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The biocompatibility and bioactivity properties of hydroxyapatites (HAs) modified through lithium addition were investigated.
Hydroxyapatites obtained from bovine bone were mixed with lithium carbonate (Li), in the proportions of 0.25, 0.50, 1.00, and
2.00% wt, and sintered at 900◦, 1000◦, 1100◦, 1200◦, and 1300◦C, creating LiHA samples. The osteoblast culture behavior was
assessed in the presence of these LiHA compositions. The cellular interactions were analyzed by evaluating the viability and cellular
proliferation, ALP production and collagen secretion. The cytotoxic potential was investigated through measurement of apoptosis
and necrosis induction. The process of cellular attachment in the presence of the product of dissolution of LiHA, was evaluated
trough fluorescence analysis. The physical characteristics of these materials and their cellular interactions were examined with SEM
and EDS. The results of this study indicate that the LiHA ceramics are biocompatible and have variable bioactivities, which can be
tailored by different combinations of the concentration of lithium carbonate and the sintering temperature. Our findings suggest
that LiHA 0.25% wt, sintered at 1300◦C, combines the necessary physical and structural qualities with favorable biocompatibility
characteristics, achieving a bioactivity that seems to be adequate for use as a bone implant material.

1. Introduction

Bones provide mechanical protection for internal organs and
the blood-forming marrow, and they facilitate locomotion
and serve as a reservoir for calcium, magnesium, and phos-
phate minerals [1]. Bones are formed by a series of complex
events involving mineralization with calcium phosphate in
the form of hydroxyapatite (HA) on extracellular matrix
proteins primarily consisting of collagen type I. HA is one of
the most attractive materials for human hard tissue implants
because of its close resemblance to bones and teeth [2]. Bone

fractures and related damages result in more than 1.3 million
surgical procedures every year in the United States [3]. In
many cases, such as with acute and chronic injuries or de-
fects, a bone graft substitute is necessary. Current options
include autografts, allografts, and an assortment of synthetic
or biomimetic materials and devices. Each of these options
has significant limitations, such as the need for a second site
of surgery, a limited resource supply, an inadequate size and
shape, and morbidity associated with the donor site. Thus
there remains a need for new options [4]. Calcium phosphate
(Ca-P) biomaterials are a good option for use as grafts for
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bone repair, augmentation, or substitution. Ca-P materials
differ in origin, composition, physical form, and physico-
chemical properties, while offering similar compositions to
bone mineral phases, bioactivity, promotion of cellular func-
tions, and osteoconductivity [5]. However, despite its excel-
lent biocompatibility, the application of Ca-P in the form of
HA is limited to non-load-bearing implants because of its
poor mechanical properties [4]. Significant enhancements in
strength and toughness of HA have been achieved by making
composite materials using various types of second phases,
such as lithium (Li) [6, 7]. Fanovich et al. [8] and Oktar et al.
[9] have determined that lithium addition forms a liquid
phase which improves the sintering process. It has also been
demonstrated that Li causes a decrease in the solubility of
HA [10, 11] and that solubility is directly related to biocom-
patibility [12]. Lithium is a bioelectric material, and studies
concerning the biocompatibility of this type of material are
very rare [8]. Natural bone manifests a particular electrical
pattern which is believed to have an important influence
on the architecture, composition, and physiology of living
osteoblasts [13]. It has been stated that the electromagnetic
field is important to bone healing [14–16]. In this study, our
aim was to investigate the biocompatibility of different LiHA
compositions using primary cultures of osteoblasts.

2. Methods

2.1. Preparation of LiHA Samples. BHA (bone hydroxyap-
atite) powder was derived from bovine bone with a calcina-
tion method at 850◦C, as described in a previous study [9].
After grinding, the BHA powder was mixed with 0.25, 0.50,
1.00, and 2.00 wt% of fine Li2CO3 powder. The mixtures
were homogenized by ball milling and then pressed to
form cylindrical compacted pellets, according to the British
standard no. 7253. The pellets were sintered in an open
atmospheric furnace at 900◦C, 1000◦C, 1100◦C, 1200◦C, and
1300◦C for 4 hours (Nabertherm HT 16/17, Lilienthal, Ger-
many). Compression strength tests were carried out on the
sintered samples with a universal testing machine (DVT.e
Devotrans Inc. Istanbul, Turkey; speed 2 mm/min). Density
(by the Archimedes method) and microhardness (TUKON,
Wilson Instruments, Group of Instron, Darmstadt, Ger-
many; 200 g load) were also measured. The microstructure
was observed by SEM (Jeol JSM-840, Tokyo, Japan) on the
polished surface after etching with 0.1 M lactic acid for
10 seconds. X-ray diffraction analysis (XRD, D8 Advance,
Bruker-AXS, Germany) was also conducted.

2.2. Culture of Osteoblasts. Osteoblasts were isolated from the
calvaria of 1-to 5-day-old neonatal Wistar rats [17]. The
calvaria were dissected and freed from soft tissue, cut into
small pieces, and rinsed in sterile phosphate-buffered saline
without calcium and magnesium. The calvaria pieces were
incubated with 1% trypsin-EDTA (GIBCO) for 5 min, fol-
lowed by four sequential incubations with 2% collagenase
(GIBCO) at 37◦C for 45 min each. The supernatant of the
first collagenase incubation, which contains a high pro-
portion of periosteal fibroblasts, was discarded. The other

digestions produced a suspension of cells with a high pro-
portion of osteoblasts. After centrifugation at 1000 g for
5 min, each pellet was suspended in 5 mL of RPMI (GIBCO)
medium supplemented with 10% FBS, 1% antibiotic-
antimycotic. The cells were seeded into 25 mL tissue culture
flasks and maintained in a controlled 5% CO2, 95% humid-
ified incubator at 37◦C. After confluence was achieved, the
cells from the second passage were used for experiments.

2.3. Preparation of the Ionic Products from the Dissolution
of the Bioceramics. Bioceramics were suspended in culture
medium RPMI (GIBCO), 0.5 g in 50 mL, shaked for 5 h at
37◦C and filtered twice. The second filtration was conducted
in a 0.22 mm filter for sterilization. This medium, containing
ionic products from the bioceramics dissolution which had
the pH adjusted to 7.0, was supplemented with 10% of FBS
(GIBCO) and 1% antibiotic-antimycotic and was used to
stimulate the osteoblasts.

2.4. Stimulation of Osteoblasts with Ionic Products from the
Dissolution of the Samples. Osteoblasts were plated in 24 well
plates at a density of 5 × 104 cells/mL, and after 72 h, the
medium was changed to medium containing ionic products
from the dissolution of the samples. After 72 h of incubation,
osteoblasts were tested. Control cells were submitted to the
same process using only medium, without ionic products.

2.5. Stimulation of Osteoblasts by LiHA Powders. Osteoblasts
were seeded in 24 well plates at a density of 5 × 104 cells/mL
with medium containing each type of LiHA powder. After
adhesion, the LiHA powders were placed in the cell cultures
at a rate of 10 cells/1 particle. Control cells were osteoblasts
in pure medium.

2.6. Viability Assay. The viability of the cells in culture with
medium containing each type of LiHA powder was evalu-
ated by the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetra-
zolium bromide (MTT) assay. Briefly, MTT (5 mg/mL) was
added to each well. The culture was then incubated in a
humidified 5% CO2 incubator at 37◦C. Two hours later, the
cell morphology and formazan salts were visualized by
inverted optical microscopy. The formazan salts were dis-
solved with 10% SDS-HCl overnight, and the optical density
measurement was conducted at 595 nm. The values of all
samples were calculated relative to the value of the control
and expressed as percentages. The control consisted of non-
stimulated cells.

2.7. Alkaline Phosphatase Activity. Alkaline phosphatase pro-
duction by the cells cultured with medium containing each
type of LiHA powder was evaluated after 72 h by BCIP-NBT
assay (GIBCO). Briefly, the BCIP-NBT solution was prepared
per manufacturer’s protocol. The supernatant of each well
was removed and placed in a tube. Next, 300 μL of each
supernatant was mixed with 100 μL of BCIP-NBT solution.
Simultaneously, 200 μL of BCIP-NBT solution was added
to each of the wells containing the cell cultures. After 2 h
of incubation in a humidified 5% CO2 incubator at 37◦C,
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Figure 1: Cellular viability of osteoblasts cultured in the presence of different concentrations of LiHA. (a) 0.25% LiHA, (b) 0.50% LiHA, (c)
1.0% LiHA, and (d) 2.0% LiHA. The results are expressed as the means ± SD, (∗) indicating a significant difference comparing to control
with P < 0.05.

100 μL of each tube containing the supernatant/BCIP-NBT
mixture was transferred to a 96-well plate, and the optical
density measurement was read at 595 nm. The cells were
observed by optical microscopy, and the insoluble purple
precipitates were solubilized with 210 μL of 10% SDS-HCl
overnight at 37◦C. The alkaline phosphatase production was
determined by comparing the optical densities of both cul-
tures with the value of the control and expressed as percent-
ages. The control consisted of nonstimulated cells.

2.8. Collagen Secretion Measurement. Collagen production
by the cells cultured in the presence of LiHA samples was
evaluated by using a SIRCOL Collagen Assay (Biocolor Ltda,
Ireland), according to the manufacturer’s instructions.
Briefly, the collagen present in the supernatant, precipitated
by the dye Sirius red, was solubilized and measured by an
optical density analysis at 595 nm. The amount of collagen
was calculated based on a standard curve of previously

known concentrations of collagen and their optical density
measurements. We used cultures without samples as con-
trols. The experiment was performed in triplicate, and data
are presented as the mean ± standard deviations (SD).

2.9. Apoptotic Analysis. The apoptotic parameters were ana-
lyzed by flow cytometry using a BD LSR II flow cytometer,
and data were analyzed using BD FACSDiva software (Becton
Dickinson, San Jose, CA). The samples were analyzed, and
in all cases 1 × 104 cells were recorded. Fluorophores were
diluted in Me2SO or dimethylformamide (DMF), preloaded
just prior to FACS analysis, and incubated at 37◦C and 5%
CO2 in cell culture medium, unless otherwise indicated.
Control cells were incubated with vehicles, which never
exceeded 0.1% in the final concentration. Propidium iodide
(PI) was added at a final concentration of 10 μg/mL just
prior to FACS and analyzed for FL-2 (488 excitation, 575/26
emission). Sequential analysis of the distinct fluorophores
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Figure 2: Alkaline Phosphatase (ALP) production of osteoblasts cultured in the presence of different concentrations of LiHA. Panel (A):
ALP production measured inside the cells. (a) 0.25% LiHA, (b) 0.50% LiHA, (c) 1.0% LiHA, and (d) 2.0% LiHA. Panel (B): ALP secretion
measured from culture supernatant. (a) 0.25% LiHA, (b) 0.50% LiHA, (c) 1.0% LiHA, and (d) 2.0% LiHA. The results are expressed as the
means ± SD, (∗) indicating a significant difference comparing to control with P < 0.05.
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Figure 3: Collagen secretion of osteoblasts cultured in the presence of different concentrations of LiHA. (a) 0.25% LiHA, (b) 0.50% LiHA,
(c) 1.0% LiHA, and (d) 2.0% LiHA. The results are expressed as the means± SD, (∗) indicating a significant difference comparing to control
with P < 0.05.

was conducted, and cells with increased PI fluorescence (loss
of membrane integrity) were excluded during the analysis.
Cell debris or fragments were gated out from the analysis
on a forward scatter/side scatter plot. Briefly, gates were set
on dot plots of the respective dyefluorescence versus forward
scatter and then represented accordingly. Changes in the
biochemical parameters during apoptosis were observed as
changes in the normal distribution of the population of
cells with differences in the mean fluorescence intensity for
the distinct reporters for which fluorescence had been used,
compared with control cells in the absence of stimulation.

2.10. Immunofluorescence Staining. Confocal microscopy
(Zeiss LSM 510 Meta) was used to characterize focal adhe-
sion and cytoskeleton structure of control cells and cells
incubated in the presence of the ionic product from the dis-
solution of each sample. Cells were seeded on glass cover
slips, fixed with 3.7% formalin for 20 min, permeabilized

with 0.5% Triton X-100 in PBS for 30 min, and incubated
with the following antibodies in sequence: (1) primary anti-
bodies: mouse monoclonal antibodies against rat vinculin
(Abcam-USA, ab11194) diluted 1 : 400 with PBS containing
1% BSA, or with rabbit antibodies against rat actin (Abcan-
USA, ab1801), diluted 1 : 100 with PBS containing 1% BSA;
(2) secondary antibodies: goat antibodies against mouse IgG
labeled with Alexa Fluor 594 (Molecular Probes), diluted
1 : 600 with PBS containing 1% BSA, or goat antibodies
against rabbit IgG labeled with FITC (Abcam-USA, ab6717),
diluted 1 : 500 with PBS containing 1% BSA. Then, the sam-
ples were incubated with DAPI (Sigma) diluted 1 : 10000 with
PBS for nucleus staining.

2.11. Scanning Electron Microscopy (SEM). The LiHA sam-
ples with osteoblasts were fixed with a solution containing
2.5% glutaraldehyde and 0.5% paraformaldehyde in phos-
phate buffer (pH 7.4) for 2 hours, postfixed in 1% osmium
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Figure 4: Flow cytometry analysis of apoptotic cells. (a–c) Representative histograms, the M1 marker represents the subdiploid content.
(a) Control, (b) Commercial hydroxyapatite, and (c) LiHA sample. (d) Graphic summarizing the percentage of death cells. The results are
expressed as the means ± SD.

tetroxide for 2 hours, dehydrated in increasing concentra-
tions of ethanol (from 30%, 40%, 50%, 60%, 70%, 80%,
90%, 95% to 100%) and were critical-point-dried. The scaf-
folds were coated with gold (Sputter Coater—SPI Supplies)
for 90 s at 13 mA. Images were taken in the Department
of Metallurgy and Materials Engineering, Federal University
of Minas Gerais, Brazil, using the scanning electronic
microscope (JEOL 6360 LV), at 15 kV and 750 mA.

2.12. Statistical Analysis. The results were analyzed using
Prism 4.0 software, and the chosen method was a one-way
ANOVA test and a Bonferroni’s posttest.

3. Results and Discussion

Considering that cellular viability and secretion capability
are the first parameters used to evaluate the cytotoxicity of
a given material, we performed the MTT assay, which allows
the analysis of viability as well as, indirectly, the cellular pro-
liferation. We cultured the osteoblasts in the presence of the
different biomaterial powders. The cellular viability was
measured and compared to control osteoblasts cultured in
pure medium. The results showed that the viability of osteo-
blasts incubated in the presence of 0.25% LiHA was similar

to control or commercial HA in all sintering temperatures
(Figure 1(a)). When using 0.50% LiHA, osteoblasts viability
was enhanced mainly at 900◦C, 1000◦C, and 1300◦C (Figure
1(b)). 1.0% LiHA caused a significant enhancement
in osteoblast viability at all sintering temperatures compared
to the control or commercial HA (Figure 1(c)), and 2.0%
LiHA did not interfere with osteoblast viability (Figure 1(d)).
The results showed that the 0.5 and 1.0% concentrations led
to an increase in osteoblast viability suggesting proliferation
enhancement. This finding is in accord with a previous study
[18] which showed that Li enhanced the bioactivity of cal-
cium composite cements. The alkaline phosphatase activity is
an important osteoblast differentiation marker [19]. We eval-
uated the ALP production of the osteoblasts and the culture
supernatant because the osteoblasts produce the enzyme and
extrude it to the extracellular medium (Figures 2(a) and
2(b)). The ALP measurements were similar to the control in
all tested samples, comparing the cellular and the super-
natant results. However, taking in account that the cellular
proliferation was enhanced by 0.5 and 1.0% LiHA, we can
affirm that at these concentrations the ALP activity had a
discrete impairment. Other authors have shown that bioma-
terial solubility can alter the behavior of cells cultured in the
presence of these biomaterials [20–23]. Because the addition
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(a) (b)

(c) (d)

Figure 5: Actin and Vinculin expression of osteoblasts in the presence of LiHA. Magnification 1000x. (a) 0.25% LiHA at 900◦C, (b) 0.25%
LiHA at 1300◦C, (c) 2.00% LiHA at 900◦C, and (d) 2.00% LiHA 1300◦C.

of Li alters the solubility of the samples [9], the observed
impairment can be explained by this characteristic. It is
important to emphasize that it was a discrete impairment
and not an inhibition. The other important aspect to be
evaluated is the cellular collagen production, which denotes
cellular efficiency [24]. When we measured the collagen pro-
duction, we found a great decrease when the cells were cul-
tured in the presence of 0.5% Li samples (Figure 3). Although
the 1.0% Li sample did not show the same decrease, we can
speculate that it was also caused by the difference in solubility
rate. Further investigations are necessary to explain this
finding.

Li has been proposed for use as an addictive to ceramic
composites [25], but its cytotoxicity is not yet well defined.
It has been demonstrated that Li has a significant effect on
blood cell physiology [26]. So we decided to investigate if the
ionic product from the dissolution of the LiHA powders
would also lead to different responses in osteoblast physiol-
ogy. We chose to investigate the effects of the highest (2.0%)
and the lowest (0.25%) Li concentrations and the lowest
(900◦C), the median (1100◦C), and the highest (1300◦C)

sintering temperatures. We also prepared the ionic product
from the dissolution of commercial HA. To evaluate the cel-
lular death rate we used a subdiploid DNA marker, Propid-
ium iodide, and analyzed the marked cells by flow cytometry
(Figure 4). Figures 4(a), 4(b), and 4(c) show demonstrative
histograms of control cells, commercial HA and LiHA, res-
pectively, and the histograms are similar. Figure 4(d) sum-
marizes the results. These results indicated that all tested
samples showed a cell death rate inferior to 10%, which is
comparable to viable cultures [27].

It is known that Lithium alters the signaling and differ-
entiation of central nervous system cells [28]. Considering
that in osteoblasts, adhesion and differences in morphology
are directly related to differentiation, we decided to analyze
the influence of the ionic products from LiHA dissolution
on the expression of vinculin (a focal adhesion protein) and
actin (a cytoskeleton protein). Under confocal microscopy, in
all concentrations tested, visualization of the cells revealed a
great number of focal adhesions and good cytoskeletal orga-
nization indicating that the products from the dissolution
of the samples did not alter the proper expression of actin
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(a) (b)

(c) (d)

(e) (f)

Figure 6: SEM micrographs of the morphology of osteoblast cultured on LiHA matrix for 120 hours. Images demonstrated osteoblast
adhesion to the matrix surface and interaction between cells. (a) Scale bar: 10 μm, (b) scale bar: 100 μm, (c-d) scale bar: 50 μm, (e) scale bar:
10 μm, and (f) scale bar: 5 μm.

(a) (b)

Figure 7: SEM micrographs of the morphology of osteoblast cultured on LiHA matrix for 120 hours. (a) Detail of cell surface showing
secretion vesicles indicating normal physiology. Cells are flattened and elongated. Scale bar: 2 μm. (b) Group of osteoblasts showing a
flattened cellular body and a high degree of interconnection. Scale bar: 10 μm.



Advances in Materials Science and Engineering 9

2

1

(a)

C 
O 

P 

P 

Ca

CaCa
Ca

Au

Au

Au

(keV)0

500

1000

1500

2000

5 10

(b)

C 

O Mg
Al

P 

P 

Ca

Ca

Ca

Ca
Os Os

Os

Os

Au

Au

Au

100

200

300

400

500

600

700

800

(keV)
0

5 10

(c)

Figure 8: EDS analysis of osteoblast cultured on LiHA matrix for
120 hours. (a) Selected site for EDS analysis. Scale bar: 10 μm. 1:
Analysis performed on the LiHA surface. 2: Analysis performed on
the osteoblast surface.

and vinculin (Figure 5). Previous studies have demonstrated
that some ions can be added to composites without causing
damage to osteoblast adhesion and elongation properties
[29–31]. Our findings support that lithium, used in the
tested concentrations, also does not interfere with the same
properties.

During all the tests, the morphology of the cells was
observed under light microscopy. No alteration was ob-
served. However, considering the difference of porosity in
the samples sintered at different temperatures, and knowing
that this difference can alter cell morphology, we decided
to investigate, using electronic microscopy, the osteoblast
adhesion and filopodia emission when osteoblasts were
cultured on the LiHA sample surface. We used two time
points, 72 hours and 120 hours after incubation with LiHa.
Naturally the cell density at 120 hours of culture was higher,
and the demonstrative images shown here were chosen
from this time point. However, in both time points we had
good results. The osteoblasts adhered to all porous samples,
spread, and showed normal elongation and interconnections
between cells. Figures 6 and 7 show demonstrative images
that indicate that osteoblasts were able to adhere to the
LiHA surface and also interact with other cells and produce
secretion vesicles. The EDS analysis confirmed the presence
of calcium on the surface of the osteoblasts indicating the
normal physiology of these cells (Figure 8).

4. Conclusion

The results of this study indicate that the LiHA ceramics
are biocompatible and have variable bioactivities, which can
be tailored by different combinations of the concentration
of lithium carbonate and the sintering temperature. Our
findings suggest that LiHA 0.25% wt, sintered at 1300◦C,
combines the necessary physical and structural qualities with
favorable biocompatibility characteristics, achieving a bioac-
tivity that seems to be adequate for use as a bone implant
material. However, we propose that in vivo experiments
should be conducted to validate its use.
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