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ARTICLE INFO ABSTRACT

Keywords: Hybrid superparamagnetic microspheres with bone-like composition, previously developed by a bio-inspired
Hybrid superparamagnetic microspheres assembling/mineralization process, are evaluated for their ability to uptake and deliver recombinant human
Osteogenesis bone morphogenetic protein-2 (rhBMP-2) in therapeutically-relevant doses along with prolonged release pro-
rhBMP-2

files. The comparison with hybrid non-magnetic and with non-mineralized microspheres highlights the role of
nanocrystalline, nanosize mineral phases when they exhibit surface charged groups enabling the chemical
linking with the growth factor and thus moderating the release kinetics. All the microspheres show excellent
osteogenic ability with human mesenchymal stem cells whereas the hybrid mineralized ones show a slow and
sustained release of rhBMP-2 along 14 days of soaking into cell culture medium with substantially bioactive
effect, as reported by assay with C2C12 BRE-Luc cell line. It is also shown that the release extent can be
modulated by the application of pulsed electromagnetic field, thus showing the potential of remote controlling
the bioactivity of the new micro-devices which is promising for future application of hybrid biomimetic mi-
crospheres in precisely designed and personalized therapies.

Sustained release
Pulsed electromagnetic field
Bone regeneration

1. Introduction

Bone tissue regeneration is a complex biologic process that, in the
case of critical-size defects, cannot proceed spontaneously. The tissue
regeneration must be supported by the implantation of devices, en-
gineered to mimic the extracellular matrix (ECM) and provide a phy-
sicochemical environment favouring osteoblast differentiation and new
bone formation. A major approach is the use of hydroxyapatite, com-
bined with biopolymers such as collagen or chitosan to give bone-like
hybrid composition and, also, endowed with the ability to release
bioactive factors, to trigger and sustain the bone regenerative cascade
[1-5]. Human bone morphogenetic protein (BMP-2) is among the most
investigated growth factor in clinical trials [6-8]. In spite of previous in
vitro and in vivo studies have shown that hydroxyapatite and, parti-
cularly, hybrid materials, have a good ability to link biomolecules with
a better effect on cell adhesion, proliferation and osteoblastic
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differentiation [9-11]. A still open challenge is to develop release me-
chanisms able to be controlled over time, to prevent the administration
of supra-physiological BMP-2 doses, which can result in severe side
effects (e.g. oedema, bone malformations, cancer) [5,7,10]. Among
possible activation methods, the use of magnetic fields has been used in
recent years to enhance the regenerative process by direct magnetic
stimulation or by modulation of the osteogenic character or the drug
release ability [12,13]. Several approaches have produced magnetic
biomaterials by incorporation of iron oxide nanoparticles into bovine
extracted hydroxyapatite [14], or synthesis of magnetite/apatite [15],
or by adding M-type ferrite to hybrid materials [16], or to prepare
magnetic hydroxyapatite coating by soaking magnetic bioglass in si-
mulated body fluid [17]. On the other hand, intrinsically magnetic
apatite nanophase (Fe-HA) has been recently developed by partial
substitution of Ca2?" ions with Fe?"/Fe®™ jons [18,19]. This novel
biomaterial is characterized by excellent biocompatibility and
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enhanced osteogenic ability. It has been previously combined with
natural (e.g. gelatine, collagen) or synthetic polymers (e.g. polylactic
acid, poly e-caprolactone) or recombinant proteins (e.g. RCP), to pro-
duce bone-mimicking devices with superparamagnetic properties and
capable of promoting good cell viability, adhesion and spreading, as
well as osteogenic induction in vitro [2,20-26] and new bone formation
in vivo [27]. Recent studies showed that Fe-HA phase can be hetero-
geneously nucleated on a collagen I based recombinant peptide (RCP),
thus obtaining a bio-hybrid compound with bone-like composition,
then engineered into microspheres by an emulsification process and
characterized for their cytocompatibility and osteogenic ability in
presence of MC3T3-E1 cell line from mouse [25,26]. Therefore, remains
the challenge on developing suitable bone scaffolds as carrier of re-
levant drugs, growth factors or biomolecules to sustain the regenerative
cascade.

To best of our knowledge, no scientific reports have shown the in-
vestigation of magnetic bio-inspired and bone-like microspheres as
potential carrier of therapeutic factors for bone tissue applications.
Herein, the viability of using bio-inspired and magnetic microspheres in
the presence of human paediatric mesenchymal stromal cells (hMSCs)
and as a carrier of rhBMP-2 was investigated to address innovative
therapies for bone regeneration. The microspheres were subjected to
physicochemical, morphological and biological characterization and
evaluation of adsorption efficiency, interaction with rhBMP-2 and
bioactivity. In particular, analysis of cell viability and osteogenic dif-
ferentiation as induced by the composition of the magnetic micro-
spheres was performed with hMSCs in comparison with non-miner-
alized microspheres (i.e. obtained by RCP alone) and with microspheres
mineralized with a non-magnetic hydroxyapatite phase, selected as
control. The effect of the microsphere's composition on rhBMP-2 release
profile was investigated for up to 14 days. Furthermore, we attempted
to modulate the release profile of rhBMP-2 from the magnetic micro-
spheres by using a low-frequency pulsed electromagnetic field (PEMF),
as a proof of concept for magnetically-activated drug delivery systems
and, further to be tested as relevant mechanism for cells stimulation to
boost the bone tissue regeneration.

2. Experimental section
2.1. Materials

RCP is commercially available as Cellnest™ (Fujifilm Manufacturing
B.V., Tilburg, The Netherlands), characterized by the molecular weight
of 51.7kDa and isoelectric point of =10.02 (pH = 9). fluidMAG-CT
(i.e. commercial magnetite nanoparticles, size 50 nm) was purchased in
Chemicell (Berlin, Germany). rhBMP-2 and fluorescent rhBMP-2 (Texas
red thBMP-2) were kindly provided by Fraunhofer Institute for
Interfacial Engineering and Biotechnology (Wurzburg, Germany). All
the other reagents were described in the following sections. Ultrapure
water (0.22 mS, 25 °C) was used in all the experiments.

2.2. Production of microspheres

Hybrid microspheres made of RCP mineralized with undoped hy-
droxyapatite (hereinafter coded as RCPHA) or with iron-doped hydro-
xyapatite (hereinafter coded as RCPFeHA) were obtained by a biomi-
neralization process followed by water-in-oil emulsification method, as
described in [26]. Briefly, 20 g of mineralized RCP slurry (obtained by
biomineralization process) 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 gelation, and dropped into a 300 mL of
chilled acetone and kept under mechanical stirring for 5min, 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
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were filtered, dried overnight in an oven at 40 °C, and sieved to achieve
a size distribution within the range of 50 to 75um. Three different
batches of each type of microspheres were produced. By using similar
emulsification method, non-mineralized RCP microspheres (hereinafter
coded as RCP) were prepared, starting from RCP solution, and also
microspheres made of RCP added with commercial magnetic nano-
particles (i.e. RCPfluidMAG-CT) were also produced as control mate-
rials. Then, all the obtained microspheres were crosslinked by using
dehydrothermal treatment (DHT), carried out by placing the dried
microspheres in glass vials covered with aluminum foil and heated at
160 °C for 48 h under vacuum. In a previous study (Fernandes Patricio
et al., 2019) it was shown that the DHT treatment does not compromise
the thermal, chemical, and magnetic properties of the microspheres
[26].

2.3. Physicochemical and morphological characterization of the
microspheres

The microspheres' cross-sections were inspected by Scanning
Electron Microscope (SEM) (FEI Quanta 600, USA) in low vacuum
mode with an accelerating voltage of 10 kV and a working distance of
10mm. The samples were prepared as follows: A predetermined
amount of microspheres were placed in a warm solution of agarose
(2 wt%) and left to solidify, then they were introduced in the sample
holder and embedded with H-OCT compound (Histo-Line Laboratories,
Italy). Sliced samples (30 um thickness) were obtained by using a mi-
crotome cryostat (5000 MC, Histo-Line Laboratories, Italy). Moreover,
RCPFeHA microspheres were also analysed by using Field Emission
Scanning Electron Microscopy (FE-SEM, Zeiss Sigma). Ca, P and Fe
distribution was evaluated by microanalysis with Energy Dispersive
Spectroscopy (EDS; Oxford X-Act with 10 mm? silicon drifted detector
(SDD)) and INCA microanalysis Suite software.

The surface charge of microspheres was evaluated in HEPES buffer
(i.e. 0.01M; pH7.4) at microsphere concentrations of 1.2mg/mL,
containing 12 ug/mL of rhBMP-2. All the measurements were per-
formed with disposable folded capillary cells (DTS1061; Malvern, UK)
at 25 °C in {-potential Zetasizer Nano analyzer (Malvern, UK). The ex-
periment was carried out in triplicate (100 runs each) and the results
were showed as Mean + SEM.

The contact angle measurements of the as-investigated micro-
spheres were carried out by the optical contact angle system stabilized
with a camera (Contact angle, Drop shape analyzer with IDS camera,
Kruss GmbH, Germany). Briefly, to have a suitable surface for the ex-
ecution of the test a pellet of each type of materials was obtained by
pressing = 150 mg of microspheres at 100 mbar, then deionized water
droplets (2pL) were carefully dropped onto the pelletized micro-
spheres. The contact angle was calculated by applying the fitting
method (tangent) with approximation by using Kruss advance software
(Kruss GmbH, Germany). The results were showed as Mean * SEM.

The swelling behaviour was evaluated by soaking a predetermined
amount of microspheres in PBS at 37 °C for 24 h. At selected time points
(i.e. 1h, 3h, 6 h, 9h, and 24 h) the swollen microspheres were observed
by an inverted Nikon Ti-E microscope (Nikon Corporation, Tokyo,
Japan) and analysed by Image J (NIH image, USA). The swelling extent
in percentage (Sw, %) was calculated according to the following
equation,

Sw = ((&) - 1) X 100
Dy 1)

where, D, and Dy are the diameter of the swollen and dried micro-
spheres, respectively. The data were obtained by assuming a spherical
shape and measuring the area of microspheres (acquired by Image J,
NIH image, USA) to obtain the diameter of the microspheres. The re-
sults were showed as Mean + SEM.

The total porosity of RCPFeHA microspheres was determined by
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mercury intrusion porosimetry and was carried out within the
0-200 MPa pressure range (Pascal 140/240 series porosimeter, Thermo
Finnigan, USA).

2.4. Cell culture

Human paediatric mesenchymal stromal cells (hMSCs) were iso-
lated from surplus iliac crest material of paediatric patients (9-13 years
old) undergoing cleft palate reconstruction surgery (the use of this
surplus material was ethically approved (MEC-2014-16, Erasmus MC,
Rotterdam, The Netherlands)). The bone chips were washed with
aMEM (Minimal Essential Medium alpha, supplemented with 10% v/v
heat-inactivated FCS (lot 41Q2047K), 50ug/mL gentamycin and
1,5 pg/mL fungizone (all from Invitrogen, California, USA). Once the
bone chips were clear of cells, the medium was transferred to T75 flasks
in a total of 10 mL per flask, and 1 ng/mL fibroblast growth factor (FGF-
2, Instruchemie B.V., Delfzijl, The Netherlands) and 25 pug/mL of r-as-
corbic acid 2-phosphate (Sigma-Aldrich, St. Louis, USA) were added.
Cells were washed thrice after 24 h of culture with PBS supplemented
with 2% v/v FCS to remove non-adherent cells and erythrocytes. The
hMSCs were cultured at 37 °C, 5% CO, in a humidified atmosphere.
Cells from the fourth or fifth passage were used for these experiments.
Three independent Donors coded as Donor 1, Donor 2 and Donor 3
were investigated.

hMSC viability was investigated in the presence of RCP, RCPHA and
RCPFeHA microspheres by following two strategies: cell monolayer and
3D template (i.e. a mix of cells and microspheres).

2.4.1. Cell seeding in monolayer (cell monolayer)

hMSCs (P5) were detached near confluence (i.e. 80-90%) with
0.25% trypsin (Invitrogen, California, USA) and washed in complete
aMEM. The hMSCs were re-suspended in the standard cell culture
medium, as previously described [28], and were cultured at a density of
3000 cells/cm? in a 12-well plate. Cells were left to adhere to the well
plate for 24 h, and then 500 pg of each type of microspheres were added
on top of the cells. Moreover, cells only were seeded in the same con-
ditions and were used as a control. The cell culture was kept for 7 days
at 37°C, 5% CO- in a humidified atmosphere. Samples were analysed
by optical microscope and were treated with Live/Dead assay, for fur-
ther cell viability evaluation (section Cell viability and proliferation).

2.4.2. Cell seeding strategy on microspheres (3D template)

500 pg of each type of microspheres were mixed in 2 mL Eppendorf
tubes and 350 cells/cm? were seeded on the top of the microspheres,
then cells and microspheres were mixed by inversion every 10 min for
1 h. Subsequently, cells and microspheres were left to sediment and
standard cell medium was collected and replaced three times, com-
pleting another hour (Fig. 1). After 2h of seeding, cells and micro-
spheres were placed in the well plates covered with agarose. Cell cul-
ture was kept at 37°C in a humidified incubator at 5% CO,. The
obtained samples were denominated as 3D templates. Triplicates of
microspheres were prepared, and the results were shown as mean of

& [ e
After 10° = Leave 10’ After 1h
e
) (O mp -
- .

.
Y

Ms +cells  Mix Ms + cells by invertion ~ Ms + cells

Step-up was repeated for 1h

- -

Remove CM

Materials Science & Engineering C 119 (2021) 111410
standard deviation (Mean * SD).

2.4.3. Cell viability and proliferation

2.4.3.1. Live & dead assay. Live/Dead® viability/cytotoxicity kit for
mammalian cells (Life Technologies, California, USA) was performed
according to the manufacturer's instructions. Briefly, the cell medium
was recovered from cells seeded on 12-well plates or from RCPFeHA 3D
template (in 24-well plate) and were washed once with saline solution
(i.e. 0.9% w/v NaCl in milli-Q water), then were incubated with Live/
Dead solution composed of Calcein acetoxymethyl (Calcein AM) and
Ethidium homodimer-1 (EthD-1) (e.g. 1 mL of saline solution with 1 pL
of Calcein AM and 1.5 pL of EthD-1), and incubated for 40 min at 37 °C,
5% COs in a humidified atmosphere. Live/Dead solution was removed,
and samples were washed twice with saline solution. Samples were kept
in saline solution during the viability analysis with fluorescent
microscope Zeiss Axiovert 200 M, with Axiovert software (Germany).
Three samples per group were analysed.

2.4.3.2. DAPI staining. 3D templates were placed in a 24-well plate and
1mL of formalin (4%) was added to fix the cells for 1h at room
temperature. 3D templates were washed three times with PBS; then
were stained 5 min with DAPI solution (0.1 ug/mL) and were washed
three times with PBS. The images were acquired by using fluorescent
microscope Zeiss Axiovert 200 M, with Axiovert software (Germany).

2.4.3.3. DNA assay. At predetermined time points (i.e. 2h, 1day,
3days, 7days and at the end of the experiment), samples were
collected and washed with PBS. Samples were digested in 300 pL
papain buffer (0.1M of sodium phosphate monobasic (=99.0%,
Sigma  Aldrich, St. Louis, U.S.A) and 0.005M of
ethylenediaminetetraacetic acid disodium salt dihydrate (EDTA,
Sigma Aldrich, St. Louis, U.S.A), pH 6.0, supplemented with 0.01 M of
cysteine HCL (Sigma Aldrich, St. Louis, U.S.A) and 250 ug/mL of papain
(Sigma Aldrich, St. Louis, U.S.A)) and incubated for 16 h at 60 °C, then
the samples were mixed and incubated for another hour at 60 °C. DNA
assay with ethidium bromide was used to determine the DNA amount in
the samples. Samples and aliquots for the calibration curve (0-1.25 ug
of Deoxyribonucleic acid sodium salt from calf thymus (DNA)) were
pipetted in duplicate in a 96-well plate (50 puL), RNA was digested for
30min at 37°C with 0.05mg/mL Ribonuclease type Illa (Sigma
Aldrich, St. Louis, USA) and 8,31U/mL Heparin in PBS. Then 25 ug/
mL ethidium bromide (Thermo Fischer Scientific, Massachusetts, USA)
was added and fluorescence was read with the Wallac victor (excitation
340 nm, emission 590 nm). The results were expressed as Mean *+ SD
in the same donor and were plotted as Mean *+ SD from three
independent donors (n = 3). The percentage of cells adhering to the
microspheres (CellMS, %) was calculated, as follows:

DNAq
Celly, = ( 85 ) N°gpeq | X 100

where, DNAq was the DNA quantified by the DNA assay and was

(2)

2 hours
Cells

* Microspheres (Ms)
Cell medium (CM)

Added fresh CM Ms + cells, transferred to well plate

Step-up was repeated 3 times, for 1h

Fig. 1. Steps of cell seeding strategy to obtain 3D template.



T.M. Fernandes Patricio, et al.

expressed in pg; 8.5 was the DNA amount in each cell, pg [29] and
N°eeq Was the initial cells number seeded in each type of microspheres.

2.4.4. Gene expression

2.4.4.1. RNA isolation and DNA synthesis. Samples were transferred to
1.5 mL Eppendorf, washed once with PBS and were snap freezing with
liquid nitrogen. RNA was isolated from the 3D templates or cells
monolayer by homogenizing samples with an Eppendorf-potter in
350 uL of Trizol (Thermo Fisher Scientific, Massachusetts, USA). The
total RNA was extracted by adding 70 pL of chloroform (Sigma Aldrich,
St. Louis, U.S.A) and three phases after centrifugation were formed.
RNA was collected from the top layer and an equal volume of 70% v/v
of ethanol (Sigma Aldrich, St. Louis, U.S.A) was added. The RNA was
purified by using RNeasy Mini Kit with RNeasy MinElute spin columns
(Qiagen, Hilden, Germany), following the manufacturer's instructions
and total RNA was quantified by spectrophotometry (NanoDrop 2000,
Thermo Scientific, The Netherlands) at a wavelength of 260 and
280 nm. 300 ng of RNA was reverse transcribed into complementary
DNA (cDNA) by using the RevertAid First Strand cDNA Synthesis kit
(Thermo Fisher Scientific, Massachusetts, USA), according to the
manufacturer's protocol.

2.4.4.2. Quantitative PCR. Osteogenic gene transcriptions were
quantified on Bio-Rad CFX thermal cycler (Bio-RAD, California,
U.S.A). Thermocycler conditions comprised an initial holding at 95 °C
for 10 min, followed by one step at 95 °C for 15s and 60 °C for 60 s for
40 cycles. For gene expression tests, three different housekeeping genes
were evaluated, such as Ubiquitin C (UBC), Glyceraldehyde-3-
phosphate dehydrogenase (GADPH) and Beta-2-microglobulin (B2M),
while the investigated osteogenic genes were Collagen type I (COL I)
and Osteonectin (SPARC). UBC and B2M mRNA levels were analysed
with qPCR™ Mastermix Plus for SYBR® Green I (Eurogentec Nederland
B.V., Maastricht, The Netherlands), while GADPH, COL I and SPARC,
TagMan Master Mix (Applied Biosystems, California, USA) was applied,
according to the manufacturer's instructions. The as-corresponding
primers were described in Table 1 [30-32]. The CT values of the
housekeeper genes GADPH, B2M and UBC were averaged by using
geometric averaging of every sample. This average is the best keeper
index (BKI) for every single sample. All separate CT values were
corrected to the BKI by using the 27T formula [31]. Values were
represented as Mean + SD for samples from three independent Donors
(n = 3) or were plotted as Mean *= SD in each Donor.

2.4.5. Preparation of histology samples

Samples were fixed in 4% formaldehyde (Klinipath, The
Netherlands) in PBS, embedded in 2% w/v agarose (Eurogentec,
Belgium) and subsequently processed in paraffin for light microscopy.
The samples were cut into 5um sections by using a microtome (Leica
RM 2135).

2.4.5.1. Haematoxylin and eosin staining (H&E). Pre-treated paraffin
sections were deparaffinised in Xylene (2 times, 5min each) and in
100% (2 times, 5min each), 96% (1 time, 5min) and 70% (1 time,
5min) of ethanol, then were washed twice with distilled water for
3 min each. Sections were transferred to haematoxylin solution (Sigma
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Aldrich, St. Louis, U.S.A) for 20 s and washed with running tap water
for 10 min, then were immersed in eosin Y solution (2% in 50% of
ethanol and 0.5 mL of glacial acetic acid, Merck, Darmstadt, Germany)
during 45 s. By the end, the sections were introduced in 70% of ethanol
(10 s) and dehydrate one minute in each step, in 96% and 100% ethanol
and two times in o-xylene (Sigma Aldrich, St. Louis, U.S.A). The stained
sections were mounted with Depex mounting medium (Merck,
Darmstadt, Germany) and analysed on an optical microscope.

2.5. In vitro loading and release of rhBMP-2

rhBMP-2 was loaded on the microspheres by adsorption method and
the experimental setup was adapted from [8]. Briefly, in 1.5mL Ep-
pendorf LoBind tubes, 50 uL. or 75 pL of predetermined concentrations
(i.e. 18 pg/mL and 12 pg/mL, respectively) of rhBMP-2 were pipetted
on the top of 15mg of microspheres. This range was selected as the
most suitable volume to observe the complete adsorption of the water
in all the tested materials. Soluble rhBMP-2 was used as a control. All
as-prepared samples were overnight incubated at 4°C, to allow the
complete adsorption of thBMP-2 on microspheres during the swelling
process.

After overnight of rhBMP-2 adsorption, a predetermined volume of
supplemented DMEM (Dulbecco's Modified Eagle's Medium (DMEM),
supplemented with 1% bovine serum albumin (BSA) and 1% penicillin-
streptomycin (100 U/mL-100 pg/mL)) was added on the top of the
microspheres (i.e. 950 pL in RCP and RCPfluidMAG-CT and 925 pL in
RCPHA and RCPFeHA). A final concentration of 900 ng/mL or 400 ng/
mL of rhBMP-2 was achieved.

For the release studies, samples were incubated at 37 °C, under three
different conditions: agitation (=100 rpm), static and PEMF. At given
time points up to 14 days, the DMEM containing released rhBMP-2 was
collected after centrifugation (3000 rpm for 5 min) and was replaced by
fresh supplemented DMEM (900 pL).

After 14 days, the supernatant was collected and 900 uL of urea
solution (6 M) was added to the microspheres and incubated for 4 h at
37 °C [33]. This supernatant was collected by centrifugation and dia-
lyzed with a cellulose membrane (3500 D, Medicell Membranes Ltd.,
UK), for 3 days at 4 °C. milli-Q water was replaced twice a day for the
complete removal of the salt. Meanwhile, all the microspheres were
washed twice with PBS and the supernatant was collected for further
analysis. Microspheres and soluble rhBMP-2 were digested by using
10 mg/mL of collagenase solution in DMEM and incubated two days at
37 °C. All the supernatants (supplemented DMEM with released rhBMP-
2) were further analysed by sandwich enzyme-linked immunosorbent
assay (ELISA) development kit specific for rhBMP-2 (PeproTech, New
Jersey, USA), as described by the manufacturer's guidelines. The con-
centration of unknown released rhBMP-2 was quantified concerning
rhBMP-2 standard calibration curve (ranging from 47 to 3000 pg/mL)
run on the same plate, while the percentage of released thBMP-2 was
calculated for the positive control (soluble rhBMP-2, at a concentration
of 900 or 400 ng/mL). Three samples of each group were investigated,
and the amount or percentage of released rhBMP-2 was expressed as
Mean + SEM.

Table 1
Primers sequences used to define the osteogenic expression of the genes.
Forward Reverse
Housekeeping genes GADPH ATGGGGAAGGTGAAGGTCG TAAAAGCAGCCCTGGTGACC
UBC ATTTGGGTCGCGGTTCTTG TGCCTTGACATTCTCGATGGT
B2M 5’-TGCTCGCGCTACTCTCTCTTT-3’ 5’-TCTGCTGGAT
GACGTGAGTAAAC-3’
Osteogenic genes COL I CAGCCGCTTCACCTACAGC TTTTGTATTCAATCACTGTCTTGCC

SPARC

ATCTTCCCTGTACACTGGCAGTTC

CTGGGTGTGGGAGAGGTACC
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2.5.1. Loading efficiency of microspheres

2.5.1.1. Quantitative efficiency. To evaluate the loading efficiency of all
the tested microspheres, a predetermined amount of rhBMP-2 was
adsorbed on 15 mg of microspheres and kept overnight at 4 °C. Further,
milli-Q water was added to the microspheres to obtain a final
concentration of 900 ng/mL of rhBMP-2 and then washed three times
with milli-Q water. At each washing step the milli-Q water was
collected by centrifugation (3000 rpm, 5min) and the non-adsorbed
rhBMP-2 was evaluated by ELISA development kit. The percentage of
loading efficiency (LE, %) of 15 mg of microspheres was calculated, as
follows:

LE = (SOlthMPZ — Sumyqqgs thMPZ) % 100
Sol,upmp2

3)

where, Sol.;zmpo is the amount of soluble rhBMP-2 and Sum;,qgs rhpmp2 1S
the sum of the amounts of non-adsorbed rhBMP-2 found in each
washing step. The as-showed data were acquired in triplicate and
presented as Mean + SEM.

2.5.1.2. Qualitative efficiency. To further identify the rhBMP-2
adsorption efficiency from RCP, RCPHA, and RCPFeHA, the
predetermined concentration of texas red rhBMP-2 was adsorbed by
the microspheres overnight at 4 °C. Meanwhile, the control samples
were non-loaded microspheres, where the solution of rhBMP-2 was
substituted by milli-Q water. Further, 825 puL or 850 L of milli-Q water
was added to the microspheres to reach a final rhBMP-2 concentration
of 900 ng/mL. Non-adsorbed rhBMP-2 was removed by centrifugation
(3000 rpm, 5min) and washed three times with milli-Q water.
Fluorescent images from non-loaded microspheres, loaded
microspheres with 900 ng/mL of rhBMP-2 and washed microspheres
were acquired by Inverted Ti-E fluorescence microscope (Nikon) with
appropriate filter (i.e. excitation of 557 nm and emission of 576 nm) at
equal exposure time.

2.5.2. FTIR analysis of rhBMP-2 and microspheres

To evaluate the intermolecular interaction of rhBMP-2 with all the
tested microspheres (n = 3), the previously washed samples were
freeze-dried (0.1 mbar) and evaluated 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 ™, using the KBr pellet technique with 2cm ™! of resolution.
The sample (~2mg) was mixed with ~150 mg of anhydrous KBr and
the powder pressed at 8000 psi into 7 mm diameter discs. The relevant
vibration modes were analysed by deconvolution and curve fitting
technique (Fit by Sum with Lorentzian curve) by using MagicPlot
Student 2.5.1 software.

2.5.3. In vitro rhBMP-2 bioactivity assay

rhBMP-2 bioactivity was investigated by using the C2C12 BRE-Luc
bioassay cell line. To generate the BMP reporter cell line, C2C12 cells
(immortalized mouse myoblast cell line) were stably transfected with
PGL3(BRE)-luciferase reporter construct, as reported in [34,35] and
were denominated as C2C12 BRE-Luc cell line.

The C2C12 BRE-Luc cell line was incubated in complete growth
medium (i.e. Dulbecco's modified Eagle's medium without phenol
(DMEM) containing 10% of foetal calf serum (FCS), 1% penicillin-
streptomycin (100 U/mL-100 ug/mL) and 1 mM Sodium Pyruvate),
then 200pug/mL of Geneticin (G418, Thermo Fisher Scientific,
Massachusetts, USA) was added after 4 h of plating the cells. Cells were
cultured at 37 °C in a humidified incubator at 5% CO,. Cells were de-
tached from culture flasks by trypsinisation, centrifuged (i.e. 10 min at
250 g) and re-suspended. Cell number and viability were assessed by
trypan blue dye exclusion test. For the rhBMP-2 reporter assay, in-
vestigations on rhBMP-2 release were carried out at a final concentra-
tion of 900 ng/mL, by following the adsorption assay as mentioned in
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the section “2.5 In vitro loading and release of rhBMP-2”. The as-used
microspheres were previously sterilised by autoclave. The used release
medium was a growth medium of the C2C12 BRE-Luc cell line and the
experiments were performed at 37 °C in an atmosphere of 5% CO,.
C2C12 BRE-Luc cells (=P19) were seeded into white-walled 96-well
culture plates at a density of 10,000 cells per well in 50 pL of complete
growth medium. After 30 min, 50 pL of growth medium with released
rhBMP-2 from RCP, RCPHA and RCPFeHA, growth medium with so-
luble rhBMP-2 for the controls (900 ng/mL) and standard calibration
curve with soluble rhBMP-2 (900 ng/mL to 1.6 ng/mL), were added to
the well plate in duplicate and incubated for 24h at 37°C in an at-
mosphere of 5% CO,. Furthermore, lysis reconstitution buffer and
lyophilized luciferin (Steady Lite Plus, Perkin Elmer Inc,
Massachusetts, USA) were combined and 100 uL was added to each
well. The plate was shaken for 15 min in the dark and then the lumi-
nescence signal generated by luciferin was measured 6s by using a
Wallac VICTOR Multilabel reader (Perkin Elmer Inc., Massachusetts,
USA). The percentage of rhBMP-2 bioactivity (BB, %) was calculated by
using the following equation:

Lucg

BB,%:( )XIOO

C)]
where, Luc,, was defined as luciferase activity obtained by the assay
with C2C12 BRE-Luc cell line and the amount of released rhBMP-2 (ng)
calculated by the ELISA sandwich method was denominated as
Relppyp—2. The results were presented in percentage and as
Mean + SEM of triplicates.

Rel,upyp-2

2.5.4. In vitro rhBMP-2 release under PEMF

rhBMP-2 was adsorbed by RCPHA, RCPfluidMAG-CT and RCPFeHA
and a final concentration of 400 ng/mL was achieved. The rhBMP-2
adsorption and release studies were followed by the previous protocol,
as shown in the section “2.5 In vitro loading and release of rhBMP-2".
The release studies were performed under static and PEMF conditions.
The equipment for generation of PEMF is composed of a poly-
methylmethacrylate tube carrying a home-made Eppendorf support and
two solenoids (i.e., Helmholtz coils, the planes of which were parallel).
The generated magnetic field and the induced electric field were per-
pendicular and parallel to the samples, respectively. The Eppendorf's
were horizontally introduced into the home-made support and were
5cm distant from each solenoid plane. A Biostim SPT pulse generator
(Igea, Italy) was used to power the solenoids. According to the position
of the solenoids and the characteristics of the pulse generator, the
electromagnetic stimulus had the following parameters: intensity of the
magnetic field equal to 2.0 = 0.2 mT, amplitude of the induced elec-
tric tension equal to 5 + 1mV, frequency of 75 * 2Hz, and pulse
duration of 1.3 ms.

2.6. Statistical analysis

Statistical analyses were performed using GraphPad Prism 5 soft-
ware. The significant differences in rhBMP-2 loading efficiency, rhBMP-
2 release, the effect of microspheres composition on rhBMP-2 release,
percentage of rhBMP-2 bioactivity, DNA quantification and expression
of osteogenic genes were evaluated by one-way ANOVA with Tukey's
multiple comparisons. Values of p < 0.05 were accepted as statistically
significant.

3. Results
3.1. Physicochemical properties of the microspheres
SEM micrographs of microsphere cross-sections show an inner dense

structure in all the tested groups (Fig. 2A-C). RCP presents a smooth
inner morphology (Fig. 2A), whereas mineralized microspheres have a
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Fig. 2. SEM micrographs of cross-section of the as-synthesized microspheres: A) RCP, B) RCPHA, C) RCPFeHA; SEM micrographs of the distribution of Ca (D), P (E)
and Fe (F) in RCPFeHA microspheres; G) EDS microanalysis in RCPFeHA microspheres, (Scale bar: 20 um).

Table 2
Physical properties of microspheres, (obtained by: zetasizer system; "contact
angle system; “optical micrographs and analysed by Image J software).

Microspheres Zeta Potential®, mV Wettability®, ° Swelling®, %

RCP 1.53 = 0.12 89.87 + 4.13 16.45 = 1.62
RCPHA —3.34 = 0.05 111.4 = 0.26 21.22 = 1.76
RCPFeHA 5.86 = 0.07 111.9 = 0.37 43.25 + 2.27

rougher surface (Fig. 2B, C). Fig. 2D-G shows the distribution maps of
Ca, P and Fe, as well as the EDS microanalysis of RCPFeHA, attesting
homogeneous distribution of the mineral phase in the microspheres.
This is in line with previously reported results. During the biominer-
alization process of RCP, the mineral phase is chemically linked with
the carboxylic groups of RCP matrix that explains the homogeneous
distribution of Ca, P and Fe into the mineralized microspheres. Such
phase is hydroxyapatite but, in the presence of iron ions, a partial
substitution of Ca with Fe ions occurs in the hydroxyapatite structure
(FeHA) so to confer superparamagnetic properties with specific mag-
netisation 1.65emu/g. Previous investigations of the authors showed
that also iron oxide nanoparticles (=5-25 nm) were nucleated onto the
hydroxyapatite nanophase [25,26]. RCPHA and RCPFeHA micro-
spheres show higher surface charge, hydrophobic properties, and
higher wettability compared to RCP (Table 2), which can be explained
by the presence of mineral phase functionalised with citrate ions
[25,26]. The dense polymeric structure limits the wettability in RCP
microspheres. On the other hand, the higher wettability of RCPFeHA
microspheres can be related to the void spaces generated into the mi-
crospheres by the presence of the mineral phase. Mercury intrusion
porosimetry reveals the presence of a total porosity of 69.15% in
RCPFeHA microspheres.

3.2. Cell viability and in vitro osteogenic activity

In the cell monolayer, the representative optical micrographs and
the images obtained by Live/Dead assay indicate high cell viability in
the presence of all the tested microspheres after 7 days of cell culture
(Fig. 3A-D). In the 3D template configuration, a pellet composed of
cells and microspheres formed at one day of cell culture, and cell at-
tachment was confirmed by staining the cell nuclei with DAPI (Fig. 3E).
Meanwhile, the 3D templates of RCP, RCPHA and RCPFeHA were

stained with Live/Dead (Fig. 3F, G, H) and high cell viability, stained in
green, was shown on the microspheres surface, after 1 day of cell cul-
ture (Fig. 3F, H). The high fluorescence of RCP material limits the ob-
servation of cell nuclei and live&dead cells. The effect of microspheres
composition on cell content and cell proliferation was evaluated by
DNA content at predetermined time points. Similar cell seeding effi-
ciencies in all the tested microspheres, without significant differences
among the groups, were obtained after 2 h of seeding (Fig. 3G). On day
1, a slight decrease in the DNA content was showed in RCPFeHA, due to
the cell seeding of Donor 1, increasing again on day 3 and day 7
(Fig. 3G and Supplementary Fig. 1). Taking into account the variability
on DNA content among the donors, no statistically significant differ-
ences were noted in the DNA content extracted from the cells in contact
with all the tested microspheres (n = 3) (Fig. 3G and Supplementary
Fig. 1).

Osteogenic differentiation of hMSCs was evaluated by the expres-
sion of COL I and SPARC genes by real-time PCR. Good levels of os-
teogenic differentiation are obtained in the presence of all the tested 3D
templates after 17 or 21 days of cell culture (Fig. 4A). The results were
not statistically different due to the variability of the donors, as showed
in the supplementary fig. 2. However, in the donor 1 and 3 the ex-
pression of COL I and SPARC were highly expressed in the presence of
RCPFeHA microspheres.

3D templates composed of RCP, RCPHA, and RCPFeHA were stained
with haematoxylin & eosin. The sections obtained from RCP showed
disperse microspheres (example indicated with orange arrow) and cells,
while in the presence of mineralized microspheres (i.e. RCPHA and
RCPFeHA) highly compact structure was obtained. In both mineralized
microspheres, cell nuclei were stained in purple and the produced ex-
tracellular matrix or collagen fibers from cells were stained in pink
(Fig. 4B, example indicated with blue arrows) and highlighted at a high
magnification image for RCPFeHA 3D template (Fig. 4B, example in-
dicated with blue arrows).

3.3. Microspheres loading efficiency

The percentage of loaded rhBMP-2 in all the tested microspheres
was higher than 90% as shown in Supplementary Fig. 3A, reaching
about 60 ng of thBMP-2 per milligram of microspheres. In non-miner-
alized RCP microspheres, a lower percentage of rhBMP-2 (about 94%)
was detected, concerning to RCPFeHA microspheres (99.40 = 0.03%j;
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Fig. 3. Representative bright-field images (A), Live (B) & dead (C) and merged (D) cells obtained after 7 days of cell culture in presence of cell monolayer of hMSCs
and microspheres (examples of microspheres are assigned with orange arrows), (Scale bar: 200 pm (figures), 100 pm (inserts)). 3D templates: cell nuclei stained with
DAPI (E), (Scale bar: 20 um); Live (F) & dead (G) staining and merged images (H) after 1 day of cell culture (Scale bar: 100 um). (I) hMSCs DNA content in all the
tested microspheres, over the course of the experiment (n = 3), (Cells: cell seeding after 2 h; ExpF: end of experiment 17 days or 21 days, depending on the Donor).

p < 0.05). The loading efficiency of microspheres was also evaluated
by fluorescence microscopy (Supplementary Fig. 3B). Microspheres
presented a very low fluorescent background, whereas the adsorption of
texas red labelled rhBMP-2 was detected by the high red fluorescence
among the tested microspheres, a concentration of 900ng/mL
(Supplementary Fig. 3B). After the washing steps, the microspheres
remained fluorescent, suggesting that at the beginning of the releasing
studies, rhBMP-2 was similarly presented in all the tested microspheres
(i.e. RCP, RCPHA, and RCPFeHA) (Supplementary Fig. 3B).

3.4. Chemical characterization: rhBMP-2 and microspheres

The interaction of rhBMP-2 with microspheres was evaluated by
FTIR analysis. thBMP-2 presents the typical vibration modes of proteins
(i.e. main assignments at 1600, 1560, 1200 cm ~*, for Amide I, Amide II
and Amide III, respectively) (Fig. 5A), and absorption bands in the
range of 980-1130 cm ™ ! were related to -COC and -CO stretching [36]
(assigned in the Fig. 5A with the symbol: *). By comparing the FTIR
spectra of RCP microspheres without and with adsorbed rhBMP-2, no
significant differences were obtained in the vibration modes, as shown
in Fig. 5A. RCPHA and RCPFeHA microspheres exhibited quite narrow
peaks referring to the vibration modes from =850 to 1300 cm ™' (no
rhBMP-2 - Fig. 5B, C). Conversely, in microspheres with adsorbed
rhBMP-2, a difference in the stretching phosphate vibration mode (v3)
(i.e. 1106 and 1036 cm ™ ') was detected. Particularly, a broadening of
the absorption bands in the hybrid (mineralized) microspheres suggests
an increase of the crystal disorder induced by rhBMP-2, (rhBMP-2 -
Fig. 5B, C). Besides, a chemical shift from 1026 to 1014 cm ™ 1in RCPHA
(Fig. 5B) and from 1018 to 1025 ecm ™! in RCPFeHA (Fig. 5C) was de-
tected, thus suggesting possibly related to chemical interaction with
rhBMP-2.

A

COLI

1.0 O RCP
RCPHA

relative expression vs BKI

E3 RCPFeHA

3.5. rhBMP-2 release kinetics and bioactivity

The release kinetics of rhBMP-2 from RCP, RCPHA, and RCPFeHA
were measured over 14 days, under agitation mimicking the blood fluid
into the human body (Fig. 6A). A burst release for RCP microspheres
was obtained, while the slower but sustained release of rhBMP-2 oc-
curred from mineralized microspheres (i.e. RCPHA and RCPFeHA). At
1h, significant differences in rhBMP-2 release between RCP and
RCPHA, between RCP and RCPFeHA (i.e. ****p < 0.0001), and be-
tween RCPHA and RCPFeHA (i.e. **p < 0.01) are observed. After
3days of the experiment, the complete release of rhBMP-2 from RCP
microspheres (900 ng) was achieved, while in RCPHA and RCPFeHA,
only =42% and =17% were respectively released. During the experi-
ment, statistically significant differences were obtained between the
tested microspheres (p < 0.0001). About 57% (=460ng) and 24%
(=200ng) of rhBMP-2 were released from RCPHA and RCPFeHA mi-
crospheres, respectively, after 14 days of investigations (Fig. 6A). After
this period, the adsorbed rhBMP-2 in the mineralized microspheres was
retrieved by urea treatment and collagenase. Therefore, 5% and 3% of
residual rhBMP-2 from RCPHA and RCPFeHA were recovered. Even if
all the tested microspheres presented similar thBMP-2 loading effi-
ciency, physicochemical and morphological properties are relevant
parameters for a sustained rhBMP-2 release.

The rhBMP-2 bioactivity was evaluated in the presence of C2C12
BRE-Luc cell line. High rhBMP-2 bioactivity was shown in all the tested
microspheres, while statistically significant differences in rhBMP-2
bioactivity were observed between RCPFeHA and RCP microspheres
(p < 0.05) (Fig. 6B).

SPARC

O RCP
RCPHA
E3 RCPFeHA

relative expression vs BKI

Fig. 4. A) Osteogenic gene expression levels of COL I and SPARC obtained in presence of RCP, RCPHA and RCPFeHA (n = 3); B) Haematoxylin and Eosin staining of
representative sections of hMSCs cells cultured in osteogenic induction medium with RCP, RCPHA and RCPFeHA microspheres (Orange arrows: example of mi-
crospheres in the 3D templates; Blue arrows: extracellular matrix or collagen fibers). (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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Fig. 5. FTIR vibration peaks of RCP (A), rhBMP-2 (A), RCPHA (B) and RCPFeHA (C) and respective deconvolution peaks in absence or in presence of rhBMP-2.
(Orange trace line: Fit by Sum; Black line: FTIR spectra; blue lines: deconvolution peaks). (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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Fig. 6. A) Cumulative rhBMP-2 release (%) from all the as-tested microspheres and B) Released rhBMP-2 bioactivity (%) from RCP, RCPHA and RCPFeHA,
(*p < 0.05).

3.6. Tuned release of rhBMP-2 using PEMF (static, NO PEMF) and under PEMF, for up to 14 days. Static conditions
were used as control parameter. In agreement with the results shown in

rhBMP-2 was adsorbed by RCPHA, RCPfluidMAG-CT and RCPFeHA the section “3.5 rhBMP-2 release kinetics and bioactivity”, all the tested
microspheres and a final concentration of 400 ng/mL was achieved. microspheres were able to release thBMP-2 over the entire duration of
Release studies were carried out in absence of magnetic stimulation the experiment (Fig. 7A). In RCPHA, no significant differences in the
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Fig. 7. A) PEMF set-up; Cumulative release of rhBMP-2 (%) from RCPHA (B); from RCPfluidMAG-CT (C) and from RCPFeHA (D) in presence or in absence of PEMF.

release profile at both conditions (i.e. NO PEMF or PEMF) are detected
(Fig. 7B). This result is expected, since RCPHA, mineralized with a non-
magnetic mineral phase (i.e. the undoped HA) has not super-
paramagnetic properties.

The effect of magnetic stimulation on the delivery of rhBMP-2 was
analysed with RCPfluildMAG-CT and RCPFeHA microspheres. No sig-
nificant differences were shown in the rhBMP-2 release profiles from
RCPfluidMAG-CT whether or not under PEMF, suggesting that rhBMP-2
was not able to establish a chemical link to the commercial magnetic
nanoparticles and a release profile was similar to RCP microspheres
(Fig. 6A); therefore they could not exert any stimulating effect on the
release of the growth factor (Fig. 7C). fluidMAG-CT are found inside the
RCP microspheres that supposedly could limit the interaction with
rhBMP-2 due to the bulk structure of the microspheres (Supplementary
Fig. 4, identified with green arrows). Conversely, with RCPFeHA mi-
crospheres, different thBMP-2 release profiles were achieved at both
conditions (Fig. 7D). Specifically, in NO PEMF the release profile was
similar with the result obtained under agitation and shown in section
“3.5 thBMP-2 release kinetics and bioactivity” (reaching about 24%)
(Fig. 7A); on the other hand, RCPFeHA microspheres was activated in
presence of PEMF and a slight increase on thBMP-2 release (reaching
about 29%) without statistically significant differences was obtained
(Fig. 7D). This finding suggests that effective activation of magneto-
shaking mechanisms for magnetically controlled release of bioactive
molecules can be favoured by establishing a chemical link between the
magnetic phases and the molecule to be released.
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4. Discussion

Bio-inspired superparamagnetic hybrid microspheres were tested in
presence of hMSCs and as carriers and delivery systems for rhBMP-2, to
evaluate their potential for application in bone regeneration therapies
and, then to assess whether a pulsed electromagnetic field can be ef-
fective to control the release profile.

The excellent cytocompatibility and osteogenic ability of hybrid
non-magnetic and magnetic microspheres, triggered by bone-like che-
mical composition, were assessed in 3D templates (composed of donor-
derived hMSCs and microspheres). The results report to high cell via-
bility and high density of living cells surrounding the microspheres.
Gene expression studies report to the up-regulation of both COL I and
SPARC, relevant in the early stage of osteoblastic differentiation, in all
the tested microspheres.

At the early stage of MSCs differentiation, stem cells differentiate in
pre-osteoblasts and then undergo proliferation, differentiation and in-
duce maturation of extracellular matrix, as indicated by the secretion of
genes, such as RUNX2, COL I, ALP, SPP1, SPARC [37,38]. Herein, the
gene expression was evaluated at the end of the experiment and we
could not conclude which type of microspheres could faster initiate the
osteogenesis. We hypothesise that the reduced up-regulation of SPARC
is related to the chemical composition of RCPFeHA, showing Fe ions at
the surface. In fact, SPARC strongly binds to type I collagen and syn-
thetic apatite and then it could mediate the in vitro mineralization
[39,40]. On the other hand, extracellular matrix or collagen fibers
mainly formed in presence of RCPFeHA 3D template, as observed in H&
E staining. This confirms previous assumptions on the ability of
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magnetic materials to improve cell adhesion, proliferation and osteo-
genic differentiation of human bone marrow stromal cells (hBMSCs)
[15].

The magnetic RCPFeHA microspheres were tested in comparison
with hybrids with similar but non-magnetic composition and with pure
bio-polymeric RCP. The latter shows a compact microstructure and
weak interaction with rhBMP-2, so that a burst release profile was de-
tected, that could be disadvantageous for potential adverse biological
effects [41].

In previous studies, Mumcuoglu et al. achieved the binding of
rhBMP-2 to specific epitopes on porous RCP microspheres and rhBMP-2
release from RCP microspheres, thanks to a controlled crosslinking
degree, particle size and pore size [8,42]. Mineralized microspheres
show a markedly slower release profile, suggesting that the nanocrys-
talline mineral apatite phase has a higher affinity with rhBMP-2 and can
link it more effectively, thanks to nano-microporous surface topo-
graphy, and to more active surface chemistry and charge [43-49]. We
have found that the rhBMP-2 adsorption on mineralized microspheres is
mediated by electrostatic interaction of COO- groups of rhBMP-2 with
positively charged Ca®* or Fe?*/Fe®* ions exposed on the apatite
surface and through water bridged H-bonds between OH and NH,
groups of the RCP protein and PO,>~ charge on the apatite surface, as
in agreement with the references [45, 50, 51]. Hence, the iron sub-
stitution into the apatite structure permitted stronger interaction with
rhBMP-2, in comparison with iron-free materials, thus resulting in the
slower release of the therapeutic factor and, correspondingly, into re-
duced bioactivity. This phenomenon can be related to preferred or-
ientations of rhBMP-2 adsorption on the RCPFeHA surface, as described
with magnesium apatite surfaces [45]. In our work, we show that a
more controlled release profile can be achieved with the iron-doped
microspheres, particularly relevant for careful control of the dosage, as
needed with the rhBMP-2 factor. Besides the positive effects given by
exposure of Fe ions, an additional advantage is offered by the possibility
to exploit the superparamagnetic properties of RCPFeHA microspheres
that, differently from non-magnetic devices, are sensitive to external
magnetic fields. Previous results showed that the magnetic Fe-doped
HA phase was effective to modulate the release of anti-cancer drugs,
such as doxorubicin or methotrexate [13,52-54]. On the other hand,
the release kinetics of rhBMP-2 in magnetic nanogels can be slightly
tailored by external magnetic fields [55]. Here, we observe a slight, but
definite enhancement in the rhBMP-2 release upon exposure to PEMF.
This result could be obtained thanks to the presence of a mineral, highly
bioactive magnetic phase (Fe-doped HA), able to chemically link BMP-
2, so that the “magneto-shaking” effect induced by the alternate mag-
netic forces, could be effective. The release extent could be increased by
20% by the application of a field of 2 mT. This preliminary result en-
courages further investigation in the field, for example by increasing
the magnetization of the carrier and/or the applied field/frequency,
with the purpose to enhance such a “magnetoshaking” effect. Bone-
mimicking materials can better regulate the bone homeostasis and
metabolic cell metabolism involved in bone regeneration and re-
modelling [37,38]. When endowed with magnetic properties, and ef-
fective in the remote activation and modulation of release processes or
even of hyperthermia, they emerge as a new class of bio-devices pro-
mising for safer and personalized therapies in regenerative medicine
[2,25,26,56] and cancer therapy [16]. New bio-inspired nanotechno-
logical approaches can thus open to new unpreceded applications,
today largely prevented by the cytotoxicity inherent in the current su-
perparamagnetic biomaterials, such as SPIONS [57].

5. Conclusions

Bio-polymeric and hybrid microspheres were investigated as po-
tential thBMP-2 carriers and delivery systems. The results support the
conclusion that hybrid magnetic microspheres are particularly suitable
to sustain therapies addressed to bone regeneration, thanks to their
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osteogenic character and ability to release osteogenic factors in low
doses and over a long period. Furthermore, magnetic activation and
boosting of drug release is an exciting biofunctionality, promising for
new approaches in precision medicine and particularly interesting to
sustain tissue healing also in patients affected by reduced endogenous
potential, such as the elderly. The development of multifunctional
biomaterials with the ability of remote activation is today a relevant
research field. In spite, the therapeutic effectiveness of drug-loaded
RCPFeHA microspheres has to be validated by more clinically-relevant
studies. The obtained results encourage further investigation with the
perspective to develop a new smart therapeutic platform to respond to
still unmet clinical needs in regenerative medicine and nanomedicine;
and to be used as injectable systems, bone cement and scaffolds for local
bone replacements.
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