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Abstract

We investigated the effect of the ceramic chemistry and surface roughness of pure α-tricalcium phosphate, and also αTCP doped with either
1.5 wt% or 3.0 wt% of dicalcium silicate (C2S), on the response of adult human mesenchymal stem cells (ahMSCs). AhMSCs were plated onto
ceramic discs, prepared by a solid-state reaction. After being sintered, some samples were polished up to 1 μm, while others were kept as
manufactured, which resulted in two surface roughness grades. Viability, proliferation and osteoinductive capacity were determined following
various incubation periods.
The results showed a non-cytotoxic effect after an indirect apoptosis test. Cell adhesion and proliferation were surface roughness-sensitive and

increased proportionally to the roughness of materials. These observations became more evident in the unpolished αTCP ceramic doped with
1.5 wt% C2S, which induced osteoblastic differentiation as a result of the roughness and increased concentration of the C2S solid solution
in αTCP.
& 2015 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Surface reactivity is one of the common characteristics of
bone bioactive ceramics. It contributes to their bone bonding
ability and their enhancing effect on bone tissue formation.
During implantation, reactions occur on the material tissue
interface, which leads to time-dependent changes in the surface
characteristics of the implant material, and also in tissues.
10.1016/j.ceramint.2015.01.110
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Modification of the biomaterial surface properties by con-
trolling the characteristic length scale (e.g., grain size, crystal
phase, etc.) or roughness is a promising approach to modulate
selected cell functions.
Tricalcium phosphate, hydroxiapatite, bioglass and wollasto-

nite are usually considered bone bioactive ceramics. These
materials are generally bond to surrounding osseous tissue and
enhance bone tissue formation [1–5]. Since direct bone bonding
to Bioglass was first observed [6], considerable progress has been
made in understanding the basic mechanisms of bone-biomaterial
bond formation and its effect on bone formation. This progress
has resulted mainly from two approaches: one focuses on
studying the bone-biomaterials interface that was developed
in vivo. An examination of the bonding zone revealed the
consistent presence of an interfacial carbohydroxyapatite layer
(CHA) [7,8]; in the second approach, in vitro immersions were
y, proliferation and differentiation potential in response to ceramic chemistry
.ceramint.2015.01.110

www.sciencedirect.com/science/journal/02728842
http://dx.doi.org/10.1016/j.ceramint.2015.01.110
www.elsevier.com/locate/ceramint
http://dx.doi.org/10.1016/j.ceramint.2015.01.110
http://dx.doi.org/10.1016/j.ceramint.2015.01.110
http://dx.doi.org/10.1016/j.ceramint.2015.01.110
mailto:pmazon@umh.es
mailto:redond@gmail.com
mailto:lmeseguer.doc@gmail.com
mailto:dott.ssa_franci@hotmail.it
mailto:piedad@umh.es
http://dx.doi.org/10.1016/j.ceramint.2015.01.110
http://dx.doi.org/10.1016/j.ceramint.2015.01.110
http://dx.doi.org/10.1016/j.ceramint.2015.01.110


P. Mazón et al. / Ceramics International ] (]]]]) ]]]–]]]2
used in simulated physiological fluids or media containing cells
[9,10]. These analyses have revealed that some reactions, such as
dissolution, precipitation and ion exchange, occur on implant
material surfaces. The combination of in vivo and in vitro studies
has led to a better understanding of the surface reactions of
bioactive ceramics in the body and their effects on bone fo-
rmation and cell function.

In general, bone substitute materials of different (natural or
synthetic origins) can induce bone formation when combined with
multipotent undifferentiated mesenchymal stem cells (hybrid materi-
als). Based on this premise, several tissue engineering approaches
have been used to increase the utility of biomaterials for clinical
bone repair by including these osteoblastic precursor cells into a
scaffold, followed by a period of osteogenic pre-differentiation of
these cells in biomaterials before host implantation [11]. Presently,
several techniques for the isolation and culture of ahMSCs obtained
from bone marrow aspirates of human donors are available.
Therefore, they represent an ideal source for their use in bone tissue
bioengineering. To implement this approach, the selected biomaterial
must be capable of allowing adhesion and growth of osteoprogenitor
cells, and of promoting osteoblastic differentiation to thereby
facilitate the neo-bone formation process.

Cells are able to discriminate subtle differences in surface
roughness [12]. Osteoblast-like cells can discriminate between
not only surfaces of different roughness, but also surfaces with
comparable roughness, but with different topographies [13].
Thus surface morphology is of much importance.

The objectives of the present work were: (1) to evaluate the
influence of substrate chemistry and (2) surface roughness on
ahMSCs behaviour, and (3) to investigate how subtle differ-
ences in surface roughness can influence the in vitro short- and
long-term responses of ahMSCs. For this purpose, we analysed
the cell adhesion, proliferation, differentiation potential and
viability of ahMSCs on bioceramic substrates of three che-
mistries (pure αTCP, and αTCP doped with either 1.5 wt% or
3.0 wt% of C2S with a well-controlled grain size and crystal
phase) with two different surface roughness values.

2. Material and methods

2.1. Material

The chemicals used in the synthesis of tricalcium phosphate
and dicalcium silicate were calcium hydrogen phosphate
anhydrous (CaHPO4498.0 wt%, Panreac, Barcelona, Spain),
calcium carbonate (CaCO3499.0 wt% Fluka Analytical, St.
Gallen, Switzerland) and high-purity silicon oxide (SiO2499.7
wt%, Strem Chemicals, Cambridge, England). Stoichiometric
quantities of the raw powders to obtain tricalcium phosphate and
dicalcium silicate were ground in a laboratory mixing miller
(MM301-Retsch) using PSZ-zirconia balls.

2.2. Processing methods

TCP and C2S were obtained by solid-state reaction sintering.
Details of the technique can be found in previous publications
[4,14].
Please cite this article as: P. Mazón, et al., Human mesenchymal stem cell viabilit
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The powders obtained were ground and characterised by X-ray
fluorescence (XRF), X-ray diffraction (XRD-Bruker AXS D8-
Advance X-ray Diffractometer; Karksruhe, Germany) and particle
size distribution (Laser diffraction, Mastersizer S Malvern).
The αTCP ceramic and αTCP compositions doped with

either 1.5 wt% or 3.0 wt% of C2S (TCPss) were prepared for
this study. The desired proportions of each component were
weighed on an analytical balance, dispersed in acetone and
thoroughly mixed in a manual agate mortar. The mixture was
isostatically pressed into bars at 200 MPa, heated to 1500 1C
for 2 h, and followed by liquid nitrogen quenching after rapid
removal from the furnace. In order to homogenise composi-
tions, bars were ground, pressed and reheated. This procedure
was repeated 3 times. The powders obtained with an average
particle size of 23 μm were pressed into bars at 200 MPa. The
next step involved heating the bars up to 1500 1C for 4 h,
followed by cooling to 1120 1C inside the furnace, where they
remained for 16 h before being cooled down to room
temperature. Heat treatment temperatures were carefully
selected after bearing in mind the information provided by
the αTCPss-silicocarnotite subsystem within the binary system
of TCP–C2S [Ca3(PO4)2–Ca2SiO4] [15]. The final samples
were cut from the obtained bars, which measured 7 mm in
diameter and 1.5 mm in thickness.
Two different surface roughness types were produced: the

first performed by a cutting machine, with which an opaque
surface was obtained; the second produced by sequential
polishing with 6 μm and 1 μm diamond pastes, with which a
bright mirror-like surface was obtained.
2.3. Material and surface characterisation

2.3.1. Powder X-ray diffraction
XRD were obtained using an automated diffractometer.

They were compared with the database provided by the Joint
Committee on Powder Diffraction Standards (JCPDS).
2.3.2. Surface profilometry
The surface roughness of the pure αTCP, and also the αTCP

doped with either 1.5 wt% or 3.0 wt% of C2S disks, was
measured by profilometry in a Mitutoyo SJ-201P profilometer.
Five disks of each material with the different roughness values
were measured to obtain an average roughness value Ra. Five
individual measurements were taken on each specimen. The
statistically significant differences in the Ra values were
determined by an ANOVA statistical analysis. Differences
were considered significant when po0.05.
2.3.3. Scanning electron microscopy
Scanning electron microscopy (SEM-Hitachi S-3500N),

equipped with an Energy Dispersive X-ray Spectrometer (EDX)
microanalysis probe (INCA-Oxford), was used to investigate the
morphology and texture of surfaces, and the semiquantitative
analysis of surface composition.
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2.4. Isolation and culture of bone marrow-derived ahMSCs

Undifferentiated multipotent ahMSCs were isolated from
the bone marrow obtained by percutaneous direct aspiration
from an iliac crest of three male human volunteers (50 ml/
patient) in good physical condition. All the procedures were
approved by the Institutional Ethical and Clinical Trials
Committee (the Virgen de la Arrixaca University Hospital).
Informed consent was obtained from all the volunteers. For the
isolation of ahMSCs, a mononuclear cell fraction was obtained
by ficoll density gradient-based separation and the cell wash-
ing closed automated SEPAX™ System (Biosafe, Eysines,
Switzerland).

After seeding the mononuclear cells at a density of 1.6� 105

cells/cm2 in basal culture growth medium (GM), they were
cultured at 37 1C, 5% CO2 and 95% of relative humidity
atmosphere to be attached undisturbed for 7 days. The GM
used was α-Minimum Essential Medium (α-MEM) (Sigma-
Aldrich, St Louis, MO, USA) supplemented with 10% foetal
bovine serum (FBS) (Sigma-Aldrich) and penicillin G/strepto-
mycin sulphate (100 U/ml and 100 μg/ml, respectively; Sigma-
Aldrich).

2.5. Subcultures of ahMSCs

After 7 days, GM was renewed by removing the non-
adherent hematopoietic cells and selecting the ahMSCs given
their proven capacity of attaching to the plastic of culture
flasks [11]. When the cell culture reached 85–90% confluency,
cells were detached using 0.25% w/v trypsin-EDTA for 5 min,
washed and seeded at 5� 103 cells/cm2.

2.6. ahMSCs characterisation

In order to confirm the phenotype of the cells isolated from the
primary culture, and to determine possible phenotypic changes in
the expression of surface markers, the adherent isolated cells,
considered to be ahMSCs, were tested for the positive expression
of markers CD73, CD90 and CD105, and also for the absence of
an expression of hematopoietic markers, e.g., CD34 and CD45,
using specific mouse monoclonal antibodies (all acquired from
BD Biosciences (San Diego, CA, USA) Non-specific fluores-
cence was measured using specific isotype monoclonal antibo-
dies. Samples were acquired in a Beckman Coulter Navios flow
cytometer (Fullerton, CA, USA) and analysed with the FCS
Express V3 software. Afterwards, cells were identified as
ahMSCs.

2.7. Phase contrast optical microscopic observations

To control the evolution of ahMSCs, cultures were observed
under an inverted phase-contrast light microscope (Nikkon
Elipse TS, Tokyo, Japan), their morphological changes and
adhesion properties on plastic (control) and their growing
under the indirect effect of the tested materials were recorded.
For this purpose, cells were seeded at a density of 1.0� 104

cells/well in 24-well culture plates and were cultured in GM
Please cite this article as: P. Mazón, et al., Human mesenchymal stem cell viabilit
and surface roughness, Ceramics International (2015), http://dx.doi.org/10.1016/j
under the same controlled culture conditions. Then sterile
biomaterial samples were incorporated into the upper chambers
of an 8 μm-pore size cell culture insert (BD Bioscience) and
incubated in wells in the presence of ahMSCs for 48 h, and for
7, 15 and 21 days.

2.8. Scanning electron microscopy (SEM) study of ahMSCs
seeded on ceramics

To assess the continuing effect of biomaterials on the
behaviour of ahMSCs in cell adherence and growth terms
from an ultrastructural point of view, study periods of 24 h,
and of 15 and 28 days were established.
The samples seeded with ahMSCs were removed from

culture wells, rinsed with PBS and fixed with 3% glutaralde-
hyde in 0.1 M cacodylate buffer for 1.5 h at 4 1C. Then they
were rinsed again and post-fixed in osmium tetroxide for 1 h
before being dehydrated in a series of graded ethanol solutions
(30, 50, 70, 90 vol%). Final drying was performed by the
critical-point method (CPDO2 Balzers Union). Gold-coated
specimens were examined by SEM, while samples were
palladium-coated for the EDS analysis.

2.9. Proliferation assay

The increment in the number of cells covering the materials
was evaluated spectrophotometrically by a tetrazolium salts
assay (XTT), as described by Scudiero et al. [16]. Briefly, cells
were seeded onto ceramics at a density of 1.0� 104 cells/well
in 96-well plates and incubated under standard conditions.
XTT with phenazine methosulphate (PMS) was added to each
well. After 4 h of incubation, the absorbance of the culture
medium of the cells growing on ceramic pellets was measured
at 450 nm in a Multiskan MCC 340 plate reader (Labsystem,
CO, USA). Another series of ahMSCs was seeded onto plastic
to be used as a quality control of the cells seeded onto
bioceramics. Adherence and growth of cells were analysed at
24 h, and at 7, 15 and 28 days.

2.10. Cell differentiation and functionality assays/tests

It is well-known that osteocalcin (OC) production, alkaline
phosphatase activity (ALP) and collagen-type I production
(Col I) are osteoblast-phenotype markers. For this reason we
analysed the expression of these proteins to evaluate if any
differentiating effect of ahMSCs on osteoblasts had taken
place due to the action of ceramics. The expression of
characteristic components of the extracellular matrix (ECM),
such as heparan-sulphate (HS) and osteopontin (OP), was also
analysed, as was the presence of mineralisation nodules.
Assays were conducted on days 15 and 28 of culture and
were performed at least in triplicate.

2.10.1. Alkaline phosphatase activity
The ALP enzyme activity of cells was determined by

histochemical staining with a commercially available qualita-
tive assay kit (the alkaline phosphatase detection kit, Millipore,
y, proliferation and differentiation potential in response to ceramic chemistry
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Table 1
Combination of the primary and secondary antibodies (Abs) employed for the
indirect immunofluorescence experiments.

Primary Abs Dilution

Anti-collagen type I 1:100
Anti-osteocalcin 1:100
Anti-osteopontin 1:100
Anti-heparan sulphate 1:100

Secondary Abs Dilution

Alexa Fluors 488 1:500
goat anti-rabbit IgG
Alexa Fluors 488 1:500
goat anti-rabbit IgG
Alexa Fluors 488 1:500
goat anti-rabbit IgG
Alexa Fluors 488 1:500
goat anti-rat IgG
Alexa Fluors 488 1:500
goat anti-mouse IgG
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Billerica, MA, USA). Briefly, cells were seeded at a density of
1.0� 104 cells/well, which came into contact with the different
ceramics. Afterwards, ahMSCs were fixed with 4% parafor-
maldehyde and washed in PBS. Next staining solution (Fast
Red Violet with Naphthol AS-BI phosphate solution and water
in a 2:1:1 ratio) was added to each coverslip and incubated in
the dark at room temperature (RT) for 15 min and washed. The
cells expressing ALP activity acquired a red colour.

2.10.2. Osteocalcin production
OC production was measured in the supernatants of

ahMSCs cultured at a density of 1.0� 104 cells/well, which
came into contact with ceramics by removing serum from the
culture medium 5 days before determinations were made.
Presence of OC was determined using the Gla-type osteocalcin
EIA kit (Reactiva S.A. Barcelona, Spain) following the
manufacturer´s protocol. Three determinations of each sample
and standard kits were made.

2.10.3. Calcium deposition (mineralisation)
Presence of calcium deposition or nodules of mineralisation

in cultures was evaluated qualitatively by the selective binding
of Alizarin Red S (Osteogenesis kit assay, Millipore) to
calcium salts. Briefly, cells were seeded at a density of
1.0� 104 cells/well. After culturing the cells that came into
indirect contact with ceramics, they were washed with PBS,
fixed with 8% paraformaldehyde and stained with Alizarin Red
Stain Solution. Stained areas were visualised using an optical
microscope.

2.10.4. Osteocalcine, extracellular matrix and collagen type I
expression

Osteoblast-specific markers and the extracellular matrix ex-
pression were tested by immunofluorescence techniques. To
carry out these assays, cells were seeded at a density of
1.0� 104 cells/well and cultured in GM under the same
controlled culture conditions. Briefly, cells were washed 3 times
with PBS, and were then fixed and permeabilised with cooled
Methanol–Acetone solution (1:1) at 20 1C for 10 min. After-
wards samples were blocked with blocking solution (0.1%
TRITON-X, 0.3% BSA, 10% FBS in PBS 1X) for 30 min at
37 1C. Labelling was performed by incubating primary anti-
bodies in blocking solution at 4 1C o/n, followed by incubation
with a secondary antibody in blocking solution for 1 h at RT.
All the primary and secondary antibodies are summarised in
Table 1. The assays were conducted on day 28 of cultures and
performed at least in duplicate.

2.11. Apoptosis assay (Annexin V/7-AAD staining)

In order to rule out any possible cytotoxic effects (apoptosis
and necrosis) of the different biomaterials on ahMSCs, cells
were seeded at a density of 2.0� 105 cells/cm2 in 24-well
plates and cultured in GM medium for 24 h at 37 1C to allow
adherence of cells. Afterwards sterile biomaterial samples were
incorporated into the upper chambers of an 8 μm-pore size cell
culture insert (BD Bioscience) and were incubated in wells in
Please cite this article as: P. Mazón, et al., Human mesenchymal stem cell viabilit
and surface roughness, Ceramics International (2015), http://dx.doi.org/10.1016/j
the presence of ahMSCs for 0, 12, 24 h, and for 3 and 7 days.
Later cells were detached using 0.25% w/v tripsin-EDTA
solution (Sigma Aldrich, Saint Louis, MO, USA), washed with
PBS and stained with the Annexin-V apoptosis detection kit
(BD Bioscience). The percentage of live (Annexin-V�/7-
AAD�), early apoptotic (Annexinþ /7-AAD�) or late apopto-
tic and necrotic cells (Annexin-Vþ /7-AADþ ) was analysed in
a Beckman Coulter Navios flow cytometer. Subsequently,
percentages of each population were calculated. All the
determinations were made in triplicate.

2.12. Si, Ca and P analyses in culture media

The cell culture media from the apoptosis assay were collected
and stored at �80 1C until the analysis was performed. Changes in
ionic concentration (silicon (Si), calcium (Ca) and phosphorous
(P)) were measured using an Inductively Plasma Optical Emission
Spectroscopy (ICP-OES, PerkinElmer Optima 2000 Waltham,
MA, USA).

2.13. Statistical analysis

Data were analysed by one-way analysis of variance (ANOVA)
followed by Tukey–Kramer multiple comparisons. In both ana-
lyses, the minimum acceptable level of significance was po0.05.

3. Results

3.1. Material characterisation

The XRD patterns of both obtained synthetic TCP and C2S
showed α-TCP and γ-C2S as the only phase present, respectively.
Both compounds were ground to an average particle size of
20 μm. The results of the chemical analysis by XRF for both
materials are shown in Table 2. The XRD patterns of the TCP
ceramics doped with 1.5 wt% C2S or 3.0 wt% C2S showed peaks
y, proliferation and differentiation potential in response to ceramic chemistry
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corresponding only with αTCP (JCPDS card no. 9-348) (Fig. 1).
The intensity of the peaks depended on the C2S content in αTCP.
The JCPDS X-ray powder diffraction data of pure calcium
phosphate and silica-doped calcium phosphate suggested that
only a significant amount of a crystalline phase could give rise to
the diffraction pattern. A progressive shift in the main peaks
occurred in the XRD spectra obtained herein for the C2S–αTCP
compounds as Si content increased. For αTCP, the position of the
peak was recorded at 30.8 (2θ) degrees, while the peak position
occurred at 31.0 (2θ) degrees and 31.2 (2θ) degrees for the 1.5 wt
% C2S–αTCP composition and the 3.0 wt% C2S–αTCP compo-
sition, respectively, according to the JCPDS card 00-058-0897 for
the Si-TCP compound. The peaks at about 35 (2θ) degrees also
appeared separated for the 1.5 wt% C2S–αTCP and 3.0 wt%–C2S
Table 2
The X-ray fluorescence chemical analysis results of the TCP and C2S synthetic
powders.

Chemical analysis (wt%) Ca3(PO4)2 Ca2SiO4

CaO 54.22 44.62
SiO2 ND. 55.28
P2O5 45.74 ND.
MgO 0.33 ND.
Na2O 0.10 ND.
K2O 0.008 ND.
Fe2O3 0.037 ND.
TiO2 0.012 ND.
SrO 0.004 ND.

ND.—nondetected (below the limit of determination of the analytical method).

Fig. 1. X-ray diffraction patterns of the manufactured ceramic compositions.

Table 3
Roughness of the polished and unpolished ceramics with diamond paste.

αTCP 1.5 wt% C

Polished Unpolished Polished

Ra (μm) 0.4670.04 2.2970.08 0.9970.0
Rq (μm) 0.6770.03 2.7870.08 1.2770.0
Rz (μm) 8.2470.33 12.5270.22 6.1570.2

Ra is the arithmetic mean of the absolute values of the profile deviations (Yi) from
profile deviations (Yi) from the mean line. Rz is the sum of the mean height of th
measured from a line parallel to the mean line.

Please cite this article as: P. Mazón, et al., Human mesenchymal stem cell viabilit
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compositions because of the presence of silicon in their structure.
The intensities of the other peaks at 12.09 (2θ) and 24.10 (2θ)
degrees (solely characteristic of the αTCP composition) increased
significantly with a rise in the C2S content in the αTCP solid
solution. These results confirmed that ceramics 1.5 wt% C2S–
αTCP and 3.0 wt% C2S–αTCP were composed of a single phase
of the solid solution of C2S in αTCP, named αTCPss in this
study. This finding agreed with the data reported in the literature
for silicon-doped ceramics prepared by different chemical meth-
ods [17–21]. The EDX elemental analysis of the TCPss
compounds showed that as Si content increased from 0.24 wt%
in the 1.5 wt% C2S–αTCP composition to 0.29 wt% in the 3.0 wt
% C2S–αTCP composition, and that a significant reduction in
grain size took place from 197 nm to 129 nm, respectively.
The arithmetic mean values of each set of five measures were

obtained for roughness indices Ra, Rz, and Rq; Ra is the arithmetic
mean of the absolute values of the profile deviations (Yi) from the
mean line; Rz is the sum of the mean height of the five highest
profile peaks and the mean depth of the five deepest profile
valleys measured from a line running parallel to the mean line; Rq
is the square root of the arithmetic mean of the squares of profile
deviations (Yi) from the mean line. The indices of roughness for
the pure αTCP and αTCPss ceramics are shown in Table 3.
Fig. 2 shows a SEM micrograph of the 1.5 wt% C2S–αTCP

ceramic as being representative of all the compositions. The
bioceramic surface of the manufactured specimens showed a
rough topography (Fig. 2A). The open surface pores progressing
into the material were very characteristic, with the grain structure
clearly visible within larger pores. Fig. 2B depicts the polished
and etched surface. No significant microstructural features are
observed, except for the presence of �20-μm closed pores. The
total porosity of the samples did not change with C2S content.
The image confirmed that the sample presented only one phase,
with C2S in the solid solution as detected by EDX. This finding
correlated well with the XRD results where only one α-TCPss
phase was detected. The EDX elemental analysis of the TCPss
compounds showed that Si content increased from 0.24 wt% in
the 1.5 wt% C2S–αTCP composition to 0.29 wt% in the 3.0 wt%
C2S–αTCP composition, whereas grain size reduced significantly
from 197 nm to 129 nm, respectively (Table 4). Other important
microstructural parameters, such as porosity, density and shrink-
age, were also measured (Table 3). These parameters were also
dependent on the Si content in the αTCP solid solution. When Si
2S–αTCP 3.0 wt% C2S–αTCP

Unpolished Polished Unpolished

5 2.0270.05 0.8670.04 2.0670.06
4 2.4670.08 1.0370.05 2.5770.08
3 10.9270.26 4.6870.29 11.6970.64

the mean line. Rq is the square root of the arithmetic mean of the squares of
e five highest profile peaks and the mean depth of five deepest profile valleys
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Fig. 2. SEM micrographs of the unpolished (A); polished and chemically etching (B) 1.5 wt% C2S–αTCP ceramic surfaces as representative of all the ceramics.

Table 4
Physical characteristic of the ceramics.

αTCP 1.5 wt% C2S–αTCP 3.0 wt% C2S–αTCP
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content increased, shrinkage and density increased slightly, while
porosity decreased significantly from 28% for the Si-free αTCP
ceramic to 24% or 16% for the 1.5 wt% C2S–αTCP ceramic or
the 3.0 wt% C2S–αTCP ceramic, respectively.
Grain size (nm) 207 192 129
Si (wt%) 0.0 0.2470.01 0.2970.01
Porosity (%) 28 24 16
Density (g/cm3) 2.21 2.26 2.38
Shrinkage (%) 17.770.5 17.970.5 18.370.5

Theoretical density of αTCP¼2.86 g/cm3.
3.2. Contrast phase optical microscopy observations

After 48 h of culture, adherent ahMSCs were observed as
individual cells or as forming aggregates or colonies, and adopted
a round or slightly elongated shape (Fig. 3). At this point, no
morphological differences were found between the different
surfaces or ceramic compositions (control, α-TCP, 1.5 wt%
C2S–αTCP and 3.0 wt% C2S–αTCP) (only shown for 1.5 wt%
C2S–αTCP). After 7 days of culture, cells grew rapidly in
number, became more confluent, and adopted an elongated and
polygonal shape independently of material composition or surface
roughness. After 15 days, the attached ahMSCs showed a
fibroblastic morphology, with a spindle shape that came into
contact with material α-TCP and 3.0 wt% C2S–αTCP, and a
polygonal or cuboidal shape in material 1.5 wt% C2S–αTCP, as a
result of increased growth kinetics. No morphological differences
were found at this time point in relation to surface roughness.
After 21 days of culture, and in the presence of both smooth and
rough surface-α–TCP, or 1.5 wt% C2S–αTCP materials, ahMSCs
reached 100% confluence. In contrast, and at the same time point,
the cells growing on polished or unpolished-3.0 wt% C2S–αTCP
biomaterial did not reach the same degree of confluence
compared with the other compositions (data not shown). In
general, the morphological appearance of ahMSCs did not vary
significantly as a result of the indirect action of material
composition, roughness or culture time compared with the control
ahMSCs growing in plastic. Very few small scattered deposits of
refractive material were detected in cultures, mainly when using
polished 1.5 wt% C2S–αTCP (21 days).
3.3. Morphological features of cells on ceramic materials

No apparent differences in cell morphology were found on any
of the materials’ composition and surfaces. After the first 48 h of
culture, ceramics exhibited a granular layer that covered part of
the surface with spicules and small nodules (Fig. 4A and D)
which, according to the SEM-EDX microanalysis, corresponded
to Ca-P deposits.
Please cite this article as: P. Mazón, et al., Human mesenchymal stem cell viabilit
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After 15 days, ahMSCs were able to produce an extra-
cellular matrix, which formed a fibrillar network that covered
intercellular gaps. This production became even more evident
when using unpolished TCPss materials, where granular
material deposits of a brighter contrast were also identified
within the fibrillar network (Fig. 4B). To determine its nature,
the SEM–EDX microanalysis was carried out. This analysis
proved that it was a calcium phosphate-based material with
some traces of magnesium, similar to apatite of bone tissue.
The cells in all the studied ceramics and surfaces presented
similar morphologies, and some adhered cells were observed
either individually or dispersed in small groups across the
surface of the material.
After the 21-day period, progressive cell growth was

observed on the surface of the materials, which became more
evident in the unpolished TCPss materials (Fig. 4C and F).
Cells almost covered the whole surface of materials to form a
monolayer and showed a larger number of interconnections.
An abundant extracellular matrix that covered intercellular
gaps was also observed at this time. No morphological
differences were observed between α-TCP and TCPss (not
shown). Although their surface also exhibited the presence of
cells, there were more uncoated areas on the smooth surface,
and the extracellular matrix production was also smaller than
for rough materials (Fig. 4F). No signs of cytotoxicity or
morphological alterations were noted throughout the study,
and cells grew and spread on the three materials.
3.4. Cell proliferation

AhMSC proliferation on the different biomaterials was
measured by XTT after 1, 7, 15, 21 and 28 days of culture.
Fig. 5 shows the proliferation rate of the cells growing on the
y, proliferation and differentiation potential in response to ceramic chemistry
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Fig. 3. Representative phase contrast microscopy images of the evolution of ahMSCs cultures.
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unpolished and polished surfaces of the different ceramics at
the indicated culture time. The XTT assays confirmed the SEM
observations, where cell proliferation was predominantly
higher for unpolished surfaces. Among all the biomaterials,
the cell proliferation rate observed on the unpolished 1.5 wt%
C2S–αTCP material from 15 days of culture was significantly
higher than that obtained on the polished 1.5 wt% C2S–αTCP
material (po0.05, po0.001). For substrate composition, the
results indicate a significantly faster and higher ahMSCs
proliferation on the 1.5 wt% C2S–αTCP material (from 15
days of culture) compared to α-TCP (npo0.05). At the end of
Please cite this article as: P. Mazón, et al., Human mesenchymal stem cell viabilit
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the experiment (28 days of culture), the cell proliferation on
the 1.5 wt% C2S–αTCP material was 2-fold higher than that
obtained on αTCP. Nevertheless, the proliferation shown on
the 3 wt% C2S–αTCP material from 21 days was significantly
lower than that observed on αTCP or 1.5 wt% C2S–αTCP,
independently of sample roughness (Δpo0.05, ΔΔpo0.01).

3.5. Cell differentiation and functionality tests

We also studied the influence of ceramic chemistry and
surface roughness on the spontaneous osteogenic differentiation
y, proliferation and differentiation potential in response to ceramic chemistry
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Fig. 4. SEM images of the ahMSCs cultured on unpolished and polished 1.5 wt% C2S–αTCP ceramic surfaces in GM at 48 h, and at 15 and 21 days, as
representative of all the compositions.
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of ahMSCs by analysing alkaline phosphatase activity, and
osteocalcin (OC) and collagen-type I (Col-I) expression, all the
osteoblast-phenotype markers (Fig. 6A–C, respectively). We
also analysed the presence of some characteristic extracellular
matrix (ECM) components, such as mineral calcium deposits,
which are stained bright red by the Alizarin Red Solution
(Fig. 6D). The expressions of ECM proteins osteopontin (OP)
and heparan sulphate (HS) were also evaluated by immuno-
fluorescence techniques (Fig. 6E and F, respectively).

These tests are qualitative; Fig. 6 offers only the results
obtained when using the unpolished 1.5 wt% C2S–αTCP material
because we were unable to quantify the small differences found
between polished and unpolished surfaces. However, all the
studied bioceramics stimulated the osteogenic differentiation of
ahMSCs independently of their chemistry or surface roughness.
After 28 days, cells were positive for alkaline phosphatase
staining (Fig. 6A). The Col-I positive groups of cells augmented
in both the control (plastic) and cells incubated in the presence of
biomaterials, although the general aspect of the control cells was
always less positive than for those cells cultivated with different
biomaterials (Fig. 6C). The HS expression was very high in all
the samples studied and strongly demonstrated ECM deposition
Please cite this article as: P. Mazón, et al., Human mesenchymal stem cell viabilit
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because the used antibody detects the secreted form of this
protein (Fig. 6F). At the same time point of our study (28 days),
osteoblast-specific markers OC and OP (intracellular non-secreted
proteins) were also detected in the samples incubated with
different biomaterials (Fig. 6B and E, respectively). The OC
and OP expressions in the control were weak or possibly non-
specific expressions. Finally, the production of mineralisation
nodules was clearly revealed by Alizarin Red S staining, which
detected a large amount of calcium-rich deposits (Fig. 6D),
properties which correlate with the findings observed by SEM
and contrast phase microscopy observations. Minimal differences
were noted between ceramic chemistry and surface roughness.
Fig. 7 shows the OC levels obtained when ahMSCs cells

were seeded directly onto ceramics. The ceramic chemistry
results revealed that the OC levels were significantly higher in
1.5 wt% C2S than in α-TCP pure and 3.0 wt% C2S
(npo0.05). Regarding surface roughness, when the unpol-
ished bioceramics were used, the OC levels slightly increased,
but not statistically significantly, and the OC levels obtained
were higher with the 1.5 wt% C2S ceramic.
Taken together, the ahMSCs cultured in the presence of the

α-TCP, 1.5 wt% C2S and 3.0 wt% C2S unpolished or polished
y, proliferation and differentiation potential in response to ceramic chemistry
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Fig. 5. Proliferation rate of ahMSCs, measured by tetrazolium/formazan
absorbance, on the α-TCP, 1.5 wt% and 3.0 wt% C2S ceramics at different
times of the study. Cell proliferation significantly increased, npo0.05, or
significantly decreased, Δpo0.05, ΔΔpo0.01 compared to the proliferation
obtained on α-TCP ceramics, respectively. Cell proliferation on unpolished
biomaterials significantly increased, ♯po0.05, compared to that achieved
when using polished samples.
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ceramics were able to induce differentiation to osteoblasts by
expressing the phenotypic characteristics of this cell type and
could produce mineralised ECM.
3.6. Apoptosis assay

To analyse the influence of biomaterial composition and
roughness on the viability of ahMSCs, the percentages of the
live or apoptotic ahMSCs cultured in the presence of the
indicated biomaterials for 0.5, 1, 3 and 7 days were determined
(Fig. 8). For that purpose, binding of Annexin-V and 7-Amino-
Actinomycin (7-AAD) was measured to determine the apop-
tosis stage of cells by flow cytometry. The levels of the
apoptosis of ahMSCs did not change according to the
composition or roughness of the different biomaterials
assessed, except for the polished 3 wt% C2S configuration.
After culturing ahMSCs in the presence of the unpolished
(Fig. 8A) or polished (Fig. 8B) αTCP or 1.5 wt% C2S
ceramics, no significant differences in the percentages of live
or apoptotic cells were found for the different culture times
analysed (p40.05). Conversely, the percentage of live cells
cultured in the presence of the polished 3 wt% C2S biomaterial
drastically lowered compared to unpolished ceramics with the
Please cite this article as: P. Mazón, et al., Human mesenchymal stem cell viabilit
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same composition, especially for the longer culture time
studied (7 days; nnpo0.01).

3.7. Si, Ca and P analyses in culture media

The release of the soluble Si, Ca and P elements by the
dissolution of ceramics in relation to roughness and chemical
composition is shown in Fig. 9.
Initially the calcium (Ca) concentration significantly

increased during the first 24 h of exposure to then continue
to increase at a very low rate up to 7 days, independently of
sample roughness. Phosphorus concentration (P) changed
slightly for all the ceramics studied, which suggests that the
consumption rate of P ions due to the precipitation of the Ca–P
layer was similar to the P ion release rate from ceramics.
The initially higher Si content and the lower Ca levels

observed in the culture medium for 3.0 wt% C2S–αTCP, in
comparison to 1.5 wt% C2S–αTCP, indicated a faster dissolu-
tion rate of the 3.0 wt% C2S–αTCP material and, therefore, a
faster precipitation rate of the Ca–P on the ceramic surface.
The 3.0 wt% C2S–αTCP ceramic was composed of the
smallest grain size in comparison to the other two materials
and, therefore, presented a faster dissolution rate for elements
Ca, P and Si. These differences between the dissolution rates
of the various ceramics during their immersion in culture
medium could potentially influence cell activity. In relation to
surface roughness, all the bioceramics with considerable
roughness showed a slightly higher content of Ca, P and Si
ions than the smooth bioceramics in the culture medium.

4. Discussion

The ability to bond to bone tissue is a unique property of
bioactive ceramics. Analyses of the bone-implant interface
have revealed that presence of hydroxyapatite (HA) is one of
the key features in the bonding zone [21–25]. Surface
characteristics, which are of key relevance for designing
optimal implants, have not yet been fully investigated. Bone
bioactivity involves physicochemical surface reactions and
cellular events, including cell attachment to adsorbed extra-
cellular matrix proteins [26]. Substrate composition and
structure are able to influence not only the kinetics of protein
adsorption, but also the structure of adsorbed proteins [27].
In the present work, we examined the effect of the substrate

chemistry and surface roughness of αTCP biomaterials on
cellular proliferation, osteogenic differentiation and viability of
cells. The cellular source used for this study was adult human
mesenchymal stem cells (ahMSCs) stimulated in vitro to form
osteoblastic cells. TCP ceramic supports the osteoblastic
differentiation of ahMSCs [4,10,28]. The advantage of this
methodology is that cells are of human origin and come into
direct contact with biomaterial after in situ implantation. They
can differentiate into various cell types depending on the
surface and culture conditions [29–31].
The present work forms part of a project that studies

different parameters, which may influence cell response. We
thus investigated cell response on αTCP bioceramics with two
y, proliferation and differentiation potential in response to ceramic chemistry
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Fig. 6. Representative histochemical ALP staining, Alizarin Red staining and indirect immunofluorescence images of the ahMSCs cultured in the presence of
unpolished 1.5 wt% C2S–TCP as representative of all the compositions and surface roughnesses. (A) Alkaline phosphatase activity; (B) osteocalcin production;
(C) collagen-type I production; (D) mineralisation nodules production; (E) osteopontin expression (F) heparan sulphate expression.

Fig. 7. Osteocalcin production by ahMSCs after 28 days of growth on
polished and unpolished bioceramic disks. The OC concentration significantly
increased, npo0.05, according to the ANOVA.
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different surface roughness values and three compositions
(pure α-TCP, and αTCP doped with either 1.5 wt% or 3.0
wt% of dicalcium silicate).
Please cite this article as: P. Mazón, et al., Human mesenchymal stem cell viabilit
and surface roughness, Ceramics International (2015), http://dx.doi.org/10.1016/j
It has been established that a wide range of manufactured
materials with different topographies can elicit different responses
on several cell types. For example, different studies into osteoblasts
have reported no effect [32], a higher [33–34] or a lower level [35]
of adhesion with increasing surface roughness. Our results suggest
that the behaviour of ahMSCs is influenced by the surface
roughness and substrate chemistry of αTCP.
The roughness obtained in our preparations consisted of a

macroscopically homogenous topography with open pores. We
found that when cells were elongated, they were orientated along
the grooves on rough bioceramics. Yet we observed no preferential
orientation of the cell in an early culture stage when the material
was polished (data not shown). The roughness values for αTCP
and αTCPss ceramic ranged from 0.4670.04 and
2.2970.08 μm, respectively. In the literature, Ong et al. [36]
reported a roughness value of 0.67 μm, but the different treatments
that these authors used produced the same roughness. Ohgushi
et al. [37] reported roughness values of 0.22 μm and 0.78 μm on
apatite-wollastonite glass ceramic, and they did not observe
significant differences in either ALP or DNA contents. Keller
et al. [38], who noticed a significantly higher level of cell
y, proliferation and differentiation potential in response to ceramic chemistry
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Fig. 8. Effect of bioceramics with a unpolished or a polished surface on the viability of ahMSCs. Mesenchimal stem cells were cultivated at 37 1C in GM medium
in the absence (time of culture 0) or presence of unpolished (A) or polished bioceramics (B) with the indicated composition for 0.5, 1, 3 and 7 days. The percentage
of live (Annexin-V�/7-AAD�), early apoptotic (Annexin þ /7-AAD�) or late apoptotic and necrotic cells (Annexin-Vþ /7-AADþ ) was measured by flow
cytometry. The mean values 7SD of the three independent experiments are shown,. *po0.05, **po0.01, ***po0.001, according to the ANOVA.

Fig. 9. Concentrations of Si4þ , Ca2þ , HPO4
¼ in the ahMSC culture medium after different immersion times.
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attachment on rough surfaces, did not provide surface roughness
values. They also used different treatments to produce surface
roughness, which could have resulted in a non-uniform surface
morphology.

It has been reported that the critical event for bone bonding is
cell (mesenchymal stem cells) adhesion onto the HA or TCP
surface followed by osteoblastic differentiation [10,16,28,31,36].
αTCP and αTCPss surfaces displayed normal morphological
features and cells were able to significantly attach and spread all
the tested surfaces (Fig. 4). It is noteworthy that the growth and
cellular proliferation obtained with polished αTCP and αTCPss
ceramics were lesser than with roughness ceramics. Similar
adhesion and proliferation results have been reported previously
by other researchers [39–41]. Both mesenchymal stem cell
adhesion and proliferation are sensitive surface roughness func-
tions. In relation with the chemistry of the ceramic, the 1.5 wt%
C2S–αTCP material allowed better growth and cellular prolifera-
tion than the 3.0 wt% C2S–αTCP or pure αTCP ceramics. When
longer culture times were used, the distribution of cells over
specimens was homogeneous and they were well attached as
sample surfaces were uniformly colonised. This indicates that the
materials developed in this study are biocompatible, and allow a
high colonisation and proliferation rate.

Cell adhesion on αTCP and αTCPss surfaces can be explained
by the selective adsorption of the proteins present in serum since
adsorbed proteins modulate cellular interactions. El-Ghannam et al.
[42] found that adsorption of serum fibronectin to the calcium
phosphate surface may be responsible for enhanced osteoblast
adhesion. Apart from an initial attachment enhancement, fibronec-
tin has been found to be a survival factor for differentiated
osteoblasts [43]. A direct relationship between TGF-β1 production
by fibroblastic cell line MG-63 and the surface roughness of
titanium (Ti) has also been found, which suggests that substrate
surface roughness can modulate the activity of cells [44]. It is
known that the physicochemical features of the ceramic surface can
affect the reorganisation of proteins on ceramic specimens and can
change the profile of adsorbed proteins [45]. Substrate type
determines which integrins and extracellular matrix proteins are
expressed by osteoblasts, which provides information as to how
implant materials can affect osteoblast differentiation. Differences
in protein adsorption can result in very distinct initial cell behaviour
[46]. Thus a better understanding of the interaction among αTCP,
TCPss and serum proteins is necessary.

The ability of cells to produce a mineralised extracellular matrix
is important for suitable materials to be developed for bone
regeneration. It is believed that Si ions play an important role in
mineralisation and nodule formation. Certain concentrations of the
dissolution product of silica-based biomaterials have a highly
beneficial effect on cell function, which has also been demonstrated
by several authors [4,10,17–20,28,32]. However, higher concentra-
tions can cause cell death. Several markers, such as ALP activity,
expression of Col-I and osteocalcin production have been used to
monitor the process of differentiation of undifferentiated mesench-
ymal stem cells to osteoblastic linage cells in vitro.

The present work has demonstrated that ahMSCs are able to
undergo a differentiation process, and has shown an osteo-
blastic phenotype and the ability to synthesise mineralised
Please cite this article as: P. Mazón, et al., Human mesenchymal stem cell viabilit
and surface roughness, Ceramics International (2015), http://dx.doi.org/10.1016/j
ECM. The effect of TCPss materials on ahMSCs differentia-
tion into osteoblasts is favoured by roughness and the Si
content in solid solution in TCP ceramics, by the release of Si,
Ca and P ions into the medium, and also by the formation of
the afore-mentioned Ca-P deposits (Fig. 4).
In the present study, we also analysed whether the roughness

of the surface of different αTCP and αTCPss ceramics can
influence the viability of ahMSCs cultured in vitro. To this end,
the method of double-staining cells with Annexin-V and 7-AAD
was applied. Annexin-V staining precedes loss of membrane
integrity, which accompanies the latest cell death stages resulting
from either apoptotic or necrotic processes. Therefore, staining
with Annexin-V is used typically in combination with a vital dye,
such as 7-AAD, to identify apoptosis in its different stages. We
found that surface-induced apoptosis was time-, roughness- and
chemistry-dependent since the percentage of apoptotic ahMSCs
cultured in the presence of polished 3.0 wt% C2S–αTCP ceramics
progressively and significantly increased from 12 h to 7 days. The
cytocompatibility of the remaining biomaterials was then con-
firmed by these results as they preserved cellular viability.
The literature contains many data which indicate that Si

concentrations o19 ppm or Ca concentrations �200–500 ppm
can favour osteoblastic differentiation [47–51] and cell viability.
Thus it seems that there is an optimal concentration range for these
soluble factors to stimulate cell differentiation.
When the unpolished 1.5 wt% C2S–αTCP ceramic was used,

the Si concentration increased from �0.97 to 2.42 ppm in 7 days
(Fig. 9), while the Ca concentration increased from�241.4 to
320 ppm. The initial Si and Ca concentrations produced by 3 wt%
C2S–αTCP differed vastly, with a much higher initial Si concen-
tration (�1.98 ppm) and a lower Ca concentration (190 ppm).
Subsequently, the Ca concentration remained lower in 3.0 wt%
C2S–αTCP, although the P concentration increased compared to
1.5 wt% C2S–αTCP (140.87 ppm and 129.06 ppm, respectively).
These changes in the soluble factor concentrations may affect cell
proliferation, and also OC production, which was lower during
3.0 wt% C2S–αTCP exposure than for 1.5 wt% C2S–αTCP. The
behaviour of the polished ceramics was similar to that of the
ceramics with an unpolished or rough surface, but the ion
concentration was lower. This means that the dissolution rate of
materials was slower in the polished than in the unpolished or
rough surfaces and, therefore, the precipitation rate of Ca-P on the
ceramic surface was slower. Our results also indicate that the
optimal concentration ranges of soluble elements might be needed
in the media to ensure cell growth proliferation and osteogenic
differentiation. The optimal concentration range concept has been
supported by a previous in vivo study using New Zealand rabbits
[5,8,51], which showed that 1.5 wt% C2S–TCP ceramics signifi-
cantly supported more bone in-growth than 3 wt% C2S–TCP
ceramics. The cell growth and proliferation assays allow us to
conclude that different soluble factors can have distinct influences
and can act cooperatively or in opposition.

5. Conclusions

This study has investigated the effect of substrate chemistry
and surface roughness on ahMSCs’ proliferation, functionality,
y, proliferation and differentiation potential in response to ceramic chemistry
.ceramint.2015.01.110

http://dx.doi.org/10.1016/j.ceramint.2015.01.110
http://dx.doi.org/10.1016/j.ceramint.2015.01.110
http://dx.doi.org/10.1016/j.ceramint.2015.01.110


P. Mazón et al. / Ceramics International ] (]]]]) ]]]–]]] 13
induction of apoptosis, osteoblastic differentiation and miner-
alised bone matrix deposition given its potential use in bone
tissue engineering.

In addition to substrate chemistry, we conclude that surface
roughness can affect cellular behaviour by enhancing cell adhesion
and proliferation. The results consistently indicate that a rough
surface, together with an appropriate Si concentration in ceramics,
are effective enough to support the proliferation of ahMSCs. The
biocompatibility of α-TCP and TCPss ceramics was dependent on
their surface topography and initial composition. Cell adhesion and
cell proliferation were better in the 1.5 wt% C2S–TCP unpolished
ceramic. However, it should be noted that all the ceramics allowed
cells to spread, and cells were able to come into close contact with
materials by adopting a spindle, polygonal and flattened morphol-
ogy, and by showing numerous filopodia that anchor cells to
ceramics. The results obtained in the proliferation and viability
experiments suggest that the materials developed in this study are
not cytotoxic, support a strong adhesion of ahMSCs on their
surfaces, and promote quick proliferation and extracellular matrix
production.

These results extend current knowledge about surface-mediated
cell functions and provide useful information for the design criteria
of next-generation biomaterials for various biomedical applications,
such as tissue engineering and regenerative medicine.
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