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A B S T R A C T

The present work describes biomimetic hybrid microspheres made of collagen type I-like peptide matrix (RCP)
mineralised with Fe2+/Fe3+ doping hydroxyapatite (RCPFeHA) by a bio-inspired process. Superparamagnetic
RCPFeHA microspheres are obtained by emulsification of the hybrid slurries in the presence of citrate ions, to
achieve a biomimetic surface functionalisation improving the bioactivity and the dispersion ability in cell culture
medium. A biological in vitro study correlates the osteoblast cells behaviour to calcium and iron ions released by
the hybrid microspheres in culture media mimicking physiological or inflammatory environment, evidencing a
clear triggering of cell activity and bio-resorption ability. In presence of the microspheres, the osteoblast cells
maintain their typical morphology and no cell damage were detected, whereas also showing up-regulation of
osteogenic markers. The ability of the hybrid microspheres to undergo bio-resorption and release bioactive ions
in response to different environmental stimuli without harmful effects opens new perspectives in bone re-
generation, as magnetically active bone substitute with potential ability of drug carrier and smart response in the
presence of inflammatory states.

1. Introduction

The regeneration of bone tissue claims the use of implantable de-
vices with chemical composition and structure promoting the recruit-
ment of autologous stem cells and differentiation towards osteogenic
lineage with consequent new bone matrix deposition and substantial
angiogenesis. Therefore, elective materials should promote physiolo-
gical cell activity, whereas undergoing bio-degradation with adequate
rate to not hamper new bone apposition and to limit any adverse effects
related to the release of toxic degradation products [1–4].

Seeking for ideal biomaterials, previous studies have showed promising
osteoinductive properties in collagen/hydroxyapatite hybrids, attested by
the up-regulation of various bone-specific markers both in mesenchymal
stem cells (MSCs) and in pre-osteoblast cells (MC3T3-E1) [5–8]. These
hybrid constructs were obtained by bio-inspired mineralisation process
where heterogeneous nucleation of mineral phases on self-assembling col-
lagen occurs and is regulated by physico-chemical and ultrastructural con-
trol mechanisms, thus yielding high compositional and structural mimicry
with natural bone tissue [9–11]. Such a process can be applied flexibly to
tailor the mineralisation extent and to induce substitution of calcium with
bioactive ions such as Mg2+, Sr2+, CO3

2– in the hydroxyapatite structure to
render the mineral phase closer to the bone composition, regulating the
degradation profile and enhancing the bone cells activity [3,12–17].

Recent studies demonstrated that the selective doping with divalent and
trivalent iron ions (Fe2+/Fe3+) confers intrinsic superparamagnetic prop-
erties to nanocrystalline hydroxyapatite (FeHA) and enhances its osteogenic
character [18–20]. Bioactive magnetic materials elicit ever growing interest
as therapeutic agents, due to their potential to guide the bone regeneration
process by on-demand release of bioactive factors or by direct magnetic
stimulation [17]. Enhanced osteogenic differentiation of mesenchymal stem
cells, osteoblast adhesion and differentiation, as well as boosting bone tissue
regeneration by magnetic fields were all described as main advantages of
magnetic biomaterials that could give rise to a new generation of smart
devices [17,21–26]. In this respect, considering the toxicity related to
magnetic iron or gadolinium oxides, the use of biocompatible, bioactive
magnetic phases such as FeHA is of great interest in the perspective to
improve therapeutic effects in association to enhanced safety.

In a recent study, a bio-inspired mineralisation process was applied
to obtain the heterogeneous nucleation of FeHA on collagen type I like
peptide (RCP) matrix (RCPFeHA), resulting into superparamagnetic
hybrids microspheres with bone-like composition and showing no cy-
totoxic effect on murine pre-osteoblasts cells (MC3T3-E1) [27]. Such
microspheres were proposed as bone filler or as carrier of drugs or
growth factors active in bone tissue regeneration. A typical drawback of
magnetic materials is their aptitude to agglomerate into clusters, owing
to strong magnetic dipole-dipole attractions and electrostatic repulsive
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potential by the ions exposed on the surface [28,29], which may limit
its potential use as injectable drug delivery systems [30]. Previous
studies attempted to prevent aggregation of hydroxyapatite based ma-
terials, by surface modification with different molecules, such as L-lactic
acid, poly(ε‑caprolactone), ethylene glycol, polyethylenimine, glyco-
saminoglycans and poly(acrylic acid) [31–34]. In spite of their good
biocompatibility, such polymers are not naturally present in the phy-
siological environment and can elicit adverse effects by release of acidic
functional groups when undergoing dissolution [35].

The present work describes the development of hybrid magnetic
microspheres presenting innovative surface functionalisation with
bioactive citrate ions, with the purpose to prevent physical agglom-
eration and enable extensive biologic characterisation by cell culture.
Citrate is naturally present in bone where it accounts for about 5.5 wt%
of the total organic component [36], playing a critical role in de-
termining the structure and crystalline habitus of the inorganic phase of
bone tissue and showing ability to complex the calcium ions and to
control the size, shape and surface charge of synthetic hydroxyapatite
nanocrystals. Citrate is a growth inhibitor of hydroxyapatite [37],
hence, citrate functional groups are interesting candidate for surface
functionalisation of apatite-based materials, to modulate crystal growth
to bone-like levels and to modify the surface charge for enhanced
control of rheological behaviour and dispersion ability [36,38–40].

In our work the effect of citrate on the dispersion and stability of
hybrid microspheres in cell culture media is investigated by physico-
chemical, thermal and magnetic analyses, and optimized to obtain the
best dispersion into cell culture medium. Degradation studies are car-
ried out under physiological and inflammatory-mimicking pH condi-
tions. MC3T3-E1 cell viability, damage, morphology, and the expres-
sion of osteogenic related markers are also investigated. The obtained
results encourage the use of these new magnetic hybrid biomaterials as
bioactive bone fillers or as micro-carriers for drug delivery system in
bone tissue engineering.

2. Materials and methods

2.1. Raw materials

RCP, commercially available as Cellnest™ recombinant peptide
based on human collagen type I, was provided by Fujifilm
Manufacturing Europe B.V. (The Netherlands). The material is char-
acterised by molecular weight of 51.7 kDa and isoelectric point of
≈10.02. All the reactants used in the present study, i.e. calcium hy-
droxide (Ca(OH)2, ≥95%), phosphoric acid (H3PO4, 85%), iron(II)
chloride tetrahydrate (FeCl2·4H2O, ≥99%), iron(III) chloride hexahy-
drate (FeCl3·6H2O, 97%), sodium hydroxide (NaOH, ≥98%), corn oil,
acetone (≥99.9%), potassium bromide (KBr, ≥99%), phosphate buf-
fered saline (PBS), HEPES sodium salt (≥99.5%), acetic acid
(≥99.85%), sodium acetate (≥99%), were all purchased from Sigma
Aldrich (St Louis, MO, USA), whereas nitric acid (HNO3, 65%) was
purchased from Titolchimica (Italy), and fluidMAG-CT (i.e. commercial
magnetite nanoparticles, size 50 nm) from Chemicell (Germany,
Berlin). Biological reactants were described in Section 2.6. Ultrapure
water (0.22 mS, 25 °C) was used in all the experiments.

2.2. Synthesis of slurries

Iron-free and iron-containing mineralised slurries were obtained by
a bio-inspired mineralisation process, based on heterogeneous nuclea-
tion of hydroxyapatite and Fe2+/Fe3+ doped hydroxyapatite on RCP
matrix, as previously described [27]. Briefly, for the preparation of the
iron-containing mineralised slurries an aqueous solution of RCP
(≈0.006 M) was prepared and mixed with an acidic H3PO4 solution
(≈3.9 M), then poured dropwise into a basic aqueous suspension of Ca
(OH)2 (≈1.9 M) containing FeCl2·4H2O (≈1.56 M) and FeCl3·6H2O
(≈1.04 M) as sources of Fe2+ and Fe3+ ions respectively, with an es-
tablished molar ratio of 3:2, at T= 60 °C. The overall ion content was
set to have a nominal Ca/P = 1.67 and Fe/Ca = 0.2. The process was
carried out under magnetic stirring, to achieve a nominal mineralisa-
tion extent (i.e. inorganic:organic fraction) equal to 40 wt% and the
final slurry contained 11 wt% of RCP. The as-obtained material was
henceforth coded as RCPFeHA.

Iron-free mineralised slurries were synthesised similarly to
RCPFeHA without adding any iron precursor in the Ca(OH)2 suspension
at two different temperatures of 20 °C and 60 °C, henceforth coded as
RCPHART and RCPHA, respectively. RCPHART was synthesised for the
microspheres production, and for the physical, chemical and biological
characterisation; whereas RCPHA was prepared in the same conditions
of RCPFeHA and is here used to evaluate the effect of iron substitution
in the mineral phase.

The introduction of different concentrations of sodium citrate (i.e.
0.55 M, 0.3 M, 0.06 M, 0.006 M and 0.0006 M) in the RCPFeHA was
investigated. Sodium citrate was added to the slurries and maintained
under magnetic stirring for about 6 h, at room temperature (≈20 °C).
The uptake of citrate ions onto the slurries was monitored by measuring
the surface charge of the slurries at concentration of 0.55 M.

Slurry of RCP dispersed with commercial magnetite nanoparticles
(fluidMAG-CT, Chemicell GmbH, 25 mg/mL) and a solution of pure
RCP were also employed for the synthesis of microspheres (see next
section) as control materials. RCP/magnetite slurry was prepared
dropping 2 mL of fluidMAG-CT suspension in a RCP solution (5 g in
12 mL of Milli-Q water), under magnetic stirring for 30 min, at 40 °C.
The as-obtained material was encoded as RCPfluidMAG-CT. The pure
RCP solution was prepared dissolving 5 g of RCP in 12 mL of Milli-Q
water under magnetic stirring at about 40 °C.

2.3. Fabrication of microspheres by emulsification process

A water-in-oil emulsification process was used to produce micro-
spheres based on pure RCP, RCPfluidMAG-CT and mineralised slurries
(i.e. RCPHART, RCPHA and RCPFeHA), as previously described [27]
(Table 1). Briefly, 20 g of slurry or solution was dropped in 45 g of pre-
warmed corn oil and kept under mechanical stirring for 20 min. The as-
obtained mixture was cooled, until microspheres gelling, and dropped
into a 300 mL of chilled acetone and kept under mechanical stirring for
5 min, then maintained for 1 h at room temperature, under mechanical
stirring. The microspheres were left to sediment and acetone was
carefully removed; then 300 mL of clean acetone was added and the
microspheres were washed for 10 min. This step was repeated twice.
The microspheres were filtered, dried overnight in an oven at 40 °C, and

Table 1
Composition of the as-synthesised microspheres.

Composition of microspheres Code

Collagen type I based recombinant peptide RCP
Collagen type I based recombinant peptide synthesised with commercial superparamagnetic nanoparticles RCPfluidMAG-CT
Collagen type I based Recombinant Peptide mineralised with hydroxyapatite nanophase (synthesis at 20 °C) RCPHART

Collagen type I based Recombinant Peptide mineralised with hydroxyapatite nanophase (synthesis at 60 °C) RCPHA
Collagen type I based Recombinant Peptide mineralised with iron doped hydroxyapatite (synthesis at 60 °C) RCPFeHA
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sieved to achieve a size distribution within the range of 50 to 75 μm.
Three different batches of each type of microspheres were produced.
Then, microspheres were crosslinked by using dehydrothermal treat-
ment (DHT) at 160 °C for 48 h under vacuum.

2.4. Morphological, physicochemical and magnetic characterisation

The surface charge of functionalised slurries and microspheres was
evaluated in terms of ζ-potential (Zetasizer Nano analyser; Malvern,
UK). ζ-potential measurements through electrophoretic mobility were
carried out by using disposable folded capillary cells (DTS1061;
Malvern, UK) at 25 °C. For functionalised slurries, 100 μL of slurry was
diluted in 5 mL of Milli-Q water and ζ-potential was evaluated at t= 0
and t= 30 min, 90 min, 3 h and 6 h. Microspheres surface charge was
evaluated in HEPES buffer (i.e. 0.01 M; pH 7.4) at concentration of
1.2 mg/mL. The ζ-potential average was calculated from three separate
measurements (100 runs each) for each type of microspheres and the
results were shown as Mean ± Standard Error (SEM).

The morphology of the microspheres was investigated by using
Scanning Electron Microscope (SEM) (FEI Quanta 600, USA) in low
vacuum mode with an accelerating voltage of 10 kV and a working
distance of 10 mm. Size distribution of microspheres was evaluated by
SEM micrographs and analysed by Image J software.

The identification of functional groups in the mineralised materials
was assessed by Fourier Transform Infrared Spectroscopy (FTIR)
(Avatar 320 FT-IR, Thermo Nicolet, Canada). The infrared spectra were
collected in the wavelength range from 400 to 4000 cm−1 with 2 cm−1

of resolution, using the KBr pellet technique. The sample (≈2 mg) was
mixed with ≈150 mg of anhydrous KBr and the powder was pressed at
8000 psi into 7 mm diameter pellets.

The phase composition of the all as-produced microspheres was ob-
tained by X-ray powder diffraction (XRD, D8 Advance, Bruker, Karlsruhe,
Germany) acquired by using Cu-Kα radiation (λ = 1.54178 Å) generated at
40 kV and 40 mA, using a step-scanning method with a step size of 0.02°
and a counting time of 0.5 s.

The overall content of calcium (Ca), phosphorus (P) and iron (Fe)
was determined by inductively coupled plasma optical emission spec-
trometry (ICP-OES; Liberty200, Varian, Clayton South, Australia). Each
type of material was prepared in triplicate by dissolving 20 mg of
powder in 2 mL of HNO3 (65 wt%) and the volume of the solution was
raised to 100 mL by adding deionized water. Predetermined con-
centrations of Ca, P and Fe elements were prepared and used as stan-
dard calibration.

Simultaneous thermogravimetric (TGA) analysis (STA 449/C
Jupiter, Netzsch, Germany) was carried out to assess the effect of citrate
ions on thermal decomposition profile of RCPFeHA microspheres.
10 mg of microspheres were placed into an alumina crucible and the
experiment was conducted in air flux with heating ramp from 30 °C to
1100 °C and heating rate of 10 °C/min.

Vibrating sample magnetometer (VSM) Lakeshore 735, in the range
from −15 KOe to 15 KOe was used to evaluate the magnetic properties
of RCPFeHA. A predetermined amount of RCPFeHA was loaded into the
sample holder and the experiments were carried out at room tem-
perature. The results are presented with uncertainty of about ± 2%.

2.5. Microspheres degradation study

Microspheres degradation tests were carried out in two different con-
ditions that mimic i) physiological (pH 7.4) and ii) inflammatory (pH 5.0)
environment. For physiological condition, osteogenic differentiation
medium was prepared with DMEM (Gibco), 10% Fetal Bovine Serum (FBS),
1% penicillin-streptomycin (100 U/mL-100 μg/mL), 10 mM β-glyceropho-
sphate and 50 μg/mL ascorbic acid. The inflammatory-like condition was
achieved by buffering the previous medium with sterile sodium acetate-
acetic acid buffer solution, reaching pH 5.0. These as-prepared media were
encoded as DMEM and DMEM-IM, respectively.

Each type of microspheres was sterilised in PBS 1X by using auto-
clave (120 °C for 20 min). Then PBS 1X was substituted by DMEM or
DMEM-IM obtaining a final concentration of 30 mg/mL of micro-
spheres. Three samples of each type of microspheres were investigated.
DMEM or DMEM-IM only, were used as controls. Microspheres de-
gradation study was carried out under incubation at 37 °C in an at-
mosphere of 5% CO2, over a period of 28 days.

Microspheres morphology were evaluated by SEM, after 7, 14, 21
and 28 days. Moreover, RCPHART and RCPFeHA at day 28 were washed
four times with Milli-Q water, freeze dried and stored for further FTIR
and XRD characterisations.

2.5.1. Evaluation of ions adsorption and dissolution
The amount of Ca and Fe ions released from RCPfluidMAG-CT,

RCPHART and RCPFeHA in DMEM and DMEM-IM was evaluated by
ICP-OES. At scheduled time points (i.e. 12 h, 24 h, 48 h, 7 days, 14 days,
21 days and 28 days), both media were separated from microspheres by
centrifugation (13,300 rpm, for 12 min), and tested to quantify the re-
leased ions and to measure the pH values (XS instruments, Italy).
DMEM and DMEM-IM were replaced at the as-mentioned time points.
The retrieved media (0.6 mL) were digested into 1 mL of HNO3 (65 wt
%) and the volume of the solution was raised to 3 mL by adding deio-
nized water, and further analysed by ICP-OES. DMEM was a medium
enriched of calcium ions (≈1.05 mM) and the percentage of adsorbed
calcium at each time point was normalized to the total calcium in the
replaced media, while released ions were normalized to the total con-
centration of each element (i.e. Catotal and Fetotal) in 30 mg of micro-
spheres. Three samples per type of microspheres were used and the ions
concentration was expressed as Mean ± SEM.

2.6. Biological characterisation

2.6.1. Cell culture
Mouse pre-osteoblast cell line, MC3T3-E1 Subclone 14 (ATCC cell

bank, Manassas, VA, USA) was used for the biological investigation. In
detail, MC3T3-E1 cells were cultured in αMEM without ascorbic acid
(Gibco), 10% FBS and 1% penicillin-streptomycin (100 U/mL–100 μg/
mL). Cell culture was kept at 37 °C in an atmosphere of 5% CO2, later
the cells were detached from culture flasks by trypsinization, cen-
trifuged and re-suspended in cell medium. Cell number and cell viabi-
lity were assessed by trypan-blue dye exclusion test.

For the experiment, cells were plated in cell culture plates at a density of
2500 cells/cm2 in osteogenic medium (αMEM, 10% FBS, 1% penicillin-
streptomycin (100 U/mL–100 μg/mL), 10 mM β‑glycerophosphate, 50 μg/
mL ascorbic acid) 24 h after cells seeding, different concentrations of each
sterilised microspheres (i.e. 10 μg/mL, 100 μg/mL and 500 μg/mL of RCP,
RCPfluidMAG-CT, RCPHART and RCPFeHA) were added to the cell culture.
All the cell-handling procedures were performed in a sterile laminar flow
hood and all cell-culture incubation steps were performed at 37 °C with 5%
CO2.

2.6.2. Cell viability analysis
Cell viability as function of cell number based on metabolic activity

was evaluated by XTT assay, following the manufacture's protocol
(Thermo Fisher Scientific, U.S.A.). Briefly, 6 mg of XTT was dissolved in
6 mL of osteogenic cell medium and then was added 15 μL of 10 mM of
phenazine methosulfate (PMS) solution. After, 75 μL of the as-prepared
solution was dropped in each well and incubated at 37 °C in CO2 in-
cubator for 2 h and the absorbance was analysed at 450 nm by using a
Multiskan FC Microplate Photometer (Thermo Fisher Scientific, USA).
Cell viability was analysed after 1, 3 and 7 days of cell seeding. The
experiments were conducted in triplicates and plotted as Mean ± SEM.

2.6.3. Cell morphology and cell damage evaluation
2.6.3.1. Actin filament staining. At day 3, cell morphology was evaluated
by phalloidin staining. Cells were washed with PBS 1X for 5 min, fixed with
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4% (w/v) paraformaldehyde for 15 min. Permeabilization was performed
with PBS 1X with 0.1% (v/v) Triton X-100 for 5 min. Then, 38 nM of FITC-
conjugated phalloidin (Invitrogen, U.S.A.) in PBS 1X was added and was
remained at room temperature in the dark for 20 min. For nuclear staining
the cells were incubated with 300 nM of DAPI for 5 min. Cells only were
used as internal control. Images were acquired by an Inverted Ti-E
fluorescence microscope and one sample per group was analysed.

2.6.3.2. Hematoxylin and eosin staining (H&E). After 3 days of cell
culture, cells were washed with PBS 1X for 5 min, fixed with 4% (w/
v) of formaldehyde for 15 min, then washed twice with PBS 1X for
5 min and stained with H&E. Briefly, the cells were stained with Mayer's
hematoxylin for 7 min and then were differentiated with tap water for
10 min. After, the cells were stained with eosin Y (0.25%) for 30 s,
washed with Milli-Q water and mounted. Cells only were used as
internal control. Images were acquired by an Inverted Ti-E fluorescence
microscope and one sample per group was analysed.

2.6.3.3. Apoptotic cells. After 24 h and 72 h of incubation, cells were
evaluated with Annexin V/Dead Cell Apoptosis Kit (Molecular Probes)
according to manufacturer’s instructions. Briefly, cells were washed
with cold PBS 1X, and incubated with 1X annexin-binding buffer, Alexa
Fluor 488 annexin V and propidium iodide (PI) working solution for
15 min at room temperature following by DAPI staining for cell nuclei.
Cells incubated with Doxorubicin (1 μM DOX) were used as positive
control. One sample per group was analysed and images were acquired
with an inverted Ti-E fluorescence microscope (Nikon).

2.6.3.4. Reactive oxygen species (ROS). ROS formation at 24 h and 72 h
was analysed by ROS indicator kit (carboxy‑2,7‑difluorodihydrofluorescein
diacetate, carboxy-H2DFFDA, Molecular Probes), according to manufacturer's
instructions. Briefly, cells were incubated with ROS detection reagent for
15 min at 37 °C, then this solution was removed and cell culture medium was
added for 10 min at 37 °C, before washing the cells with PBS 1X following by
DAPI staining for cell nuclei. Cells incubated with 100 μM of hydrogen
peroxide (H2O2) were used as positive control. One sample per group was
analysed and images were acquired with an inverted Ti-E fluorescence
microscope.

2.6.4. Western blot analysis
After 7 days of culture the cells with 100 μg/mL of microspheres, the

cells were lysed in a Radioimmunoprecipitation buffer (RIPA buffer)
supplemented with a proteinase inhibitor cocktail (Cell Signalling
Technology, U.S.A.). The protein concentration in each cell lysate su-
pernatant was determined by a colorimetric assay (Kit DC Protein
Assay, Bio-Rad, U.S.A.). The protein samples were loaded and separated
in a 4–20% Mini-PROTEAN TGX stain-free protein gels (Bio-Rad,
U.S.A.), using a Mini-PROTEAN electrophoresis cell kit (Bio-Rad,
U.S.A.). Proteins were then transferred to a nitrocellulose membranes
by means of a Trans-Blot Turbo™ transfer system (Bio-Rad, U.S.A.), with
the blots incubated thereafter for 30 min at room temperature in a
blocking solution of 2.5% non-fat dry milk in PBS 1X. The membranes
were incubated overnight at 4 °C with primary rabbit antibody anti-
alkaline phosphatase (ALP, Abcam, UK), anti-osteocalcin (LifeSpan
BioSciences, U.S.A.) and anti-β-actin (Cell Signaling Technology, USA)
as internal control. Moreover, rabbit antibody anti-LC3B-I and LC3B-II
(Cell Signalling Technology, USA) was used to detect autophagy, as
cellular stress marker. Then membranes were incubated with a horse-
radish goat peroxidase-linked secondary antibody anti-rabbit (Bio-Rad,
U.S.A.) for 1 h 30 min. An enhanced chemiluminescence kit (ECL, Bio-
Rad, U.S.A.) was used to visualize the protein bands with ChemiDoc
XRS+ (Bio-Rad, U.S.A.). In order to evaluate the relative protein ex-
pression, the ALP, osteocalcin and LC3B-I and LC3B-II band intensities
were quantified by densitometry using ImageLab Software and were
then normalized over the signal of the corresponding bands of β-actin.

2.6.5. Quantitative real-time polymerase chain reaction (qPCR)
The relative quantification of the gene expression profile of MC3T3-

E1 cells, cultured for 7 days with 100 μg/mL of microspheres, was as-
sessed by qPCR. Total RNA was harvested by using Tri Reagent, fol-
lowed by the Direct-zol RNA MiniPrep kit (Zymo Research) according
to manufacturer’s instructions. RNA integrity was analysed by native
agarose gel electrophoresis and the quantification was performed by
using the Qubit® 2.0 Fluorimeter together with the Qubit® RNA BR
assay kit, according to the manufacturer's instructions (Invitrogen,
U.S.A.). Total RNA (500 ng) was reverse transcribed to cDNA using the
High-Capacity cDNA Reverse Transcription Kit, according to manu-
facturer’s instructions (Applied Biosystems, U.S.A.). The relative
quantification of the expression of the genes, i.e. osteonectin (SPARC,
Mn00486332-m1), osteocalcin (BGLAP, Mm00649782_gH), collagen I
(COL I, Mm00483888_m1) and glyceraldehydes‑3‑phosphate dehy-
drogenase (GAPDH, Mm99999915_g1), used as housekeeping gene,
were performed by StepOne™ Real-Time PCR System (Applied
Biosystems, U.S.A.). Data were collected using the OneStep Software
(v.2.2.2) and relative quantification was performed using the com-
parative threshold (CT) method (ΔΔCT) where the relative gene ex-
pression level equals 2−ΔΔCt [41]. Experiments were performed in du-
plicate, using three technical replicates for each experiment and the
results were normalized to RCP used as calibrator. Error bars reflect one
standard deviation of the mean of three technical replicates, as de-
scribed elsewhere [42,43].

2.7. Statistical analysis

Statistical analyses were performed by using GraphPad Prism 5
software. The unpaired t-test was used for ions release and two-way
ANOVA, followed by Bonferroni post-tests was used for calcium ad-
sorption in DMEM. Data is plotted as Mean ± SEM of n. 3 samples per
each group.

Statistical analysis of biological tests was performed by using two-
way ANOVA followed by Bonferroni post-tests for XTT analysis and
data was plotted as Mean ± SEM of n. 3 samples per each group. All
the other biological results were evaluated by one-way ANOVA fol-
lowed by Tukey’s multiple comparison test and data were plotted as
Mean ± SEM of n. 2 samples per each group. Results were considered
statistically significant when p < 0.05.

3. Results

3.1. Effect of citrate ions in the production of RCPFeHA microspheres

RCPFeHA slurry was enriched with citrate ions in order to modify its
surface charge, to increase mutual repulsive interactions and prevent
agglomeration. In a first step, the effect of sodium citrate (with con-
centration of 0.55 M) as a function of time was evaluated by measuring
the ζ-potential at scheduled time points. By increasing the time of
magnetic stirring, the negative surface charge of the slurry was en-
hanced by the adsorption of citrate ions onto the mineral phase and the
highest negative surface charge (about −18 mV) was obtained at
90 min (Table SI1). In a second step, RCPFeHA slurry was functiona-
lised with sodium citrate at various concentrations for 90 min, then
microspheres were produced by emulsification process (Fig. 1A).
RCPFeHA microspheres generated without the addition of citrate in the
slurry appeared highly agglomerated after contact with osteogenic
differentiation medium (Fig. 1B). Also, the employment of high quan-
tity of sodium citrate (i.e. 0.55 M) induced microspheres agglomeration
(up to 1 mm in size), while by decreasing the citrate concentration,
smaller aggregates of microspheres were generated (Fig. 1C–G). In
particular, microspheres prepared with the slurry functionalised with
0.006 M of sodium citrate were well dispersed (i.e. no aggregation oc-
curred) (Fig. 1F) and resulted stable for at least 7 days in osteogenic
differentiation medium (Fig. 1H).
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The effect of addition of 0.006 M sodium citrate in the slurry on the
chemical and thermal features of RCPFeHA microspheres was evaluated
by FT-IR and TGA analysis (Fig. 2), respectively. The FT-IR spectra of
RCPFeHA microspheres prepared in presence and in absence of citrate
report the typical vibration peaks of RCP (i.e. amide I, amide II, amide
III and carboxylic groups) and confirm the formation of poorly crys-
talline and B-type carbonated hydroxyapatite (Fig. 2A). In the case of
citrate-functionalised microspheres, FT-IR analysis clearly shows the
absorption band at 1755 cm−1 attributed to the stretching C]O vi-
brations from eCOOH group of sodium citrate (Fig. 2A, marked with
asterisk), thus confirming the effective adsorption of citrate ions,
whereas other vibration modes of citrate (i.e. at 1600, 1450 and
1387 cm−1, as also previously indicated by other works [44,45]) are
overlapped by the RCP signals.

In Fig. 2B the thermogravimetric curves of non-functionalised and
citrate-functionalised RCPFeHA microspheres before and after cross-
linking are reported. The weight loss below to ≈140 °C is assigned to
the evaporation of physically adsorbed water molecules, then the de-
gradation of RCP matrix occurs up to ≈600 °C, and finally the eva-
poration of carbonate and hydroxyl ions contained in the apatite phase

proceeds up to 1000 °C. By comparing non-functionalised with func-
tionalised RCPFeHA, slight differences related to the weight loss
(≈7 wt%) in the range ≈400 °C–600 °C, are assigned to the decom-
position of citrate ions. Overall, these data revealed that the DHT
treatment did not influence the interaction of RCP with the mineral
phase, nor the linking of citrate ions to the mineral phase, as showed by
the FT-IR and the TGA spectra.

3.2. Characterisation of optimized microspheres

Hybrid slurries (i.e. RCPHART, RCPHA and RCPFeHA) were func-
tionalised with 0.006 M of sodium citrate, and then were engineered
into microspheres by emulsification process. Subsequently, the phase
composition of the as-produced microspheres (i.e. RCP, RCPfluidMAG-
CT, RCPHART, RCPHA, RCPFeHA) was analysed by XRD (Fig. 3).

In RCP and RCPfluidMAG-CT, a broad diffraction profile in the
10–30 2Ө° range is attributed to the organic phase characterised by
amorphous structure. In RCPHA and RCPFeHA, both synthesised at
60 °C, hydroxyapatite phase was detected (in agreement with the
JCPDS card number: 09–0432), presenting low crystallinity degree, as

Fig. 1. Effect of sodium citrate concentration on the RCPFeHA microspheres. A) Designed set-up of functionalisation of RCPFeHA slurry with sodium citrate; B)
Optical micrograph of microspheres generated without the addition of citrate in the slurry dispersed in osteogenic differentiation medium, (Scale bar: 100 μm); SEM
images of microspheres obtained by using RCPFeHA slurry functionalised with various concentrations of sodium citrate: C) 0.55 M (Scale bar: 200 μm); D) 0.28 M; E)
0.06 M; F) 0.006 M; G) 0.0006 M. H) Optical micrograph of microspheres generated with RCPFeHA slurry functionalised with 0.006 M in presence of osteogenic
differentiation medium, (Scale bar: 100 μm).
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suggested by the broadening of the XRD peaks. The synthesis of
RCPHART at 20 °C yielded hydroxyapatite phase featuring even lower
crystallinity degree, as evidenced by the broader diffraction peaks, as-
cribed to the lower synthesis temperature limiting the crystal organi-
zation. The low crystallinity degree of the mineralised matrices was
corroborated by the low value of their splitting factor (SF) [46,47]
obtained by FTIR spectra, i.e. RCPHART = 2.34, RCPHA = 2.39 and
RCPFeHA = 2.25. The slight shift of the diffraction peaks (Fig. 3e, black
arrow) and the reduction of the crystallinity in RCPFeHA (Fig. 3e)
compared to RCPHA suggested the effective partial replacement of Ca
ions for Fe ions into the hydroxyapatite lattice, inducing lattice dis-
tortion [18].

Two different magnetic materials were produced, RCPfluidMAG-CT
and RCPFeHA. In the XRD pattern of RCPfluidMAG-CT, the presence of
the peak at 35.4° (corresponding to the (311) plane of iron oxide,
JCPDS card number: 01-079-0417), confirmed the presence of magne-
tite. In the case of RCPFeHA the presence of Fe2+/Fe3+ ions and the
synthesis temperature > 40 °C induced the heterogeneous nucleation of
a low amount of iron oxide phase as revealed by the presence of the
diffraction peak at 2θ° ≈ 35.4 corresponding to the (311) plane of iron

oxide (JCPDS card number: 01-079-041) (Fig. 3A). In a previous study
this phase was identified as maghemite nucleated onto the apatite
structure by Extended X-Ray Absorption Fine Structure (EXAFS ana-
lysis) and Mössbauer Spectroscopy [19]. RCPFeHA presents super-
paramagnetic like-behaviour as described in the Fig. 3B, with specific
magnetisation of 1.65 emu/g.

SEM analysis shows that microspheres present spherical shape, with
the exception of RCPHA (Fig. 4). The adopted synthesis temperature
(i.e. 60 °C) during the biomineralisation process of RCPHA, promoted
the formation of slurry with low viscosity, so that in the subsequent
emulsification process it was not adequately viscous for well-defined
microspheres production. As also suggested by previous studies [48],
the low viscosity can be related to the relatively high crystallinity of
hydroxyapatite, ascribed to the higher synthesis temperature (i.e.
60 °C), in respect to the other samples investigated in this work, (see
also Fig. 3).

RCP and RCPfluidMAG-CT microspheres feature smooth surface,
while the rougher surface of RCPHART and RCPFeHA microspheres was
related to the homogeneous distribution of the mineral phase. The size
distribution of RCP, RCPfluidMAG-CT, RCPHART and RCPFeHA

Fig. 2. Chemical and thermal features of functionalised RCPFeHA microspheres, evaluated by (A) FT-IR and (B) TGA analysis: (a) Non-functionalised RCPFeHA
microspheres; (b) Functionalised RCPFeHA microspheres and (c) crosslinked by DHT.

Fig. 3. A) XRD pattern of the as-obtained microspheres: RCP (a); RCPfluidMAG-CT (b); RCPHART (c); RCPHA (d); RCPFeHA (e). (Iron oxide formation is indicated by
*). B) Magnetic properties of RCPFeHA obtained by VSM.
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microspheres was evaluated by SEM micrographs and analysed by
Image J software. Size distribution and related microspheres size ob-
tained by Gaussian distribution (Fig. SI1) reveal similar size for all
samples, i.e. ≈70 μm.

The elemental composition of microspheres is presented in Table 2.
The differences in (Fe + Ca)/(P + CO3

2−) molar ratio for RCPFeHA,
compared to Ca/P molar ratio of stoichiometric hydroxyapatite
(≈1.67), can be related to the incorporation of foreign ions into the
apatite structure, as well as possible free ions linked to RCP structure
[27].

As previously was mentioned RCPHART and RCPFeHA were func-
tionalised with 0.006 M of sodium citrate. Citrate ions complex the
calcium ions in RCPHART and negative surface charge was obtained
(−3.34 ± 0.05 mV). Moreover, the functionalisation with sodium ci-
trate in RCPFeHA provokes the increase of the surface charge from
2.17 ± 0.63 mV (no citrate) to 5.86 ± 0.11 mV (with citrate), thus
resulting much more stable in suspension or in contact with cell culture
medium (Table 2).

3.3. Microspheres degradation studies under physiological and
inflammatory-mimicking conditions

Various aspects are relevant to investigate during the degradation of

the microspheres, such as surface morphology, pH, adsorption and re-
lease of ions in the media. RCP, RCPfluidMAG-CT, RCPHART and
RCPFeHA microspheres were separately immersed in two different
media: DMEM (pH 7.4) and DMEM-IM (pH 5) at 37 °C, during 28 days.
The surface morphology was assessed by SEM micrographs after 7, 14,
21 and 28 days (Figs. 5 and 6).

All the tested microspheres show good stability in both media.
Moreover, the beginning of the degradation of the microspheres was
observed at day 28 (Figs. 5 and 6). In fact, at pH 7.4, microspheres
present wrinkled structure and RCPFeHA shows a rough surface
(Fig. 5D28D, figure insert), while at pH 5, the on-going dissolution of the
mineral phase in RCPHART (Fig. 6C) and in RCPFeHA is clearly evident
by the wrinkled structure (Fig. 6D).

The pH of the solutions, the adsorption and release of ions were
investigated at predetermined time points (i.e. at 12 h, 24 h, 48 h and at
day 7, 14, 21 and 28).

No significant differences were detected by comparing the measured
pH in the controls (i.e. free-microspheres media) or in the media con-
taining RCP or RCPfluidMAG-CT, at both pH conditions (Fig. SI2). On
the other hand, higher pH values from DMEM in presence of RCPHART

(Fig. SI2) were ascribed to higher calcium adsorption (about 80% at
each time point) in the first 7 days, followed by a decrease to ≈16% at
day 21. From day 21 to 28, a slight increase of calcium adsorption was

Fig. 4. SEM micrographs from the as-produced microspheres: A) RCP; B) RCPfluidMAG-CT; C) RCPHA; D) RCPHART; E) RCPFeHA, (Scale bar is 200 μm and in the
figure inserts is 20 μm).

Table 2
ζ-potential and chemical elements of the microspheres, (*obtained by ICP-OES and §TGA analysis).

Code ζ-potential, mV * Ca, mol * Fe, mol *§Ca/(P + CO3
2−), mol *§(Fe + Ca)/

(P+ CO3
2−), mol

RCP 1.53 ± 0.21 – – – –
RCPfluidMAG-CT 2.20 ± 0.78 – 0.02 ± 0.01 – –
RCPHART −3.34 ± 0.05 0.51 ± 0.01 – 2.03 ± 0.03 –
RCPFeHA 5.86 ± 0.11 0.48 ± 0.04 0.09 ± 0.01 – 2.31 ± 0.02
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again detected (Fig. 7A), possibly due to the microspheres dissolution,
as previously shown in Fig. 5.

In RCPFeHA about ≈50 to 90% of calcium was adsorbed during the
test, reaching the saturation after 7 days in the presence of DMEM
(Fig. 7A). Meanwhile, about 0.13 mM of Fe ions was released from
RCPFeHA microspheres (Fig. 7B). At both conditions with RCPFeHA,
significant differences on Fe ions release were shown (p < 0.05), in-
dicating the exchange of iron ions to the adsorbed calcium ions in
DMEM (Fig. 7B).

During 28 days at ≈pH 5, a slight increase in the pH of the medium
in contact with RCPHART and RCPFeHA was observed, probably due to
degradation of the microspheres and the release of ions (Fig. SI2;
Fig. 7C). Moreover, the cumulative calcium release from RCPHART and
RCPFeHA do not significantly differ (Fig. 7C). For RCPfluidMAG-CT in
both media, extremely statistically significant differences on Fe release
are showed (p ≤ 0.001), indicating that in acidic pH, the release of Fe
occurs faster (Fig. 7D).

The phase composition of RCPHART and RCPFeHA microspheres,
after 28 days in both conditions (i.e. physiological and inflammatory),
were also analysed by FTIR and XRD tests (Fig. 8). In agreement with
SEM micrographs, FTIR and XRD spectra confirm the presence of or-
ganic matrix and the inorganic apatite phase in RCPHART and
RCPFeHA, as reported by the vibration assignments in amide and
phosphate groups, respectively (Fig. 8A). Moreover, XRD patterns show

that no secondary phases formed after 28 days in neutral or acidic
conditions, however clues indicating the degradation of the inorganic
phase come from the XRD spectrum of RCPFeHA, showing broader and
lower intensity diffraction peaks (Fig. 8B, C).

3.4. Biological characterisation

3.4.1. Cell viability
Microspheres were added to the cell cultures at 3 different con-

centrations (10 μg/mL, 100 μg/mL, 500 μg/mL). After 7 days, qualita-
tive bright-field images showed a layer of cells well attached to the
well-plate surfaces indicating the absence of high level of cytotoxicity
(Fig. 9A). This data was also confirmed by XTT test. In fact, cell viability
showed an increase of metabolic active cells over the experimental time
even at the higher concentration of microspheres (Fig. 9B). In detail the
10 μg/mL microspheres concentration displayed no differences among
the groups except for the day 7, when the cell viability was reduced in
RCPfluidMAG-CT, RCPHART and RCPFeHA groups compared to RCP
group. With 100 μg/mL of microspheres concentration, statistically
significant differences were detected only at day 3. Also, here the
RCPfluidMAG-CT and RCPHART groups were reduced compared to RCP
group (Fig. 9B). So, probably this result was ascribable to the ion re-
lease from RCPfluidMAG-CT, RCPHART and RCPFeHA. The cell viability
with the higher microspheres concentration had different behaviour

Fig. 5. SEM micrographs of microspheres, after immersion in DMEM at pH = 7.4, over 28 days. A) RCP; B) RCPfluidMAG-CT; C) RCPHART; D) RCPFeHA, (Scale bar:
20 μm and 10 μm in the figure insert); (Note: 7D: 7 days; 14D: 14 days; 21D: 21 days; 28D: 28 days).
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due to the high microspheres content in the cell culture that negatively
affected cell viability. In fact, looking at the absorbance values at day 7,
it is clear that they are lower respect to that of 10 μg/mL and 100 μg/mL
concentration groups (Fig. 9B).

On the basis of these results, and considering that at day 7 with
100 μg/mL microspheres concentration higher cell viability values
without any differences among groups were obtained, this concentra-
tion was selected for the further biological investigations.

3.4.2. Cell morphology
Cell morphology was analysed by phalloidin staining and H&E

staining. The organization of the cytoskeletal structure of actin fila-
ments is an essential element in maintaining and modulating cellular
morphology and cell structural integrity [49]. The morphological ana-
lysis made by phalloidin staining showed MC3T3-E1 cells well spread
on the well-plate surfaces without any difference among the groups
(Fig. 10A). These results were also confirmed by H&E staining by pre-
senting cells well adhered to the surface of the well plate (Fig. 10B).
Cells showed their typical polygonal shape and no differences in cell
morphology was observed also compared to cells only, proving that the
microspheres did not induce any macroscopic negative effect to the
cells.

3.4.3. Cell damage evaluation
In order to evaluate the early stage of apoptosis due to the presence

of the microspheres in the cell culture, the cellular protein annexin V,
commonly used to detect apoptotic cells [50], was investigated at day 1
and after 3 days with an assay that also highlight the presence of ne-
crotic cells. As showed in Fig. 11, RCP, RCPHART and RCPFeHA, do not
induce cell apoptosis and necrosis. Instead in RCPfluidMAG-CT group
few apoptosis and necrosis cells were detected.

A further evaluation was performed to verify if the proposed mi-
crospheres could induce the production of reactive oxygen species
(ROS), typical index of cell damage [51]. The results indicated that for
all the microspheres at both experimental time points, very low level of
ROS were produced (Fig. 12), proving that microspheres and the re-
lative ions release do not induce oxidative stress on the cells.

3.4.4. Osteogenic markers evaluation
The effect of 100 μg/mL microspheres on osteogenic related markers

induction was evaluated by proteins and mRNA quantification after
7 days of culture. Western blot analysis was performed to evaluate the
expression of two osteogenic markers, ALP and osteocalcin, and of the
autophagy regulators (LC3B-I and LC3B-II) (Fig. 13). In all the tested
microspheres, ALP and osteocalcin were expressed without any sig-
nificant differences among the groups. A slight increase of LC3B-I and

Fig. 6. SEM micrographs of microspheres, after immersion in DMEM-IM at pH = 5 over 28 days. A) RCP; B) RCPfluidMAG-CT; C) RCPHART; D) RCPFeHA, (Scale bar:
20 μm); (Note: 7D: 7 days; 14D: 14 days; 21D: 21 days; 28D: 28 days).
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LC3B-II, even if without any significant differences, was showed in
presence of RCPfluidMAG-CT and RCPFeHA microspheres compared to
RCP group.

Moreover, the mRNA level of the osteogenic genes (COL I, SPARC
and BGLAP) was evaluate by qPCR (Fig. 14). An overall trend showing
an up-regulation of these genes in presence of all hybrid microspheres
respect to RCP group was observed. Although, no statistical significant
differences were detected among the groups, BGLAP seems to be up-
regulated in the entire tested group compared to the RCP, according

with protein level results. Instead, RCPFeHA exerted, even weakly, an
inductive effect in the expression of COL I and SPARC mRNA level
compared to RCPfluidMAG-CT and RCPHART.

4. Discussion

Biomimetic surface functionalisation of RCPFeHA microspheres
opens a new perspective for use as injectable bone fillers with potential
ability of drug delivery system with remote magnetic activation.

Fig. 7. Adsorption and release of ions from all the tested microspheres. Calcium adsorption (%) by RCPHART and RCPFeHA from DMEM at pH 7.4 (A); Cumulative Fe
release (mM) from RCPFeHA at pH 7.4 and pH 5 (B); Cumulative Ca release (mM) from RCPHART and RCPFeHA at pH 5 (C) and Cumulative Fe release (mM) from
RCPfluidMAG-CT (D); (⁎p < 0.05; ⁎⁎p ≤ 0.01; ⁎⁎⁎p ≤ 0.001).

Fig. 8. FTIR spectrum of RCPHART after 28 days in pH 7.4 (a) and in pH 5 (b) and RCPFeHA after 28 days at pH 7.4 (c) and at pH 5 (d); (B) XRD pattern of RCPHART

before (a) and after 28 days at pH 7.4 (b) and pH 5 (c) and of RCPFeHA (C), before (d) and after 28 days at pH 7.4 (e) and pH 5 (f).
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Herein, two types of iron-free mineralised materials were synthe-
sised. In one hand, RCP was mineralised with iron free hydroxyapatite
(i.e. RCPHA) at the same conditions of RCPFeHA. Slight differences in
crystallinity were ascribed as a factor of influencing rheological

behaviour, so that RCPHA was not suitable for microspheres production
due to the as-presented low viscosity. As previously discussed [27], iron
ions chemically bond the carboxylic groups of RCP polymer, partially
replace the calcium ions into apatite lattice and control the crystal

Fig. 9. A) Bright-field images after 7 days of cell culture in presence of all tested microspheres at all tested concentrations (Scale bars: 50 μm). B) Cell viability in
presence of all tested microspheres (⁎p < 0.05; ⁎⁎p < 0.01; ⁎⁎⁎p < 0.001).

Fig. 10. Morphological analysis of MC3T3-E1 cells cultured at day 3, in presence of 100 μg/mL of microspheres, evaluated by phalloidin staining (green: actin
filaments, blue: cell nuclei) (A) and H&E staining (B), (Scale bar: 20 μm). (For interpretation of the references to colour in this figure legend, the reader is referred to
the web version of this article.)
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growth. Those phenomena improve the viscosity of iron doped miner-
alised slurries, thus microspheres with well-defined shape and size can
be obtained. In the case of iron-free microspheres, to obtain viscosity
suitable for the emulsification of the slurries into carriers suitable for
biomedical applications, the synthesis temperature has to be lowered to
obtain mineral phase with lower crystallinity, such as RCPHART.

Citrate was used to functionalise RCPHART and RCPFeHA micro-
spheres. Citrate is present in bone tissue and plays an active role to
complex calcium ions, and to control the crystal growth of the mineral
bone. Moreover, it controls the agglomeration phenomena thanks to the
high affinity of citrate ions with positively charged calcium and iron
ions exposed on the apatite surface, thus representing an interesting
candidate as bioactive functionalising agent for CaP-based hybrid
magnetic microspheres.

All the tested microspheres were stable at both physiological and
inflammatory-mimicking conditions, up to 28 days of investigation. The
use of a recombinant biopolymer enriched of RGD motifs, able to in-
duce bio-inspired mineralisation with bioactive mineral phase, can re-
sult into enhanced chemical and biological cues for cells, fuelling new
bone formation and tissue regeneration. In this respect, magnetic
RCPFeHA is of particular interest, due to the release of both calcium
and iron ions that further can support bone homeostasis and re-
generation, also in the case of degenerative diseases such as

osteoporosis [3,4,52,53]. In physiological mimicking conditions, the
low crystallinity of RCPFeHA microspheres allowed the adsorption of
calcium ions from the DMEM and establishes an ion exchange process
yielding the release of iron ions to the cells. On the other hand, the
dissolution of RCPFeHA microspheres in inflammatory-mimicking
conditions can make available both Ca and Fe ions. Therefore,
RCPFeHA microspheres can be considered as stimuli-responsive devices
delivering cell-instructing cues useful for bone repair, particularly when
pathological conditions related to tumour, bone damage or fractures
elicit the activation of pro-inflammatory states [54,55].

The effect of non-mineralised and mineralised microspheres on cell
viability, cell morphology and their ability on promoting osteogenic
differentiation of MC3T3-E1 cells were evaluated. All the tested mi-
crospheres were cytocompatible, without apoptotic activation or re-
active oxygen species production in exception of RCPfluidMAG-CT,
which however was not obtained by bio-inspired mineralisation, but by
simple mixing with an iron oxide phase. This confirms that the con-
straints exerted on the mineral phase during heterogeneous nucleation
guided by a natural biopolymer, typical of bio-inspired mineralisation
process, drive the formation of hybrid nanomaterials with bio-mi-
micking physico-chemical and ultrastructural features more suitable for
cells, thus improving tissue healing. This assumption is further sup-
ported by the morphology of seeded cells, well considered as an index

Fig. 11. A) Positive control; B) Effect of microspheres on cells apoptosis/necrosis, at concentration of 100 μg/mL and at two experimental time points (Day 1 and Day
3). Apoptotic cells in green, necrotic cells in red, cell nuclei in blue, (Scale bar: 50 μm). (For interpretation of the references to colour in this figure legend, the reader
is referred to the web version of this article.)

Fig. 12. A) Positive control; C) Effect of microspheres on ROS production, at concentration of 100 μg/mL and at two experimental time points (Day 1 and Day 3),
(Scale bar: 50 μm).
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of cell activity [56], showing very good adhesion and spreading, thus
confirming the absence of any cytotoxic effects from all the tested mi-
crospheres.

The ability of microspheres compositions to stimulate the expres-
sion of osteogenic markers from MC3T3-E1 was also evaluated in this
study. Although weakly, a trend of induction exerted by RCPFeHA
microspheres in all the tested markers was observed, which can be
correlated with the presence of iron ions in the cell culture medium, as
a result of ion exchange and microspheres dissolution. Hence, we can
hypothesize that the features of hybrid microspheres, particularly
RCPFeHA, induce sustained expression of osteogenic markers also in
the long term, particularly related to the continuous release of iron ions
in the cell culture medium. In this respect, the high proliferative

activity detected after 7 days of culture as induced by all the micro-
spheres can justify the absence of strong osteogenic differentiation
stimulus in the first week of culture, as reported in [57].

5. Conclusions

The versatility of bio-inspired mineralisation process used to gen-
erate hybrid microspheres with bioactive composition and adequate
dispersion ability in physiological media, allowed to achieve promising
hybrid materials as microcarriers with stimuli-responsive ability. The
use of bioactive citrate ions was showed to improve microspheres
production and in delivering cell-instructing signals by different release
mechanisms, acting in physiological and inflammatory pH-mimicking

Fig. 13. Western blot analysis at day 7 for ALP (A), osteocalcin (B) and autophagy marker (C) LC3B-I (graph above) and LC3B-II (graph below). β-Actin was used as
an internal control.

Fig. 14. Relative quantification (2−ΔΔCt) of osteogenic related genes expression after 7 days of MC3T3-E1 culture with all the tested microspheres.
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conditions, thus positively influencing the expression of osteogenic
markers. Furthermore, superparamagnetic properties shown by hybrid
microspheres such as RCPFeHA can enable further control of the
bioactivity and functionality. Hybrid magnetic biomaterials are in-
creasingly considered as new generation of bio-devices associating
biomimicry and ability of remote activation and release of bioactive
molecules along defined spatial-temporal profiles, thus responding to
the ever-increasing need of personalized, more targeted and effective
therapies in regenerative medicine.
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