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Abstract: Additive manufacturing enables the realization of the macro- and microarchitecture of
bone substitutes. The macroarchitecture is determined by the bone defect and its shape makes the
implant patient specific. The preset distribution of the 3D-printed material in the macroarchitecture
defines the microarchitecture. At the lower scale, the nanoarchitecture of 3D-printed scaffolds is
dependent on the post-processing methodology such as the sintering temperature. However, the
role of microarchitecture and nanoarchitecture of scaffolds for osteoconduction is still elusive. To
address these aspects in more detail, we produced lithography-based osteoconductive scaffolds
from hydroxyapatite (HA) of identical macro- and microarchitecture and varied their nanoarchi-
tecture, such as microporosity, by increasing the maximum sintering temperatures from 1100 to
1400 °C. The different scaffold types were characterized for microporosity, compression strength,
and nanoarchitecture. The in vivo results, based on a rabbit calvarial defect model showed that bony
ingrowth, as a measure of osteoconduction, was independent from scaffold’s microporosity. The
same applies to in vitro osteoclastic resorbability, since on all tested scaffold types, osteoclasts formed
on their surfaces and resorption pits upon exposure to mature osteoclasts were visible. Thus, for
wide-open porous HA-based scaffolds, a low degree of microporosity and high mechanical strength
yield optimal osteoconduction and creeping substitution. Based on our study, non-unions, the major
complication during demanding bone regeneration procedures, could be prevented.

Keywords: hydroxyapatite; microporosity; osteoconduction; macroarchitecture; microarchitecture;
nanoarchitecture; bone substitute; additive manufacturing; 3D printing; ceramics; tricalcium phosphate

1. Introduction

Bone tissue engineering has emerged from the need to satisfy the current unmet
demand of bone grafts and to alleviate the problems associated with autografts and allo-
grafts [1]. It focuses on methods to synthesize and/or regenerate bone to restore, maintain,
or improve its functions in vivo [2]. As for all tissue engineering specialties, bone tissue
engineering can comprise materials, growth factors, and cells [3]. Such a combination
can, for example, be realized by additive manufacturing with a synergistic combination of
materials, growth factors, and cells, as defined previously [4].

Additive manufacturing is a methodology to build objects layer-by-layer. This not
only allows the spatial defined distribution of material, growth factors, and cells but
is a key technology for personalized medicine realized by diverse methodologies [5].
Three-dimensional printing for the production of bone substitutes has been reviewed
extensively [4,6-8]. The architecture of such a personalized bone substitute is defined on
three levels. The first level, namely the macroarchitecture, is given by the shape of the
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bone defect and defines the centimeter-to millimeter-sized outer shape of a scaffold. The
second level, the microarchitecture determines the spatial distribution of the material inside
the macroarchitecture, defining pore size, porosity, channels, and pore interconnectivity
from millimeter to micrometer size. The macro- and microarchitecture are encrypted in the
Standard Triangle Language (stl)-file used to program the 3D printer. The third level of the
architecture of a 3D-printed scaffold, the nanoarchitecture, depends on the post-processing
methodology such as sintering regimes, surface treatments, and to a lesser extent on the
underlying additive manufacturing procedures used today [1,9]. Moreover, all three levels
are well known to be critical for osteoconduction [9,10].

Osteoconduction is a process of ingrowth of capillaries, perivascular tissue, and
osteoprogenitor cells from a bony bed into the 3D structure of a porous implant [11,12]
used as a guiding cue to bridge a defect with bony tissue [9]. Bone tissue ingrowth to
repair a bony defect depends heavily on the microarchitecture. With the introduction of
additive manufacturing to the field, the former recommendations for microarchitectural
features, such as pore size could be tested [9]. In the 1990s, the optimal pore size in bone
substitutes was set to a pore diameter of 0.3 to 0.5 mm [13-16]. One in vivo study with
different scaffolds produced conventionally by salt leaching reported that bone ingrowth
was independent of pore diameters from 0.15 up to 1.22 mm [17]. More recently and based
on a library of highly defined scaffolds produced by additive manufacturing, an in-depth
reevaluation of osteoconductive microarchitectures revealed that pores of 1.2 mm were
superior in terms of osteoconduction; the results were defined by bone ingrowth velocity
as compared with pores of 0.5 mm or 1.5 and 1.7 mm [18].

The presence of cells with micropores well below 0.1 mm in diameter and bone
ingrowth have been reported by several groups [19-21]. It is important to note that the
definition of microporosity with pore diameters below 50 um, as used in bone tissue
engineering [22], is not in line with IUPAC nomenclature [23] for micropores, which
discriminates between pore diameters below 2 nm, between 2 and 50 nm, and more than
50 nm. Variations of the percentage of microporosity in tricalcium phosphate (TCP)-based
scaffolds, in the sense of bone tissue engineering, have no effect on bone regeneration and
osteoconductivity [24]. Recent results from our group, however, showed that for wide-open
porous, highly osteoconductive microarchitectures from TCP, a high microporosity of 39%
significantly enhanced osteoconductivity [10]. Since we suspected an indirect link between
microporosity and osteoconductivity reflecting differences in ion dissolution, here, we
extended our studies to hydroxyapatite (HA)-based scaffolds known for their slower ion
dissolution rate as compared with TCP [25]. To study this in more detail, we produced HA-
based scaffolds of identical, wide-open microarchitectures through additive manufacturing
known to be osteoconductive and varied their microporosity by increasing the maximal
sintering temperature during post-processing. Our aim was to evaluate the contribution of
microporosity to osteoconductivity and the osteoclastic resorbability of wide-open porous
HA-based scaffolds.

2. Materials and Methods
2.1. Implant Production

The macro- and microarchitecture of the scaffolds from HA were identical to the one
that we used to study the effect of microporosity in TCP-based scaffolds [10]. In essence,
the cuboidal 1.5 x 1.5 x 1.5 mm? unit cell used to assemble a scaffold holds a 1.2 mm pore
in the center. This pore is connected to all six sides of the unit cell by centrally located
cylinders with a diameter of 0.7 mm.

The HA slurry LithaBone™ HA 400 (Lithoz, Vienna, Austria) was used to build the
scaffolds [26]. In brief: The scaffolds were built by layers of 25 um thickness at a resolution
of 50 pm in the x/y-plane using a CeraFab 7500 system (Lithoz, Vienna, Austria). The slurry
of each layer solidified at defined locations by the exposure of the photoactive polymer to a
blue LED light [27]. After production, the so formed green body was cut from the building
platform by a razor blade, and cleaned with LithaSol 30™ (Lithoz, Vienna, Austria) and
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pressurized air. The polymeric binder in the green bodies was decomposed during a
thermal treatment regime. The remaining ceramic particles were densified to different
degrees by sintering with a dwelling time of 2 h at 1100, 1200, 1300, or 1400 °C. The exposure
of the green bodies to the different sintering temperatures let them shrink differently. These
differences were compensated for by adjusting all three dimensions to yield scaffolds of
identical macro- and microarchitecture.

2.2. Scanning Electron Microscopy (SEM)

The scaffolds were analyzed by a service lab at the University of Zurich using a
Zeiss Supra V50 scanning electron microscope (SEM) (Carl Zeiss, Oberkochen, Germany).
Scanning occurred under an acceleration voltage of 12 kV with a distance between the
sample and the detector of 9.5 cm.

2.3. Microporosity

The shrinkage parameters in all three dimensions used to compensate for the shrinkage
of the green bodies exposed to this array of dwelling temperatures during post-processing
were used to calculate microporosity. Microporosity of 0% was set at samples sintered
at 1400 °C. Experimentally, microporosity was measured from the amount of distilled
water taken up by the test scaffolds. The test scaffolds were set together by using an upper
circular platform (5.0 mm in diameter and 2.5 mm thickness) and a lower circular platform
(4.0 mm in diameter and 1.5 mm thickness).

2.4. Compression Strength Measurements

Cuboids of 7.5 x 7.5 x 6.0 mm were composed of cuboidal 1.5 x 1.5 x 1.5 mm?

unit cells with a 1.2 mm pore in the center and 0.7 mm connections. The specimens were
mounted in the jig of a universal testing machine (Zwick ROELL Z2.5 MA 18-1-3/7, Ulm,
Germany). An area of 6.0 mm X 7.5 mm, in a direction perpendicular to the building layers,
was subjected to compressive loading at a crosshead speed of 1 mm/min. The software
program (TestXpert V11.02, Zwick ROELL, Ulm, Germany) was used to determine the
maximal compression strength.

2.5. Ion Release

The Ca®* release from HA scaffolds was determined in ddH,0 at 37 °C, as previously
reported [10]. In brief: 250 mg scaffolds were placed in a 5 mL tube (Eppendorf) containing
2.5 mL ddH,O. Calcium release was measured using a Quantichrom Calcium Assay Kit
DICA-500 (BioAssay Systems, Hayward, CA, USA) from 500 uL aliquots. The aliquot was
replaced by 500 puL of fresh ddH,O.

2.6. Specific Surface Evaluation

The BET methodology [28] via the absorption of Nj in an SA 3100 Surface Area and
Pore Volume analyzer (Beckman Coulter, Orange County, CA, USA). Prior to the analysis
performed at —196 °C from 0.05 to 0.2 bar, the samples were dried for 2 h at 180 °C.

2.7. Surgical Procedure

Osteoconductivity of scaffolds was assessed in vivo with ten adult New Zealand White
rabbits in a calvarial defect model, as reported earlier [29]. The procedure was evaluated
and accepted by the local authorities (065/2018). Sample handling was reported in [30].

2.8. Histomorphometry

Histomorphometry was performed based on the ground section from the middle of
each implant using image analysis software (Image-Pro Plus®, Media Cybernetic, Silver
Springs, MD, USA), as reported earlier [10].
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2.9. Bone Bridging

The determination of bony bridging as a measure for osteoconduction was performed
as reported earlier [31,32].

2.10. Osteoclast Differentiation on HA Scaffold and Resorption Pit Assay

The RAW264.7 cells were cultured, as previously reported [10]. The morphology of
the cells and resorption lacuna were evaluated by scanning electron microscope (SEM). For
cells, samples were rinsed with 0.1 M phosphate-buffered saline (PBS) and fixed with 2.5%
glutaraldehyde solution (SIGMA) overnight at 4 °C, dehydrated and dried. After gold
coating, cell morphology could be studied in the SEM. For the resorption lacuna detection,
cells were removed from the surface by NaOCl solution. Control discs were generated with
cells but without RANKL supplement.

2.11. Statistics

Statistics was performed as previously reported [10]. Where appropriate, the Jonckheere—
Terpstra test was applied. Values are reported in the text by mean =+ standard deviation or
displayed in graphs as median + lower/upper quartile.

3. Results
3.1. Scaffold Characterization

After sintering, the scaffolds appeared bluish, with an increase in color intensity, in
line with the sintering temperature (Figure 1a). According to the manufacturer of the slurry,
the blue color is the effect of traces of manganese in the HA particles. It appears after
high-temperature sintering in an oxidizing atmosphere [33].

Figure 1. Macrographies and SEM images of the experimental scaffolds: (a) Scaffolds, which under-
went different sintering temperatures, are shown to maintain their macro- and microarchitecture;
(b) sintering temperatures applying to panel a and b are provided. SEM micrographs from the
respective scaffolds are displayed with scales to the left; (c) the macroarchitecture of the full scaffold;
(d) the macroarchitecture of the halved scaffold; (e) a picture taken after placement of all four different
scaffolds in the calvarial bone defects of a rabbit is provided.
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HA grains grew depending on the sintering temperature from 1.07 £ 0.46 um at
1100 °C to 5.98 £+ 1.11 um at 1400 °C and underwent partial fusion (Figure 1b). The
micropore diameter increased from 1.17 & 0.47 um at 1100 °C to 1.67 £ 0.52 um at 1400 °C.
Moreover, surface and microporosity was affected by partial sintering (Table 1). The surface
decreased from 0.79 m?/g at 1100 °C to 0.24 m?/g at 1400 °C and microporosity from
45.85 £ 0.39% to 0.74 £ 1.87%, respectively.

Table 1. Characteristics of the sintering temperature dependent nanoarchitectures.

Peak Sinter Grain Size (um) Micropore Surface Microporosity by ~ Microporosity by
Temperature (°C) Diameter (um) (m?/g) Shrinkage (%) Infiltration (%)
1100 1.07 £ 0.46 1.17 +£ 047 0.79 42.48 45.85 £ 0.39
1200 1.45+0.58 1.25 +0.32 0.57 35.92 39.58 £+ 0.39
1300 3.01 £1.16 1.21 £ 0.50 0.34 15.00 17.79 £ 0.78
1400 598 £1.11 1.67 £ 0.52 0.24 0.00 0.74 £1.87

3.2. Microporosity of HA-Based Scaffolds

The shrinkage compensation in all three axes was used to determine the percentage of
microporosity in the material. In addition, microporosity was experimentally determined
by weight gain due to infiltration with distilled water. The percentages of microporosity
determined by both approaches (Table 1) were almost identical. Therefore, H,O could fill
up the entire microporosity system of the test samples to a depth of 4.0 mm within minutes.
The maximal microporosity determined by infiltration of samples sintered at 1000 °C with
water was 46.43 + 0.35%. According to the manufacturer, the volume percentage of the
binder in the slurry is 54%. That means that at least 86% if not close to 100% of the
microporosity is open porous. Moreover, if the volume of HA in the scaffolds is calculated
according to its specific weight and the microporosity determined by the volume of water
infiltration as before, the numbers match the numbers displayed in Table 1. Therefore,
due to the homogeneous dispersion of the HA particles in the binder system, debinding
yields the formation of an almost exclusive open-porous microporosity where water and
water-soluble substances can easily pass through.

3.3. Osteoconductivity of Microporous HA-Scaffolds In Vivo

The microarchitecture of all scaffolds was identical as they were built with the same
“stl-file” and compensated by using the printer software for X, y, and z-dimension induced
sintering temperature-dependent shrinkage (Figure 1a). Scaffolds varied in grain size, surface,
and microporosity (Table 1). The histologies of the middle sections (Figure 2a) revealed that
over 4 weeks of implantation, sintering temperature variations between 1100 and 1400 °C
had no significant effect on osteoconductivity, determined by the degree of defect bridging
(Figure 2b). For the extent of bony regenerated area (Figure 2c), significant changes due to the
variation of sintering temperature could not be detected, although a trend was observed, i.e.,
higher sintering temperatures induced a slight reduction in this measure.

As measures, bony bridging and the degree of bony regenerated area in the defect
were determined (Figure 2b,c, respectively). In defects treated with scaffolds sintered
at 1100 °C, 83.62 £ 22.77% of the middle section was bridged, 90.67 £ 10.20% for those
sintered at 1200 °C, 89.25 + 16.06% for those sintered at 1300 °C, and 70.36 & 30.75%
for those sintered at 1400 °C, respectively. In the area of interest, the percentage of bony
regeneration in the middle section with scaffolds sintered at 1100 °C was 67.61 & 24.60%,
69.84 + 16.32% for 1200 °C sintered scaffolds, 63.73 = 23.21% for 1300 °C sintered scaffolds,
and 50.55 £ 21.12% for 1400 °C sintered scaffolds. For both measures, no significant differ-
ences were observed. Only a weak trend of a decrease in the bony regenerated area with
an increase in sintering temperature was recognized but failed to reach a p-value below
0.05 with the Jonckheere-Terpstra trend test. Altogether, these results suggest that microp-
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orosities in the range between 0 and 46% have no significant effect on osteoconductivity
determined by bony bridging or bony regeneration.
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Figure 2. Microporosity-dependent osteoconduction and bone regeneration: (a) Histological sections
from the middle of the noncritical-size defects treated with scaffolds sintered at 1100, 1200, 1300 or
1400 °C. Histological section from 4 weeks postoperatively is shown. Scale bars represent 1 mm.
Bone (grayish purple to purple) and HA (dark bluish to black) are visualized; (b) defect bridging and
(c) the formation of new bone, are displayed according to [10]. For bony regenerated area (c), a weak
trend of a decrease in bony regenerated area with increased sintering temperature was recognized.
The p-value of the Jonckheere-Terpstra trend test is provided.

3.4. Microporosity and Compression Strength of Partial Sintered Scaffolds in Light of Osteoconduction

The microporosity of HA-based scaffolds has a minor effect on osteoconductivity,
measured by the extent of bony bridging (Figure 3a), since the slope associated with
the trend line for HA was 0.299 as compared with the slope associated with the trend
line for TCP-based scaffolds of 1.03. Therefore, in contrast to HA-based scaffolds with
high osteoconductivity over a wide range of microporosities, only highly microporous
TCP-based scaffolds showed high osteoconductivity. All data for TCP-based scaffolds with
identical microarchitecture were reported earlier [10]. The compression strength of sintered
scaffolds was determined with the same microarchitecture used later on to perform the
in vivo osteoconduction tests.

With an increase in sintering temperature, the compression strength of HA-based scaf-
folds increased from 0.24 = 0.04 N/mm? (mean + S.E.M.) at 1100 °C, 0.95 + 0.28 N/mm?
at 1200 °C, and 2.58 & 0.61 N/mm? at 1300 °C to 5.69 + 1.70 N/mm? at 1400 °C; only the
HA-based scaffolds sintered at 1300 and 1400 °C matched the naturally occurring range
of cancellous bone (Figure 3b) [34] of 2-12 N/mm?. In both cases, their osteoconductivity
exceeded by far the osteoconductivity of TCP-based scaffolds, reaching the compression
strength of cancellous bone.
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Figure 3. Comparison of osteoconductivity in relation to microporosity and compression strength
between otherwise identical HA- and TCP-based scaffolds. The results for TCP-based scaffolds
produced with the identical stl-file were generated and reported earlier [10]. (a) Osteoconductivity
related to microporosity of test samples; (b) osteoconductivity related to compression strength of the
partially sintered scaffolds. The values are displayed as mean + standard deviation. The range for
cancellous bone (2-12 N/mm?2) depicted in the green shaded area was taken from [34].

3.5. Ion Release from Partially Sintered Scaffolds

To study the effect from the changes in the surface of the scaffolds (Table 1), we
determined Ca?* ions release from our four scaffold types (Figure 4a). The Ca?* jon release,
over 60 days, was 7.66 & 0.32 umol/g for scaffolds sintered at 1100 °C, 7.08 & 0.35 umol/g
for scaffolds sintered at 1200 °C, 8.96 £ 0.58 umol/g for scaffolds sintered at 1300 °C,
and 9.33 £ 0.62 umol/g for scaffolds sintered at 1400 °C, respectively. From the 20-day
time point on, all dissolution curves were parallel to each other, suggesting that the Ca?*
dissolution rates from all four scaffold types were the same.

Ca?* dissolution
[umol/mg scaffold]

time [days]

Figure 4. Sintering-temperature dependent Ca?* ion release and osteoclast formation: (a) CaZ*
dissolution over 60 days was determined for all four scaffold types; (b) osteoclastogenesis from
osteoclastic RAW264 cells stimulated with RANKL was studied by scanning electron microscopy.
On top of all scaffolds sintered from 1100 to 1400 °C, osteoclasts could be identified. The sintering
temperature, white arrows to mark osteoclasts, and a scale is provided.

3.6. Osteoclastic Resorption of HA-Based Scaffolds In Vitro

The overall degradation of the scaffold is the sum of dissolution determined by ion
release (Figure 4a) and cell-based resorption. To that end, first, we looked at the influence of
sintering temperature on osteoclastogenesis. Scanning electron microscopy revealed that in
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the presence of RANKL, osteoclasts could be found on the surface of HA-based scaffolds
sintered at 1100, 1200, 1300, and 1400 °C (Figure 4b). In scaffolds sintered at 1300 and
1400 °C, more osteoclasts were visible on the surface along with several non-differentiated
RAW264 cells. The lower number of osteoclasts in 1100 and 1200 °C sintered scaffolds could
be due to the increased penetration of the cells into the scaffolds due to higher microporosity
of the material. A phenomenon, we already experienced with TCP-based scaffolds [10].

Moreover, incubation of the scaffolds seeded with RANKL-stimulated RAW?264 cells
to induce osteoclast formation (Figure 4b), affected the original surface of all scaffold types
(Figure 5a) in terms of the appearance of resolution pits (Figure 5b,c). The most impressive
observation was the effect on the surface morphology and the number of resorption pits
for scaffolds sintered at 1300 °C and exposed to osteoclastic cells (Figure 5b,c) as compared
with surfaces not being exposed (Figure 5a).

1200°C e300 C L

Figure 5. Sintering-temperature dependent osteoclastic degradation of scaffolds. Scanning electron
microscopy was performed from scaffolds not exposed to cells (a) or seeded and exposed to osteo-
clastic RANKL-stimulated RAW264 cells (b,c). The maximal sintering temperature is provided at the
top of each column. Scales of each panel are provided.

4. Discussion

Following up on our study on microporosity of 3D-printed TCP-based scaffolds
to influence bone formation and osteoconduction in vivo and osteoclastic resorption
in vitro [10], in this study, we assessed the same aspects with 3D-printed HA-based scaf-
folds. Microporosity and other measures of the nanoarchitecture were tuned by the maxi-
mum sintering temperature (Table 1). The results of our study revealed that osteoconduc-
tion and bone regeneration, of a cranial defect treated with scaffolds of identical wide-open
porous microarchitecture, were at a high level for all scaffold types. However, no significant
difference between peak sintering temperatures from 1100 to 1400 °C and microporosities
between 0 and 46% could be detected (Figure 2). As compared with TCP-based scaffolds,
the HA-based scaffolds showed a consistently higher osteoconductivity. Therefore, micro-
porosity, as such, has no significant influence on osteoconduction of wide-open porous
scaffolds. Additionally, on the surface of all types of these HA-based scaffolds, osteoclasts
formed, and osteoclastic degradation was detectable.

The nanoarchitectural features of ceramics comprise parameters such as grain size, mi-
cropore diameter, and overall microporosity. They can be tuned, however, not independently
off each other, by the choice of the sintering temperature [24,35] (Table 1). For HA-based
scaffolds, it was shown that, at an overall porosity of 80%, an increase in microporosity from
10 to 20% was sufficient to enhance in vivo bone formation [36]. Free-formed HA-based
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scaffolds produced by a lost-wax methodology with or without 22% microporosity showed
only a trend but no significant increase in bone ingrowth into pores of 0.35 mm [37]. There
was no effect of 3-29 vol.% microporosity on either osseointegration or osteoconductivity by
HA-based scaffolds implanted in rabbit femur for 8 to 12 weeks was seen by others [38]. Our
scaffolds covered an even wider range of microporosity from zero to 46% and no significant
influence on osteoconductivity and only a trend in bony regenerated area could be detected.
Our results suggest that, for HA-based scaffolds, bone formation is independent of micro-
porosity in the range between 0 and 45% (Figure 3 and Table 1). This might be due to the
fact that we used 3D-printed wide-open porous microarchitectures where nutrient supply
and waste exchange are no limiting factor for bone formation, as compared with foamed
scaffolds [36] where macropore interconnectivity is limited, and thus, nutrient supply and
waste exchange is heavily dependent on microporosity.

An increase in sintering temperature not only affects microporosity but also leads to
phase transformations [39]. Ata 2 h sintering period at 1300 °C, which is also recommended
by the manufacturer of the slurry which we used here, 100% of the HA-powder remains in
the HA-phase, which drops to 92% when sintered at 1400 °C [40]. High osteoconductivity
was observed with sintering temperatures between 1100 and 1300 °C and microporosities
between 18 and 46%. Since osteoconductivity drops only slightly with scaffolds sintered at
1400 °C, possible phase transformation has, if at all, only a minor effect on osteoconductivity
or osteoclastic degradability. However, additional studies, beyond the scope of this project,
would be needed to address these effects in more detail.

TCP-based scaffolds with microporosities between 10 and 25% performed in vivo
equally well [24]. For silicate-substituted calcium-phosphate-based scaffolds, a minimum
microporosity of 39% was needed to increase bone regeneration [41]. The same applies to
wide-open porous 3D-printed TCP-based scaffolds [10] where 39% microporosity yielded a
significant increase in bony bridging and bony regeneration, as compared with scaffolds
with identical microarchitecture but only 0 or 22% microporosity. For both materials, a micro-
porosity level of 39% enhanced bony regeneration. This could be due to an increased surface,
facilitating an increase in protein adsorption [36], an increase in ionic solubility [42,43], and
an increase in attachment points for osteoblasts [44]. In the case of our wide-open porous
microarchitectures, bone forms predominantly between the material [9]. Therefore, the effect
of microporosity by increased protein absorption and attachment points for osteoblasts
should be very small, leaving the optimal ion dissolution as the major and indirect cause for
the increase in osteoconductivity of TCP-based scaffolds with 39% microporosity [10].

Considering studies dealing with microporous ceramics, it is difficult to compare
when design, material chemistry, and processing techniques vary [36,38]. In combination
with our earlier study on TCP-based scaffolds [10], here, we compare TCP- and HA-based
scaffolds with the identical macro- and microarchitecture in a microporosity range between
0 and 40% undergoing the same processing technique (Figure 3) and tested in the identical
in vivo situation. The most striking result was that the HA-based scaffolds were superior to
TCP-based scaffolds in terms of osteoconductivity (Figure 3a); only at a high microporosity
of 39%, which is associated with poor mechanical strength (Figure 3b) [45], TCP-based
scaffolds reached the high osteoconductivity level of HA-based scaffolds. Therefore, to
produce wide-open scaffolds with high mechanical strength in combination with high
osteoconductivity, HA appears to be superior to TCP.

The reason to use TCP for bone substitutes is the faster degradability [46] even though
bone tissue is predominantly composed of HA [47]. Following the healing process of the
scaffold-treated defect by bony bridging, a gradual degradation of the scaffold is needed for
creeping substitution. To that end, we studied the degradation of our scaffolds by chemical
dissolution (physicochemical degradation) (Figure 4a) and biological resorption (cellular
degradation by osteoclasts) (Figure 5). The Ca®* dissolution curves from the HA-based
scaffolds (Figure 4a) went in parallel, suggesting that after the initial 10 days, dissolution of
Ca?* ions per gram of scaffold was similar for all sintering temperatures tested.
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Our overall strategy in scaffold-based tissue engineering aims at a fast ingrowth of
bone into the scaffold to achieve the quickest possible bony bridging of the defect [9]. Due
to the coexistence of scaffold and newly formed bone in the regenerated area, the cellular
degradability of the bony integrated scaffold would facilitate a natural bone turnover of the
bone/scaffold composite. For all tested sintering temperatures, osteoclasts formed on the
surface of the scaffolds (Figure 4b) and osteoclastic resorption visualized by resorption pits
was present (Figure 5). Therefore, all HA-based scaffold types could undergo osteoclastic
resorption in line with the natural bone turnover of the defects’ bony bridging.

For biphasic calcium phosphate (BCP), it has been reported that microstructural
dimensions were critical in promoting osteoclastogenesis [48]. BCP-based samples with a
grain diameter of 1.2 um instead of 3.5 um favored RAW264 cell proliferation and activity.
An increase in grain size leads to a decrease in osteoclastic resorption of TCP [49]. We
recently supported this finding, as scaffolds made from TCP and grain size of 3.08 pm
were less susceptible to osteoclastic resorption than those with a grain size of 1.24 um [10].
For HA in a submicron range, the grain size of 0.5 um impaired osteoclastic formation
and function as compared with scaffolds with grain size of 0.1 pm [50]. Here, we studied
HA-based samples with grain sizes in the micron range between 1.07 and 5.98 um (Table 1)
and saw osteoclast formation and activity on all the surfaces and all grain sizes. Taken
together, an increased grain size tends to hamper osteoclastic degradability for diverse
calcium phosphates, but grain size alone might not be sufficient to predict degradability by
osteoclasts, and scaffold characterization should always include an experimental test of
this parameter.

5. Conclusions

Previously, we documented the positive influence of microporosity on osteoconduction
of TCP-based scaffolds; here, we determined the effect of microporosity on osteoconduc-
tion and creeping substitution of HA-based scaffolds. In contrast to TCP-based scaffolds,
with HA-based scaffolds, we found high osteoconductivity irrespective of the level of
microporosity. Since microporosity is tightly linked to mechanics, HA-based scaffolds
appear to be better suited for mechanically demanding bone regeneration procedures.
Moreover, microporosity between 0 and 46% imposed no major effect on osteoclast forma-
tion and osteoclastic resorbability. Therefore, microporosity, as such and as shown with
HA-based scaffolds, does not affect osteoconductivity or prevent osteoclastic resorbability.
Together, these findings are likely to guide the choice of material for future developments
in 3D-printed personalized calcium phosphate-based scaffolds.

Author Contributions: Conceptualization, EE.W.; methodology, C.G., 1B, ].G,, M.O. and FEW,;
formal analysis, C.G., LB, ].G,, M.O. and EEW,; investigation, C.G., LB, ].G,, M.O. and EEW,;
resources, FE.W.; data curation, C.G., LB, ].G., M.O. and EEW,; writing—original draft preparation,
FE.W.,; writing—review and editing, C.G., LB, ].G., M.O. and EE.W,; visualization, C.G., L.B. and
FE.W.; supervision, EE.W.; funding acquisition, FE.W. All authors have read and agreed to the
published version of the manuscript.

Funding: This research was funded by the SWISS NATIONAL SCIENCE FOUNDATION through a
grant to FE.W. (310030_197128).

Institutional Review Board Statement: The procedure involving animals was evaluated and ac-
cepted by the local authorities (Veterindramt Ziirich) and provided with the license 065/2018.

Informed Consent Statement: Not applicable.

Data Availability Statement: The raw /processed data required to reproduce these findings cannot
be shared at this time as the data also forms part of additional ongoing studies.

Acknowledgments: The authors would like to thank Ana Perez for her assistance with histologies.

Conflicts of Interest: The authors declare no conflict of interest.



Materials 2022, 15, 1433 11 of 12

References

1.  Koons, G.L,; Diba, M.; Mikos, A.G. Materials design for bone-tissue engineering. Nat. Rev. Mater. 2020, 5, 584—603. [CrossRef]

2. Rezwan, K,; Chen, Q.Z; Blaker, ].].; Boccaccini, A.R. Biodegradable and bioactive porous polymer/inorganic composite scaffolds
for bone tissue engineering. Biomaterials 2006, 27, 3413-3431. [CrossRef]

3. Vacanti, J.P,; Langer, R. Tissue engineering: The design and fabrication of living replacement devices for surgical reconstruction
and transplantation. Lancet 1999, 354, S32-534. [CrossRef]

4. Marew, T,; Bithanu, G. Three dimensional printed nanostructure biomaterials for bone tissue engineering. Regen. Ther. 2021, 18, 102-111.
[CrossRef] [PubMed]

5. Sears, N.A; Seshadri, D.R.; Dhavalikar, P.S.; Cosgriff-Hernandez, E. A Review of Three-Dimensional Printing in Tissue Engineer-
ing. Tissue Eng. Part B Rev. 2016, 22, 298-310. [CrossRef] [PubMed]

6.  Hutmacher, D.W. Scaffolds in tissue engineering bone and cartilage. Biomaterials 2000, 21, 2529-2543. [CrossRef]

7. Hutmacher, D.W.; Cool, S. Concepts of scaffold-based tissue engineering—The rationale to use solid free-form fabrication
techniques. J. Cell. Mol. Med 2007, 11, 654—669. [CrossRef]

8.  Jariwala, S.H.; Lewis, G.S.; Bushman, Z.].; Adair, ].H.; Donahue, H.J. 3D Printing of Personalized Artificial Bone Scaffolds. 34
Print. Addit. Manuf. 2015, 2, 56-64. [CrossRef]

9.  Weber, FE. Reconsidering Osteoconduction in the Era of Additive Manufacturing. Tissue Eng. Part B Rev. 2019, 25, 375-386.
[CrossRef]

10.  Ghayor, C.; Chen, T.H.; Bhattacharya, I.; Ozcan, M.; Weber, F.E. Microporosities in 3D-Printed Tricalcium-Phosphate-Based Bone
Substitutes Enhance Osteoconduction and Affect Osteoclastic Resorption. Int. |. Mol. Sci. 2020, 21, 9270. [CrossRef]

11.  Cornell, C.N,; Lane, ].M. Current Understanding of Osteoconduction in Bone Regeneration. Clin. Orthop. Relat. Res. 1998, 355, S267-S273.
[CrossRef] [PubMed]

12.  Urist, M.R. Practical applications of basic research on bone graft physiology. In The American Academy of Orthopaedic Surgeons:
Instructional Course Lectures; The C. V. Mosby Company: Saint Louis, MI, USA, 1976; Volume XXV, pp. 1-26.

13.  Kuboki, Y,; Jin, Q.; Takita, H. Geometry of carriers controlling phenotypic expression in BMP-induced osteogenesis and
chondrogenesis. | Bone Jt. Surg. Am. 2001, 83 (Suppl. 1), 5105-5115. [CrossRef]

14. Kuboki, Y.; Takita, H.; Kobayashi, D.; Tsuruga, E.; Inoue, M.; Murata, M.; Nagai, N.; Dohi, Y.; Ohgushi, H. BMP-induced
osteogenesis on the surface of hydroxyapatite with geometrically feasible and nonfeasible structures: Topology of osteogenesis. J.
Biomed. Mater. Res. 1998, 39, 190-199. [CrossRef]

15. LeGeros, R.Z. Calcium Phosphate-Based Osteoinductive Materials. Chem. Rev. 2008, 108, 4742-4753. [CrossRef]

16. Tsuruga, E.; Takita, H.; Itoh, H.; Wakisaka, Y.; Kuboki, Y. Pore Size of Porous Hydroxyapatite as the Cell-Substratum Controls
BMP-Induced Osteogenesis. J. Biocherm. 1997, 121, 317-324. [CrossRef] [PubMed]

17.  von Doernberg, M.-C.; von Rechenberg, B.; Bohner, M.; Griinenfelder, S.; van Lenthe, G.H.; Miiller, R.; Gasser, B.; Mathys, R.;
Baroud, G.; Auer, J. In vivo behavior of calcium phosphate scaffolds with four different pore sizes. Biomaterials 2006, 27, 5186-5198.
[CrossRef]

18.  Ghayor, C.; Weber, F.E. Osteoconductive Microarchitecture of Bone Substitutes for Bone Regeneration Revisited. Front. Physiol.
2018, 9, 960. [CrossRef] [PubMed]

19. Bernstein, A.; Niemeyer, P; Salzmann, G.; Stidkamp, N.P.; Hube, R.; Klehm, J.; Menzel, M.; von Eisenhart-Rothe, R.; Bohner, M.;
Gorz, L.; et al. Microporous calcium phosphate ceramics as tissue engineering scaffolds for the repair of osteochondral defects:
Histological results. Acta Biomater. 2013, 9, 7490-7505. [CrossRef]

20. Bohner, M.; Baroud, G.; Bernstein, A.; Dobelin, N.; Galea, L.; Hesse, B.; Heuberger, R.; Meille, S.; Michel, P.; von Rechenberg, B.;
et al. Characterization and distribution of mechanically competent mineralized tissue in micropores of 3-tricalcium phosphate
bone substitutes. Mater. Today 2017, 20, 106-115. [CrossRef]

21. Polak, SJ.; Rustom, L.E.; Genin, G.M.; Talcott, M.; Wagoner Johnson, A.]. A mechanism for effective cell-seeding in rigid,
microporous substrates. Acta Biomater. 2013, 9, 7977-7986. [CrossRef]

22.  Rustom, L.E.; Poellmann, M.].; Wagoner Johnson, A.J. Mineralization in micropores of calcium phosphate scaffolds. Acta Biomater.
2019, 83, 435-455. [CrossRef] [PubMed]

23. Rouquerol, J.; Avnir, D.; Fairbridge, C.W.; Everett, D.H.; Haynes, ].M.; Pernicone, N.; Ramsay, ].D.F; Sing, K.S.W.; Unger, K.K.
Recommendations for the characterization of porous solids (Technical Report). Pure Appl. Chem. 1994, 66, 1739-1758. [CrossRef]

24. Lapczyna, H.; Galea, L.; Wust, S.; Bohner, M.; Jerban, S.; Sweedy, A.; Doebelin, N.; van Garderen, N.; Hofmann, S.; Baroud, G.;
et al. Effect of grain size and microporosity on the in vivo behaviour of beta-tricalcium phosphate scaffolds. Eur. Cell. Mater.
2014, 28, 299-319. [CrossRef]

25. Kwon, S.-H,; Jun, Y.-K.; Hong, S.-H.; Kim, H.-E. Synthesis and dissolution behavior of 3-TCP and HA/3-TCP composite powders.
J. Eur. Ceram. Soc. 2003, 23, 1039-1045. [CrossRef]

26. Chen, T.H.; Ghayor, C.; Siegenthaler, B.; Schuler, F.; Ruegg, J.; De Wild, M.; Weber, FE. Lattice Microarchitecture for Bone Tissue
Engineering from Calcium Phosphate Compared to Titanium. Tissue Eng Part A 2018, 24, 1554-1561. [CrossRef]

27. Schwentenwein, M.; Homa, J. Additive Manufacturing of Dense Alumina Ceramics. Int. |. Appl. Ceram. Technol. 2015, 12, 1-7.
[CrossRef]

28. Brunauer, S.; Emmett, PH.; Teller, E. Adsorption of Gases in Multimolecular Layers. |. Am. Chem. Soc. 1938, 60, 309-319.

[CrossRef]


http://doi.org/10.1038/s41578-020-0204-2
http://doi.org/10.1016/j.biomaterials.2006.01.039
http://doi.org/10.1016/S0140-6736(99)90247-7
http://doi.org/10.1016/j.reth.2021.05.001
http://www.ncbi.nlm.nih.gov/pubmed/34141834
http://doi.org/10.1089/ten.teb.2015.0464
http://www.ncbi.nlm.nih.gov/pubmed/26857350
http://doi.org/10.1016/S0142-9612(00)00121-6
http://doi.org/10.1111/j.1582-4934.2007.00078.x
http://doi.org/10.1089/3dp.2015.0001
http://doi.org/10.1089/ten.teb.2019.0047
http://doi.org/10.3390/ijms21239270
http://doi.org/10.1097/00003086-199810001-00027
http://www.ncbi.nlm.nih.gov/pubmed/9917646
http://doi.org/10.2106/00004623-200100002-00005
http://doi.org/10.1002/(SICI)1097-4636(199802)39:2&lt;190::AID-JBM4&gt;3.0.CO;2-K
http://doi.org/10.1021/cr800427g
http://doi.org/10.1093/oxfordjournals.jbchem.a021589
http://www.ncbi.nlm.nih.gov/pubmed/9089406
http://doi.org/10.1016/j.biomaterials.2006.05.051
http://doi.org/10.3389/fphys.2018.00960
http://www.ncbi.nlm.nih.gov/pubmed/30072920
http://doi.org/10.1016/j.actbio.2013.03.021
http://doi.org/10.1016/j.mattod.2017.02.002
http://doi.org/10.1016/j.actbio.2013.04.040
http://doi.org/10.1016/j.actbio.2018.11.003
http://www.ncbi.nlm.nih.gov/pubmed/30408560
http://doi.org/10.1351/pac199466081739
http://doi.org/10.22203/eCM.v028a21
http://doi.org/10.1016/S0955-2219(02)00263-7
http://doi.org/10.1089/ten.tea.2018.0014
http://doi.org/10.1111/ijac.12319
http://doi.org/10.1021/ja01269a023

Materials 2022, 15, 1433 12 of 12

29.

30.

31.

32.

33.

34.
35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

de Wild, M.; Zimmermann, S.; Ruegg, J.; Schumacher, R.; Fleischmann, T.; Ghayor, C.; Weber, EE. Influence of Microarchitecture
on Osteoconduction and Mechanics of Porous Titanium Scaffolds Generated by Selective Laser Melting. 3D Print. Addit. Manuf.
2016, 3, 142-151. [CrossRef]

de Wild, M.; Schumacher, R.; Mayer, K.; Schkommodau, E.; Thoma, D.; Bredell, M.; Kruse Gujer, A.; Gratz, K.W.; Weber, FE. Bone
regeneration by the osteoconductivity of porous titanium implants manufactured by selective laser melting: A histological and
micro computed tomography study in the rabbit. Tissue Eng Part A 2013, 19, 2645-2654. [CrossRef]

Kruse, A.; Jung, R.E.; Nicholls, F.; Zwahlen, R.A.; Hammerle, C.H.; Weber, EE. Bone regeneration in the presence of a synthetic
hydroxyapatite/silica oxide-based and a xenogenic hydroxyapatite-based bone substitute material. Clin. Oral Implant. Res.
2011, 22, 506-511. [CrossRef]

Schmidlin, P.R.; Nicholls, F.; Kruse, A.; Zwahlen, R.A.; Weber, FE. Evaluation of moldable, in situ hardening calcium phosphate
bone graft substitutes. Clin Oral Implant. Res 2013, 24, 149-157. [CrossRef] [PubMed]

Yubao, L.; Klein, C.P.; Zhang, X.; de Groot, K. Relationship between the colour change of hydroxyapatite and the trace element
manganese. Biomaterials 1993, 14, 969-972. [CrossRef] [PubMed]

Hench, L.; Wilson, J. An Introduction to Bioceramics; Imperial College Press: London, UK, 1993; p. 620.

Poinern, G.E.J.; Brundavanam, R.K.; Thi Le, X.; Nicholls, PK.; Cake, M.A.; Fawcett, D. The synthesis, characterisation and in vivo
study of a bioceramic for potential tissue regeneration applications. Sci. Rep. 2014, 4, 6235. [CrossRef] [PubMed]

Hing, K.A.; Annaz, B.; Saeed, S.; Revell, P.A.; Buckland, T. Microporosity enhances bioactivity of synthetic bone graft substitutes.
J. Mater. Sci. Mater. Med. 2005, 16, 467-475. [CrossRef]

Malmstrém, J.; Adolfsson, E.; Arvidsson, A.; Thomsen, P. Bone response inside free-form fabricated macroporous hydroxyapatite
scaffolds with and without an open microporosity. Clin. Implant. Dent. Relat. Res. 2007, 9, 79-88. [CrossRef]

Rosa, A.L.; Beloti, M.M.; Oliveira, P.T.; Van Noort, R. Osseointegration and osseoconductivity of hydroxyapatite of different
microporosities. J. Mater. Sci. Mater. Med. 2002, 13, 1071-1075. [CrossRef]

Ou, S.-E; Chiou, S.-Y.; Ou, K.-L. Phase transformation on hydroxyapatite decomposition. Ceram. Int. 2013, 39, 3809-3816.
[CrossRef]

Bulina, N.V.; Makarova, S5.V.; Baev, S.G.; Matvienko, A.A.; Gerasimov, K.B.; Logutenko, O.A.; Bystrov, V.S. A Study of Thermal
Stability of Hydroxyapatite. Minerals 2021, 11, 1310. [CrossRef]

Campion, C.R.; Chander, C.; Buckland, T.; Hing, K. Increasing strut porosity in silicate-substituted calcium-phosphate bone graft
substitutes enhances osteogenesis. . Biomed. Mater. Res. Part B Appl. Biomater. 2011, 978, 245-254. [CrossRef]

Habibovic, P.; Yuan, H.; van der Valk, C.M.; Meijer, G.; van Blitterswijk, C.A.; de Groot, K. 3D microenvironment as essential
element for osteoinduction by biomaterials. Biomaterials 2005, 26, 3565-3575. [CrossRef]

Le Nihouannen, D.; Daculsi, G.; Saffarzadeh, A.; Gauthier, O.; Delplace, S.; Pilet, P.; Layrolle, P. Ectopic bone formation by
microporous calcium phosphate ceramic particles in sheep muscles. Bone 2005, 36, 1086-1093. [CrossRef] [PubMed]

Bignon, A.; Chouteau, J.; Chevalier, J.; Fantozzi, G.; Carret, ].P.; Chavassieux, P; Boivin, G.; Melin, M.; Hartmann, D. Effect of
micro- and macroporosity of bone substitutes on their mechanical properties and cellular response. J. Mater. Sci. Mater. Med.
2003, 14, 1089-1097. [CrossRef] [PubMed]

Woodard, J.R.; Hilldore, A.J.; Lan, S.K,; Park, C.J.; Morgan, A.W.; Eurell, J.A.; Clark, S.G.; Wheeler, M.B.; Jamison, R.D.; Wagoner
Johnson, A.J. The mechanical properties and osteoconductivity of hydroxyapatite bone scaffolds with multi-scale porosity.
Biomaterials 2007, 28, 45-54. [CrossRef]

Daculsi, G.; Bouler, ].M.; LeGeros, R.Z. Adaptive Crystal Formation in Normal and Pathological Calcifications in Synthetic
Calcium Phosphate and Related Biomaterials. In International Review of Cytology; Jeon, K.W., Ed.; Academic Press: Cambridge,
MA, USA, 1997; Volume 172, pp. 129-191.

Kim, S.E.; Park, K. Recent Advances of Biphasic Calcium Phosphate Bioceramics for Bone Tissue Regeneration. In Biomimicked
Biomaterials: Advances in Tissue Engineering and Regenerative Medicine; Chun, H.J., Reis, R.L., Motta, A., Khang, G., Eds.; Springer:
Singapore, 2020; pp. 177-188.

Davison, N.; Su, J.; Yuan, H.; van den Beucken, J.; de Bruijn, ]J.D. Influence of Surface Microstructure and Chemistry on
Osteoinduction and Osteoclastogenesis by Biphasic Calcium Phosphate Discs. Eur. Cell Mater. 2015, 29, 314-329. [CrossRef]
[PubMed]

MacMillan, A.; Lamberti, F.; Moulton, J.; Geilich, B.; Webster, T. Similar healthy osteoclast and osteoblast activity on nanocrystalline
hydroxyapatite and nanoparticles of tri-calcium phosphate compared to natural bone. Int. . Nanomed. 2014, 9, 5627-5637.
Chen, E; Wang, M.; Wang, |J.; Chen, X; Li, X.; Xiao, Y.; Zhang, X. Effects of hydroxyapatite surface nano/micro-structure on
osteoclast formation and activity. J. Mater. Chem. B 2019, 7, 7574-7587. [CrossRef] [PubMed]


http://doi.org/10.1089/3dp.2016.0004
http://doi.org/10.1089/ten.tea.2012.0753
http://doi.org/10.1111/j.1600-0501.2010.02039.x
http://doi.org/10.1111/j.1600-0501.2011.02315.x
http://www.ncbi.nlm.nih.gov/pubmed/22092691
http://doi.org/10.1016/0142-9612(93)90187-7
http://www.ncbi.nlm.nih.gov/pubmed/8286674
http://doi.org/10.1038/srep06235
http://www.ncbi.nlm.nih.gov/pubmed/25168046
http://doi.org/10.1007/s10856-005-6988-1
http://doi.org/10.1111/j.1708-8208.2007.00031.x
http://doi.org/10.1023/A:1020305008042
http://doi.org/10.1016/j.ceramint.2012.10.221
http://doi.org/10.3390/min11121310
http://doi.org/10.1002/jbm.b.31807
http://doi.org/10.1016/j.biomaterials.2004.09.056
http://doi.org/10.1016/j.bone.2005.02.017
http://www.ncbi.nlm.nih.gov/pubmed/15869915
http://doi.org/10.1023/B:JMSM.0000004006.90399.b4
http://www.ncbi.nlm.nih.gov/pubmed/15348502
http://doi.org/10.1016/j.biomaterials.2006.08.021
http://doi.org/10.22203/eCM.v029a24
http://www.ncbi.nlm.nih.gov/pubmed/26091730
http://doi.org/10.1039/C9TB01204D
http://www.ncbi.nlm.nih.gov/pubmed/31729515

	Introduction 
	Materials and Methods 
	Implant Production 
	Scanning Electron Microscopy (SEM) 
	Microporosity 
	Compression Strength Measurements 
	Ion Release 
	Specific Surface Evaluation 
	Surgical Procedure 
	Histomorphometry 
	Bone Bridging 
	Osteoclast Differentiation on HA Scaffold and Resorption Pit Assay 
	Statistics 

	Results 
	Scaffold Characterization 
	Microporosity of HA-Based Scaffolds 
	Osteoconductivity of Microporous HA-Scaffolds In Vivo 
	Microporosity and Compression Strength of Partial Sintered Scaffolds in Light of Osteoconduction 
	Ion Release from Partially Sintered Scaffolds 
	Osteoclastic Resorption of HA-Based Scaffolds In Vitro 

	Discussion 
	Conclusions 
	References

