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a  b s  t r a  c t

In this work, a new combination of ceramic materials is proposed for bone tissue engi-

neering applications. Multilayer scaffolds consisting of a  core composed mainly of calcium

pyrophosphate and external coatings of silica and calcium doped with Fe3+,  Sr2+ and Mg2+

were prepared. To study the influence of the arrangement of dopant ions in the  external

coatings, two different scaffolds were developed: scaffolds 3J consisting of a single exter-

nal  coating with 9 mol% of Fe3+, Sr2+ and Mg2+ ions; and scaffolds 3S comprising three

external coatings, each containing 3 mol% of Fe3+, Sr2+ and Mg2+ ions. Scaffolds were physico-

chemically characterized and evaluated for in vitro bioactivity and cellular response in the

presence of MG-63 cells. The results showed that the core scaffold displayed no in vitro bioac-

tivity or good cellular response, but served as  a support for the external coatings given its

mechanical resistance. The cell viability of scaffolds 3J and 3S increased more  than 100%

in  relation to the core, and also improved cell proliferation and adhesion resulting in a

dense layer of cells that covered the scaffolds’ entire surface. The arrangement of ions in

the  external coatings did  not influence the cellular response, but determined the bioactivity

rate.
© 2021 SECV. Published by Elsevier España, S.L.U. This is an open access article under the

CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Efecto  de  la  sustitución  de  Sr,  Mg  y Fe en las propiedades  físico-químicas
y  biológicas  de andamios  multicapa  de Si-Ca-P
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Dopaje iónico

r  e s u m  e n

En  este trabajo se  propone una nueva combinación de  materiales cerámicos para aplica-

ciones  en ingeniería de tejido óseo. Se prepararon andamios multicapa formados por un

núcleo  principalmente de pirofosfato cálcico y  recubrimientos externos de sílice y  cal-

cio  dopados con Fe3+, Sr2+ y Mg2+. Para  estudiar la influencia de la disposición de los

iones dopantes en los recubrimientos externos, se desarrollaron dos andamios diferentes:

andamios 3J con un recubrimiento externo con 9  mol% de Fe3+,  Sr2+ y Mg2+;  y  andamios 3S

con tres recubrimientos externos, cada uno con 3 mol% de Fe3+,  Sr2+ y Mg2+. Posteriormente,

se  realizó caracterización fisicoquímica, se evaluó su  bioactividad in vitro y  respuesta celu-

lar en presencia de células MG-63. Los resultados mostraron que el núcleo del andamio no

presentaba bioactividad ni buena respuesta celular, pero servía de  soporte para los recubrim-

ientos externos debido a la resistencia mecánica. La viabilidad celular de los andamios 3J y

3S aumentó en más de 100% respecto al núcleo y mejoró la proliferación y  adhesión celular,

dando lugar a  una densa capa de  células en la superficie de los andamios. La disposición de

los  iones en los recubrimientos externos no influyó en la respuesta celular, pero determinó

la tasa de  bioactividad.
© 2021 SECV. Publicado por Elsevier España, S.L.U. Este es un artı́culo Open Access bajo

la licencia CC BY-NC-ND (http://creativecommons.org/licenses/by-nc-nd/4.0/).

Introduction

Tissue engineering is a  multidisciplinary field that uses engi-
neering tools and health science to solve tissue degradation
and regeneration problems [1].  This field involves three indis-
pensable components: (i) cells; (ii) scaffolds and (iii) biological
factors [2–5]. Scaffolds play an important role because they act
as the physical matrix where biological entities are deposited
to promote the integration and/or restoration of damaged tis-
sue. For this reason, the choice of the scaffold’s biomaterial
must be in accordance with the tissue type to be  treated.

In recent years, bone has become one  of the most replaced
tissues, mainly by the increase in skeletal system trauma due
to motor vehicle use and degenerative diseases as  a result of
increased life expectancy [6,7].  The selection of a  biomaterial
that mimics bone is  complicated because of the hierarchical
structure and the  biological processes that occur in this kind
of tissue [8,9].

Ceramic materials are an excellent choice for restor-
ing hard tissues for their similarity to  the bone  mineral
component [10–12].  Although ceramic materials are able to
chemically imitate bone and provide biocompatibility, a scaf-
fold with a single chemical composition is not sufficient
to fulfill all the requirements that a scaffold must meet:
good mechanical strength, porous structure, osteoconductiv-
ity, osteoinductivity, biodegradability, among others [8,13,14].
For this reason, previous studies have proposed creating mul-
tilayer scaffolds consisting of coatings with different chemical
compositions to provide several characteristics [15–18].

The present research work proposes creating a core formed
by a chemical composition that confers mechanical resis-
tance, and it is  subsequently coated by bioactive compositions
doped with ions like Fe3+, Sr2+ and Mg2+. Naturally, these ions
are found in bone and participate in different processes, which

is why these ions have been widely incorporated into various
ceramic and glass materials [19–22].  Strontium behaves sim-
ilarly to  calcium, stimulates osteoblast activity and restricts
osteoclast differentiation [19,23].  Magnesium stimulates new
bone formation and increases cell adhesion [24].  Iron par-
ticipates in tissue growth and blood vessel formation [19].
These ions have been previously incorporated individually
into external coatings of multilayer scaffolds to present apatite
precipitates during in vitro bioactivity evaluations [16–18].

Hence this research work aims to integrate these three
ions (in the ideal ionic concentration obtained in  the previ-
ous studies) into a unique scaffold to enhance the benefits of
each ion. Multilayer scaffolds were prepared with the same
calcium phosphate core but were coated by external coatings
of mainly calcium silicate doped with Fe3+, Sr2+ and Mg2+ in
two  different configurations. The first configuration included a
single external coating with 3  mol% of each ion (Fe3+,  Sr2+ and
Mg2+);  i.e.  9 mol% doping in relation to the total calcium moles.
In the second configuration, coatings of 3  mol% of each ion
were incorporated into three different layers; i.e. the first was
a  iron-doped coating, the next was a  strontium-doped coating,
and the most external was  a magnesium-doped coating. Scaf-
folds were physico-chemically characterized. Subsequently,
the in vitro bioactivity and behavior in cell culture were eval-
uated by indirect (extracts of material powder) and direct
(scaffold) assays.

Materials  and  methods

Scaffold  preparation

Scaffolds were prepared by sol-gel and the polymer replica
method. The reagents used to prepare the sol-gel solution
were tetraethyl orthosilicate (TEOS – Si(OC2H5)4)  as a  source
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Table 1 – Formulations of ceramics (mol%).

Formulation SiO2 P2O5 CaO Li2O  SrO MgO Fe2O3

Formulation 1 1 25  68 6 –  – –
Formulation 2 29  3 63 2  2 1
Formulation 3 29  3 67 –  –  – 1
Formulation 4 29  3 66 –  2  – –
Formulation 5 29  3 66 –  –  2 –

of silicon, triethyl phosphate (TEP – (C2H5)3PO4) as a source of
phosphorous, and calcium carbonate as  a source of calcium.
They were all provided by Sigma–Aldrich. The reagents used
to introduce ions into the sol–gel solution were lithium car-
bonate (Li2CO3),  strontium carbonate (SrCO3) and magnesium
carbonate (MgCO3),  all provided by Sigma-Aldrich, and ferrous
sulfate heptahydrate (FeSO4·7H2O) supplied by Merck. Solu-
tions were prepared in a  medium with distilled water, 37%
hydrochloride acid (HCl – Ensure) and 97% ethanol (C2H5OH
– Guimana). Table 1 shows all formulations made by this
method. The employed polymer template was  a polyurethane
sponge with 20 pores per inch, 12.7 mm diameter and 10 mm
high.

Multilayer scaffolds were constituted by a
core and external layers. Core composition was
SiO2 25P2O5 68CaO 6Li2O mol% (Formulation 1)
and the composition of external coatings was
29SiO2 3P2O5 68CaO mol%. To introduce the dopant, the
latter composition was  modified to obtain formulations 2–5.
Based on these formulations, two different configurations
were selected for the scaffolds.

Core

The solution of formulation 1  was  prepared with 11.4 ml  of TEP,
20 ml of distilled water, 5 ml  of ethanol, 0.36 ml  of TEOS, 10 ml
of HCl, 0.5 g  of Li2CO3 and 8.38 g of CaCO3. Before adding car-
bonates, the solution was  stirred for 30 min. Drops of HCl were
added to keep the solution’s pH  between 2 and 3. The solutions
with all the reagents were heated for 30 min  at 100 ◦C with stir-
ring. After this time, the  solution formed an  oily phase capable
of covering the polymeric sponge. The polyurethane templates
where immersed into the solution 30 times. After each immer-
sion, sponges were centrifuged at 500 rpm and oven-dried at
140 ◦C to ensure the formation of a  coating. Finally, the green
bodies were sintered at 950 ◦C at a  heating rate of 18 ◦C/h and
maintained for 8 h.

Scaffold  configuration  1 (scaffold  3J)

The configuration 1  (labeled 3J) consisted of a  core scaffold
coated with Formulation 2. In this formulation, 9% of the
original total calcium moles were substituted by 3% of each
doping ion (Fe+2, Mg+2 and Sr+2). The solution was prepared
with 11.01 ml of TEOS, 20  ml  of distilled water, 5 ml  of ethanol,
1.64 ml of TEP, 10  ml  of HCl, 0.5 g  of SrCO3, 0.29 g of MgCO3,
0.94 g of FeSO4.7H2O and 10.3 g  of CaCO3. Core scaffolds were
immersed in this solution 6 times. After each immersion, sam-
ples were centrifuged and oven-dried. Finally, samples were
sintered at 950 ◦C at a  heating rate of 92.5 ◦C/h and maintained
for 3 h.

Scaffold  configuration  2  (scaffold  3S)

The configuration 2 (labeled 3S) consisted of a core scaffold
coated with Formulations 3, 4 and 5. In all these formulations,
3% of the total calcium moles were substituted by Fe+2,  Sr+2

and Mg+2,  respectively. The first coating layer was  doped with
iron. Subsequently, it was coated with the strontium-doped
coating and finally by the magnesium-doped coating. The
amounts of ions were selected so that the ion  concentrations
were the same. Three solutions were prepared with 11.01 ml
of TEOS, 20  ml  of distilled water, 5 ml  of ethanol, 1.64 ml  of
TEP, 10 ml  of HCl, 11 g CaCO3, and each solution with 0.5 g of
SrCO3,  0.29 g  of MgCO3 and 0.94 g of FeSO4·7H2O, respectively.
For each layer, the sample was immersed 6 times in solution.
Before coating with the next layer, the  sample was  sintered at
950 ◦C at a  heating rate of 92.5 ◦C/h and maintained for 3  h.

Scaffolds  characterization

Mineralogical  characterization  by  X-ray  diffraction

The chemical and mineralogical characterizations of scaf-
folds were evaluated by X-ray diffraction (XRD). A  Bruker AXR
D8 Advance equipment was  used with a  secondary graphite
monochromator and Cu-K� radiation (1.5418740 Å). The X-ray
tube operated at 40  kV and 30  mA with 0.02 steps by counting
8s per step. Data were collected between 20  and 40 degrees (2�).
The software Match!, version 3.9.0.158, was used for the analy-
sis, and diffractograms were compared to the Crystallography
Open Database (COD).

Microstructural  characterization

The microstructure and morphology of scaffolds were studied
by Scanning Electron Microscopy with Energy Dispersive X-ray
(SEM-EDX). A Hitachi S-3500N with INCA system by Oxford
Instruments Analytical was used. Samples were gold- and
palladium-coated prior to evaluation.

Physical  characterization

Ten scaffolds of each type were employed to study physi-
cal  properties (8.5 mm diameter and 7.0 mm  high). Scaffolds’
porosity was measured by a  pycnometer according to
Arquimedes’ principle. Scaffolds’ maximum compressive
strength was measured by a  Simple Test Stand (NEURTEK
instruments SVL-1000N). Force was applied to the  scaf-
folds surface until total failure and the maximum force was
recorded with a  digital force gauge dst/dsv SERIES. Maximum
compressive strength was  calculated according to the follow-
ing equation:

�m =
Fm

A

where �m (MPa) is  maximum compressive strength, Fm (N)  is
maximum force and A (mm2)  is the area perpendicular to  the
applied force.

In  vitro  bioactivity  evaluation

Scaffolds’ in vitro bioactivity was evaluated by the ability
to precipitate apatite on the surface when immersed in
simulated body fluid (SBF). Scaffolds 3J  and 3S were soaked in
SBF prepared according to Standard ISO/FDIS 23317:2017 for
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ceramics and powder samples during different periods. The
ceramic scaffolds (8.5 mm diameter and 7.0 mm  high) were
immersed in 50  ml  of SBF and kept for 3, 14 and 21  days in
water bath at 37 ◦C.

After each period, a sample was  evaluated by SEM-EDX and
the SBF aliquot was  assessed by inductively coupled plasma
optical emission spectrometry (ICP-EOS). In the  last  test,  a
Thermo iCAP 6500 DUO equipment was used to  analyze the
ionic element concentration in the resulting SBF. The in vitro

bioactivity of the scaffolds’ core has been previously studied
[18].

Indirect  cell  culture

Ion  release

In order to study the influence of the ions released by mate-
rials with cells, the powder from each scaffold was put into
contact with cell culture medium (CCM) before seeding cells.
The core and scaffolds 3J and 3S were ground using an  agate
mortar and sterilized at 160 ◦C for 2 h. Powders at 10 mg/ml  and
100 mg/ml  were brought into contact with Dulbecco’s modified
Eagle Medium (DMEM – Gibco) supplemented with 10% Fetal
Bovine Serum (FBS – Corning) and 1% penicillin/streptomycin
(PS – Gibco) in  15  ml  falcon tubes for 24 h, and then for 96 h in
a shaking incubator at 90 rpm and 37 ◦C.

Analysis  of  the  released  ions

An aliquot of  the CCM, which was brought into contact with
the powder of each scaffold at both concentrations for 24  h
and 96 h, was  analyzed by ICP-OES to know which ions were
released by each material. The pH  of the  CCM was  measured
with a Mettler Toledo instrument (FiveEasy Plus).

Cell  culture

Cell assays were performed using osteosarcoma cell line MG-
63. Cells were cultured in 75 cm2 culture flasks with DMEM
supplemented with 10% FBS and 1% PS and incubated at 37 ◦C
in a humidified atmosphere with 5% CO2 and in a 95% air
environment. Every 2 days, cells were passaged when 80% con-
fluency had been reached. During the passage, the medium
was removed to eliminate non-adherent cells, washed with
Dulbecco’s Phosphate Buffered Saline (DPBS – Gibco) and,
finally, cells were collected using trypsin-EDTA (Gibco). Cells
were counted using trypan blue and a hemocytometer. One
day before the indirect assay, cells were seeded in 24-well
plates at a concentration of 100,000 cells/ml. After 24 h and
96 h, the falcon tubes with the CCM and powders were cen-
trifuged at 2000 rpm for 5  min. Then the CCM supernatants
were transferred to the 24-well plates with the previously
seeded cells and incubated at 37 ◦C in  a  humidified atmo-
sphere with 5% CO2. The control for this assay was  cells
brought into contact with the  non-conditioned CCM.

Cell  viability

After incubating for 1  day (D1) and 3 days (D3), cell viability
was studied by the cell-counting kit containing water-soluble
tetrazolium salt (WST-8). This salt reduces cell dehydro-
genase, which results in a water-soluble formazan that is
characterized as  being yellow-colored and is proportional to
the number of viable cells. For this assay, the CCM of each well

was  transferred to Eppendorf tubes and reserved at incubator
conditions during the analysis. Subsequently, 500 �l  of a
solution containing 1 vol% WST-8  and 99 vol% of the CCM
were added to each well. After a 2 h incubation at 37 ◦C,
100 �l  of each well were transferred to a 96-well plate and
the absorbance was measured at 450 nm (FLUOstar Omega,
BMG  LABTECH). The absorbance value of the 1 vol% WST-8
solution was  subtracted from all the absorbance values. After
a 1-day analysis, the solution was removed from the 24-well
plate, washed with DPBS, and the previously reserved CCM
was returned to  each well to continue the  incubation period
until day 3, time at which the procedure was repeated.

LDH  activity

Lactate dehydrogenase (LDH) activity was studied after 3 days.
LDH is an enzyme that is  found inside cells and is released
when cell membrane damage occurs. LDH activity is used to
not only study cytotoxicity, but also to measure the number
of cells that remain until the end of the assay by rupturing
the membrane so they can be released. The LDH enzyme cat-
alyzes the conversion of lactate and pyruvate by reducing NAD
to  NADH, which is  then detected by absorbance. For this assay,
the CCM was removed, washed  with DPBS and 1 ml  of lysis
buffer (containing 0.1 wt% Triton X, 20  mM  TRIS, 1 mM MgCl2
and 0.1 mM  ZnCl2) was added to  each well and left for 30 min.
Subsequently, the lysis buffer was transferred from each well
to Eppendorf tubes and centrifuged at 2000 rpm for 5 min.
140 �l  of the supernatant from each Eppendorf tube and 60 �l
of the LDH solution were added (containing 20 �l  of the  LDH
assay substrate solution, 20 �l of the LDH assay dye and 20 �l
of the LDH assay cofactor solution) to  a  48-well plate. Finally,
the well plate was incubated in the  dark for 30 min, the reac-
tion was  stopped with 300 �l of HCl 1 M, and the absorbance
was measured at 490 nm.

Direct  cell  culture

Sample  preparation  and  cell  seeding.

The core and scaffolds 3J and 3S were sterilized at 160 ◦C for
2 h. Samples were pre-conditioned to  wet the scaffold surface
and prepare it for  cell attachment. For this purpose, scaffolds
were placed inside a 24-well plate together with 1.5 ml  of the
CCM and were incubated for 30  min  at 37 ◦C and 5% CO2. After
the pre-conditioning time, the CCM was removed and seeding
was  performed with the previously cultured MG-63 cells in a
drop-wise manner by placing a drop of 25 �l  containing 50,000
cells on the surface of each scaffold to  be incubated for 30 min
at 37 ◦C and 5% CO2. This procedure was  repeated once again.
After the last 30-minute period, the CCM was added to  each
well. Samples were incubated for 1, 3, 7, 14 and 21 days. The
CCM was refreshed every 2  days.

Cell  viability

The viability of the  cells in  each scaffold was  studied by WST-
8. After each assay time (1, 3, 7, 14 and 21 days), the CCM
was removed and scaffolds were transferred to a  new 24-well
plate to avoid considering the  cells at the bottom of wells.
Subsequently, 1.5 ml  of a  solution containing 1 vol% WST-8
and 99  vol% CCM was added to each well and incubated for
3 h at 37 ◦C and 5% CO2.  Afterward, 100 �l  of each well  were
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transferred to a 96-well plate and absorbance was measured
at 450 nm.

LDH  activity

After 7, 14 and 21  days, scaffolds were transferred to a  new
24-well plate and cells were lysed with 1.5 ml  of lysis buffer to
each sample. After 30 min, the procedure described above for
the indirect assay was  repeated.

Cell  morphology  evaluation

The evaluation of cell morphology, adhesion and proliferation
on scaffolds’ surface was performed by fluorescence staining
and SEM. Fluorescence staining was carried out using rho-
damine phalloidin red staining to observe the cytoplasm and
DAPI (4′,6-diamidino-2′-phenylindole, dihydrochloride) blue
staining to view cell nuclei. Images were obtained with a  flu-
orescence microscope (Axio Scope A.1, Carl Zeiss).

For SEM, the cells on the surface of samples were fixed
with two  solutions for 1 h, the first containing glutaraldehyde
and sodium cacodylate and the second with glutaraldehyde,
sodium cacodylate and paraformaldehyde. Next a  dehydra-
tion process was carried out with a  series of alcohols from
30% to 99.5% ethanol, and each alcohol was brought into con-
tact with the samples for 30 min. Finally, samples were dried at
the critical point (Leica EM CPD300) and viewed by SEM (Auriga
CrossBeam, Carl Zeiss).

Statistics

The results are shown as  the mean values and standard devia-
tion. The significant difference between values was  calculated
with the Origin software and the one-way analysis of variance
ANOVA by a Tukey test. The significance level is  given by a
p-value of p < 0.05 = *.

Results

Scaffold  characterization

Ceramic scaffolds obtained after the sintering process main-
tained the cylindrical shape with 8.5 mm diameter and 7.0 mm
high approximately, as  well as a weight of (0.35 ± 0.10) g.

Fig. 1 – (A) The XRD patterns of the core and scaffolds 3J

and 3S. (B) Details of the principal peaks. P:  Ca2P2O7, S:

SiO2, L: Li(PO3),  H: Mg2P2O7,  F: Ca9.333Fe1.167(PO4)7,  M:

Ca10.115Mg0.385(PO4)7, E: Ca0.1Fe0.6Mg1.3(SiO3)2,  C:

Ca0.90Mg0.71Fe0.25(SiO3)2, D: Ca1.65Sr0.35(SiO4),  N: CaLi(PO4).

The mineralogical characterization carried out by XRD to
study the scaffolds crystalline phases is shown in Fig. 1. In
this figure, it is observed that the  core is formed mainly by
calcium pyrophosphate (Ca2P2O7 – COD 96-100-1557) and by
a minority of silicon dioxide (SiO2 – COD 96-101-0939) and
Li(PO3) (COD 96-210-7073). Additionally, the  principal peaks of
Ca2P2O7 phase reported at 2� 29.57◦ and 29.65◦ were  slightly
shifted to 2� 29.60◦ and 29.68◦.

Subsequently, the diffractograms of scaffolds 3J and 3S
were analized. The following changes can be  distinguished in
the diffractograms:

(i) The diffractograms of scaffolds 3J and 3S  are shifted
to the right in  relation to the core, as  shown in detail
in Fig. 1(B). The main peaks shifted to 2� 29.68◦ and
29.76◦. This means that ions entered the crystalline
structure of calcium pyrophosphate. Specifically, phase
Mg2P2O7 (COD 96-201-7953) was identified. At these peaks

Fig. 2 – SEM-EDX images of the core (A, B), and scaffolds 3J  (C, D) and 3S (E, F).
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new phases were identified and corresponded to non-
stoichiometric calcium silicate substituted for iron and
magnesium ions (Ca0.1Fe0.6Mg1.3(SiO3)2 –  COD 96-152-9618
and Ca0.90Mg0.71Fe0.25(SiO3)2 – COD 96-153-0360).

(ii) The calcium pyrophosphate phase peaks of the core
decreased, and new phases appeared that corresponded
to tricalcium phosphate (TCP) substituted for iron
(Ca9.333Fe1.167(PO4)7 – COD 96-400-2456, TCP-Fe) and mag-
nesium (Ca10.115Mg0.385(PO4)7 –  COD 96-901-2137, TCP-Mg).
In both scaffolds, the two phases were identified but not
in the same proportion. In scaffolds 3J, the main phase
was the TCP-Fe phase, whereas in  scaffolds 3S the TCP-Mg
phase was identified.

(iii) The peak corresponding to SiO2 phase identified at 2�

22.02◦ increased, especially in scaffolds 3S.
(iv) A minor strontium silicate phase (Ca1.65Sr0.35(SiO4) – COD

96-153-5820) was identified in both scaffolds at 2� 32.90◦.
(v) A TCP phase substituted for lithium (CaLi(PO4) – COD 96-

722-2995, TCP-Li) was identified at 2� 23.63◦ and 32.89◦ in
scaffolds 3S.

Fig. 3 – Porosity and compressive strength representation

of the core and scaffolds 3J and 3S.

Fig.  4 – SEM images of scaffolds 3J (A-C) and 3S (D-F) after 3, 14 and 21  days of immersion in SBF.
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Fig. 5 –  Variation in the ionic concentration in SBF after the immersion of scaffolds 3J and 3S at different times.

Fig. 2 (A, B)  illustrates the core’s microstructure formed by
grains of different sizes and shapes. Fig. 2(C–F),  which cor-
responds to the  surfaces of scaffolds 3J  and 3S, depicts the
plates of coatings (marked by dotted lines) over the core. For
scaffolds 3J, the core’s microstructure lies underneath plates.
For scaffold 3S, the previous Sr  coating lies beneath the exter-
nal Mg  coating. The EDX analysis on the  surface is inserted
into the images of each scaffold. This analysis confirmed that

the core contained mainly calcium and phosphorus. In addi-
tion to calcium and phosphorus, scaffolds 3J  contained silicon,
strontium, iron and magnesium. In scaffolds 3S, in  addition to
calcium, phosphorus and silicon, the  presence of the dopant
ions was detected depending on the surface point.

Fig. 3 shows the  scaffolds’ physical characteristics, such as
compressive strength and porosity. The core’s porosity was
65%, which decreased to 40% due to the coatings in scaffolds



152  b  o l e t í  n d  e l  a s  o  c  i  e d  a d e  s  p  a ñ o l a d e c e  r  á m i  c  a y v i  d r  i o 6  2 (2 0 2  3) 145–159

Fig. 6 – Variation in  pH in the CCM (pH 8.5) after coming

into contact with the core, 3J and 3S powders at  10 mg/ml

and 100 mg/ml  for 24  h and 96 h.

3S. Mechanical strength rose from (1.00 ± 0.47) MPa in the core
to (2.74 ± 0.52) MPa  in scaffolds 3S (see Fig. 3).

In vitro  bioactivity  evaluation

Fig. 4 shows the SEM images of scaffolds 3J  and 3S after immer-
sion in SBF. Fig. 4(A, B) depict how scaffolds 3J  still have part of
the coating after 3 and 14  immersion days. However, after 21
days (Fig. 4C), spherical precipitates were observed on the sur-
face. In contrast, after 3 days the scaffolds 3S showed these
precipitates on the surface (Fig. 4D), which remained even
up to 21 days (Fig. 4F). The EDX analysis revealed that these
precipitates were apatite-like.

Fig. 5 illustrates the  study of the ionic interaction between
scaffolds 3J/3S and SBF. Scaffolds 3J showed calcium adsorp-
tion and phosphorus release during the test, while silicon and
strontium started to  be  released from the beginning of the test
with a significant release at 21  days. In contrast, scaffold 3S
displayed strong calcium and phosphorus adsorption and the
release of silicon and strontium at the beginning of the test.
The release of lithium took place in both scaffolds. In relation
to magnesium, only scaffold 3S showed adsorption at 21 days.
No iron ions were detected.

Indirect  cell  culture

The indirect cell assay revealed how the ions released by the
scaffolds influenced cell behavior. Fig. 6  shows the first param-
eter herein considered, the variation in  pH after 24 h and 96 h
of exposing the powder of each scaffold with CCM. The powder
of scaffolds 3J and 3S at concentrations of 10  and 100 mg/ml
brought about a slight drop in the medium’s pH after 96 h, but
no more  than 3.5%. In contrast, the  core powder at a  10 mg/ml
and 100 mg/ml  concentration lowered the pH by 8.4%, and
13.7%.

The release of ions in  the  CCM for each material at both
concentrations, and after 24  h and 96 h, is  shown in Fig. 7. In
the core material, at both concentrations, the release of phos-
phorus, lithium and silicon ions took place. At the 10  mg/ml
concentration, the supernatant of the scaffolds 3J  showed only
silicon release. When the  concentration rose to 100 mg/ml,
the release of silicon, calcium and strontium became greater.
Finally, at the above-mentioned concentrations, only signifi-
cant silicon release was observed for scaffold 3S.

The viability of the  cells incubated with the different con-
ditioned CCMs is shown in  Fig. 8.  After 1 day (D1), the viability
of the  cells corresponding to the core’s medium, and at both
concentrations (10 mg/ml  and 100 mg/ml) and times (24 h and
96  h), significantly decreased compared to  the  control. After 3
days (D3), the viability of the cells in contact with the  core’s
medium at 10 mg/ml  and both times increased to  values that
equaled the control. In contrast, the cells in contact with the
core’s medium at 100 mg/ml  and both times were lower than
the control. The viability of the cells in  contact with the media
of 3J and 3S at both concentrations and times also equaled
the viability of the  control or was slightly higher, which was
the case of the cells in contact with the media of 3J and 3S at
10  mg/ml  and both times.

The number of cells after 3 days in each case is  shown in
Fig. 9.  Although a  slight decrease in  the number of cells was
observed in relation to the control, no significant difference
appeared.

Direct cell  culture

After evaluating the influence of the  released ions on cells, the
behavior of the  cells that came into direct contact with the
scaffold was  studied. Fig. 10 shows the results of the viability
of the cells in contact with the core and scaffolds 3J  and 3S.
The viability of cells in contact with the core increased over
time, with no significant difference from day 1 to  day 21. In
contrast, the cell viability of scaffolds 3J  and 3S  increased with
time, with a  significant difference from day 1. After 14 and
21  days, the viability of the  cells in scaffolds 3J and 3S was
significantly higher compared to the core. Cell viability after
21 days increased by approximately 110% in  scaffold 3J and by
130% in scaffold 3S  compared to the core.

Fig. 11 shows the results obtained from analyzing LDH
activity. The number of cells in scaffolds 3J  and 3S was  nearly
the same after 7, 14 and 21 days. In contrast, the number of
cells in the core significantly decreased after 14  days.

Regarding the visual evaluation of the cells on the  scaf-
folds, Figs. 12 and 13 show images of the  surface obtained by
fluorescence microscopy and SEM.

Fig. 12 depicts the surface of the core (Fig. 12A, B) and scaf-
folds 3J (Fig. 12C, D) and 3S (Fig.  12E, F) after 3  and 7 days. Due to
staining, cell nuclei are denoted in blue and the cytoskeleton
in  red.  On the core’s surface, single round cells were observed,
while others formed agglomerates. No difference in  cell devel-
opment appeared between days 3  (Fig. 12A) and 7 (Fig. 12B).
With scaffolds 3J  (Fig. 12C) and 3S  (Fig. 12E), after 3 days a
higher number of round-shaped cells were observed on the
surface. Some of these cells spread as indicated by the arrow.
After 7  days (Fig. 12D, F), cell proliferation was observed due
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Fig. 7 – Variation of the ionic concentration in the CCM after coming into contact with the core, 3J and 3S powders at

10 mg/ml  and 100 mg/ml  for 24 h and 96 h.
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Fig. 8 – Cell viability of the MG-63 cells after 1 day (D1) and 3 days (D3) incubated with the CCM that had been previously in

contact with the core, 3J and 3S  powders at 10 mg/ml  and 100 mg/ml  for 24  h and 96 h. *  means a significant difference

(p < 0.05) compared to the control.

Fig. 9 – LDH activity of the MG-63 cells after 3 days

incubated with the CCM that had previously been in contact

with the core, 3J and 3S powders at 10 mg/ml  and

100 mg/ml  for 24 h and 96 h.

to the formation of new cell colonies. Some cells were still
round-shaped, but others had partially expanded.

Fig. 13 illustrates the SEM images. At 3 days, some cells were
observed on the core’s surface (Fig. 13A), but more  cells were
noted on the surface of scaffolds 3J  (Fig. 13B)  and 3S (Fig. 13C).
The cells observed on the surface of scaffold 3J  started to
expand (dotted line), while those cells on the surface of scaf-
fold 3S were  more  elongated. After 14 days on scaffolds 3J
(Fig. 13E) and 3S  (Fig. 13F), a  dense and large layer of cells cover-
ing the entire scaffold surface formed, which became denser
after 21 days (Fig. 13H–I). In contrast, on the core surface, a
layer of cells began to form after 21 days (Fig. 13G).

Discussion

In order to implement new strategies to cover bone-implant
demands, this research work proposes a  new combination of
ceramic materials. These new multilayer ceramic scaffolds,

Fig. 10 – Cell viability of the MG-63 cells in contact with the

core and scaffolds 3J and 3S between 1 and 21 days. *

means a significant difference (p <  0.05) compared to  the

core.

doped with iron, strontium and magnesium in  two different
configurations, allowed to cover the following properties in a
single scaffold: mechanical strength, porosity, bioactivity, and
good interaction with cells.

First, the  core of the scaffold was obtained and the most
outstanding characteristic was the mechanical resistance. The
compressive strength of the scaffold’s core, constituted mainly
by calcium pyrophosphate (Fig. 1), was  close to  the lower tra-
becular bone strength limit reported as  1.5–7.5 MPa (Fig. 3)
depending on the body area [25]. The lithium added in the
core formulation contributes to this mechanical strength, as
was reported in another study with TCP materials [26].

As regards in  vitro bioactivity, it has been previously found
that this scaffold did not present in  vitro bioactivity due to
the inhibitory effect of pyrophosphate [18,27]. In fact, the sili-
con added to promote ion  exchange and generate nucleation
points was not enough to overcome the effect of pyrophos-
phate.
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Fig. 11 – LDH activity of the MG-63 cells in contact with the

core and scaffolds 3J and 3S after 7, 14 and 21  days. *  means

a significant difference (p < 0.05) compared to the control.

However, the present study demonstrates its behavior in
the presence of cells. By an  indirect cell culture assay, the ions
released by  the core lowered the pH (Fig. 6), which acidified the
medium and, therefore, decreased cell viability (Fig. 8). The
most significant ionic variation in the  core was the release
of phosphorus, lithium, and silicon (Fig. 7).  The release of
lithium and silicon to the medium created attraction points
for the protons of water molecules, which led to the release
of OH− that was unable to explain the drop in  pH. This sug-
gests that medium acidification resulted from the breaking
of P O P bonds due to  the attack of water molecules, which
caused 2PO4

3− + 2H+ to form and, consequently, the release
of H+ protons to the medium. Due to the excessive release of
phosphorus, a  drop in pH was  the predominant effect. Despite
diminished cell viability, no significant cytotoxic effects were
evidenced in the indirect assay in relation to the control
(Fig. 9).

Although cell viability remained practically constant over
time in the direct assay (Fig. 10), a  drop in the number of cells
was  observed after 21 days (Fig. 11). The viability and cytotox-

icity assays complement each other. The first one only shows
the mitochondrial activity of the cells in  the material and the
second one effectively demonstrates how many  cells remain
in contact with the material. In this case, the lower amount
of cells observed after 21  days, indicates the consequences of
prolonged medium acidification.

In addition, nor were cell adhesion and proliferation on the
surface favored (Figs. 12 and 13).  This behavior has also been
reported by Banerjee et al., who compared the  TCP surface
and attributed this behavior to  the interface’s instability and
to lack of apatite precipitates, which beneficially interact with
cells [28].

The core’s negative response in  the presence of cells dif-
fered from that indicated by other studies that have reported
calcium pyrophosphate as a  biocompatible material [29–31].
However, when comparing other studies to the present work,
we found that none of them analyzed pH variations in cell
culture medium over time, and the material concentrations
were low (1000 �g/ml) compared to  those herein employed
[29,31].  In addition, calcium pyrophosphates reported in other
research works were prepared by different methods. The
materials obtained by the sol-gel process, as  in this work,
were characterized by a  large specific surface area and were,
therefore, more  reactive [32].  In any case, material acidifi-
cation, which triggers reduced cell activity, is an effect that
can take place thanks to the static conditions in the study,
but in  dynamic conditions, in  vivo, this might not be an
inconvenience. Calcium pyrophosphate occurs naturally in
the organism and is a bone mineralization regulator together
with the action of other enzymes [33].

Despite the drawbacks presented by the core in  the cellular
assays in vitro,  it served as  a support for the external coat-
ings with a  higher percentage of silicon and dopant ions. The
scaffolds’ mechanical strength doubled after coatings (Fig. 3)
and overcame the  lower compressive strength limit reported
for trabecular bone [25].  Consequently, porosity decreased by
approximately 25% in relation to the core  due to the pore plug-
ging caused by the more  viscous coatings (Fig. 3). The SEM
images illustrate the presence of coating layers. By analyz-
ing surface areas by EDX, the  presence of dopant ions was
confirmed (Fig. 2).

Although the  coatings of scaffolds 3J and 3S were con-
stituted by the same ions, the sintering thermal treatments

Fig. 12 – Fluorescence staining of the nuclei (blue) and cytoskeleton (red) of the MG-63 cells on the surface of the core (A, B),

and scaffolds 3J (C,  D) and 3S (E, F) after 3 and 7 days.
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Fig. 13 – SEM images of the core (A, D, G) and scaffolds 3J  (B, E, H)  and 3S (C, F, I) after 3 (A–C), 14 (D–F) and 21 days (G–I) of

immersion in the CCM with MG-63 cells.

differed. Scaffolds 3J  were resintered after coating, while scaf-
folds 3S had three different coatings and were sintered 3
more  times. These processes allowed the dopant ions to be
distributed differently in each scaffold as evidenced by XRD
(Fig. 1). The first noteworthy behavior was  the shift in peak at
29.57◦, which corresponded to calcium pyrophosphate. This
meant that a  distortion occurred in the crystal lattice from
substituting calcium ions for smaller ions  that tensed the
lattice. The ionic radius of Ca2+ was 1.00 Å [34] and that of
dopant ions Sr2+ was  1.18 Å [34], with 0.72 Å for Mg2+ [34]
and 0.64 Å for Fe3+ [35].  This suggests that ions smaller than
calcium moved to the crystal lattice, such as magnesium,
because the magnesium-substituted calcium pyrophosphate
(Mg2P2O7) was  identified. This shift has also been reported by
Kim et al. when doping calcium pyrophosphate with 1, 3 and
5  wt%  Mg2+ [34].

Another change observed by XRD was  the tendency to form
phases substituted by ions smaller than calcium such as iron
and magnesium. Sintering processes in the presence of dopant
ions promoted the conversion of calcium pyrophosphate into
TCP.

Due to the presence of a  higher silicon content in external
coatings, new combined phases were formed, such as silica,
strontium silicate and non-stoichiometric silicates with mag-
nesium, iron and calcium. The combined phases with iron
and magnesium showed that the competitive behavior of both
ions was smaller in size  than calcium, while strontium was
bigger and formed an independent phase. Although a  small
amount was identified from the strontium silicate phase, it
was assumed that the remaining species formed an  amor-
phous phase. The peak corresponding to silica increased in

scaffolds 3S compared to scaffolds 3J because having three
coatings presented 3-fold the amount of silicon.

Although scaffolds 3J  and 3S had the same phases, as
expected because both contained the  same ions, the pro-
portion of each phase differed. With each sintering process,
calcium pyrophosphate decreased and non-stoichiometric
TCP increased with different ions. It is even observed that TCP-
Mg phase was the  main phase in relation to the TCP-Fe phase
confirming that magnesium ions tended to stabilize TCP, as
reported by Torres et  al. and Zhou et al. [36,37].

The lithium ions introduced into the core formed the
Li(PO3) phase and were introduced into the calcium pyrophos-
phate lattice given the peak shift. Due to coatings and heat
treatments, these lithium ions subsequently formed part of
the diffusion processes that led to  the TCP-Li phase in scaf-
fold 3S. In the 3J scaffold this phase was not observed since
having only one sintering process compared to the 3S scaf-
fold, the  reduced diffusion did not allow the formation of any
crystalline phase. Therefore, the lithium remained forming
amorphous phase or within the crystalline lattice of the cal-
cium pyrophosphate. All these changes between scaffolds 3S
and 3J  are summarized insofar as scaffolds 3S formed more
TCP phases and possessed a  larger amount of silicon.

The in vitro bioactivity evaluation showed that scaffolds
3J exhibited bioactive behavior at 21 days, while scaffold 3S
did so at 3 days (Fig. 4), due to the presence of precipitates
with a typical apatite morphology [38,39]. On the first testing
days, dissolution of coating layers was observed on the sur-
face of scaffolds 3J, which was also evidenced by the  release of
phosphorus to SBF (Fig. 5)  and calcium adsorption on the scaf-
fold surface. After 21 days, when silicon and strontium were
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released, apatite precipitation occurred. Conversely, scaffold
3S released silicon and strontium on day 3, which led to the
adsorption of calcium and phosphorus from SBF to apatite
precipitate.

Due to the number of crystalline and non-crystalline
phases in scaffolds, establishing a  mechanism to explain the
bioactivity is complicated. However, due to the amount of
silicon in external coatings and the formation of new non-
stoichiometric TCP phases, bioactivity could be explained by
the mechanisms already proposed by Hench for bioactive glass
ceramics and calcium phosphates [40,41]. Scaffolds 3S had
more  silicon and its release on day 3 created nucleation points
for apatite precipitates. This confirmed the rapid decrease of
calcium and phosphorus on day 3. Strontium was released
simultaneously with silicon, which could be related to either
the dissolution of the strontium silicate phase identified by
XRD or the amorphous phase between silicon and strontium.
The bioactivity of scaffolds 3S could also be due to the TCP
phases. It is known that given its negative surface, TCP attracts
Ca2+ ions from SBF and creates a  nucleation point for apatite
precipitates [28,41]. Zhou et al. have confirmed that the TCP-
Mg surface is more  negative than TCP and can, therefore, more
strongly attract ions, and can even adsorb magnesium ions
from SBF, which occurred at 21 days [37].  Both effects pro-
vided scaffolds 3S a significant bioactive behavior. In contrast,
as scaffolds 3J did not have many  silicon and TCP phases,
the mechanisms were delayed until 21 days when silicon was
released. Moreover, it also had larger amounts of calcium
pyrophosphate and magnesium pyrophosphate phases in the
inner part, which are known to inhibit apatite precipitation
in vitro due to the P-O-P bond of the  pyrophosphate group
[18,27].

Regarding the interaction between scaffolds 3J  and 3S and
MG-63 cells, the ions released by the  materials in the indi-
rect assay slightly increased cell viability after 3 days (Fig. 8).
The analysis of the ionic concentrations indicated that the
release of silicon could be primarily responsible for the slight
increase in viability as the dopant ions of strontium, iron
and magnesium were not significantly released during the
study time, except for the extracts of scaffolds 3J at 100 mg/ml
(Fig. 7).  Silicon plays a  key role in cellular response. Han et al.
have demonstrated that silicon enhances cell proliferation,
differentiation and mineralization [42].  This could be another
reason for the better performance of scaffolds 3J  and 3S com-
pared to the core. Xing et al. utilized the  benefits of silicon and
strontium to demonstrate the  synergistic effect when com-
bining both ions in a single structure, and they observed the
stimulation of cell proliferation and osteogenic differentiation
[43]. The release of silicon is closely related to the presence of
strontium, as  demonstrated by Yin et  al. when doping boron
bioglasses with strontium, these authors noted a  faster release
of silicon and the increased proliferation of MG-63 cells [44].
This could explain the  joint release of silicon and strontium
herein evidenced.

The effect of dopants and their arrangement on viability
were studied by the direct assay. When cells were evaluated
directly on the  scaffolds surface, cell viability increased with
time, and increased by more  than 100% compared to the
core after 21  days (Fig. 10). In relation to cell morphology,

cell  proliferation on the surfaces of scaffolds 3J and 3S was
greater than on the core’s surface (Figs. 12 and 13). The cell
colonies in  the core were initially more  agglomerated, while
cells were more  spread out and adhered to the surface of
scaffolds 3J and 3S. The dense and continuous layers of the
cells that formed on the surface of scaffolds 3J and 3S  after 14
days demonstrated not only the positive effect of ions on the
surface that had not yet been released, but also the influence
of the silicon released to the  medium.

The dopant ions herein used had positive effects on cel-
lular response. Strontium and iron ions possess angiogenic,
osteogenic and antibacterial properties, and strontium is
widely used to treat osteoporosis [19,22,45]. Magnesium influ-
ences the activity of osteoblasts and osteoclasts [19].  To our
knowledge, however, there is no material that combines stron-
tium, iron and magnesium ions. Some studies have reported
the combination of two of these ions. For example, Kim
et al. have demonstrated that calcium pyrophosphate doped
with strontium and magnesium is a biocompatible mate-
rial [34].  The same has been observed by Singh et al. and
Vahabzadeh et al. when doping tricalcium phosphate with
iron ions [46,47]. Tricalcium phosphate has been doped with
magnesium at different concentrations, and Gu et al. have
reported how magnesium not only increases cell prolifera-
tion, but also improves cell morphology and viability [48].
During the cell culture assays in the above study, the  authors
observed how magnesium and calcium ions decreased in the
medium over time (which was also the case in our work),
and they attributed this behavior to apatite deposition and
mineralization. Although no release of magnesium ions was
seen, these ions may enhance cell adhesion by influencing
the interaction with integrin that acts  as  an adhesion protein
[24,49].  Lithium was also one of the ions released mainly by the
core. This ion has long since been used to treat mental disor-
ders but has  recently been employed to improve compressive
strength and has positive effects on angiogenesis [26,50].  How-
ever, the  influence of this ion on the cells that came into
contact with the core was  not observed in our work due to
the effect of lowering the pH, while the release of lithium
in scaffolds 3J and 3S  could enhance the effect of the other
ions.

It was  generally found that the behavior of the cells that
came into contact with scaffolds 3J and 3S was similar, with
no direct influence of ion  arrangement on the interaction with
cells. On the contrary, the  ion arrangement affected crystalline
phases and their in vitro bioactivity behavior.

It is possible to consider that the core, being the com-
mon  base of the  scaffolds 3J and 3S, may cause cytotoxic
effects when the coatings dissolve. However, the indirect cell
assays revealed that the core’s acidification effect disappeared
after crushing the scaffolds and mixing the core material
with outer coatings. This could be due to the decrease in the
calcium pyrophosphate phase which, as sintering proceeded
was transformed into TCP phases, and would mean that the
amount of calcium pyrophosphate would not be sufficient to
cause acidification. As  previously mentioned, acidification is
a negative effect in  static in vitro tests, but should not be a
drawback in vivo because pyrophosphate is a  natural bone
mineralization regulator.
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Conclusions

In this research work, multilayer ceramic scaffolds were devel-
oped as a future alternative for bone tissue engineering
applications. The scaffold’s core, constituted mainly by cal-
cium pyrophosphate, did  not show a good cellular response,
but its structure exhibiting mechanical resistance served as  a
support to apply the external coatings constituted mainly by
calcium and silicon, and doped with iron, strontium and mag-
nesium ions (3J and 3S). Cell viability in scaffolds 3J and 3S
increased by more  than 100% vs.  the core, and cell prolifera-
tion and adhesion improved by the formation of a  dense layer
of cells that covered the  entire surface after 21 days. In cel-
lular terms, there was  no significant difference between the
arrangement of dopant ions. In bioactivity terms, however,
scaffolds 3S (ions in separate coatings) presented bioactivity
at 3 days, while scaffolds 3J  (ions in the same coating) did  so at
21 days, which was  attributed to the larger amount of silicon
in the external coatings.
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