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Original Article

Human mesenchymal stem
cells response to multi-doped
silicon-strontium calcium
phosphate coatings

Cosme Rodrı́guez-Valencia1, Iago Pereiro1, Rogelio P Pirraco2,3,
Miriam López-Álvarez1, Julia Serra1, Pı́o González1, Alexandra P Marques2,3 and
Rui L Reis2,3

Abstract

The search for apatitic calcium phosphate coatings to improve implants osteointegration is, nowadays, preferentially

focused in the obtaining of compositions closer to that of the inorganic phase of bone. Silicon and strontium are both

present in trace concentrations in natural bone and have been demonstrated, by separate, to significantly improve

osteoblastic response on calcium phosphate bioceramics. This work aims the controlled and simultaneous multi-

doping of carbonated calcium phosphate coatings with both elements, Si and Sr, by pulsed laser deposition technique

and the biological response of human mesenchymal stem cells to them. A complete physicochemical characterization has

been also performed to analyze the coatings and significant positive effect was obtained at the osteogenic differentiation

of cells, confirming the enormous potential of this multi-doping coating approach.

Keywords

Multi-doped coatings, pulsed laser deposition, calcium phosphate, strontium, silicon, human bone marrow-derived

mesenchymal stem cells differentiation

Introduction

In the last decades, different biomaterials have been
designed, produced and evaluated with the aim of
improving human health and the quality of life.
Within these materials, titanium alloys are mostly
used in orthopaedic prosthesis and dental implants
mainly due to their excellent mechanical properties.
However, when implanted in vivo, these metal alloys
show a very poor capability of promoting the bonding
between the implant surface and the surrounding bone,
which results in a destabilization of the prosthesis at the
medium-long term.1 Related with this interface inter-
action, it has been proven that the long-term perform-
ance of the prosthesis depends directly on their surface
properties.2,3

The coating of metallic prosthesis with calcium
phosphates (CaP) is considered one of the approaches
to avoid that destabilization4 and to enhance the
implant durability, as concluded Voigt and Mosier5 in
a meta-analysis of total knee arthroplasties coated with

hydroxyapatite against un-coated. Although nowadays
there is no consensus regarding whether there is a clear
clinical benefit on the application of this CaP coatings
on titanium implant devices, it has been accepted that
their application is at least advantageous to enhance
bone formation around the implants, to contribute to
cementless fixation and thus to improve clinical success
at an early stage after implantation.6 The evaluation of
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CaP coatings is still of great interest given the proven
results at osteogenesis promotion as, for instance,
in the work published by Ripamonti et al.7 presenting
osteoinductive hydroxyapatite-coated titanium
implants where concavities of 1600mm were performed
on the substrate to propose an in vivo bioreactor-like
process, where the hydroxyapatite dissolution process
were involved.

Plasma spraying is at present the most commonly
used technique to coat metallic implants. Nevertheless,
this technique presents difficulties in the control of the
final coating composition and requires a considerable
thickness in the coatings.8–10 The pulsed laser depos-
ition (PLD) technique has been proposed as an alter-
native to plasma spray, given that this method allows
the formation of films with controlled thickness,
morphology and composition.10–13 This technique can
produce CaP coatings with diverse compositions and
crystallinities and thin coatings, which are advanta-
geous for high fatigue resistance.6 Garcı́a-Sanz et al.8

found that the bonding strength between CaP coating
(by PLD) and the substrates was 58MPa, which was
higher than the value obtained in plasma-sprayed coat-
ings. Thus, PLD technique allows the formation of
films with controlled thickness, morphology and com-
position.10–13 Moreover CaP coatings produced by
PLD have been proven to enhance the cell proliferation
rate and the level of differentiation both in vitro14 and
in vivo.15

To improve the bioactive properties of metallic
implants coated with CaP, and thus reduce the post-
operatory recovery of the patient, the surface compos-
ition should be as similar as possible to the surrounding
bone tissue. Thus, in this study, two elements, Si and
Sr, were chosen as the main doping of the CaP coatings.

Silicon (Si) is known to play an important role in the
development of the connective tissue, especially in the
early stages of bone formation, as demonstrated by
Carlisle in 1980.16 Its deficiency is correlated with a
deficient production of collagen which leads to a reduc-
tion in bone proliferation and the occurrence of
deformations and injuries.16 Si has also been shown
to play an important role in the union of different
polysaccharides17 and the induction of osteoblastic
genes that control cell proliferation and adhesion.18

Furthermore, treatments with Si have been successful
in augmenting the bone density of osteoporotic
patients.19

Strontium (Sr) is another element found in trace
concentrations in the skeleton, found to be in the
range of 0.01–0.02wt% in human bones,20,21 only
0.035 of their Ca content,22 and this content is higher
in the regions of high metabolic turnover. Recently,
there has been an increasing awareness of the biological
role of this element. In vitro studies have shown that

the presence of Sr increases the number of osteoblasts
and reduces the number and activity of osteoclasts.
On the other hand, in vivo studies have shown an
increase in bone mass and strength and a reduction of
the natural bone resorption,23–25 leading to its approval
in many countries as a treatment for osteoporotic
patients in the form of strontium ranelate.

One of the advantages of the PLD technique is that
it allows the incorporation of different elements into the
CaP coatings, either as a lattice substitution or as an
interstitial doping, and this in a relatively simple way.
In particular, following the procedure of mixture, com-
paction and subsequent ablation of powders, Si has
been shown to be incorporated into CaP by PLD
from a variety of sources,26 and of particular interest
is its possibility of incorporation from diatomaceous
earth, a naturally occurring siliceous sedimentary rock
that contains silica in a 92 at.% but also small percent-
ages of Fe, K, Mg, Na and P among other elements. On
the other hand, Sr has recently been shown to be incor-
porated into the CaP coatings with same technique with
the use of strontium carbonate (SrCO3) powders as a
precursor,27 being this a chemically stable source of
both Sr and carbonate groups. It is, however, the hypo-
thetical combination of these different experiences that
would open the possibility for obtaining the desired
multi-doped CaP coatings.

While, as seen, some studies have proven the possi-
bility of obtaining doped CaP coatings by laser abla-
tion, the literature on multi-doped CaP films remain
scarce. The objective of this study has hence been to
obtain multi-doped CaP coatings on metallic substrates
containing both Si and Sr, being diatomaceous earth
and strontium carbonate, the sources that have already
been proven in the production of doped CaP coatings
with the PLD technique.26,27 Once physicochemical
characterization studies were performed for coatings
fabricated with a range of Si and Sr concentrations,
we have selected a concentration for evaluation of cell
attachment, proliferation and differentiation of human
bone marrow-derived mesenchymal stem cells
(hBMSCs).

Materials and methods

Synthesis of CaP and Si-Sr-CaP coatings

The PLD target disks, with a mass of 2 g and a diameter
of 20mm, were fabricated with the homogeneous
mixture of commercial carbonated HA (Plasma
Biotal Captal-1R), diatomaceous earth (provided by
CIIMAR, Interdisciplinary Centre of Marine and
Environmental Research, University of Porto,
Portugal) and SrCO3 (Sigma 204455) powders and
the subsequent application of pressure (30MPa).

2 Journal of Biomaterials Applications 0(0)
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Six targets with different concentrations were fabri-
cated: a reference target of pure carbonated HA and
five targets containing a constant 2.5 at.% Si (consider-
ing a 92.3 at.% of SiO2 in the diatomaceous earth) and
an at.% Sr of 0, 1.75, 2.5, 7.5 and 10.0. Targets were
labeled as Si0Sr0, Si2.5Sr0, Si2.5Sr1.75, Si2.5Sr2.5,
Si2.5Sr5.0 and Si2.5Sr7.5 (Table 1). Titanium grade 5
discs (SMP, Barcelona, Spain) with dimensions of 6mm
diameter and 1.5mm thickness were cleaned before
being placed inside the vacuum chamber, as indicated
by Pereiro et al, 2012.27 The films were pulsed laser
deposited using a UV ArF* excimer laser (Lambda
Physik COMPEX 205) source (�¼ 193 nm). The targets
were irradiated for 15 minutes with a pulse frequency of
10Hz and an energy density of 3.2 J.cm�2. Previous to
the deposition, the chamber atmosphere was evacuated
down to a pressure of 10�5mbar and subsequently filled
with a water vapor atmosphere of 0.45mbar. The sub-
strates were maintained at a temperature of 460�C.

Physicochemical characterization

The morphology of the coatings was analyzed by scan-
ning electron microscopy (SEM) using a JEOL JSM-
6700F microscope and by optical profilometry using a
Wyko interferometric NT 1100 microscope. Structural
and compositional measurements were taken by
Fourier transform infrared spectroscopy (FTIR),
energy dispersive X-ray spectroscopy (EDS) and
X-ray photoelectron spectroscopy (XPS). The FTIR
analysis was carried out with a Bomem MB-100 spec-
trometer in the range of 450 to 4500 cm�1. For XPS, a
K-ALPHA spectrometer using monochromatic Al Ka
(hn¼ 1486.92 eV) radiation was employed. Finally,
EDS analyses were carried out with an Oxford Inca
Energy 300 SEM instrument integrated in the previ-
ously mentioned SEM microscope.

hBMSCs biological response characterization

Bone marrow aspirates were obtained after informed
consent from patients undergoing hip replacement

surgery, at Hospital da Prelada, Porto, Portugal.
Biological samples were provided under a protocol
approved by the Hospital Ethical Committee and
established with the 3B’s Research Group. hBMSCs
were isolated by gradient centrifugation followed by
plastic adherence selection as previously described in
Ref [28]. hBMSCS were cultured in minimum essential
medium (alpha-MEM) (Sigma, USA) supplemented
with 10% fetal bovine serum (FBS, Invitrogen, USA)
and 1% antibiotic/antimicotics (Sigma, USA) to main-
tain an undifferentiated state. Coated discs, previously
sterilized by gamma radiation, were placed in 48-well
plates and 1mL of a cell suspension of hBMSCs, con-
taining 5000 cells at passage 4, was dispensed on the
materials. Cultures were maintained in alpha-MEM
(basal medium) and in alpha-MEM supplemented
with osteogenic differentiation factors (osteogenic
medium) such as 10mM b-glycerophosphate (Sigma,
USA), 150 mg/mL ascorbic acid (Sigma, USA) and
1� 10�8M dexamethasone (Sigma, USA), for 7, 14,
21 and 28 days in a humidified atmosphere with 5%
CO2 and at 37�C. Media were changed every 2–3 days.
Three discs of each material were used per condition
and time point, and tissue culture polystyrene (TCPS)
was used as control of the assay for all the three inde-
pendent experiments.

Cell adhesion and morphology on the Si2.5Sr2.5 and
Si0Sr0 coatings was analysed by SEM by subjecting the
seeded coatings to the protocol previously described by
López-Álvarez et al.29 and observed at a Philips XL30
SEM (CACTI, Universidade de Vigo). Cell prolifer-
ation was assessed by total dsDNA quantification
along the time of culture. The osteogenic differentiation
of hBMSCs and their osteogenic activity was followed
by determining the activity of alkaline phosphatase
(ALP), a marker of early osteogenic differentiation.
Discs were carefully rinsed twice with PBS and sub-
mitted to osmotic and thermal shocks to obtain cell
lysates. The dsDNA content of each sample was mea-
sured using the lysates and the PicoGreen dsDNA
Quantification Kit (Molecular Probes) following manu-
facturer instructions. Fluorescence was read in a micro-
plate reader (Bio-Tek, USA) at 485ex/525em. The
dsDNA values were normalized against the cells
growth area. The same cell lysates were used to
quantify the activity of ALP enzyme using the spectro-
photometric assay based on the conversion of p-nitro-
phenil-phosphate to p-Nitrophenol. The ALP activity
values were normalized against the amount of dsDNA.

Statistical analysis

dsDNA and ALP activity data are presented as mean
values (n¼ 3) and the error bars represent standard
deviations. Statistical differences were evaluated by

Table 1. Designation of the coatings with the

atomic percentage of Si and Sr in the target

material.

at.% Si at.% Sr Coating

0 0 Si0Sr0

2.5 0 Si2.5Sr0

2.5 2.5 Si2.5Sr1.75

2.5 5.0 Si2.5Sr2.5

2.5 7.5 Si2.5Sr5.0

2.5 10.0 Si2.5Sr7.5

Rodrı́guez-Valencia et al. 3
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using the analysis of variance (ANOVA) and the
Student’s t-test with p values <0.05 (represented as *)
and <0.01 (represented as **) considered statistically
significant.

Results and discussion

Physicochemical characterization

The SEM analysis has provided information about the
morphology of the coatings, as well as a first semi-
qualitative identification, via EDS analysis, of the elem-
ents present. At low magnification (not shown), the
surface morphology of all the samples is very similar
and it is constituted of aggregates of globular shape,
typical of CaP films, following the topography of the
titanium substrate. At higher resolution, however, some
differences seem to emerge. Figure 1 shows high mag-
nification images taken by SEM of the samples Si0Sr0
(a), Si2.5Sr0 (b) and Si2.5Sr5.0 (c), all of them being
films deposited on titanium. The micrograph for the
reference CaP coating (Figure 1(a)) shows a compact
surface constituted by globular groupings that appear
to have an important surface roughness. As a stark
contrast, the representative image for the Si-doped
coating (Si2.5Sr0 sample - Figure 1(b)) reveals the pres-
ence of well rounded grains with a mean diameter of

30� 10 nm. These grains appear to be fused to each
other creating an interconnected structure. The multi-
doped coating shown in Figure 1(c) reveals a similar
morphology, but the grains seem to present a higher
surface roughness, being more difficult to resolve
these grains as independent identities. The other coat-
ings of the series presenting a varying percentage of Sr
(not shown) present surface morphologies that are tran-
sitions between these two extremes. Simultaneously to
the acquisition of morphological images, EDS analyses
were performed (Figure 1(d) to (f)). These analyses not
only revealed the presence of elements that constitute
the CaP coating (P, Ca and O), but, additionally, Si and
Sr were undoubtedly identified in the multi-doped coat-
ing composition. The Sr produced clear peaks in the
spectra of all the Sr-containing samples, these peaks
being more intense in those coatings fabricated with a
higher concentration of Sr in the target material.

A local profilometry reconstruction of the film sur-
face of three representative samples (Si0Sr0, Si2.5Sr0
and Si2.5Sr7.5) is shown in Figure 2 (films deposited
on a silicon wafer to avoid the accumulated effect of the
substrate roughness). As it can be observed, the surface
topographies of the three samples, and most notably
the multi-doped coating, are remarkably different.
The reference coating presents a low roughness sur-
face characterized by the presence of both small
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Figure 1. SEM micrographs of the coatings: Si0Sr0 (a), Si2.5Sr0 (b) and Si2.5Sr5.0 (c) at high magnification and their respective EDS

spectra (d–f).
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irregularities and crater-like structures most probably a
result of the impact of droplets ejected from the target
material. In contrast, the sample fabricated from a
target material containing a 2.5 at.% Si but no Sr pre-
sents a smoother surface lacking the presence of these
crater-like irregularities. Finally, the sample produced
from the target containing both 2.5 at.% Si and 7.5
at.% Sr shows a much higher surface roughness pre-
senting irregularities in a wide range of sizes including
crater-like structures. These extreme values of Si2.5Sr0
and Si2.5Sr7.5 were chosen to ensure the evaluation of
the contribution of both elements separately on the
roughness, as intermediate values could not provide
clear information for this purpose. These differences
are reflected in the obtained values for the root mean
square roughness (Rq) of the three samples: 67.8 nm for
the reference coating (Si0Sr0), 26.3 nm for the sample
containing Si (Si2.5Sr0) and 128.5 nm for the multi-
doped one (Si2.5Sr7.5). On the other hand, the depth
analysis, performed in the cavity left by the removal of
a dry silver solution drop, revealed a ratio of deposition
of 43.2 nm�min�1 for Si0Sr0, 24.5 nm�min�1 for
Si2.5Sr0 and 33.2 nm�min�1 for Si2.5Sr7.5, values
that agree well with the amount of crater-like structures
present in the surface of the coatings.

Figure 3(a) shows the FTIR spectra of all the fabri-
cated coatings, corresponding well to a carbonated
CaP. The main vibration modes can be identified as:
(i) phosphate groups; a strong peak located between
1000 and 1200 cm�1 attributed to the asymmetric
stretching of P-O bonds, a weak band at 950 cm�1

due to symmetric stretching, and an absorption band
between 550 and 600 cm�1, associated with symmetric
bending, (ii) carbonate groups; an absorption band
between 1400 and 1500 cm�1 attributed to the asym-
metric stretching of C-O bonds and a weaker band at
870 cm�1 due to asymmetric bending. Some differences
among samples are evident from these spectra. The B
spectrum of Figure 3(a) corresponds to the coating

fabricated only with a 2.5 at.% Si in the target but no
strontium (Si2.5Sr0). It can be observed that this has
the effect of decreasing the intensity of the band attrib-
uted to the symmetric bending of CO3

2� groups (with
respect to the non-doped CaP, spectrum A) as well as a
general lowering of the intensity and definition of all
the bands. The progressive incorporation of strontium,
maintaining a constant 2.5 at.% Si in the target com-
position, as seen from the C to F spectra, leads to a
progressive increase in the intensity of the carbonate
bands. This phenomenon is, however, not linear, with
a high increase in the intensity of this band observed for
the coating obtained from a 7.5% Sr target (Si2.5Sr7.5).
To quantify this phenomenon and avoid the possibility
of total intensities being correlated to other parameters
other than the density of the groups in the coatings, a
ratio below the areas of the bands corresponding to
CO3

2� groups versus those of PO4
3� has been calcu-

lated and represented (as a function of the sum of both
the Si and Sr content) in Figure 3(b). This ratio shows a
first decrease due to the incorporation of Si without Sr
(Si2.5Sr0 sample), and a subsequent general increase in
its value, in agreement with the incorporation of CO3

2�

groups from the SrCO3 compound, with a very marked
increase for the coating fabricated from the highest
amount of SrCO3. Finally, a very weak but clearly
observable peak is found at 710 cm�1. This peak has
also been observed when Sr-substituted CaP coatings
were obtained and is thus probably due to the presence
of this element.27

Finally, with the purpose of evaluating the quantita-
tive composition of the coatings, an XPS analysis has
been carried out. Figure 4 shows the C1s, Sr3p and Si2p
high resolution XPS spectra for the coatings obtained
from targets with different Sr contents and a constant
percentage of Si at 2.5 at.%. The increase in intensity of
the Sr3p signal is most evident, being correlated with the
increase of SrCO3 in the target material. Less evident is
the increase of the C1s signal associated with carbonate

227
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Figure 2. Surface topography reconstructions by optical profilometry of the coatings: Si0Sr0 (a), Si2.5Sr0 (b) and Si2.5Sr7.5 (c).

The films were deposited on Si substrates.
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groups, which only shows a clear increase for the coat-
ing fabricated with the highest amount of Sr
(Si2.5Sr7.5), in agreement with the spectra obtained
by FTIR. The quantitative evaluation of the at.% of
Ca, P, O, C, Si and Sr is shown in Table 2. As seen, the

incorporation of C shows a pattern that follows the
one obtained for the CO3

2�/PO4
3� ratio by FTIR

(Figure 3(b)), with a first decrease from 2.4 to 1.4
at.% C and a following increase with the increasing
presence of SrCO3 in the target material. On the

1800 1600 1400

(a) (b)

1200 1000 800 600 0.0 2.5 5.0 7.5 10.0
0.20

0.25

0.30

0.35

0.40

0.45

0.50

0.55

0.60

0.65

Wavenumber (cm–1)

CO3
2-(s)

PO4
3-(s)

PO4
3-(b)

C
O

32-
/P

O
43-

 ar
ea

s 
ra

tioCO3
2-(b)

at. % Sr+Si in target

In
te

ns
ity

 (
a.

u.
)

A

B

C

D

E

F

Figure 3. (a) FTIR spectra of the coatings: (A) Si0Sr0, (B) Si2.5Sr0, (C) Si2.5Sr1.75, (D) Si2.5Sr2.5, (E) Si2.5Sr5.0 and (F) Si2.5Sr7.5.
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other hand, the values for Si in the coatings seem to
vary around their expected value of 2.5 at.% for low
concentrations of SrCO3 in the target, apparently
diminishing for higher concentrations (Table 2). A pro-
gressive increase in the Sr content incorporated in the
coatings can be observed with the increase in the SrCO3

content of the target material. At the same time, as the
content of Sr increases with the increase of SrCO3 in the
target material, the Ca content is shown to decrease.
These values are represented in Figure 5. As observed,
the Ca content decreases as the percentage of Sr
increases and the linear regression of the data revealed
the equations, shown below in (1) and (2), where the
formulae of at.% of Sr and Ca in the coatings, respect-
ively, are presented.

at: % Sr½ �Coating¼ 0:542 at: % Sr½ �targetþ0:105 ð1Þ

at: % Ca½ �Coating¼ �0:330 at: % Sr½ �targetþ17:206 ð2Þ

In the case of the binding energies (Table 2), the
energies of the Ca2p, P2p, O1s peaks are all equivalent,

within experimental error, to the energies found for the
reference coating (Si0Sr0). The values for strontium
reveal that it is being incorporated as Sr2þ ions, while
the values for silicon can be attributed to orthosilicate
groups SiO4

4�(101.6 eV), diminishing slightly with the
incorporation of SrCO3 in the coatings.30

From the results obtained by both FTIR and XPS, it
appears that all the coatings present a similar structure,
undoubtedly identified as a carbonated CaP. The XPS
results show that the P2p and O1s binding energy peaks
are centered at 133.4� 0.2 eV and 531.1� 0.2 eV,
respectively (Table 2), being these energies assignable
to CaP groups.31 Additionally, the Ca2p and P2p bind-
ing energies for the coating of the series are all very
similar to the values found in the reference non-doped
coating. This is in agreement with the results from pre-
vious studies, where the incorporation of metallic sili-
con, diatomeas earth and strontium carbonate26,27 has
been demonstrated.

On the other hand, the profilometry analysis for
Si2.5Sr0 seems to suggest that the presence of the elem-
ents of the diatomaceous earth (Si, Mg, Na, Al, K, Fe)
in the irradiated target has an attenuation effect on the
final surface roughness of the coating as well as a sig-
nificant decrease on the rate of deposition. It is import-
ant to clarify that the composition of this coating
(Si2.5Sr0) has been previously evaluated by Solla
et al.,32 where concentrations of Na (0.06 at.%), Mg
(0.3 at.%), Al (0.3 at.%), K (0.04 at.%) and Fe
(0.08at.%) were estimated. In case of multi-doped coat-
ings, they presented a much higher Rq than Si-doped or
non-doped coatings, in spite of its lower rate of depos-
ition as compared to the reference carbonated CaP
coating. Interestingly, Sr-doped carbonated CaP coat-
ings did not show an increase in surface roughness with
the increase in Sr content in a previous study.27 This
suggests that both SrCO3 and diatomaceous earth need
to be present for this to occur. This apparent increase in
surface roughness is also evident by SEM (increased
surface roughness of the globular groupings, compare

Table 2. X-ray photoelectron spectroscopy (XPS) analysis of the coatings.

Coating

Elemental composition (at.%) Binding energy (�0.2 eV)

C(CO3
2) O Ca P Si Sr Ca2p P2p O1s Si2p Sr3p

Si0Sr0 2.4 44.1 18.8 10.6 0.0 0.0 347.5 133.6 531.5 – –

Si2.5Sr0 1.4 44.2 17.6 10.7 2.5 0.0 347.5 133.5 531.4 102.0 –

Si2.5Sr1.75 2.3 45.0 16.6 9.7 2.8 0.9 347.3 133.4 531.1 101.7 269.4

Si2.5Sr2.5 2.6 44.1 15.7 10.8 1.6 2.0 347.3 133.4 531.1 101.6 269.4

Si2.5Sr5.0 2.7 46.0 15.8 10.9 2.3 2.4 347.3 133.3 531.1 101.6 269.3

Si2.5Sr7.5 3.1 47.6 14.8 11.7 1.9 4.3 347.3 133.4 531.2 101.4 269.3
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Figure 5. Sr (#) and Ca (m) at. % in the coatings obtained by

XPS as a function of the at. % Sr in the target.
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Figure 1(b) and (c)) and represents a positive phenom-
enon, as an increased nano-roughness is generally con-
sidered to be an enhancer of the bioactivity of coatings
by increasing the cells attachment to the surface.33,34

The XPS and FTIR analyses show what appears to
be a complex interaction between the elements that con-
stitute the diatomaceous earth and SrCO3. The com-
parison between Si0Sr0 and Si2.5Sr0 coatings reveals
a reduction in carbonate groups by FTIR that is con-
firmed by the reduction of the calculated at.% of C
attributed to carbonate groups by XPS. As mentioned
before, the binding energy for the Si2p peak (Table 2)
corresponds to orthosilicates.

In previous studies,27 using only SrCO3 to produce
CaP coatings by PLD, XPS results suggest a substitu-
tion mechanism in the CaP structure of Sr2þ in place of
Ca2þ. This preference of Sr2þ for Ca2þ sites has already
been reported in other studies of Sr-substituted
hydroxyapatite obtained by other methods.35,36

Due to the smaller size of the Ca2þ with respect to
Sr2þ (Ca2þ ionic radius¼ 0.100 nm; Sr2þ ionic
radius¼ 0.118 nm), changes in the CaP composition
are expected.

In the case of the present study, not only SrCO3 is
used but also diatomaceous earth. Thus, although there
may be a substitution process of Sr2þ in place of Ca2þ,
the presence of Si and other elements from diatom-
aceous earth causes a more complex process. This pro-
cess has been named in this work as doping.

As it was already published,32 the effective incorpor-
ation of at.% of Na, Mg, Al, K and Fe into the CaP
coatings could eventually lead to a better biological
performance. The incorporation of these ions in the
CaP coatings occurs most probably either in the form
of interstitial doping or occupying the place of Caþ2 in
the case of alkaline earth metals and perhaps also of
alkali metals due to their similar chemical properties.

hBMSCs response characterization

To evaluate the hBMSCs response on Si-Sr-carbonated
CaP coatings, we have selected the Si2.5Sr2.5 ones (real
coating doping on HA of 1.6 at.% Si and 2.0 at.% Sr)
because of the bibliography values found where Si ran-
ging from 0.8 to 1.6% by weight incorporated into CaP
coatings contributed to an enhanced bioactivity of the
coatings37 and, in case of Sr, optimum values for the
best osteoblastic response were found between 1 and 10
at.%.38,39

Morphology of hBMSCs seeded on the Si2.5Sr2.5
and Si0Sr0 coatings (as control) analyzed by SEM
after 7 and 28 days of culture in alpha-MEM medium
(basal medium) and alpha-MEM medium supple-
mented with osteogenic factors (osteogenic medium)
is presented in Figure 6. Thus, after 7 days of culture,
adherent cells were observed on both coatings and on
both media (basal in Figure 6(a) and osteogenic in (b))
presenting the typical flat morphology of hBMSCs
adapting perfectly to the coatings topography.
Interactions between cells and both coatings can be
observed. As the whole surfaces were not entirely cov-
ered by a layer of cells, filopodia and lamellipodia pro-
jected by cells can be distinguished. No differences were
observed concerning the morphology of cells between
the two coatings, the multi-doped coating (Si2.5Sr2.5)
and the control coating (Si0Sr0), in any of the media.
After 28 days of incubation the surfaces of both coat-
ings on both media appeared completely covered
by a thick layer of cells indicating that none of the
coatings had a deleterious effect on cell adhesion or
proliferation.

In what concerns to cell proliferation, dsDNA was
quantified along the time of culture in both media and
it is represented in Figure 7. The amount of dsDNA,
directly correlated to the number of cells, in basal

(a)
Si2.5Sr2.5 Si2.5Sr2.5Si0Sr0 Si0Sr0
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Figure 6. SEM micrographs showing the morphology of hBMSCs on the surface of the Si2.5Sr2.5 and Si0Sr0 coatings, after 7 and

28 days of culture in alpha-MEM medium (a) and alpha-MEM supplemented with osteogenic factors (b).
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medium (Figure 7(a)) and for both coatings and the
experimental control TCPS (tissue cultured polystyr-
ene), showed the same dsDNA amount for all tested
samples at day 7, a steady increase up to day 21,
except in Si2.5Sr2.5 up to day 14, followed by a slight
decrease up to 28 days, except again in multi-doped
coating where amount of dsDNA was constant com-
pared to day 21. Significant lower amount of dsDNA
was found in TCPS than on non-doped (p< 0.05) and
multi-doped (p< 0.01) coatings at day 14 and in
Si2.5Sr2.5 than on TCPS and Si0Sr0 at day
21(p< 0.05). The hBMSCs proliferation under osteo-
genic conditions (Figure 7(b)) presented the same
dsDNA amount at day 7 for all tested samples and
with similar values than on basal medium
(Figure 7(a)). The cell proliferation rate was in general
lower than in basal medium, with a continuous but less
intense increase at dsDNA values at 14 and 21 days for
all samples. The amount of dsDNA was clearly higher
at day 28, with important increase in all tested materials
but especially in TCPS. Significantly higher (p< 0.05)
amount of dsDNA was found in TCPS at day 14 com-
pared to both coatings and at day 28 compared to
multi-doped coating (p< 0.05). At the same time, the
amount of dsDNA was significantly higher (p< 0.01) in
Si0Sr0 compared to multi-doped coating at day 28. It is
of relevance to clarify that in both coatings the dsDNA
values are underestimated with respect to the TCPS as a
result of measuring a smaller area of cell layer
(TCPS area/well 0.785cm2 and coating area/well was
0.565 cm2).

The osteogenic differentiation of hBMSCs was eval-
uated by the quantification of the activity of the ALP
enzyme along the time of culture in both media
(Figure 8). The ALP values detected for both coatings
and TCPS on basal medium (Figure 8(a)) remained
practically constant along the time of culture.

Despite the significantly higher (p< 0.01) ALP activity
in both coatings in comparison to TCPS at days 14 and
28 (being for this day p< 0.01 for non-doped coating
and p< 0.05 for multi-doped), hBMSCs did not differ-
entiate towards the osteogenic lineage when cultured in
basal medium with the unique stimulation of the
morphology and composition of the coatings.
Contrarily, when hBMSCs were cultured in osteogenic
medium (Figure 8(b)), the ALP activity values dramat-
ically increased at 21 days on both coatings to remain
at these values after 28 days. Again, at days 21 and 28,
cells on both coatings presented significantly higher
(p< 0.01) enzymatic activity than on TCPS. At the
same time, at 28 days the ALP activity was significantly
higher (p< 0.05) on Si2.5Sr2.5 coatings compared to
non-doped ones.

In view of the results obtained when evaluating the
biological behaviour for hBMSCs on the tested
Si2.5Sr2.5 coatings, the outcome was clearly favourable
and had no negative impact on the cells. Moreover, it
has been published that as a consequence of the doping
of the CaP coatings with other elements, it will be
expected to have an increase in the release of silicon
and strontium to the extracellular medium.40–42 This
could, in turn, have a stimulating effect on cells with
increased interactions between them and the coating,
something already shown by Pietak et al.,41 who con-
cluded that Si-doped implants improved the biological
activity of osteoblasts due to the Si release into the
extracellular medium. Thus, the presence of this Si in
the culture medium, in a controlled rate, was hypothe-
sized to affect the regulators of DNA synthesis in the
human osteoblast-like cells and, in turn, to have stimu-
latory effects on the bone mineralization process.43 In
the present work, the possible release of both elements
(Si and Sr) into the culture medium can have influenced
the great behaviour of cells in terms of early
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Figure 7. Amount of dsDNA of hBMSCs cultured up to 28 days on the Si2.5Sr2.5 and Si0Sr0 coatings in alpha-MEM medium (a) and

alpha-MEM supplemented with osteogenic factors (b). TCPS was used as control of the experiment.
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differentiation (ALP synthesis, Figure 8), as it was pre-
viously reported in case of Si-CaP coatings.29 On the
other hand, Xue et al.39 demonstrated that the presence
of Sr stimulates osteogenic differentiation and encour-
ages the osteoblastic activity. At the same time, the
presence of Si or Sr in CaP coatings was shown to
improve osteoblasts proliferation and bone extracellu-
lar matrix production44 as well as to stimulate the
osteoblastic activity and inhibit osteoclast prolifer-
ation.38 Finally, although an in-depth cell study will
be performed to elucidate the independent effects of
both ions on the behaviour of the hBMSCs, the results
obtained suggested that the proposed multi-doped
Si2.5Sr2.5 coatings promoted higher levels of early dif-
ferentiation of hBMSCs to osteoblasts.

Conclusions

The obtaining of multi-doped coatings of carbonated
CaP with silicon and strontium by PLD technique was
demonstrated. The technique was proven to allow an
accurate control of the atomic percentages of Si and Sr
at the doped coatings. The multi-doped coatings were
demonstrated to present the typical globular morph-
ology of CaP and increased nano-roughness. The
healthy proliferation of hBMSCs up to 28 days on
Si2.5Sr2.5 coatings was proven together with their sig-
nificantly higher early differentiation in osteogenic
medium at 21 days when compared to TCPS and at
28 days when compared to both the TCPS and the
non-doped coating.
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