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Abstract

Creation of new ceramic materials for the bone augmentation purposes
that combine the absence of cytotoxicity, high strength and osseointegra-
tion characteristics is an urgent modern task. In this work, the cytocom-
patibility of ceramic materials based on lanthanum zirconate (La,Zr,0;)
was determined to assess the prospects for their use as implants and com-
ponents of human joint endoprostheses. The effect of ceramic materials
based on undoped and alkali-earth (Ca, Sr) doped La,Zr,O; on the viability
and proliferative activity of human cells was evaluated. The release of el-
ements into the culture medium was also evaluated.
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Key findings

o During the interaction with the studied materials, the human cell viability is sufficient to maintain their regenerative
potential.

e Doping of La.Zr>0; with Ca or Sr slowing down the adaptation of human fibroblasts to the ceramic material.

e Sr, Zr and La were found in the culture medium, which did not affect cytocompatibility during the cultivation period.

© 2023, the Authors. This article is published in open access under the terms and conditions of
the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).

1. Introduction

Bone defects caused by injuries or diseases are becoming
more common and have a huge impact on the patient life
quality [1]. Bone grafting and repair with autologous mate-
rial is the gold standard, because it has a number of ad-
vantages: osteoconduction, osteoinduction and stimulation
of osteogenesis. But possible complications should be taken
into consideration: persistent pain syndrome may occur at
the bone collection site (in situ), an infectious and inflam-
matory process may develop, an aesthetic defect may also
occur [2, 3]. In this regard, the search for a new material
for bone replacement is actively underway. Such materials
should be biocompatible, promote cell adhesion, prolifera-
tion and differentiation without adverse effects on host tis-
sue [4, 5]. Due to good biocompatibility, ceramic osseosub-
stituting materials have become widely used in practical

medicine [6]. The presence of zirconium in ceramics signif-
icantly improves mechanical properties of the material [7,
8], without having toxic effect on preosteoblasts and im-
proving the reaction of osteoblasts [9, 10]. Addition of lan-
thanum has a significant effect on corrosion resistance of
the material, moreover, it has an inhibitory effect on the
formation of osteoclasts [11, 12]. Doping ceramic materials
can contribute to the process of osteogenesis and rapid
bone healing [13, 14]. The doping quality depends on the
type of ion used.

Doping with calcium promotes the synthesis of osteo-
pontin, which is involved in bone formation and promotes
cell attachment and proliferation on the implant surface
[15]. The calcium-doped lanthanum zirconate demonstrates
positive results in the process of bone remodeling and re-
pair [16, 17]. The introduction of strontium into osteogenic
materials is also considered promising [18]. It has been
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shown that the introduction of strontium into calcium phos-
phate ceramics leads to an improvement in biocompatibil-
ity, osteoconductivity and strength [19]. Doping ions can
contribute to osteogenesis and angiogenesis, induce effec-
tive regeneration of bone tissue. On the other hand, exces-
sive accumulation of doping ions can provoke cytotoxicity
and inhibition of biological activity [20]. Creation of new
ceramic materials for the bone augmentation purposes that
combine the absence of cytotoxicity, high strength and os-
seointegration characteristics is an urgent modern task.

In this research lanthanum zirconate was used, it was
chosen was mainly due to the fact that its crystal structure
is resistant to various substitutions, including calcium and
strontium ions. Earlier basic physical and chemical proper-
ties of lanthanum zirconate doped with alkaline earth (Ca,
Sr) were studied, the influence of the synthesis method and
modification of doping impurities on the target character-
istics of materials was determined [21].

In this work, the cytocompatibility of ceramic materials
based on lanthanum zirconate was determined to assess the
prospects for their use as implants and components of human
joint endoprostheses. The effect of three samples of complex
oxides based on lanthanum zirconate: undoped La.Zr.0y, cal-
cium-doped Lao.gCao.1Zr206.95,
Lao.gSro.1Zr206.95 on the viability and proliferative activity of

and  strontium-doped
human cells was evaluated. The release of elements into the
culture medium was also evaluated.

2. Experimental

Samples of bioceramics La>Zr.07, Lao.gCao.1Zr206.95 and
Lao.gSro.1Zr206.95 Were obtained as described earlier [21].

To study the cytocompatibility of these materials, a cul-
ture of human dermal fibroblasts was used. Dermal fibro-
blasts are a good cell model, since they represent a hetero-
geneous cellular population of connective tissue cells that
play an important role in regeneration and the regulation
of homeostasis processes. The use of dermal fibroblasts as
test cultures to study the cytotoxicity of various biologically
active materials (including bone replacement materials) is
a standard research practice [22, 23]. Cells were provided
by the laboratory of cell cultures of the Institute of Medical
Cell Technologies in Yekaterinburg. The cells were cultured
in Eagle DMEM ("Biolot") medium with glutamine (1%), in
the presence of 10% embryonic calf serum ("Biolot") and
gentamicin (50 mg/1) at 37 °C, in a humidified atmosphere
of 5% CO2.

Samples of bioceramics: La.Zr.0; (1), Lao.gCao.1Zr>06.95
(2) and Lao.9Sro.1Zr206.95 (3) in the form of round plates with
a diameter of 5 mm and a thickness of 2 mm were sterilized
for 30 minutes with ultraviolet radiation, washed with sa-
line solution, dried in a sterile laminar flow box and placed
into the wells of a 24-well tablet. A suspension of human
fibroblasts in the volume of 500 ul was applied to ceramic
plates. Wells without samples of ceramics served as a con-
trol. The cells were cultured without changing the medium
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for 5 days. The study of cytocompatibility of ceramic mate-
rials included the determination of viability and prolifera-
tive activity of cells after 24, 72 and 120 hours of cultivation
respectively.

Cell viability was assessed using a hemocytometer for
the absorption of trypan blue by dead cells according to the
international standard ISO 10993-5. The counting of living
and dead cells was carried out after their disaggregation
with a mixture of trypsin and versene in a ratio of 1:3 and
staining with a 0.4% solution of trypan blue. Only dead
cells were stained. Based on the data obtained, the viability
index (VI) and the proliferation index of the culture were
calculated. The viability index was determined by the Equa-
tion 1.

VI = (viable (living )cells number)/

/(total number of cells) - 100% @)

The proliferation index was defined as the ratio of the
number of grown cells to the initial number of cells. To assess
the statistical significance of the differences between the
control group and each of the experimental groups, the non-
parametric Mann-Whitney criterion was used. At p<0.05, the
differences were considered statistically significant.

In order to determine the potential release of Ca, Sr, Zr
the LazZr.0,
Lao.oCao.1Zr206.95 and Lao.gSro.1Zr206.95, samples of the me-
dium were taken after 24 and 72 hours of human fibroblast
cultivation. The control was the culture medium from wells

and La from ceramic materials

without ceramic samples. The concentration of Ca and Sr
doping elements in DMEM medium samples was deter-
mined by inductively coupled plasma mass spectrometry on
a NexIon 2000 device (Perkin Elmer, USA). The sample of
the DMEM medium of about 0.5 g was weighed in PTFE
beakers on analytical scales with the accuracy of 0.0001 g.
2 cm3 of nitric acid purified by distillation without boiling
was added to a beaker with a sample attachment, the
beaker was covered with a PTFE lid and heated at a temper-
ature of 150 °C until the release of nitrogen oxides ceased.
After that, the contents of the beaker were quantitatively
transferred into polypropylene measuring flasks with a ca-
pacity of 50 cm3 and brought to the mark with deionized
water with the specific electrical resistance of 18.2 MQ cm.
The initial solution was diluted with 1 wt.% nitric acid so-
lution and analyzed on a mass spectrometer. Calibration
characteristic of the spectrometer, which expresses the de-
pendence of analytical signal value of 43Ca and 38Sr isotopes
on the mass concentration of elements, was established us-
ing three standard calibration samples with concentrations
of Ca, Sr, 10, 50 and 100 ppb and three series of measure-
ments. Calibration solutions were prepared from high-pu-
rity single-element samples of PerkinElmer Pure grade
Aquatic Standards. Spectral overlays on the 43Ca isotope
were eliminated by ammonia gas in the mass spectrometer
reaction cell. Control sample of the DMEM medium was
used as a blank sample. The arithmetic mean of three par-
allel measurements was taken as the result of the analysis.
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3. Results and Discussions

In the course of the experiment a change in the viability and
proliferative activity of cells was observed when they were
cultured on ceramic samples. After 24 hours of cultivation
on samples (2) and (3), there is a decrease in the viability
of fibroblasts relative to the control by 11.4% and 16.5%,
respectively. At the same time, the fibroblast viability index
during cultivation on sample (1) did not differ significantly
from the control (Figure 1). There was no proliferative ac-
tivity of fibroblasts after 24 hours of cultivation, both in the
control and on experimental samples, which corresponds to
the lag phase - the period when cells adapt to the new en-
vironment (Figure 2).

After 72 hours of cultivation, a lower level of cell viabil-
ity is observed relative to the control for all samples, in-
cluding sample (1). The proliferative activity of fibroblasts
on all experimental samples lags behind the control, how-
ever, it increases relative to a 1-day period, which indicates
the development of compensatory reactions in cell culture
in response to the action of ceramic materials. After 120
hours of cultivation, the viability of fibroblasts increases to
the control level in wells containing samples (1) and ex-
ceeds 60% of the control in wells with samples (2) and (3).
The proliferative activity of cells on all ceramic materials is
significantly lower than the control level, but increases rel-
ative to the previous period. At the same time, it was noted
that cell proliferation occurs much more actively when
grown on ceramic samples (1). The continued gradual in-
crease in proliferative activity and cell viability index dur-
ing cultivation on ceramic samples may indicate successful
adaptation of human fibroblast cells to the effects of ce-
ramic materials due to extracellular regeneration mecha-
nisms.

Thus, when human fibroblasts interact with ceramic
La>Zr.0; (1), Lao.gCaoiZr206.95 (2)
Lao.gSro.1Zr206.95 (3), cell viability varies within acceptable

materials and
values and is sufficient to maintain their recovery potential.
Doping of lanthanum zirconate with calcium or strontium
slows down the adaptation of human fibroblasts during cul-
tivation on the studied ceramic materials without signifi-
Lao.gCao.1Zr206.95
Lao.gSro.1Zr206.95. It can be assumed that the introduction of
additional ions (calcium or strontium) into the structure of
the lanthanum zirconate leads to the need for additional
time for the adaptation of cells growing in culture on the
studied materials. Additional studies are needed to eluci-

cant differences between and

date the nature of this phenomenon.

The results of determining the concentrations of Ca, Sr,
Zr and La in DMEM culture medium samples in the dynam-
ics of human fibroblast cultivation are shown in Figure 3. The
concentration of Ca ions in the culture medium with ceramic
samples did not exceed the control level, which indicates the
absence of this element release from all studied ceramic sam-
ples during the study period (Figure 3a).
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Figure 1 Influence of bioceramic samples on the viability of human
fibroblasts. La,Zr,0, (1), Las¢Cao1Zr,06.45 (2) and Lay.¢Sro.Zr,06.95
(3); * — differences with control are statistically significant
(p<0.05); # - differences in doped samples with undoped lantha-
num zircon are statistically significant (p<0.05).
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Figure 2 Human fibroblast culture proliferation index when ex-
posed to ceramic samples: La,Zr,0, (1), Las4Cao.Zr,06.45 (2) and
La, ¢Sro.12r,06.95 (3); *— differences with control are statistically
significant (p<0.05); # - differences in doped samples with un-
doped lanthanum zircon statistically significant (p<0.05).

The analysis revealed the presence of Sr ions in the me-
dium with the samples of the material (3), while it was
noted that the concentration of these ions increased strat-
ing from the first to the third day of cultivation
(Figure 3b).

The level of Zr ions in the medium during cell culture
on samples (1) did not differ from the control. Cultivation
on samples (2) resulted in a slight increase in the concen-
tration of Zr in the medium by the end of the third day.
When using samples (3), an increase in the concentration
of Zr ions in the medium was detected on the 1st day of
cultivation with a slight further increase by the 3™ day
(Figure 3c).

When culturing fibroblasts on samples (1), a slight re-
lease of La ions into the medium was observed without a
significant increase in the dynamics of the studied period.
For samples (2), there was also no increase in the release
of La ions from the 1 to the 3" day, although their release
was 2 times higher than on samples (1). The release of La
ions from samples (3) into the medium was more active
compared to samples (1) and (2), and a significant increase
in the concentration of this ion was noted the 1%t to the 3™
day (Figure 3d).
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Figure 3 The concentration of Ca (a), Sr (b), Zr (c) and La (d) in the medium after 1 and 3 days of cultivation of human fibroblasts on
ceramic samples: La,Zr,0, (1), Lag ¢Cao.1Zr,06.95 (2) and Lag ¢Sro.121,06.95 (3).

The study showed that Ca is resistant and is not released
from the studied samples into the culture medium. Sr and
Zr ions are less stable, they are released into the medium
mainly from the material (3). La is the least stable, and
these ions are also released into the medium most actively
from the material (3). It should be noted that despite the
obvious differences in the release of Sr, Zr and La from the
samples of materials (2) and (3), no significant differences
in the viability and proliferative activity of fibroblasts dur-
ing cultivation on these samples within the cultivation pe-
riod were found.

4. Limitations

The limitation of this work is the inability to establish the
effect of new ceramic materials on the body as a whole in
the dynamics of the regenerative process after bone injury,
which is the driving impulse for the next stage of preclinical
studies using laboratory animals.

5. Conclusion

This paper presents the results of the first stage of preclin-
ical studies of new complex oxides based on lanthanum zir-
conate, created for bone augmentation. Cytocompatibility
of ceramics based on undoped and doped lanthanum zir-
conate (La2Zr.07, Lao.gCao.iZr-06.95 and Lao.gSro.1Zr>06.95)
was determined. It was established that during the interac-
tion of human fibroblasts with the studied ceramic materi-
als, the viability of cells varies within acceptable values and
is sufficient to maintain their regenerative potential. Dop-
ing of lanthanum zirconate with calcium or strontium
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affects cytocompatibility by slowing down the adaptation of
human fibroblasts to the ceramic material. Additional stud-
ies are needed to elucidate the nature of this effect. It
should also be taken into account that some growth retar-
dation at the initial stages of regeneration may not affect
the regeneration process as a whole. To test this assump-
tion, it is necessary to conduct animal experiments.

It was found that Ca is resistant and is not released from
the studied samples into the culture medium. The release of
Sr, Zr and La ions into the culture medium was detected,
but this did not significantly affect the proliferative activity
and viability of human fibroblasts during the cultivation pe-
riod. Cytocompatibility of new ceramic materials was de-
termined on the culture of human fibroblast cells. However,
this work is the first stage of preclinical studies of new com-
plex oxides based on lanthanum zirconate.
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