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A B S T R A C T

This work aims at studying the links between a porous scaffold in β-TCP and its impact on cell differentiation and
proliferation in vitro. β-TCP was synthesized by aqueous precipitation. The shaping methods were chosen for their
ability to generate original structures with the potential to positively influence cell behaviour. The impregnation
of polymeric structure (PS) yielded an interconnected network of spherical pores, stereolithography (3D) yielded
a network of interconnected diamond shaped pores and freeze casting (FC) yielded a network of parallel ellip-
soidal channel-like pores. Two different trends emerged from the human mesenchymal stem cell culture: 3D and
PS seems to promote surface proliferation whereas the freeze casted samples promoted cell penetration, bulk
colonization, expression of key osteoblastic genes (RunX-2, ALP, BMP-2, BGLAP and Collagen) and alkaline
phosphatase activity. The architectural features created by freeze casting positively influenced human mesen-
chymal stem cells behaviour in vitro.
1. Introduction

Calcium phosphates have been successfully used as bone substitutes
for decades mostly because their chemical composition is very close to
that of the mineral phase of bone tissues. Furthermore, these biocom-
patible compounds induce the same biological responses as bone [1,2]
such as osteoconduction and even osteoinduction in some cases [3,4].

It is today widely accepted that structural features, such as porosity,
pore shape, interconnectivity and topography, impact cell behaviour in
vivo and in vitro [5]. They can be designed and tailored to elicit a
controlled and guided healing process. Cells are sensitive to their
chemical and physical environment. For instance, two dimensional cell
culture systems will not yield the same cellular genetic signature as its
three dimensional counterpart [6,7]. Through a phenomenon known as
mechanotransduction, cells will translate mechanical or topographical
stimuli into biological events such as increased proliferation or differ-
entiation. This property can be used concomitantly with or as an alter-
native to biochemical stimulation. Therefore, optimizing an implant
design will improve bone reconstruction and healing. Architectural
11 May 2021; Accepted 10 June
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features are more stable in vivo than chemical modifications or func-
tionalization and will impact cell behaviour in very localized areas [8].
Moreover, the high dosages needed for certain chemicals to be efficient
can induce problems such as tumorigenicity [9,10].

Porosity will affect an implant's bioactivity andmechanical properties
[11]. An open interconnected porous network will allow cells and body
fluids to move freely inside the implant, hence facilitating interactions
with the material. It has been shown, in vivo and in vitro, that high
porosity volumes tend to yield better results than lower ones [12–14].
The array of porous volume tested that yielded positive results ranges
from 40% to 70%. However, in order to preserve mechanical strength,
low porosity volume and homogeneous spatial pore distribution should
be favoured [15]. Porosity will also impact specific surface area. During
the first 48 h, cells are receptive to high specific surfaces which allowed
early adhesion compared to samples with low specific surface area.
However, this effect is quickly replaced (over 48 h) by cell migration
[16].

Pore diameter is another key parameter. In some cases, it has even
been shown that pore size has a larger impact over new bone synthesis
2021
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than pore volume [12]. Pore size and interconnection diameter are often
chosen according to the largest circulating elements. Their diameter
should at least be around a hundred microns [17–19]. Once again the
range of pore size yielding positive results is broad. Active osteo-
conduction took place in pores ranging from 50 μmup to 400 μm. As pore
size increases, osteoconduction seems to be more and more efficient [20,
21]. Even when porous calcium phosphate is coupled with BMPs (Bone
Morphogenetic Proteins), the optimal pore size seems to be over 300 μm
as only unmineralized tissue can be found in lower diameter pores [22,
23]. These previous results seem to stem from the fact that ossification
mechanisms vary according to vascularization efficiency which is itself
dependent on pore size [24]. Adequate blood irrigation is compulsory for
a positive outcome as it will supply cells with oxygen, nutrients and
regulatory molecules while evacuating waste products [25]. Pore sizes
inferior to 300 μm do not favour vascularization hence the osteochondral
ossification. Over 300 μm, bone formation is efficient and it seems that
over this value, size has very little impact over cell behaviour [26].

Microporosity has an early impact over cell adhesion and even seems
to be a requirement for new bone formation [27,28]. However, these
results have been challenged by a number of publications. Microporosity
can cause the specific surface area to raise thus increasing interactions
between the material and its environment. In some cases, it contributed
to a harsh ionic environment and to deleterious growth conditions
[29–31]. Other studies questioned the necessity of microporosity, as over
long periods of time (28 days), cell adhesion and proliferation are the
same on microporous and non-microporous samples [32]. Alongside
microporosity, micrometric and nanometric structures can be potent
Fig. 1. XRD (CuKα) analysis used for phase quantification (top graph) & FT-IR
spectra without calcium pyrophosphate bands at 720 cm�1 and 1200 cm�1

(bottom graph).
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topographic stimuli for proliferation and/or differentiation [8,33–37].
Literature shows that to improve an implant's efficiency, studies

should focus on architectural cues such as pore topography and geome-
try. Depending on pore shape and size cells will adopt a specific behav-
iour. It has been shown that cell invasion and growth occurs faster in
narrow pores thanks to curvature driven growth [38–40]. The narrower
the pores are, the larger the amount of newly formed tissue is [41].
Furthermore, pore angle opening will also affect cell differentiation [42,
43].

Literature concerning topographically and architecturally induced
cell behaviour is abundant. However, no consensus has been met and
only broad guidelines can be identified. In order to maximize the chances
of positive cell stimulation, implants must feature a network of inter-
connected concave pores presenting acute angles and an adequate
topography. Its porous volume should be kept to a minimum for me-
chanical reasons. In order to generate such structures, shaping methods
should be carefully chosen and controlled. Many ceramic processing and
shaping techniques have been developed for an increasing demand for
porous material [44,45] And we believe that one or more is bound to
yield architectural cues to positively influence both cell proliferation and
differentiation.

This study focuses on the impact of macroporous β-TCP architectures
on the behaviour of human mesenchymal stem cells at the osteoproge-
nitor stage in vitro. Three different shaping methods were chosen to
manufacture macroporous structures, i.e. impregnation of a polymeric
scaffold (PS) [46], stereolithography (3D) and freeze casting (FC) [47].
The different macroporous samples will serve as cell culture support and
their effect on HMSC population will be analysed. SEM imaging, prolif-
eration assay, enzymatic activity and osteoblastic gene expression anal-
ysis will enable us to identify links between architectural features and
cell response. Furthermore, this study aims to show that the intrinsic
structure generated by freeze casting might positively enhance osteo-
progenitors differentiation and/or proliferation compared to classical
structures.

2. Material and methods

2.1. β-TCP synthesis and shaping

β-TCP powder was synthesized through aqueous precipitation [46]. A
diammonium phosphate solution (NH4)2HPO4 (Carlo Erba) is added in a
controlledmanner to a calcium nitrate solution Ca(NO3)2 (Brenntag), in a
jacket reactor, under mechanical stirring. Thanks to a pH controller and a
dosing pump (Blackstone BL7916, Hanna instruments), ammonia is
injected into the mixture to maintain the slightly acidic (pH 6.3) condi-
tion needed. The reaction takes place at 30 �C over a period of 20 h. The
suspension is then filtered and the solid matter is dried up at 90 �C for 48
h.

Purity was assessed through XRD and FT-IR according to the recom-
mendations of the following ISO standards: ISO 13175–3 (2012) and ISO
13779–3 (2008).

Before shaping, the powder undergoes a thermal treatment at 850 �C
for 3 h followed by a 3 h grinding process in order to break the ag-
glomerates. These last steps will allow the transformation of the apatitic
calcium phosphate into β-TCP and HA, the reduction of the powder's
specific surface area and the elimination of residual ammonium nitrate,
NH4NO3.

Three shaping methods were chosen for the manufacturing of discs
(11 mm in diameter and 3 mm in height).

Impregnation of a polymeric scaffold (PS): the manufacturing of these
samples relied on the work of Descamps et al. (DES08). The polymeric
scaffolds are made out of partially fused polymethylmetacrylate beads
(PMMA, Diakon TM Ineos Acrylics). In our case the size range chosen was
between 500 and 600 μm with interconnections of 150 μm before sin-
tering. Through SEM imaging, interconnection diameter was observed
and verified.
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The scaffold was impregnated in a plaster mould by an aqueous slurry
composed of 65 % wt. of dry matter. Before sintering, the porogen was
cleanly eliminated via a slow thermal treatment: 220 �C for 20 h followed
by 250 �C for 4 h. Sintering took place at 1100 �C for 3 h, the heating and
cooling rate being 5 �C/min.

Stereolithography (3D): this method relies on the photosensitive
properties of a slurry composed of 65 %wt. of dry matter and 35 %wt. of
acrylic resin (Cryoberyl Software). The latter is a cocktail of photo-
initiators, stabilizing and dispersing agents. Mixing took place in a
planetary ball mill (Retsch) for 30 min at a 100 RPM.

The digital version of the sample was designed thanks to the software
Catia (Dassault Syst�emes). Slicing and placement of the support struc-
tures were done through Workshop (Datatree3D). The data was then
transferred to the printing software (Cryoceram, Cryoberyl Software) and
apparatus (CryoCeram printer, Cryoberyl Software). A dynamic mask
projection allowed localized polymerization and sample printing from
bottom to top. Curing energy was set to 5 mW/cm2 and slice thickness to
50 μm.

Printing is followed by washing steps in order to remove unpoly-
merized matter. The samples are then debounded and sintered at 1100 �C
for 3 h, the heating and cooling rate being 5 �C/min.

Freeze casting (FC): slurries were prepared by mixing in a Turbula®
mixer for 30 min, distilled water, 57 % wt. of powder and 2.25 % wt. of
dispersant (Dolapix CE64, Zschimmer & Schwarz) for 24 h with milling
balls. The suspension was then filtered and transferred to another
container where 1.5 % wt. of binding agent (Polyethylene glycol
MW1000) was added.

The mould was made out of a brass frustoconical base and a Teflon®
body glued together with low temperature resistant silicone glue. The
mould was placed onto the freezing device (Air liquid, Freezal
NH104003) and allowed to cool down to �20 �C at the rate of 1 �C/min.
In order to maximize heat transfer between the device and the mould,
thermal paste (AssmanWSW component) was applied. When�20 �C was
reached, 7 ml of suspension was poured into the mould. The temperature
was dropped to �40 �C and maintained until complete suspension
freezing. Water freezing takes place from bottom to top. After
unmoulding, samples were freeze dried for 24 h (HETO CD8, Thermo
Fisher Scientific), before being sintered at 1100 �C for 3 h, the heating
and cooling rate being 5 �C/min.
2.2. Material characterization

Material composition was analysed through XRD (Panalytical DW/
3040/60 - Copper tube) and FT-IR (Jasco, FT-IR 4600). HA weight per-
centage was calculated according to Equation (1) [48]. Prior to SEM
imaging (FEI Quanta 400 FEG/ESEM), the macroporous structures were
sputter coated with palladium/gold alloy. The average pore size and
interconnections values were calculated over 200 manual measurements
on SEM images (Image J). Porosity was calculated (Equation (2)) by
hydrostatic weighing (RadWag AS220/X) in a standard device following
the protocol described in ISO 623–2 - 1993. Surface areas were
Fig. 2. SEM image of (from left to right)
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determined by a Brunauer-Emmet-Teller (BET) N2 gas
adsorption-desorption isotherms obtained on Micromeritics ASAP-2000
at 77 K. Samples were previously degassed at 400 �C under a dynamic
vacuum of 13 mPa.

R1 ¼ IHAð211Þ
ITCPð0210Þ

% HA ¼ R1

0; 0111
(1)

R1: intensity ratio
%HA: HA weight percentage of a biphasic powder (TCP/HA with TCP
> 80% w/w)

ρapp ¼
M1

M3�M2
� ρL

πa ¼ M3�M1
M3�M2

� 100
(2)

M1: mass of dry test piece
M2: apparent mass of the immersed test piece
M3: mass of the soaked test piece
ρapp: apparent density
πa: apparent porosity
ρL: water density

2.3. Biological characterization

Cell type: human mesenchymal stem cells (HMSC) were obtained
from an orthopedic surgery procedure, after patient's informed consent.
Bone marrow biopsy was broken down into small pieces so that it could
be thoroughly washed with the following mixture: α-Minimum Essential
Medium (α-MEM, Sigma) supplemented with antibiotics (Penicillin (10
units/ml) þ Streptomycin (2.5 μg/ml), Sciencell), antifungal agents
(Fungizone (2.5 μg/ml), Sigma) and 10% of foetal bovine serum (FBS,
Gibco). The resulting cell suspension was cultured on a Petri dish over 10
days. Culture medium was renewed every 3 days. When 80% of conflu-
ence was reached, the cells were rinsed with PBS and enzymatically
detached for further culture.

Flow cytometry analysis confirmed the presence of the following
mesenchymal stem cells markers: CD90, CD105 and CD146 and the
absence of CD45. Because of its pluripotency, the HMSC underwent
histochemical staining: ALP stain for osteogenesis, oil red stain for adi-
pogenesis and safranin O for chondrogenesis. The cells were positive for
osteogenesis while being negative for adipogenesis and chondrogenesis.
The HMSC population were identified as osteoprogenitors.

Cells were seeded onto sterile samples (Autoclave at 125 �C for 25
min in humid conditions at 1.5 atm relative pressure) into 24 well cell
culture plates (2.104 cells/well) and incubated in a humidified atmo-
sphere of 5% of CO2 at 37 �C. In parallel, cells were cultured over the bare
bottom surface of the well to serve as control. Culture medium was
renewed every 3 days.

Evaluation techniques: cell metabolic activity was evaluated through
PS, 3D and FC. Scale bars: 0.5 mm.
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a resazurin assay over a period of 35 days. Fresh medium with 10% of
resazurin was added to the cells and incubated over 3 h. A 100 μl of
medium was then transferred to a 96 well plate for fluorescence mea-
surements (Synergy HT, Biotek). The excitation wavelength is 535 nm
and the emission wavelength is 590 nm. The results are expressed in
relative fluorescence unit (RFU).

For SEM pictures (FEI Quanta 400 FEG/ESEM), the cells were dehy-
drated in graded alcohol and hexamethysilazane (HDMS, Sigma) solution
from 50 to 100%. The samples were then sputter coated with a palla-
dium/gold alloy prior to imaging.

Alkaline phosphatase activity was measured through substrate hy-
drolysis in an alkaline environment (pH 10.5). P-nitrophenyl phosphate
Table 1
Pore and interconnection sizes, porosity and surface area of the following sam-
ples: PS, 3D and FC.

Sample Pore and interconnection size
(μm)

Porosity (%) Surface area (m2/g)

PS 435 � 58 (Pore) – 121 � 22
(Interconnection)

65 � 1 2.75

– Small diameter Long diameter – –

3D 202 � 23 350 � 23 50 � 1 1.53
FC 54 � 16 366 � 200 51 � 1 3.77

Fig. 3. Cell proliferation of HMSC cultured over PS, 3D and FC samples for 35 days, a
results are expressed in Relative Fluorescence Unit (RFU). *significantly different (p

Fig. 4. RT-PCR analysis on HMSC cultured over PS, 3D and FC samples, at day 14. *
and 3D (p � 0,05).

4

(Sigma) undergoes dephosphorilation thanks to alkaline phosphatase
and is transformed into P-nitrophenol. Its concentration is measured in a
plate reader at an absorbance of 405 nm. The results are normalized to
total protein content and are expressed in nanomole of P-nitrophenol
produced per microgram of protein.

Quantitative RT-PCR was performed to evaluate the osteoblastic
differentiation of the HMSC cultured on the biomaterial. Cells cultured
on tissue culture plate were set as the control group. At day 14 of culture,
total RNAwas extracted using TRIZOL® reagent (Invitrogen) and reverse
transcribed into complementary DNA (cDNA) using iScript™ Adv cDNA
Kit (BioRad). To analyse the expression of specific genes for osteoblastic
differentiation, the expression of Runt-related transcription factor 2
(Runx-2), Alkaline Phosphatase (ALP), Collagen, type I (COL1A1), Bone
morphogenetic protein 2 (BMP-2), Osteocalcin (BGLAP) was determined
quantitatively in a PrimePCR™ custom plate, on a RT-PCR equipment
(CFX96, BioRad) using iQTM SYBR® Green Supermix (BioRad).
Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was used as the
reference gene for normalization.

Statistical analysis: Triplicate analyses were performed for all exper-
iments and the results are expressed as the arithmetic means � standard
deviation. The statistical analysis was conducted using one way analysis
of variance. Levels of p � 0.05 were considered to be statistically sig-
nificant. The software used was GraphPad Prism 8.0.1.
ssessed by the Resazurin assay. An empty polystyrene well served as control and
� 0,05).

Significantly different from control (p � 0,05); **significantly different from PS



Fig. 5. Alkaline phosphatase activity of HMSC cultured over PS, 3D and FC samples measured over 14 days. Results are expressed in nanomole of nitrophenol per μg of
protein. *Significantly different from control (p � 0,05); **significantly different from PS and 3D (p � 0,05).
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3. Results

3.1. Material characterization

XRD (Fig. 1 top graph) confirms the presence of a few percent (2.7 �
1%) of HA (peak (211) (2θ ¼ 31,772�) JCPDS 9–432) in β-TCP powder
(peak (0210) (2θ ¼ 31,027�) JCPDS 09–0169). The absence of calcium
pyrophosphate (bands at 720 cm�1 and 1200 cm�1) was confirmed by
FT-IR (Fig. 1 bottom graph).

SEM pictures (Fig. 2) show the architectural structure of the macro-
porous samples after shaping and sintering. PS exhibited an open
network of interconnected spherical pores whereas 3D presented inter-
connected diamond shaped pores and the presence of parallel grooves on
its surface. The frozen sample, FC exhibited a series of parallel tubular
ellipsoidal pores perpendicular to the freezing direction.

The shaping parameters were chosen in order to yield samples with
close properties (Table 1).

3.2. Biological characterization

3.2.1. Cell proliferation, gene expression, and ALP activity
Cell proliferation was assessed through resazurin assay, (Fig. 3). Cell

growth occurred on every each sample. However, compared to the con-
trol, the samples exhibited a latency period up to 3–7 days. FC samples
showed a longer latency phase between 7 and 14 days. Once latency
phase over, exponential cell growth is visible from day 7 onwards on PS
and 3D and a week later on FC. Cell confluence is reached 28 days later
and on the 21st day for the control. Afterwards, cultures entered a
senescence stage. 3D material hosted the largest HMSC population
compared to PS and FC, with RFU values very close to those of the control
on the 28th day. These results show that 3Dmaterial is more prone to cell
proliferation by allowing faster growth and allowing cell confluence to be
reached at its maximum compared to the control under the culture
conditions tested.

Quantitative PCR analysis was performed on the 14th day of growth
as it is the start of the exponential phase (Fig. 4). Five osteoblastic dif-
ferentiation/maturation markers were chosen, RunX-2, ALP, COL-1A1
(collagen), BMP-2 and BGLAP. The results indicate that the control ex-
presses an equivalent level of the 3 markers studied on the 14th day of
growth. On the other hand, we observed RunX-2, ALP, BMP-2, COL-1A1
and BGLAP genes are expressed in amore important way compared to the
control. In fact, an increase of 2 fold in the expression of the RunX gene in
the presence of PS and 3Dmaterials is observed, then by a factor 4 for the
FC materials. The same is true for the expression of ALP and BMP2 genes.
For the BGLAP and Col-1A1 genes, gene expression is twice as important
for the three materials tested compared to the control. These results
5

indicate that cell differentiation is more engaged on each sample than on
the control. However, the FC samples allowed greater overexpression of
the Runx, ALP and BMP2 genes. This indicates that the differentiation is
more advanced on FC materials and seems to indicate a better mineral-
ization in order to regenerate a new bone.

In order to confirm the increase in mineralization activities, we
choose to assay the activity of alkaline phosphatase (Fig. 5). The results
indicate more ALP activity for all samples compared to control. On PS
and 3D samples, enzyme activity shows no variation over the testing
period. The best ALP activities on FC samples were reached on the 21st an
28th day of culture and were significantly higher than those on PS and 3D
samples. This result seems to confirm a mineralization more important
(regeneration) on FC materials than on PS, 3D materials by osteoblast
cells.

3.2.2. Cell migration through the porous structure
SEM pictures of the seeded materials were taken on the top (material

surface) and within (cross-section) the samples, at days 21, 28 and 35.
PS samples showed a layer of cells and organic material that had

grown over the surface and densified over time Fig. 6A, B, 21d; D, 28d).
Well spread cells exhibiting cytoplasmic extensions and closely inter-
acting with the rough surface topography were seen near and on the edge
of the pores (Fig. 6C). Upon reaching the edge of the pores, cells
continued to grow on the surface but did not migrate towards the pores
(Fig. 6D, E, F). Instead, they exhibited a centripetal growth pattern with
cell bridging between opposite sides of the pore in an attempt to cover
the pores with a continuous cell layer (Fig. 6E and F). The appearance of
the cell layer on Fig. 6F is suggestive of the formation of a well-organized
cell layer with a mineralized matrix (white arrow). Cross-section pictures
shows the circular-shaped interconnected pores and confirm that cells
were not able to migrate into this structure (Fig. 6G, H, I). Only few
isolated cells were visible inside the pores, probably those that adhered
during the cell seeding (Fig. 6G and H). A high magnification image of
the edge surface/pore (Fig. 6I) proves the difficulty of cell migration into
the pores. An image of the unseeded sample (Fig. 6J) shows the smooth
topography of the pores compared to the rough appearance of the surface
(Fig. 6J, inset).

Samples 3D exhibited a dense cell layer that grew aligned to the
parallel grooves on the surface (Fig. 7A, 21d; C, 28d). Over 21 days, the
pores were almost completely covered with a cell layer (Fig. 7B and C). A
high magnification image (Fig. 7D) shows an organized cell layer with a
rich fibrillary matrix and suggests the presence of mineralized deposits
(white arrow). Cross-section images indicated some cell penetration into
the porous structure (Fig. 7E, F, H, I) that occurred preferentially at the
corners of the pore (Fig. 7E, F, G). The significant difference between the
dense cell surface layer and the poor cell migration is illustrated in



Fig. 6. SEM images of PS samples: surface (A–F) and cross section (G–J). Culture time: surface, 21 days (except image D: 28 days) and cross section, 28 days.
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Fig. 7. SEM images of 3D samples: surface (A–D) and cross section (E–N). Culture time: surface, 21 days (except image C: 28 days) and cross section, 28 days.
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Fig. 8. SEM images of FC samples – Top.
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Fig. 7F. Although some cell proliferation is observed inside the pores,
cells presented an altered morphology, reflected by decreased spreading
and, their inability to form a continuous sheet (Fig. 7H, I, J, L). A high
magnification image (Fig 7M) depicts an elongated cell with limited
spreading and only few filopodia. The unseeded sample shows a granular
but smooth topography of the pore surface (Fig 7N).

The frozen samples yielded different results. FC also exhibits a surface
cell layer (Fig. 8A, 21d; B, 28d). Higher magnification images show well-
spread cells that closely adapted to the different orientations of the
porous surface (Fig. 8A–a), with cytoplasmic extensions easily bridging
pore walls (Fig. 8A–a, b1, b2) and covering the material surface and the
pore space (Fig. 8A-b1, b2). These close interactions between the cells
and the surface are specially evidenced on the higher magnification
8

image (Fig. 8A-b2); this image shows a rich fibrilar cell layer and suggests
the presence of a mineralized matrix. On the 28th day, the surface was
almost completely covered by a cell layer (Fig. 8B).

The unseeded material shows a relatively homogeneous rough
topography (Fig. 8C) that in high magnification exhibits irregular surface
features that increased the surface area and favour the cell-material in-
teractions (Fig. 8D). It is worth noting that the columnar-like material
structures show regular protrusions (Fig. 8C, asterisks) that clearly
function as anchoring points for the cells (Fig. 8A, b1, b2).

Regarding the cross-section, Fig. 9 depicts the cell penetration effi-
ciency in the FC samples. Cell infiltration can be seen inside the porous
network from the top to the bottom of the samples (Fig. 9A and B). High
magnification images of Fig. 9B show the cell organization on the top



Fig. 9. SEM images of FC samples - Cross section.
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(Fig. 9B–a) and within the tubular porous structure (Fig. 9B-b1, b2, b3).
On the top of the material, cells almost covered the material at 21 days of
culture and cells bridging the columnar structure are clearly visible
(Fig. 9B–a). Within the scaffold, the ellipsoidal pore structure is
completely filled with a continuous pore-driven cell layer (Fig. 9B-b1);
higher magnification images show well-spread cells with cytoplasmic
extensions, cell-to-cell communication on the material pore surface
(Fig. 9B-b2) and an organized cell layer between two adjacent pore walls
(Fig. 9-b3) with a strong suggestion of the presence of a mineralized
matrix (Fig. 9-b3, white arrows).

Pore surface topography is shown in an unseeded sample; the pore
wall depicts periodic protrusions along the pore length (Fig. 9C) and a
higher amplification image (Fig. 9D) presents the irregular micrometric
granular and rough topography of the pore surface.
9

4. Discussion

In this work, osteoprogenitors derived from HMSC were cultured
under basal conditions on three different β-TCP porous samples in vitro.
Cell proliferation and differentiation/maturation were assessed.

β-TCP was synthesized by aqueous precipitation (ISO 13779 and ISO
13175 compliance). The shaping methods were chosen for their ability to
generate original interconnected macroporous structures with the po-
tential to influence cell behaviour, namely a network of spherical pores
(impregnation of polymeric structure, PS), a network of interconnected
diamond shaped pores (stereolithography, 3D) and a network of parallel
ellipsoidal channel-like pores (freeze casting, FC). Porosity was higher on
PS samples (~65%) and similar on 3D and FC samples (~50%). The latter
two samples presented the lowest and the highest surface area,



S. Chamary et al. Open Ceramics 7 (2021) 100141
respectively.
Proliferation occurred on every single material sample after a latency

period (3–7 days) caused by a deleterious environment for cell adhesion
and proliferation due to the dynamics of dissolution (material leaching)/
precipitation (ion and protein deposition) events (data not shown)
leading to the progressive development of a conditioning layer [49,50].
FC samples presented a longer lag phase, an expected behaviour
considering its higher surface area thus a slower surface conditioning
[49,50]. However, after stabilisation of the interface (material/biological
fluids), the remaining living cells proliferated. It seems that confluence
was met around the 28th day for the samples and at the 21st day for the
control. 3D samples hosted the highest number of cells (similar to con-
trol). The grooves on 3D surface had a positive impact on cell adhesion
and proliferation. This phenomenon is known as curvature driven growth
[39]. They were followed by PS and FC. Besides the maximum prolifer-
ation values, the cell growth rate during the culture period was also an
important issue in the cell/surface interaction. Control cultures presented
a steady increase in the cell number however cell growth rate on the
samples was higher between the 14th and 21st days (due to the initial lag
phase). The latter was similar on PS and 3D samples (~3 fold increase),
but it was much more significant on FC samples (~7 fold increase).

Quantitative PCR analysis for the expression of osteoblastic genes was
done on the 14th day of culture, at an early proliferative stage. It shows
that cell differentiation had occurred on every sample. As a whole, gene
expression was higher on the β-TCP samples compared to control, indi-
cating an increased differentiation, which is in line with the reported
osteogenic inductive effect of β-TCP on HMSC [2,4,51]. BGLAP (osteo-
calcin) expression indicates that most of the cells on the scaffolds pre-
sented a mature phenotype, as it is a late osteoblastic differentiation
marker [52]. However, expression levels of Runx-2, BMP-2 and ALP were
greatly stimulated on FC compared to those on PS and 3D, suggesting that
osteoblastic differentiation was enhanced on the freeze casted samples.
Runx-2 is a key transcription factor that induces a program of gene
expression required for osteogenic lineage commitment and differentia-
tion of mesenchymal stem cells and is also required for osteoblastic
functions beyond differentiation [52]. BMP-2 signalling pathway is
essential for osteogenic differentiation and necessary for
Runx-2-dependent induction of osteogenic gene expression. Thus, BMP-2
is suggested to have a dual effect; it is upstream of Runx-2 transcription
but can team up with Runx-2 to regulate transcription of its target genes
[52]. ALP expression is an early marker of osteogenic commitment and
has a key role in the onset of matrix mineralization [52].

Alkaline phosphatase activity was measured over a period of 7 days
beginning at the 21st day of culture, a phase of active proliferation, on
confluent cultures. Two patterns were identified. First of all, the material
itself, β-TCP, allowed higher enzymatic activity compared to the control.
However, samples such as PS and 3D yielded stable values over the
course of the test whereas the frozen sample showed an increase in
enzymatic activity between the 21st and the 28th day. During the same
time period, cell proliferation increased rapidly. It is clear that during this
time period, from day 14–21, biological changes occurred. Themaximum
enzyme activity on the freeze casted samples (reached on the 28th day)
was at least 2 fold the value yielded by the control on day 28. Alkaline
phosphatase activity did not seem to be population-dependent as the
largest cell population was present on 3D and on the control. However,
freeze casted samples favoured alkaline phosphatase activity. As the
latter is considered a differentiation marker for osteoblastic differentia-
tion it was hypothesized that freeze casting samples improve HMSC
differentiation compared to the other macroporous samples [53,54].

Enzymatic activity and SEM imaging confirm matrix mineralization
which suggests a higher degree of cell differentiation and maturation.

These biological differences between samples can be attributed to the
shapingmethods chosen. Each of them yielded very specific macroporous
architectures with features prone to influence proliferation and
differentiation.

3D samples exhibited grooves on its surface thus stimulating cell
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growth and alignment. This regular micro texturing contributed to a
large cell population to grow almost exclusively on the surface with poor
migration inside the porous structure. Cell proliferation has been sup-
ported by curvature driven growth [39]. The rapid cell growth on the
scaffold outer surface, leading to pore occlusions, has been suggested as a
problem in tissue engineering as this behaviour restricts cell penetration
[55]. In line with this, SEM images showed that cell migration into the 3D
scaffold was mainly seen associated with pore corners, an expected
behaviour, due to the local favoured curvature-driven cell/material in-
teractions [55]. Images also suggested that, as a whole, the porous ge-
ometry, the small and the long pore diameters and the smooth pore
surface topography, contrasting with the rough outer surface, did not
seem appealing for cell migration and pore colonization. Inside the
porous structure, cells behaved mostly as on a two-dimensional structure
being unable to establish competent cell-to-cell communication and
cell/material interactions leading to the formation of organized
three-dimensional cellular-matrix constructs.

In terms of cellular performance, PS sample displayed a similar
behaviour to that of the 3D samples. Cell growth was seen only on the
outer surface, also leading to pore occlusion. The absence of surface
aligned groves explains the lower proliferation values. Compared to 3D
sample, the porous features of PS sample seemed worse, as cell migration
was virtually absent. The comparatively sharper surface discontinuities
produced by the pores might have played a role. Furthermore, the
circular-shaped pore with a large diameter and the smooth pore topog-
raphy introduced drastic changes in the substrate geometry and topog-
raphy, respectively, which did not favour cellular migration [55].
Another adverse geometric feature appears to be the relatively long
distance between the pore interconnection that, in the absence of
anchoring topographic features, induced difficult surface
topography-driven cell growth, preventing cellular infiltration.

FC exhibited channel-like ellipsoidal pores, with elongated and ori-
ented pores randomly connected by orthogonal channels. The narrow
pores and the acute angles induced confinement thus a favourable
environment as interactions between cells and between cells and mate-
rial increased. The pores’ wall presented a lamellar morphology (seen as
periodic protrusions) that induced cell elongation and continuous
directional growth. This sample also exhibited texturized pore walls.
These micrometric structures contributed to cell adhesion and reptation
inside the pore network, as they provided anchoring sites for cell filo-
podia continuously probing the local environment aiding in cell tension-
induced material invasion. Micro topography also increased surface area
favouring ionic dissolution and re-precipitation events leading to the
deposition of an apatite layer that, together with co-precipitated proteins,
promotes cell growth and osteogenic differentiation [55]. As a result of
these architectural features, massive cellular colonization of the entire
porous scaffold is observed, contrasting with the almost exclusive outer
surface cell growth that occurred on PS and 3D samples. Within the FC
scaffold, the porous structure is completely filled with three-dimensional
possibly mineralized cellular-matrix constructs, typical of the osteogenic
differentiation of mesenchymal stem cells. This behaviour might explain
the increased osteoblastic gene expression and ALP activity compared to
PS and 3D. In vivo, survival, self-renewal and differentiation of stem cells
are directed by local biochemical and mechanical factors within a local
micro environmental niche [56]. The organization of the cellular con-
structs in the porous FC might suggest that this scaffold is endowed with
niche-mimicking features.

Cell sensing and responsiveness to surface topography occur via
mechanotransduction through the integrin receptors. These trans-
membrane receptors are critical communication channels that play a
crucial role in the interaction of the cell with adjacent surfaces. Outside
the cell, receptors bind to peptide ligands to modulate cell adhesion and
the resulting intracellular tension triggers downstream biochemical sig-
nalling cascades, via the integrin-focal adhesion cytoskeleton pathway,
affecting proliferation and differentiation [57,58]. Thus, changes in cell
adhesion and cytoskeleton organization, in response to physical cues
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such as topography, are essential to direct mechanotransductive pro-
cesses. Related to this, it has been reported that microtopography could
enhance integrin activation [59] and also improve cell behaviour via the
activation of the BMP-2 signalling pathway [60]. Furthermore, studies
suggested collaborative mechanisms between integrins and BMP-2 that
could modulate both cell adhesion and osteogenic differentiation [61].

Taken together, results of this study suggest that the highly structured
macroporous 3D and PS samples lacked the features that could poten-
tially favour and/or increase cell differentiation and penetration inside
the porous network. On the other hand, the high gradient of anisotropy of
FC macro and microarchitecture provided continuous contact guidance
11
cues inducing changes in cell mechanics, in particular spatial re-
organization of the actin cytoskeleton, that sustain cell migration
through cell-cell junctions with positive effects on cell growth and dif-
ferentiation [55,62,63]. Fig. 10 sums up these observations.

5. Conclusion

During the course of this work, macroporous β-TCP bone implants
were manufactured and tested in vitro. The different steps from the
manufacturing of the β-TCP powder to its shaping were mastered.

Ceramic powder was made through aqueous precipitation and
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complied with the ISO 13779 and 13,175 standards. The chosen shaping
methods were: impregnation of a polymeric scaffold, stereolithography
and freeze casting. The shaping processes were closely controlled and so
were the pore sizes and interconnections. Each sample exhibited a
different architecture with specific features that would subsequently in-
fluence HMSC development.

HMSC at the osteoprogenitor stage were used for in vitro testing. Cell
proliferation took place over every single sample. 3D exhibited the
largest population because of particular topographic features that
induced curvature driven growth. However, cells would remain on the
surface with very few individuals inside the porous structure. The same
remarks can bemade for PS. On the other hand, samples yielded by freeze
casting favoured cell penetration and promoted osteoblastic differentia-
tion genes expression as well as an increase in activity of alkaline phos-
phatase. Architectural features such as pore shape and size, surface and
pore topographical features and specific surface have positively influ-
enced cell behaviour. Through these results it seems clear that freeze
casting is a shaping technique fit for the elaboration of structures that will
contribute to cell invasion and differentiation. It might be worth using
freeze casting as an inspiration for porous structures manufactured by
techniques free of its constraints.
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