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In tissue engineering protocols, the survival of transplanted stem cells is a limiting factor that could be overcome using a cell delivery
matrix able to support cell proliferation and differentiation. With this aim, we studied the cell-friendly and biocompatible behavior
of RKKP glass-ceramic coated Titanium (Ti) surface seeded with human amniotic mesenchymal stromal cells (hAMSCs) from
placenta.The sol-gel synthesis procedure was used to prepare the RKKP glass-ceramic material, which was then deposited onto the
Ti surface by Pulsed Laser Depositionmethod.The cell metabolic activity and proliferation rate, the cytoskeletal actin organization,
and the cell cycle phase distribution in hAMSCs seeded on the RKKP coated Ti surface revealed no significant differences
when compared to the cells grown on the treated plastic Petri dish. The health of of hAMSCs was also analysed studying the
mRNA expressions of MSC key genes and the osteogenic commitment capability using qRT-PCR analysis which resulted in being
unchanged in both substrates. In this study, the combination of the hAMSCs’ properties together with the bioactive characteristics
of RKKP glass-ceramics was investigated and the results obtained indicate its possible use as a new and interesting cell delivery
system for bone tissue engineering and regenerative medicine applications.

1. Introduction

Multipotent mesenchymal stem cells (MSCs) are a promising
source for tissue regeneration thanks to their ability of self-
renewal and capability of differentiating into various cell
lineages including chondrocytes, osteoblasts, and adipocytes.
MSCs reside in several human tissues and in the case of injury,
they play an important role in the processes of tissue repair
through the secretion of trophic factors that may act directly
triggering the intracellular mechanisms of injured cells, or
indirectly inducing secretion of functionally active mediators
from the neighboring cells [1–3].

The initial approaches in the use of MSCs for bone
tissue engineering have shown encouraging results in animal
models [4–6] and in human patients [7, 8]. Nevertheless, after
human MSC transplantation, patients must be treated with
high doses of growth factors necessary for bone formation,
but this treatment highlights negative side effects in many
patients [9, 10].

MSCs, which were originally isolated from bone marrow,
were later obtained also from other sources, including amni-
otic fluid and placenta. Human amniotic mesenchymal stro-
mal cells (hAMSCs), derived from the amniotic fetal mem-
brane of human term placenta, have generated great interest
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in the scientific community for their immunomodulatory and
proregenerative properties. Their use avoids many ethical
issues as placenta is generally discarded after birth, they are
available in large supplies, and their isolation is not invasive
for the donor [11–13]. Altogether these features render hAM-
SCs an excellent candidate for applications in cell therapy and
regenerative medicine protocols [14–17].

Regarding cell delivery, a commonly used approach in cell
therapy is to suspend stem cells in a buffer and inject them
into the damaged tissue; however this procedure has not
shown a satisfactory engraftment rate [6].

For this reason and due to the limited survival of stem
cells suspended in a buffer, the engraftment rate may be
improved by using a supporting matrix such as a scaffold or
a hydrogel [18]. An ideal biomaterial scaffold for cell delivery
supporting osteogenesis has not been yet identified [19], and
current efforts are directed towards the design of a scaffold
able to heal bone defects in specific anatomic sites and also
favorably affect bone formation by stimulating osteoblastic
cell proliferation and differentiation [20].

The present trends in biomaterials science aim to develop
properly engineered porous three-dimensional scaffolds,
possessing necessary mechanical characteristics, able to
replace, repair, and regenerate damaged tissues favouring
cell adhesion, growth, and differentiation. Various materials
are employed for this scope, such as bioactive ceramics and
glasses, biodegradable polymers, and their composites [21,
22]. Moreover, the current challenge in biomaterials design is
to match the kinetics between the biomaterial’s degradation
and the newly formed tissue, triggering and stimulating the
effective development of new tissue growth. In this context,
bioactive glasses represent a promising biodegradable mate-
rial type to be used for bone tissue engineering [23–25].
Bioactive glasses have unique properties, one of them being
the ability to form a carbonated hydroxyapatite layer when
exposed to biological fluids, a layer responsible for the strong
binding between bioactive glasses and host tissue [23, 26].

There aremany compositional groups of bioactive glasses,
eachwith its own specialization.Thebiological response from
bioactive glasses was studied in detail [20] and recently, their
gene activating properties, due to the release of ionic products
in solution, were discovered stressing their remarkable ability
to stimulate gene expression [27]. In particular, this process
is able to stimulate the “in vitro” and “in vivo” expression
of several osteoblastic genes [20, 28] and the angiogenesis
process [29, 30].

Twomethods are currently available to produce bioactive
glasses: high temperature melt-processing and low tempera-
ture sol-gel method.This later procedure is a muchmore ver-
satile tool, especially for what concerns compositional vari-
ation and nanoscale additions. We have reported the appli-
cation of a sol-gel synthesis procedure to prepare the RKKP
glass-ceramic material [31]. This material, developed at
ISTEC-CNR (Faenza, Italy), was obtained adding a small
amount of Ta

2
O
5
and La

2
O
3
oxides to the AP40 composition.

The La3+/Ta5+ ions couple was found to be crucial in
supplying the biomaterial surface with a suitable Z potential
which is able to regulate the adherence of proteins [32, 33].

Titanium is widely applied in orthopaedics and dentistry
due to its well-known good biocompatibility with hard and
soft tissues. Furthermore, due to its outstanding mechanical
properties, it is widely used for hard tissue implants, espe-
cially for load-bearing applications. Nevertheless, it is oxi-
dised in the presence of body fluids surrounding the implant.
This leads to the formation of Ti oxides and debris accumu-
lation, occasionally leading to the implant loss. Therefore, in
order to improve wear resistance, the Ti surface is coated with
various materials including RKKP glass-ceramics, and in a
recent publication we studied the CaCo-2 cell-friendly prop-
erties of the RKKP coated Ti surface, demonstrating that it
represents a suitable substrate for cells adhesion and growth
[34].

In this paper, for the first time we report the effects of the
RKKP coated Ti support on human amniotic mesenchymal
stem cells’ growth, proliferation, metabolic activity, cell mor-
phology, cycle phase distribution, and mRNA expressions of
key genes including osteogenic differentiation markers.

2. Materials and Methods

2.1. Preparation of RKKP Glass-Ceramic Granules by Sol-Gel
Synthesis. The synthesis was performed according to details
given in [31, 35]. The final glass-ceramics, obtained by sol-
gel, had the following composition [13]: SiO

2
[43.68], P

2
O
5

[11.10], CaO [31.30], Na
2
O [4.53], MgO [2.78], CaF

2
[4.92],

K
2
O [0.19], La

2
O
3
[0.50], and Ta

2
O
5
[1.00]. An aque-

ous solution of TEOS (tetraethyl orthosilicate), P(OEt)
3
,

Ca(NO
3
)
2
⋅4H
2
O, NaNO

3
, Mg(NO

3
)
2
⋅6H
2
O, KNO

3
, NH
4
F,

La(NO
3
)
3
⋅6H
2
O, and Ta(OC

2
H
5
)
5
, balanced in stoichiomet-

ric amounts, underwent hydrolysis and polycondensation
to obtain the desired composition. To catalyse TEOS and
P(OEt)

3
hydrolysis, HNO

3
(0.1M) was utilised. All products

were from Sigma-Aldrich, >99.9% purity, and were used as
received. The synthesis was carried out in a Teflon bottle.
Reactants were added to the mixture one by one, under
vigorous stirring, every 30minutes.The addition followed the
order: TEOS, triethyl phosphite, calcium nitrate tetrahydrate,
sodium nitrate, magnesium nitrate hexahydrate, ammonium
fluoride, potassium nitrate, lanthanum nitrate hexahydrate,
and tantalum ethoxide. The sol was left at room temperature
for 10 days and then placed in an oven at 70∘C for 72 h to
obtain a gel. This gel was dried at 120∘C for 48 h. It was
then stabilized at 700∘C (heating rate 5∘C/min, cooling rate
20∘C/min) to obtain sol-gel granules, which were pressed at
400MPa and sintered in air at a peak temperature of 1100∘C
(heating rate 5∘C/min, cooling rate 20∘C/min).

X-Ray powder diffraction patterns were obtained on a
Philips PW 1130 diffractometer usingNi-filtered CuKa radia-
tion (𝜆 = 1.5418 Å).

2.2. Pulsed Laser Deposition of Films. From the so-obtained
pressed and sintered granules, a RKKP tablet-target was
prepared and subsequently used for deposition of films. The
deposition experiments were carried out applying a Pulsed
Laser Deposition (PLD) technique. PLD experimental setup
consists of a stainless steel vacuum chamber, evacuated to a
pressure of 1.5 × 10−4 Pa, supplied by a rotating target holder
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and a heated substrate support. The ablation laser source was
a Quanta System frequency doubled Nd:YAG laser (emission
wavelength 532 nm, repetition rate 10Hz, and pulse duration
10 ns). Depositions were performed under the following
conditions: 12 J/cm2 of laser fluence; 45∘ laser beam incidence
with respect to the target surface; substrate kept at 2 cm from
the target; deposition time 2 h. All the films were deposited
at a substrate temperature of 500∘C. Pure Ti was used as sub-
stratematerial (1×1 cm2). Ti substrates were sandblastedwith
a 60-grid SiC abrasive powder in order to assure nanometric
surface roughness. In order to remove any contaminant from
the surface, the substrates were boiled in aqua regia for
30min.

2.3. Characterisation Techniques. Several characterization
techniques were used to test coating’s properties, namely,
Energy Dispersive X-Ray Diffraction (EDXRD), Atomic
Force Microscopy (AFM), and Scanning Electron Micro-
scopy, coupled with Energy Dispersive X-ray Spectroscopy
analysis (SEM-EDS).

For EDXRD measurements, a noncommercial ED appa-
ratus was utilised, consisting of two arms pivoting around the
optical centre. sample holder. White X-ray radiation is pro-
duced by a commercial W-anode X-ray tube (12–55 keV) and
is collimated upstream and downhill the sample by four W-
slits. X-ray diffraction pattern represents in this case the int-
ensity of the X-ray radiation elastically scattered by a sample
as a function of the momentum transfer. The momentum
transfer amplitude takes the name of scattering parameter:
𝑞(𝐸, 𝜃) = 𝑎𝐸 sin 𝜃, 𝐸 being the electromagnetic radiation
energy, 2𝜃, the scattering angle, and 𝑎, a constant (1.014 Å/
keV). The coatings were investigated in reflection mode in
order to minimize the absorption contribution arising from
the Ti polycrystalline substrate and to maximize the film-to-
substrate diffracted intensity ratio.

A noncommercial Atomic Force Microscope, working in
the noncontact modality, was applied to investigate the sur-
face morphology. High-resolution (5 × 5 𝜇m2) topographies
were recorded with a precision limit of about 0.1 nm.

SEM (LEO 1450 Variable Pressure), coupled with EDS
(INCA Energy 300 detector), was used to investigate the
elemental composition of films and bulk RKKP material.

2.4. hAMSC Isolation and Culture. According to the appr-
oved protocol N∘64/2012/C.B. from the Ethical Committee
of the FBF S. Peter Hospital, we obtained human full-
term placentas from healthy women after written informed
consent. In general, placentas were processed immediately
and hAMSCs isolated from the amnioticmembrane dissected
from the deflected part of the fetal membranes to minimize
the presence of maternal cells. All the experiments were
performed seeding the hAMSCs from passages P1 up to P4 (1
× 104 cells/cm2) either on the RKKP coated Ti surface or on
a treated commercial plastic Petri dish (as a control sample,
CTR) and grown up to 4 days. The RKKP coated Ti surfaces
were sterilized for 1 hour using an ethanol alcohol treatment
and then washed three times with phosphate-buffered saline
(PBS). The cells (10 × 104 cells/cm2) were also seeded on

Table 1: Sequence of primers used for qRT-PCR.

Target gene Primer sequence Annealing
temperature (C∘)

VEGF 5-cttgggtgcattggagcct-3
5-ctgcgctgatagacatccat-3 60

𝛽-ACT 5-gctcctcctgagcgcaag-3
5catctgctggaaggtggaca-3 60

Ki67 5-tgaacaaaaggcaaagaagac-3
5-gagctttccctattattatggt-3 60

IDO 5-tgctaaaggcgctgttggaa-3
5-tacaccagaccgtctgatag-3 60

HGF 5-caatagcatgtcaagtggag-3
5-ctgtgttcgtgtggtatcat-3 60

TGF 𝛽1 5-tcaagttaaaagtggagcagc-3
5-actccggtgacatcaaaaga-3 60

RPL34 5-gaaacatgtcagcagggcc-3
5-tgactctgtgcttgtgcctt-3 60

RUNX2 5-catcatctctgccccctct-3
5-actcttgcctcgtccactc-3 60

ALP 5-caatgagggcaccgtggg-3
5-tcgtggtggtcacaatgcc-3 60

OCL 5-gcagcgaggtagtgaagag-3
5-gaaagccgatgtggtcagc-3 60

GAPDH 5-catcatctctgccccctct-3
5-caaagttgtcatggatgacct-3 60

the noncoated Ti substrate. The protocols used for hAMSC
isolation and culture are better described in the Supplemen-
tary Materials section in Supplementary Material available
online at http://dx.doi.org/10.1155/2016/3657906.

2.5. Cell Proliferation and Metabolic Activity Analysis. The
hAMSC proliferation was evaluated by Bromodeoxyuridine
incorporation assay (BrdU, Cell Proliferation Kit, Roche
Diagnostics). The hAMSC metabolic activity was quantified
by a colorimetric assay based on the oxidation of water-
soluble tetrazolium salts (Cell Proliferation Reagent WST-1,
Roche Diagnostics). The protocols used are better described
in the Supplementary Materials section.

2.6. Real-TimeQuantitative RT-PCRAnalysis. Total RNAwas
extracted from hAMSCs grown on both the treated plastic
Petri dish and the RKKP film surface for 4 days using TRIzol
Reagent (Invitrogen). One microgram of total RNA was
used to synthesize first strand cDNA with random primers,
using 100U of ImProm-II RT-PCR kit (Promega, Madison,
WI, USA). The quantification of all gene transcripts was
carried out by real-time quantitative reverse transcriptase
polymerase chain reaction (RT-PCR).The protocols used are
better described in the Supplementary Materials section and
the primers used are shown in Table 1.

2.7. Cytoskeleton Analysis by Actin Fluorescence Staining. The
hAMSCs were seeded both on the RKKP coated Ti surface
and on the treated plastic Petri dish at a density of 1 ×
104 cells/cm2 and cultured for 4 days. Cells were washed in
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phosphate-buffered saline (PBS), fixed in paraformaldehyde
4% in PBS for 15min, and incubated with phalloidin tetram-
ethylrhodamine isothiocyanate-conjugate (1 : 500), an anti-
actin toxin (Sigma), in a PBS buffer for 1 h. Cells were washed
three times with PBS, counterstained for nuclei localiza-
tion with Hoechst 33342 (trihydrochloride-trihydrate), and
examined. The RKKP coated Ti surfaces were overturned
on cover glasses and tested by direct fluorescence for the
presence of actin filaments. Fluorescencemeasurements were
obtained using an inverted microscope (Olympus IX51, RT
Slider SPOT, Diagnostic instruments, Sterling Heights, MI,
USA), equipped with a 20 X objective and with a cooled CCD
camera (Spot RT Slider, Diagnostic Instruments).

2.8. Cell Cycle and Immunophenotypic Analysis by Flow
Cytometry. The hAMSCs were grown both on the RKKP
coated Ti surface and on the treated plastic Petri dish. After
two days of culture, the cells were detached with trypsin and
washed in cold FACS buffer (2mM EDTA, 0.5% FBS in PBS
1x) in order to obtain a cell suspension without cell clumps.
For the cell cycle analysis, the cells were washed twice in
PBS, suspended in 1mL PBS, and then fixed in 10mL 70%
cold ethanol at 4∘C. Fixed cells were washed in PBS and
then stained with propidium iodide (20 ug/mL, Sigma) and
RNase A (250 ug/mL, Sigma) solution for 30min at room
temperature in the dark. About 2 × 105 cells were acquired
using a FACSCalibur (Becton Dickinson) cytometer and the
cell cycle analysis was performed byModFIT LT 2.0 software.

For the immunophenotypic analysis, the cells were incu-
bated for 30 minutes on ice with mouse monoclonal antibod-
ies to human CD29-FITC (HI29a, Immunotools Friesoythe,
Germany), CD73-PE (AD2, BioLegend), and CD31-APC
(MEM-05, Immunotools). Isotype control antibodies IgG1-
FITC, IgG1, k-PE, and IgG1-APC (Immunotools) were used
for background normalization. Dead cells exclusion was
performed adding 5 ug/mL propidium iodide to the samples
prior to analysis. About 2 × 105 cells were acquired using a
FACSCalibur (Becton Dickinson) cytometer and data were
analysed by Cell Quest Pro software (Becton Dickinson).

2.9. In Vitro Osteogenic Commitment Study. The hAMSCs
were seeded both on the RKKP coated Ti surface and on
the treated plastic Petri dish at a density of 1 × 104 cells/cm2
and cultured in DMEM (HG) (Sigma) supplemented with
10% FBS, 10mM 𝛽-glycerophosphate, 0.2mM ascorbic acid,
and 10−8M dexamethasone (Sigma), for 1 week (Osteogenic
Medium, OM). The osteogenic commitment was evaluated
by real-time RT-PCR to analyse the mRNA expression of
differentiation markers: RUNX2, Osteocalcin (OCL), and
Alkaline Phosphatase (ALP).

2.10. Statistics Analysis. The statistical analysis of the data
obtained was performed using Student’s 𝑡-test, with 𝑝 < 0.05
as the minimum level of significance.
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Figure 1: XRD spectrum of sol-gel RKKP bulk target material.

3. Results

3.1. RKKP Coated Ti Supports. The physicochemical charac-
terisation of the RKKP bulk target material and films on Ti
was studied [31, 35]. In this work, the XRD pattern of the syn-
thesized RKKP material (Figure 1) and the EDXRD patterns
of the RKKP film and Ti substrate are reported (Figure 2).
As it can be observed, due to the intense Ti substrate peak
contributions, it is difficult to distinguish the film pattern.
Only a few peaks, attributable to RKKP phase composition,
were identified (see reflections (a)–(d) in Figure 2 at (a) 𝑞 =
1.6 Å; (b) 𝑞 = 2.2 Å; (c) 𝑞 = 3.0 Å; and (d) 𝑞 = 3.9 Å). The
(a) reflection can be attributed to the CaSiO

3
phase, whereas

the other peaks have contributions of several phases, that is,
(b)𝛽-Ca

3
(PO
4
)
2
and fluorinated hydroxyapatite (F-HAp); (c)

𝛽-Ca
3
(PO
4
)
2
and CaSiO

3
; and (d) 𝛽-Ca

3
(PO
4
)
2
, F-HAp, and

CaSiO
3
. For further characterization, SEM-EDS elemental

analysis was carried out, and the data obtained are presented
in Table 2. As it can be seen, there is a good correlation
between the target and the deposited film’s composition.

In Figure 3, surface characterization results are presented.
On the left part of Figure 3, the SEM image of the surface
morphology of the RKKP coated Ti supports is shown. As
it can be seen, the surface is dense and compact, with the
presence of some submicrometric droplets, characteristic for
PLD deposition [36] The film’s thickness, measured from the
cross-sectional SEM images, resulted to be about 4.0±0.5 𝜇m.

For a more detailed surface topography characterization,
AFM measurements were performed. In Figure 3, the AFM
2D and 3D images, both corresponding to 5× 5 𝜇m2 areas, are
presented. On the 2D AFM image, 𝑍 scale dimension is rep-
resented in false colours by means of the vertical bar, ranging
up to approximately of 127 nm. For better representation, 3D
view of the same image is shown on the right part of Figure 3.
The same area was considered to analyse the typical surface
roughness (r.m.s.). The r.m.s., representing the roughness for
the entire scanned area, was calculated to be 8 ± 1 nm. To
summarize, the PLD deposited RKKP coating on Ti support
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Table 2: SEM-EDS elemental analysis results for RKKP bulk and film.

Spectrum/element O F Na Mg Si P K Ca La Ta Total
RKKP bulk 45.0 5.2 2.7 1.5 18.2 3.7 0.2 19.6 0.8 3.1 100.0
Film 45.6 6.3 4.2 2.4 18.7 3.5 0.2 16.9 0.4 1.8 100.0
All results are in weight%.
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Figure 2: EDXRD spectra of deposited RKKP film and Ti substrate.

has the following characteristics: dense and compact mor-
phology, RKKP composition, thickness of 4.0 ± 0.5 𝜇m, and
average surface roughness of 8 ± 1 nm.

3.2. Cell Metabolic Activity and Proliferation. The hAMSCs
were seeded both on the RKKP coated Ti surface and on
the treated plastic Petri dish, and their metabolic activity and
cell proliferation rate were studied daily by WST-1 colori-
metric assay and by BrdU incorporation assay, respectively
(Figure 4). The cells plated on the RKKP film surface showed
an increasing exponential growth trend similar to the one
observed in the control cells (Figure 4(a)). As expected, the
metabolic activity of the hAMSCs seeded on the RKKP film
surface also increased from day 0 up to day 4, and no signifi-
cant differences were observed when compared to the control
cells (Figure 4(b)).These results were confirmed by the nuclei
staining with Hoechst 33342, clearly highlighting from day 1
up to day 4 the increase in number of the hAMSCs grown
on the RKKP sample (Figure 4(c)) as well as the even dis-
tribution on the substrate. We also investigated the adhesion
efficiency of the hAMSCs to the noncoated Ti. We observed
that the RKKP sample enabled an increase in cell adhesion
capability in comparison to the noncoated Ti, on which the
hAMSCs resulted in being more loosely attached (data not
shown).

3.3. Cell Actin Distribution. The cytoskeleton organization in
hAMSCs grown up for 4 days on the RKKP coated Ti surface
and the treated plastic Petri dish substrate was investigated.

The hAMSCs were labelled with TRIC conjugated phal-
loidin and the cytoskeleton distribution was studied. The
fluorescence analysis of filamentous actin (F-actin) stained
by Phalloidin showed a homogenous distribution of the actin
filament organization on the cellular body of both control and
RKKP samples (Figure 5).

3.4. Cell Cycle Analysis and Immunophenotypical Characteri-
zation. The cell cycle phase distribution of hAMSCs, grown
for two days on theRKKP coatedTi surface and on the treated
Petri dish, was analysed.

Single cell suspension of hAMSCs was obtained and
the total propidium iodide labelled DNA was studied (Fig-
ure 6(a)).We highlighted that the cell phase percentage of the
RKKP plated sample detected was 79.63% of cells in G0/G1,
11.14% in S phase, and 9.03% in G2/M and no statistically
significant difference was observed in comparison to the
control samples (78.26% G0/G1, 11.61% S, and 10.13% G2/M).

The immunophenotypical characterization of hAMSCs,
grown for 4 days on the RKKP coated Ti surface and on the
treated Petri dish, was also performed (Figure 6(b)).The cells
were labelled with antibodies against themesenchymal CD29
and CD73 stem cell markers and the hematopoietic CD31
stem cell marker and were analysed by flow cytometry. In
both samples, the control and the RKKP one, we detected a
highCD29 andCD73 cell expression, above 90%, whereas the
CD31 resulted in being undetected.

3.5. Cell Messenger RNA Expressions. ThemRNA expressions
of hAMSC key genes grown for 4 days on the RKKP coated
Ti surface and on the treated plastic Petri dish were also
investigated.

The mRNA transcript levels of anti-inflammatory and
trophic factors highly expressed on hAMSCs such as the
Transforming Growth Factor beta (TGF𝛽), indoleamine 2,3-
dioxygenase (IDO), the Vascular Endothelial Growth Factor
(VEGF), the Hepatocyte Growth Factor (HGF), and the
housekeeping genes (constitutive gene) such as 𝛽-actin (𝛽-
ACT), Ki67, and RPL34 were studied.

The messenger expression of these genes in the hAMSCs
grown for 4 days on the RKKP film surface resulted in being
unchanged when compared to the control sample (Figure 7).

3.6. In Vitro Osteogenic Commitment Study. The hAMSCs
seeded both on the RKKP coated Ti surface and on the
treated plastic Petri dish were cultured for up to 7 days in
OsteogenicMedium (OM) to verify their osteogenic commit-
ment capability. The mRNA expression study by qRT-PCR
assay showed a statistically significant increase of the early
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Figure 3: SEM and AFM (2D and 3D) images of RKKP film surface.
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Figure 6: (a) Cell cycle analysis of hAMSCs seeded on RKKP coated Titanium surface (RKKP) and on treated plastic Petri dish (CTR). (b)
Immunophenotypical characterization study for CD29, CD73, and CD31 of hAMSCs grown on RKKP coated Titanium surface (RKKP) and
on treated plastic Petri dish (CTR).
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Figure 8: qRT-PCR analysis of the early and late osteoblast differ-
entiation markers (RUNX2, ALP, and OCL) expression on hAMSCs
grown on coated Titanium surface compared to treated plastic Petri
dish. Asterisks identify statistical significance (𝑝 < 0.05).

differentiation markers such as RUNX2 and Alkaline Phos-
phatase (ALP), together with an initial upregulation of the
late differentiation marker, Osteocalcin (OCL), in the cells
grown on both types of substrates (Figure 8).

4. Discussion

In the field of regenerative medicine, the development of
innovative cell delivery platforms by the combination of cells,
scaffolds, and the type and time of the differentiation stimulus
induction is very important for the successful building of new
tissues.

Osteoporosis is a widespread illness that affects not
only postmenopausal women or aged people, but also many

patients whose diseases cause osteoporosis directly or as side
effect of some therapies [37], developing bone fractures and
often requiring implantation of screws and prostheses. These
clinical cases could be treated by cellularized biomaterials
[38].

The development of biomaterial designs in the emerg-
ing field of nanomedicine allows the planning of various
nanocomponent additions in order to trigger gene signalling
strategies and to form strong bonds with the host living
tissues. Among thematerials, the bioactive glass composition,
45S5 Bioglass�, discovered by Larry Hench and colleagues
in 1969, is being currently used in clinics as a material for
implants and regenerative bone-filler for orthopaedic and
dental applications [39, 40].

In this framework, we identified the RKKP glass-ceramic,
due to its bioactive characteristics, as a suitable material
for bone grafting applications in the regenerative medicine
protocols [34].

The clinical applications of bioactive glasses depend
especially on their intrinsic characteristics and at the same
time also on the cell behavior in a certain surrounding envi-
ronment. For this scope, before the “in vivo” implant, an “in
vitro” study is absolutely necessary to test, with appropriate
methods, if the synthesized materials are biocompatible and
cell-friendly. In this setting, our study tested the “in vitro”
effects of RKKP coated Ti surface on the placenta derived
mesenchymal stem cells, grown on their surface, and as far
as we know, it is the first study performed with this type of
stem cells hosted on the RKKP glass-ceramic material.

Firstly, in this work, the biological response of mesenchy-
mal stem cells to this material was tested by checking their
cell proliferation rate and metabolic activity daily.

The results of the BrdU incorporation assay showed
an increasing exponential growth trend, similar to the one
observed in the placenta derived mesenchymal stem cells
grown on the treated plastic Petri dishes, our control (Fig-
ure 4(a)).

The cell metabolic activity increased and no significant
differences were observed when compared to the control cells
(Figure 4(b)). The cell attachment, monitored by staining the
nuclei, also showed an increase in cell density from day 1
up to day 4 (Figure 4(c)) reaching values near the control
level, clearly indicating no cytotoxicity of the RKKP coated
Ti surface and suggesting a homogenous surface suitable for
the placenta derivedmesenchymal stem cells attachment also
in terms of surface roughness (of 8 ± 1 nm) (Figure 3).

The cytoskeleton, essential for maintaining cell shape, is
involved in a wide variety of cell functions associated with
the differentiation process, including the spatial organization
of cell organelles, intracellular membrane traffic, modulation
of surface receptors, and the mitosis process [41]. By phallo-
idin staining, the influence of the RKKP coated support on
hAMSC adhesion, flattening, and lengthening was studied
visualizing the actin cytoskeleton morphology and organiza-
tion. It can be noticed that human mesenchymal stem cells
attached on RKKP coated Ti surfacemaintain their morphol-
ogy, shape, size, and orientation, similar to the cells grown on
treated plastic Petri dishes, allowing the attachment and the
actin cytoskeleton organization (Figure 5).
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For further testing of cell-friendly and biocompatible
behavior, we also analysed in the placenta derived mesenchy-
mal stem cells grown on RKKP coated Ti surface the DNA
synthesis through cell cycle phase distribution and performed
an immunophenotypical characterization by flow cytometry
analysis.

The propidium iodide labelled DNA showed no statis-
tically significant differences in the cell phase percentage
of hAMSCs grown on RKKP coated Ti surface and on the
treated plastic Petri dishes, indicating that in these cells the
cell cycle progression is not inhibited (Figure 6(a)). We also
detected a high mesenchymal CD29 and CD73 stem cell
markers’ expression, whereas the hematopoietic CD31 stem
cell marker was undetected in both samples (Figure 6(b)).

To confirm theRKKP supports biocompatibility and stem
cell-friendliness, we analysed the health of hAMSCs studying
the mRNAs’ expression necessary to understand if their bio-
synthetic machine works properly even at transcriptional
level.

With this aim, the mRNA expressions of placenta derived
mesenchymal stem cell key genes, such as anti-inflammatory
and trophic factors as well as the constitutive gene, were
studied and in both samples the gene expressions resulted in
being unchanged (Figure 7).

More importantly, we also verified the osteogenic com-
mitment capability of the hAMSCs grown on the RKKP
coated Ti surface and on the treated plastic Petri dish substra-
tes, as a valuable indicator of their health and consequently of
their capability of maintaining their differentiation potential.

Our results highlight that the chemically induced differ-
entiation process is efficiently activated in the cells grown on
the RKKP substrate like on the treated plastic Petri dish, and
they expressed early and late bone differentiation markers, a
clear indicator of their health and materials’ biocompatibility
(Figure 8).

In clinical applications, the RKKP glass-ceramic should
be taken into account for its capability of controlled trace
element release involved in the biochemical cycles of the
human body. The choice of the trace elements to be released
by the specific RKKP composition, guided by the type of
application, depends on the living tissue to regenerate and the
specific cellular response needed [20, 42]. Some biomaterials,
although exhibiting good osteointegration performance in
normal bone tissue, result in being unable to perform this
process in osteopenic bone tissue.

As amatter of fact, in pathological bone tissue the success
of the implant of a device is difficult to achieve for the absence
of specific molecules managing specific biochemical cycles
and especially for the effects due to the interaction of the bone
with potentially toxic materials that might interfere with cell
growth. In this context instead, RKKP glass-ceramic exhibits
a higher osteointegration rate compared to other ceramic
materials when implanted in the osteopenic bone [42, 43].
This difference can be explained by the chemical-physical
characteristics of RKKP glass-ceramic, which is influenced by
the local microenvironment of the bone site and it responds
with an ionic release, differently from the one shown in the
case of implants in the healthy bone [42, 44]. The different
ionic exchange observed in the RKKP glass-ceramic confirms

the existence of different biochemical mechanisms, intrinsic
in healthy and osteopenic bones, that influence the dissolu-
tion, precipitation, and ion exchange reactions and conse-
quently the osteointegration processes of this glass material
[45], an important issue to be taken into due account by
surgeons.

5. Conclusion

In conclusion, all these reasons, together with the anti-infla-
mmatory, immunomodulatory, proangiogenic, and prore-
generative properties, ideal intrinsic features of the placenta
derived mesenchymal stem cells, render our cellularized
RKKP coated Ti surface a very interesting cell delivery system
that could be considered in the planning of regenerative
medicine protocols and then used successfully for tissue
engineering applications.
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[20] A. Hoppe, N. S. Güldal, and A. R. Boccaccini, “A review of the
biological response to ionic dissolution products from bioactive
glasses and glass-ceramics,” Biomaterials, vol. 32, no. 11, pp.
2757–2774, 2011.

[21] K. Rezwan, Q. Z. Chen, J. J. Blaker, and A. R. Boccaccini, “Bio-
degradable and bioactive porous polymer/inorganic composite

scaffolds for bone tissue engineering,” Biomaterials, vol. 27, no.
18, pp. 3413–3431, 2006.

[22] L.-C. Gerhardt and A. R. Boccaccini, “Bioactive glass and glass-
ceramic scaffolds for bone tissue engineering,”Materials, vol. 3,
no. 7, pp. 3867–3910, 2010.

[23] L. L. Hench, “Bioceramics: from concept to clinic,” Journal of
the American Ceramic Society, vol. 74, no. 7, pp. 1487–1510, 1991.

[24] L. L. Hench, I. D. Xynos, and J. M. Polak, “Bioactive glasses
for in situ tissue regeneration,” Journal of Biomaterials Science,
Polymer Edition, vol. 15, no. 4, pp. 543–562, 2004.

[25] A. R. Boccaccini and J. J. Blaker, “Bioactive composite materials
for tissue engineering scaffolds,” Expert Review of Medical
Devices, vol. 2, no. 3, pp. 303–317, 2005.

[26] T. Kokubo, “Apatite formation on surfaces of ceramics, metals
and polymers in body environment,” Acta Materialia, vol. 46,
no. 7, pp. 2519–2527, 1998.

[27] L. L. Hench, I. Xynos, and A. Edgar, “Gene activating glasses,”
Journal of Inorganic Materials, vol. 17, no. 5, pp. 897–909, 2002.

[28] I. D. Xynos, A. J. Edgar, L. D. K. Buttery, L. L. Hench, and
J. M. Polak, “Gene-expression profiling of human osteoblasts
following treatment with the ionic products of Bioglass� 45S5
dissolution,” Journal of Biomedical Materials Research Part B,
vol. 55, no. 2, pp. 151–157, 2001.

[29] R. M. Day, “Bioactive glass stimulates the secretion of angio-
genic growth factors and angiogenesis in vitro,”Tissue Engineer-
ing, vol. 11, no. 5-6, pp. 768–777, 2005.

[30] A. Leu and J. K. Leach, “Proangiogenic potential of a collagen/
bioactive glass substrate,” Pharmaceutical Research, vol. 25, no.
5, pp. 1222–1229, 2008.

[31] J. V. Rau, R. Teghil, M. Fosca et al., “Bioactive glass-ceramic
coatings prepared by pulsed laser deposition fromRKKP targets
(sol-gel vs melt-processing route),”Materials Research Bulletin,
vol. 47, no. 5, pp. 1130–1137, 2012.

[32] A. Krajewski, R. Malavolti, and A. Piancastelli, “Albumin adhe-
sion on some biological and non-biological glasses and connec-
tion with their Z-potentials,” Biomaterials, vol. 17, no. 1, pp. 53–
60, 1996.

[33] A. Krajewski, A. Ravaglioli, A. Tinti et al., “Comparison
between the in vitro surface transformations of AP40 and
RKKP bioactive glasses,” Journal of Materials Science: Materials
in Medicine, vol. 16, no. 2, pp. 119–128, 2005.

[34] M. Ledda, A. De Bonis, F. R. Bertani et al., “Interdisciplinary
approach to cell-biomaterial interactions: biocompatibility and
cell friendly characteristics of RKKP glass-ceramic coatings on
titanium,”BiomedicalMaterials, vol. 10, no. 3, Article ID 035005,
2015.

[35] M. Lombardi, I. Cacciotti, A. Bianco, and L.Montanaro, “RKKP
bioactive glass-ceramic material through an aqueous sol-gel
process,” Ceramics International, vol. 41, no. 3, pp. 3371–3380,
2015.

[36] D. Ferro, S. M. Barinov, J. V. Rau, R. Teghil, and A. Latini, “Cal-
cium phosphate and fluorinated calcium phosphate coatings on
titanium deposited by Nd:YAG laser at a high fluence,” Bio-
materials, vol. 26, no. 7, pp. 805–812, 2005.

[37] S. Khosla and L. J.Melton, Secondary Osteoporosis. Osteoporosis:
Etiology, Diagnosis, and Management, Lippincott-Raven, 1995.

[38] B.Gullberg,O. Johnell, and J. A.Kanis, “World-wide projections
for hip fracture,”Osteoporosis International, vol. 7, no. 5, pp. 407–
413, 1997.

[39] L. L. Hench, “The story of Bioglass�,” Journal of Materials
Science: Materials in Medicine, vol. 17, no. 11, pp. 967–978, 2006.



BioMed Research International 11

[40] L. L. Hench, “Chronology of bioactive glass development and
clinical applications,”New Journal of Glass and Ceramics, vol. 3,
no. 2, pp. 67–73, 2013.

[41] R. B. Maccioni and V. Cambiazo, “Role of microtubule-asso-
ciated proteins in the control of microtubule assembly,” Physi-
ological Reviews, vol. 75, no. 4, pp. 835–864, 1995.

[42] M. Fini, G. Giavaresi, N. N. Aldini et al., “The effect of osteo-
penia on the osteointegration of different biomaterials: His-
tomorphometric study in rats,” Journal of Materials Science:
Materials in Medicine, vol. 11, no. 9, pp. 579–585, 2000.

[43] M. Fini, G. Giavaresi, P. Torricelli et al., “Biocompatibility and
osseointegration in osteoporotic bone,” The Bone & Joint Jour-
nal, vol. 83, no. 1, pp. 139–143, 2001.

[44] M. Fini, N. N. Aldini, M. G. Gandolfi et al., “Biomaterials for
orthopedic surgery in osteoporotic bone: a comparative study in
osteopenic rats,” International Journal of Artificial Organs, vol.
20, no. 5, pp. 291–297, 1997.

[45] M. M. Belmonte, A. De Benedittis, R. A. A. Muzzarelli et al.,
“Bioactivity modulation of bioactive materials in view of their
application in osteoporotic patients,” Journal of Materials Sci-
ence: Materials in Medicine, vol. 9, no. 9, pp. 485–492, 1998.


