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Abstract In this study, the cytocompatibility of human
ephitelial (HEp-2) cells cultured on new injectable iron-
modified calcium phosphate cements (IM-CPCs) has been
investigated in terms of cell adhesion, cell proliferation,
and morphology. Quantitative MTT-assay and scanning
electron microscopy (SEM) showed that cell adhesion and
viability were not affected with culturing time by iron
concentration in a dose-dependent manner. SEM-cell
morphology showed that HEp-2 cells, seeded on IM-CPCs,
were able to adhere, spread, and attain normal morphology.
These results showed that the new injectable IM-CPCs
have cytocompatible features of interest to the intended
kyphophasty application, for the treatment of osteoporotic
vertebral compression fractures.

1 Introduction

In the last years, a large number of studies have
been conducted to prove the biomedical applicability of
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iron-modified biomaterials in thermotherapy procedures
[1-3], drug targeting [4], or as contrast agents in magnetic
resonance imaging [5]. However, requirements of clear-
ance of iron from the body often arise.

Iron is required from eukaryotic cells for survival and
proliferation. The cellular iron metabolism is apparently
sine qua non for cell replication; particularly, when cells
are subjected to acute grow conditions [6]. The biological
importance of iron is largely attributable to its chemical
properties as a transition metal [7]. The most intracellular
free iron is in the ferric state (Fe*™) and during the intra-
cellular events is reduced in a ferrous form (Fe*"), which
catalyzes free radical formation in the Fenton reaction [8].
However, in extreme case, an excess of “free” reactive
iron might exceed the cell homeostatic capacity, thus
compromising its integrity [6-8].

Calcium phosphate bone cements (CPBC) are clinically
used in a wide range of applications, due to their ease of use,
conformability, excellent plastic behavior before hardening,
and high biocompatibility after being implanted in vivo [9].
Apatitic calcium phosphate cements set in situ by forming a
net of entangled crystals of bone-like hydroxyapatite [10, 11]
that has demonstrated to show good osteointegration [12,
13]. These characteristics make CPBCs promising materials
for bone repair in dental and orthopaedic applications (to
stabilize bone fractures, bone tumours, and osteoporosis)
[14-17]. Despite all these advantages, CPBCs lack of
mechanical strength and this limits their applications to non-
load bone bearing situations [18]. Moreover, with the advent
of minimally spinal invasive surgery techniques (verteb-
roplasty and kyphoplasty) it has been put forward that
apatitic cements are difficult to inject into the compression
fractured osteoporotic vertebras [18-20].

However, it has been showed recently that iron modi-
fication improves the mechanical strength and the
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injectability of apatitic bone cements [21, 22], which is of
interest to spinal applications. Taking into account the
comments given earlier, it is necessary to show at this stage
that iron-modified calcium phosphate cements (IM-CPCs)
are cytocompatible. For this reason, the cytocompatibility
of the new IM-CPCs has been approached in this study by
analyzing and quantifying the response (adhesion, mor-
phology, viability) of human epithelial HEp-2 cells seeded
on different IM-CPCs substrates.

2 Materials and methods
2.1 Cement substrates

Cement powder’s phase was made of 70 wt% a-tricalcium
phosphate («-TCP; «-Caz(PO,4), and 30 wt% of calcium
sulphate dihydrate (CSD; CaSO, - 2H,0O; Sigma-C3771)
used as a porosity control agent to improve further in vivo
cellular colonization [23]. The o-TCP used was of two
types: (a) a fast hydration rate o-TCP (CemContr; by
Mathys Medical, Switzerland); and (b) a slow hydration
rate a-TCP (Cem-N; inlab preparation). Moreover, the slow
hydration rate o-TCP was modified by sintering it again
with 1, 8, and 24 wt% of iron citrate (CemIC1, CemIC8
and CemlIC24). Details have been published elsewhere
[21]. On the other hand, the aqueous cement liquid phase
was modified with 2.5 wt% disodium hydrogen phosphate
(DHP; Na,HPO,; Panreac-131679). The liquid to powder
(L/P) ratio was 0.32 ml/g. After mixing, the cement paste
was immediately placed into disk moulds to ensure stan-
dardized shapes (10 mm diameter by 2 mm height). The
cement disks were removed from the moulds after setting
for 30 min in Ringers solution at 37°C. Immediately after,
the disks were sterilized by UV-irradiation for 30 min and
then used as substrates for cell culture.

2.2 Cytocompatibility testing
2.2.1 Cell culture

HEp-2 cells (epithelial cells derived from a human lar-
yngeal carcinoma) were cultured in Dulbecco’s modified
Eagle medium (DMEM) supplemented with 10% foetal
bovine serum, 1% penicillin/streptomycin/L-glutamine
(Sigma Chemical Co., USA) in humidified atmosphere of
95% air, 5% carbon dioxide at 37°C. The medium was
changed every 2 days. Cultures of 90% confluent cells
were rinsed with phosphate buffered saline (PBS) and
detached by incubating with trypsin/ethylenediaminetetra-
acetic acid (EDTA) (Sigma Chemical Co., USA). The
detached cells were resuspended in fresh media and
counted using a hemocytometer and 4% trypan blue as dye
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vital. The HEp-2 cells were seeded on top of cement
samples at a density of 5 x 10* cells/well. Each cement
disk was placed on the assigned well (24-well polystyrene-
treated standard culture plate); before cell seeding, 200 pl
of the culture medium was added into each well in order to
minimize the number of cells attaching to the side and
bottom’s well or under the surface’s disk. The wells con-
taining cell culture medium without cement sample were
used as controls (Control-wells).

2.2.2 Cell viability

To determine cell viability, the cells cultured on the
cement substrates were evaluated after 1 and 6 days (1D
and 6D) of incubation, using a quantitative MTT-assay.
For this purpose, the medium in the wells was replaced
with fresh medium and then 40 pl of MTT (3-(4,5-dim-
ethyltiazol-2-yl)-2,5-diphenyltetrazolium bromide) dye
solution (3 mg/ml in PBS) was added on each well. After
3 h of incubation at 37°C, the medium was removed and
formazan crystals (i.e. dark-blue insoluble product formed
inside the viable cells, due to activity of mitochondria
dehydrogenases) were solubilised with 500 pl of dimeth-
ylsulphoxide (DMSO) under continuous agitation (Mini
Rocker MRI; Boeco, Germany) for 15 min, to facilitate
the dissolution of the reacted dye. The liquid of each
sample was removed for assay, which was performed in a
96-well plate. The absorbance of each well (i.e. the color
intensity directly related to the number of viable cells)
was read on a microplate reader (Anthos 2020 Microplate
Reader; ASYS Hitech, Austria) at wavelength of 540 nm.
The background absorbance produced by wells containing
no liquid was subtracted from all the samples. The
number of cells was determined using a linear equation
obtained from a calibration curve containing absorbance
values against different counts of cells. Cell relative
viability (%) was calculated by Nies/Neonwor X 100; where
Niese 18 the number of cells corresponding to the tested
sample and N on0 1S the number of cells corresponding
to the Control-wells.

2.2.3 Cell adhesion

The effect of the five experimental cement substrates on
HEp-2 cells adhesion was determined as follows: the cells
were cultured onto the cement disks for 1 and 6 days; the
samples were washed with PBS to eliminate unattached or
dead cells; cement disks were placed in new 24-well plate
and evaluated by the MTT-assay following the experi-
mental conditions described in the above sections. The
Adhesion profile (cells/cm®) was obtained by normalizing
the number of cells adhered onto the cements to the disk-
cement area available for cell’s attachment.
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2.3 Morphological study

Cells cultured for 1 and 9 days onto the experimental
cement substrates and Thermanox coverslips (as positive
cytocompatible control, TMX; Nunc, Sigma, Spain) were
rinsed with PBS, fixed with 2.5% glutaraldehyde and
subjected to graded alcohol dehydrations, and then sputter
coated with gold. A scanning electron microscope (SEM,
JEOL JSM-5610; Hitachi, Japan) was used to examine the
cells onto disk-cements.

2.4 Statistical analysis

Each experiment was done in quadruplicate. The results were
expressed as mean = standard deviation (mean £ SD).
A one-way ANOVA test was used to analyze the mean
variance of the data. Tukey’s multiple comparison was used
to compare the data at a family confidence coefficient of
0.95. Statistical significance was accepted at a level of
P-value < 0.05.

3 Results
3.1 Cytocompatibility

Figure 1 shows the Cell relative viability (%) of HEp-2
cells after 1 and 6 days of culture on iron-modified calcium
phosphate cements (CemIC1, CemICS8, CemIC24), Cem-
Contr and Cem-N substrates, which was quantitatively
evaluated using the MTT-assay (see Sect. 2.2). After 1 day
of culture, all the cements showed similar level of viability,
(P > 0.05). The growth and proliferation on all the
cements tested increased with the increase of culturing
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Fig. 1 Cell relative viability vs. cement formulations: effect of iron-
modified cements on cells viability after 1 and 6 days of culturing (i.e.
1D and 6D)
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Fig. 2 Adhesion profile vs. cement formulation: effect of iron-
modified cements on cells adhesion during 1 and 6 days of culturing
(i.e. 1D and 6D)

time. After 6 days of culture the viability of the cells cul-
tured on CemContr was statistically significant (P < 0.05)
as compared to Cem-N and CemlICI. Significant differ-
ences were also found among the IM-CPCs, i.e. CemICI
showed lower level of viability than CemIC24 (P < 0.05).

Figure 2 shows the Adhesion profile (cells/em?) of HEp-
2 cells onto CemContr, Cem-N, CemICl, CemIC8 and
CemlIC24 substrates after cellular culture for 1 and 6 days.
All the cements developed similar adhesion profiles after
1 day (P > 0.05). However, after 6 days, it was observed
that the adhesion rate increased with the culture time with
no significant differences among the iron-modified and the
control (i.e. CemContr) substrates (P > 0.05). On the other
hand, the non-active o-TCP control (i.e. Cem-N) showed no
significant adhesion and proliferation results with the
increase of the culture time (P < 0.05).

3.2 Cellular morphology

Figures 3-5 show the morphology of HEp-2 cells cultured
onto CemContr, CemICl, CemICS8, CemIC24 and TMX,
respectively, for 1 and 9 days. Cells cultured for 1 day had
proliferated and the tendency to form a confluent cell
monolayer was observed on all the cements, as shown in
Fig. 3 (see left column). The cellular density qualitatively
appeared similar on CemContr and CemlIC24. These
observations are in correspondence with the quantitative
data in Fig. 2.

Figures 3 (see right column) and 4 show that cells
attached and spread in a comparable manner on all the
substrates, i.e. the cells developed many filopodia and large
lamellipodia. After 1 day, the cells onto cements’ surfaces
had a flat appearance and showed similar bipolar and/or
tripolar spindle-like morphology, seeming to attach on
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Fig. 3 SEM pictures of HEp-2
cells cultured for 1 day onto the
experimental bone cements (see
details on the text; left: 200x;
right: 1000x)

specific surface’s structural sites like sharp or ridge reliefs.
A higher magnification is shown in Fig. 4, where cyto-
plasmic processes are observed attaching to the cement’s
surface. On the other hand, picture B in Fig. 4 (see top-
right) shows cell—cell interactions on the cement’s surface.

Figure 5 shows the results of cells cultured on 7TMX and
CemlICS8 for 9 days. It was observed that some small areas
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were not covered by a confluent cell monolayer. This is
characteristic for carcinogenic cells; i.e. after reaching
maxima confluence some cells spontaneously detach. Fig-
ure 5d shows HEp-2 cells in the process of dividing. A
higher magnification of cytoplasmic processes of HEp-2
cells anchored to the hydroxyapatite crystals of CemIC8
surface is also shown in Fig. 5e-h).
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Fig. 4 SEM pictures of HEp-2
cells attached to the surface of
the experimental bone cements
after 1 day of culture (left:
2300x; right: 5000 ). Image B
shows cell—cell interactions (see
details on the text)

4 Discussion

First of all, it should be highlighted that o-TCP is the main
powder component of most commercial CPBC [12, 20]
because its hydrates naturally into calcium deficient
hydroxyapatite (CDHA; Cag(HPO,)(PO,)sOH) during set-
ting [11]. However, the hydration reaction of «-TCP into

CDHA sometimes is limited (i.e. very slow rate-transfor-

mation) depending on uncontrollable ion impurities
contained by the commercial reactants used during o-TCP
high-temperature manufacturing [21]. For this reason, in
this study, a cement control made with an active o«-TCP
(i.e. CemContr) and a cement control made with a non-
active o-TCP (i.e. Cem-N) were used. As referred before,
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Fig. 5 SEM pictures of HEp-2
cells ocultured after 9 days on
TMX (a) and CemIC8 (b-h).
Images e-h show the
cytoplasmic process anchored to
the hydroxyapatite crystals (see
details on the text; (a) 370x; (b)
350x%; (¢) 3500x; (d) 4500x;
(e) 5500x; (f) 6000x; (g)
7000x; (h) 8500x)

the resulting non-active o-TCP was modified in a previous
study by sintering it again with IC in order to recover
further o-TCP cement’s setting properties [21]. In fact, IC
minor additions did not change the «-TCP purity according
to X-ray diffraction analysis (XRD; data not shown).
Taking into account these previous considerations, the
results from Fig. 1 showed that the cellular viability of the
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iron-modified cements increased with the wt%-IC, i.e. iron
modification of «-TCP did not show negative dose-
dependent effects on HEp-2 cell’s viability. On the other
hand, the evaluation of the total iron liberated from the
cements during curing time (data not shown) showed no
iron-ion liberation phenomenon. This could be related to
some stable fixation of iron into the structure of the «-TCP
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phase (as indicated by XRD) as well as to the favored
entrapment of iron into the apatitic phase formed during
setting [24]. In fact, the setting and the hardening proper-
ties of o-TCP based bone cements are due to the
progressive dissolution of the «-TCP particles, process
which is followed by the nucleation of apatite crystals that
growth until a stable mechanical structure of entangled
apatite crystals is formed [11, 25]. Moreover, the viability
results of Fig. 1 agree with the general delay of cells’
growth observed as a consequence of initial failure of cells’
attachment [26, 27] to the cements (as shown in Fig. 2),
due to their surface’s reactivity [28, 29] (i.e. continuous
dissolution and precipitation reactions that affect calcium
and phosphate ion concentrations during the cement set-
ting). In addition, it should be point out that the cements
used in this study contained also 30 wt% of CSD crystals,
which after 5 days of cement incubation [23] can lead to
interfacial supersaturated conditions due to their passive
dissolution. In general, the behavior of the cells seeded on
all the cements fit into hypothesis, except for cement Cem-
N. In this case, both the cell attachment and the subsequent
viability were lower than that observed for the other
cements. It is thought that, in this case, the weak structural
integrity of its surface (due to the slow hydration reaction
of o-TCP into CDHA as confirmed by XRD analysis; data
not shown) led to enough particle debridement as to favor
cellular endocytosis. This ingestion process could
adversely affect the calcium and phosphate homeostatic
mechanism and cellular function. The chemical changes
undergone by the cytosol and the subsequently accumula-
tion of calcium into mitochondria could have promoted
cell’s death [30]. Moreover, actin cytoskeleton is molecu-
larly linked to endocytosis [31] and the reorganisation of
actin filaments could have negatively affected the cellular
functions [32-34].

The results obtained from this study clearly demon-
strated that the iron-modified apatitic cements showed
similar initial cell attachment and viability profiles as the
active o-TCP cement control (i.e. CemContr). Moreover,
they had higher ability to enhance adhesion and prolifera-
tion of HEp-2 cells as compared with the non-active a-TCP
cement control (i.e. Cem-N). This confirms that a-TCP iron
modification is an improved way to recover not only the
setting and hardening properties of o-TCP based cements
[20], but also to recover their in vitro cytocompatibility. In
fact, Fig. 2 shows, for the adhesion profiles after 1 day of
culture, the same increasing tendency for both the whole
iron-modified cements and the control (i.e. CemContr).
Moreover, if we look at the adhesion profiles attained after
1 day of culture, these were slightly similar (P > 0.05) for
all the substrates (i.e. around 48.61%) as compared to
positive controls (i.e. Control-wells; considered as 100%).
On the other hand, Fig. 2 also shows that the adhesion

profile observed for CemContr after 6 days of culture was
87.35% of that of Control-wells. This difference on the
initial cellular adhesion of cements as compared to controls
could be attributed to the activity of the cement’s surfaces
(differences in pH and ion concentrations) as well as to
differences in surface’s morphology between the cements
(i.e. rough crystalline surface) and the control-wells (i.e.
smooth surface) [26]. In fact, it is known that the surface
properties play an essential role on the first phase of cell-
material interactions, including cell’s attachment, adhesion
and spreading on the biomaterial surface [35, 36]. The
quality of this first phase depends on adhesion proteins
[37], such as vitronectin and fibronectin, and will influence
cell’s ability to proliferate and subsequent viability.
Despite the proliferative character generally exhibited by
the neoplastic cells, the present in vitro cytocompatibility
study was less favored by this feature because HEp-2 cells
lack of production of fibronectin (adhesion protein) and
tenascin-C (glycoprotein closely associated with cell pro-
liferation and migration) [38].

Figure 3 also indicates that CemContr and IM-CPCs had
similar initial cell’s attachment onto their surfaces; i.e. most
of them adopt a rather polygonal shape, which is a cellular
feature indicative of better adhesion. Furthermore, the cell
polarized morphologies sustain the locomotion phenome-
non on cements’ surface, which favored the colonisation of
the surface, confirming the short-term biocompatibility of
the experimental cements. Moreover, SEM pictures also
show that the IM-CPCs substrates provided favorable
conditions for further increase of cell’s attachment (see
Figs. 3 and 4). In fact, cement hydroxyapatite crystals
provided anchorage for HEp-2 cells (see Fig. 5c-h) show-
ing, as expected, that the microgeometry of a substrate plays
a significant role in the whole process of cell’s attachment
and migration [36]. In this case, cytoplasmic processes
allowed the movement of the migrating cells along the
cement-like substratum and the tension generated by the
forward movement explains the taut appearance of the cells
(see Figs. 3 right column and 5), as observed also in other
studies [39-41]. It should be noted that the surface’s mi-
crogeometry of the IM-CPCs also provided favorable
conditions for a rich network of cell-to-cell contact for-
mation in the early stage of cell proliferation.

The results obtained in this study related to IM-CPCs
and Cem-N were consistent with our previous results [20].
This confirms that iron modification of «-TCP is a useful
approach to stabilize the mechanical properties of o-TCP
based bone cements after setting without affecting its cy-
tocompatility. Moreover, it is an interesting approach to
look for some apatitic thermotherapeutic cements.

A final comment is needed to justify the use of epithelial
cells instead of osteogenic cells in this study. The main
reactant of the bone cement used in this research was
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o-TCP. As stated at the beginning of this article, the «-TCP
was modified during sintering with minor amounts of IC. It
was not the objective of this research to study the osteo-
genic behavior of the new iron-modified bone cement
which, on the other hand, is well known for «-TCP [9]. The
interest was focused on the possible negative effect of the
iron-ion solubility (oxidative damage) [6, 8] on the general
mechanism of cellular adhesion and viability.

5 Conclusions

The present study showed that iron-modified «-TCP based
bone cements have cytocompatible features. Both quanti-
tative and morphologic evaluations showed that adhesion,
proliferation and viability of Hep-2 cells were not nega-
tively influenced by iron concentration in a dose-dependent
manner. In fact, proliferation and cellular viability
improved at the level of cement’s surface and cement’s
environment. The results obtained show that iron-modified
cements have the ability to support cellular colonization.
The results might provide new insights into the develop-
ment of new thermotherapy apatitic calcium phosphate
bone cements. However, further in vitro and in vivo stud-
ies are required to confirm the possible application for bone
repair/substitution. In fact, the positive effects observed in
this study should be evaluated in detail with osteogenic
cells in order to determine the levels of specific markers of
the cellular function.
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