sol-gel synthesis with an initial Ca/P of 1.58. General view of the scaffolds
made with both solvents (a). Corner (b), top (c) and side (d) views of an IPA scaffold.
Cross-sections of scaffolds derived from IPA (e) and water (f) gels
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Fig 6.

XRD patterns of robocast scaffolds after sintering at 1,085°C and printed from a water gel
(a) and an IPA gel (b), both with an initial Ca/P ratio of 1.58. The spectrum of an IPA
scaffold coated by a sol—gel solution with a Ca/P ratio of 1.67 is also represented (c). HA, S-
TCP and p-DiCalcium Pyrophosphate (5-DCPP) peaks are identified according to the
JCPDS patterns 09-0432, 09-0169 and 09-0346, respectively
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Fig 7.

Surface (left) and fracture (right) SEM micrographs of robocast scaffold internal rods for
sol-gel scaffolds derived from water (a and b) and isopropanol (c and d) gels, and derived
from the isopropanol gel after sol-gel coating (e and f)
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Table 1

Composition and Ca/P ratio, after sintering at 1,085°C, for the scaffolds printed from water and IPA gels and
for the coated IPA scaffolds

Scaffold reference  Scaffold composition  Scaffold Ca/P ratio  Total porosity =~ Compressive strength

Water HA/B-TCP 51/49 1.59 72.3vol% 0.7 53MPa+29
IPA p-TCPIp-DCPP 72/28  1.36 73.3vol% £0.8 6.4MPax2.2
IPA coated B-TCPIp-DCPP 82/18 141 66.0vol% +1.1 12.0 MPa=0.6

Total volume porosity (vol%) and compressive strength of the scaffolds are also reported
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