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A biocermet made of zirconia/20 vol% tantalum (3Y-TZP/Ta) is a new composite with exceptional
capabilities due to a combination of properties that are rarely achieved in conventional materials (high
strength and toughness, cyclic fatigue resistance and flaw tolerance, wear resistance, corrosion
resistance, electrical conductivity, etc.). In this study, for the first time, the biomedical performance of a
3Y-TZP/Ta biocermet was evaluated in detail. Its in vitro biocompatibility was assessed using mesenchymal
stem cell culture. The effectiveness of in vivo osteointegration of the biocermet was confirmed 6 months
after implantation into the proximal tibiae of New Zealand white rabbits. In addition, the possibility of using
magnetic resonance imaging (MRI) for medical analysis of the considered biocermet material was studied.
The 3Y-TZP/Ta composite showed no injurious effect on cell morphology, extracellular matrix production
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or cell proliferation. Moreover, the implanted biocermet appeared to be capable of promoting bone
growth without adverse reactions. On the other hand, this biocermet demonstrates artefact-free
performance in MRI biomedical image analysis studies, making it more suitable for implant applications.
These findings open up possibilities for a wide range of applications of these materials in orthopedics,

DOI: 10.1039/d4tb01158a

Open Access Article. Published on 05 August 2024. Downloaded on 3/23/2026 6:10:14 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

rsc.li/materials-b

1. Introduction

Metals and metallic alloys are commonly utilized in total bone
replacement or implant fixation due to their mechanical prop-
erties that meet the requirements of load-bearing bone applica-
tions. Biodegradable alloys have garnered significant attention
because of their unique favorable biocompatibility and suitable
mechanical properties.””> However, orthopedic traditional non-
degradable metallic implants are linked to local and distant
negative tissue responses. Typically, these adverse effects are
caused by the degradation products of implanted materials,
primarily generated through wear and corrosion of metals in
bodily fluids.> Corrosion releases metal ions that enter the
bloodstream and accumulate in red blood cells. Consequently,
these metal ions may infiltrate cells and persist in local tissues
or disseminate throughout the body, resulting in cytotoxic,
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dentistry and other areas such as replacement of hard tissues.

genotoxic, and immunological effects, either locally or at a
distance from the implant.* It has been discovered that in
specific cases, the release of nickel (Ni), chromium (Cr), and
cobalt (Cr) ions from stainless steel or Co-Cr alloys, respec-
tively, can trigger hypersensitivity reactions and even
carcinogenesis.”” Additionally, there is a concern regarding
the interplay between magnetic and non-magnetic metallic
devices with specific geometries and the magnetic field during
magnetic resonance imaging (MRI), which can result in
implant heating and even displacement.®® Another considera-
tion is the potential for imaging artifacts that may undermine
the effectiveness and quality of the procedure.'®™"?

In the field of biomedicine, ceramics offer significant
potential, given their compatibility with the physiological
environment, durability, and resistance to wear. Furthermore,
ceramics are highly appealing for dental applications due to
their chemical stability and aesthetic appeal. However, a number
of inherent disadvantages of ceramics limit their widespread
application. The brittleness of ceramics, marked by their low
fracture toughness, stands out as one of their notable draw-
backs. In particular, the influence of the human environment
and external loads can lead to rapid growth of microcracks in the
contact zone of ceramics with bone or even in the ceramic
implant itself and, as a consequence, can lead to final unpre-
dictable failure. In addition, ceramics generally have poor
machinability and require the use of expensive diamond tools,
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which also remains an important obstacle to the fabrication of
high-performance ceramic implants.”® The concept of reinforcing
brittle ceramics with ductile metals has been employed to enhance
the mechanical properties of ceramics.'*>” The dispersion of metal
particles within a ceramic matrix effectively absorbs and disperses
the energy of propagating cracks, resulting in an increased fracture
toughness of the material. Therefore, given the high attractiveness
of using biocompatible metal-reinforced ceramic matrix compo-
sites, biocermets have been proposed as a new generation
of multifunctional implants for hard tissue replacement with
high load-bearing capacity.”® In recent decades, studies have been
mainly conducted on the mechanical and biological properties of
bioinert (zirconia and alumina) and bioactive (hydroxyapatite—
wollastonite) materials reinforced with niobium, molybdenum,
zirconium, titanium, stainless steel and silver particles.>**° One
of the key benefits of these biocermets is their ability to combine
the distinct properties of ceramic and metal components into a
single multifunctional material. While biomechanical stability is
crucial, biomaterials also need to meet other functional require-
ments for specific applications. Previous research has high-
lighted the exceptional capabilities of a zirconia/Ta composite,
such as excellent structural properties (fatigue resistance, hard-
ness, etc.),*'~*> high resistance to low-temperature degradation*®
and electrical conductivity that enables electric discharge
machining (with a metal content close to the percolation thresh-
old of approximately 16 vol%).*” Moreover, these biocermets
demonstrated the potential to modify their surfaces to enhance
fast bone integration*® and wear resistance®® and for effective
prevention of implant-associated infections (antibacterial prop-
erties and bacterial biofilm inhibition).>**" Comprehensive
characterization of materials intended for biomedical applica-
tions includes their chemical, physical, and mechanical proper-
ties. Equally important is evaluating their behavior in biological
environments and assessing their biocompatibility. While there
have been numerous studies on the in vitro and in vivo biocom-
patibility of ZrO, and Ta in their individual forms,*>> the
biological response of ZrO,/Ta composites remains an unex-
plored area of research. On the other hand, it should also be
noted that the magnetic susceptibility () of the implant metal
plays a major role in MRI diagnostics. The images on different
types of devices differ from each other. It is known that the
magnetic field strength influences the quality of the images and
the speed of visualization. Typically, clinics use tomographs with
a magnetic field strength of 1.5 Tesla. This power allows marking
the problem area correctly and clear visualization of the tissues.
It also gives an opportunity to determine the degree of distur-
bance with high accuracy. On the other hand, depending on the
clinical case (e.g. tumors), a higher power (3 Tesla) is required.
Currently, titanium and its alloys are widely used for prosthetics.
However, the magnetic susceptibility of titanium is 3.2 X
10° em® ¢! and that of tantalum is 0.85 x 10 ® cm?® g~ '
which makes the latter a prospective material for the use of more
powerful tomographs. Moreover, through the introduction of Ta
metal into a diamagnetic ceramic matrix with a clear hypoin-
tense contrast without generating artifacts or distortions in MRI
images,”® it is possible to further reduce the magnetic
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susceptibility, making the resultant biocermet implants more
suitable for biomedical image analysis.

Based on our previous work,*’ ' we have selected the
optimal composition zirconia/20 vol%Ta with outstanding
multifunctional properties, to evaluate its biocompatibility by
in vitro and in vivo studies and its compatibility with MRI
diagnosis, for possible application as a new biomedical implant
material.

2. Materials and methods

2.1. Materials processing

For fabrication of the ceramic-metal mixture the yttria stabi-
lized tetragonal zirconia (3Y-TZP, 3 mol% Y,0s3; TZ-3YE, Tosoh
Corp., Tokyo, Japan) and tantalum (99.97% purity, Alfa Aesar,
Karslruhe, Germany) powders with average particle sizes of
0.26 and 44 pum, respectively, have been used as the starting
materials. The tantalum powder was first milled in an attritor
and then wet mixed with 80 vol% ceramic powder. More
detailed information on the starting materials and the powder
mixing technique are presented in a previous work.*® After
homogenization, the suspension was dried for 24 hat 75 °C and
then passed through a sieve with a mesh size of 32 um. The
resulting mixture was consolidated using spark plasma sintering
(SPS) at 1400 °C and 80 MPa in a vacuum. The obtained 3Y-TZP/
Ta samples had a diameter and a thickness of 20 and 7 mm,
respectively. Details of the sintering regimes were reported
elsewhere.”” Discs (¢ 20 mm and 2 mm thick) for the in vitro
tests and cylinders (~2 mm and height 5 mm) for implantation
were made using a diamond tool from sintered disks. Discs cut
from a commercially available tantalum (TA007920, ¢ 20 mm,
99.9% purity, Goodfellow, Huntingdon, England) rod and a 3Y-
TZP SPSed monolithic ceramic were used as reference materials
for in vitro studies. For in vivo studies, a tantalum rod (TA007950)
obtained from the same manufacturer with the same purity,
differing only in the diameter (¢ 2 mm), was chosen as a
control material. All the materials were polished with a diamond
suspension with the particle size ranging from 9 to 1 um.
Polishing operations were carried out using the polishing
machine RotoPol-22 (Struers, Copenhagen, Denmark) at a speed
of 150 rpm and a force of 30 N.

2.2. Microstructure characterization

The microstructure of the polished 3Y-TZP/20Ta specimens was
studied using a scanning electron microscope VEGA 3 LMH
(SEM Tescan, Brno, Czech Republic) equipped with an energy
dispersive X-ray spectrometer (EDS), which was employed for
the chemical microanalysis of sintered samples.

The 3D microstructure was investigated by high-resolution
transmission X-ray tomography using an Xradia Versa 610 XRM
system (Zeiss, Jena, Germany) capable of achieving sub-
micrometer resolution. An interior volume of approximately
250 pm x 200 pm X 100 pm was reconstructed using a 20X
objective at a voxel size of 270 nm. An acceleration voltage of
140 kv and a current of 150 pA were used, providing sufficient

This journal is © The Royal Society of Chemistry 2024
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contrast between the Ta particles and 3Y-TZP matrix. Image
segmentation was performed to isolate the Ta phase using a
machine learning pixel classificator.’® The platelet thickness
distribution was determined using the Bone] software.>”

2.3. Invitro study

2.3.1. Isolation and culture of mesenchymal stem/stromal
cells (MSCs) derived from bone marrow (BM) cells. Human
bone marrow-derived mesenchymal stromal cells (hBMSCs)
were employed to evaluate the biocompatibility of the fabri-
cated biocermet. The hBMSCs were provided by the Depart-
ment of Orthopaedic Surgery (University of Santiago de
Compostela Clinical Hospital) from patients undergoing hip
replacement surgeries with informed consent. The hBMSCs
were isolated from bone marrow samples using heparinized
tubes and a Ficoll density gradient method as described by Yeo
et al.>® The cells were then washed with Dulbecco’s Modified
Eagle Medium (DMEM, Sigma-Aldrich, St. Louis, MO, USA)
supplemented with 10% fetal bovine serum (FBS, Gibco, Wal-
tham, CA, USA) and seeded onto 75 cm? flasks (Sigma-Aldrich,
St. Louis, MO, USA). The cells were maintained at 37 °C and 5%
CO, until they reached 90% confluence. Then, the cells were
detached and plated onto the tested materials at a density of
60 x 10° cells per cm?® The cell-material interactions were
assessed after 2, 7 and 10 days of culture.

2.3.2. Cell proliferation by MTT assays. The sample discs of
pure tantalum, zirconia or biocermet were placed in a 24-well
plate. hBMSCs were cultured on the discs at a density of 25 X
10° cells per well. The cell viability and proliferation were
assessed by MTT assay at 2, 7 and 10 days of culture. The
MTT assay was performed according to the manufacturer’s
instructions (Sigma-Aldrich, St. Louis, MO, USA). In brief, the
cells were incubated with MTT solution overnight, and then
the MTT solution was removed. The formazan crystals were
dissolved in 100 mL of DMSO by shaking the plate for 15 min,
and 50 mL of each well was transferred to a new 24-well plate.
The absorbance was measured at 570 nm using an automatic
plate reader (PerkinElmer, Boston, MA, USA).

2.3.3. Apoptosis caspase activity assay. The Quantikine
ELISA active caspase-3 kit (R&D Systems, Minneapolis, MN,
USA) was used to measure caspase-3 activity in supernatants.
This kit detects the active caspase-3 by using a biotin-ZVKD-
fluoromethyl ketone inhibitor that binds covalently to the pro-
tease. The cell lysates were added to a microplate pre-coated with
a monoclonal antibody specific for active caspase-3, and the
protease levels were determined following the manufacturer’s
instructions. The cytoplasmic protein extract was incubated with
the inhibitor before adding to the microplate.

2.3.4. Cell morphology. To examine the cell morphology,
SEM was used. Metallic Ta, zirconia and biocermet substrates
were seeded with human bone marrow derived mesenchymal
stem cells at a density of 250 x 10? cells per cm* and cultured
in DMEM supplemented with 20% FBS and gentamicin. The
cultures were incubated for 48 hours at 37 °C and 5% CO,.
Then, the culture medium was discarded and the cells were
rinsed twice with PBS. A fixing solution containing 1%
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glutaraldehyde and 1% paraformaldehyde was added to the
wells and left for 48 h at 25 °C. Finally, the cells were
dehydrated by sequential ethanol dilutions.

2.3.5. Confocal microscopy: live/dead staining. Calcein-
acetoxymethyl ester (Sigma-Aldrich, St. Louis, MO, USA) and pro-
pidium iodide were used to stain hBMSCs cultured on the disks.
After 48 h of incubation, samples were gently washed with DMEM
and SP2 confocal laser microscopy (Leica, Wetzlar, Germany) was
used to visualize viable and nonviable cells; viable cells emitted
green fluorescence while nonviable cells emitted red fluorescence.

2.3.6. Statistical analysis. The statistical analysis of the
data was performed using Minitab 16, an advanced software
developed by Minitab Inc., PA, USA. To assess the significance
of the results, Student’s ¢ tests were conducted with a signifi-
cance level of p-value < 0.05 (n = 10).

2.4. Invivo study

3Y-TZP/Ta and Ta cylinders were implanted in the proximal
medial tibia of three adult New Zealand white rabbits (Charlie
Rivel, France) weighing approximately 3.5 kg and 9-10 months
old. All animal experiments and procedures were performed in
accordance with the Scientific Council of the Galician Ceramic
Institute, Santiago de Compostela, Spain. The study was con-
ducted according to the protocol 01/2007A, which received
institutional approval (January 26, 2009) from the Scientific
Council of the Galician Ceramic Institute, Santiago de Com-
postela, Spain. Animals were premedicated with diazepam
0.2 mL kg~ (Valium 10, Roche, Basel, Switzerland), ketamine
10 mg kg™ (Imalgene 1000, Merial, Lyon, France) and mede-
tomidine 0.1 mg kg~' (Domitor, Orion, Espoo, Finland). Ani-
mals were anesthetized by intramuscular injection in the hind
legs. The area of the anterior tibialis muscle was shaved. The
skin was disinfected with 10% povidone-iodine solution (Beta-
dine, Medapharma, San Fernando de Henares, Spain). Infiltra-
tive articaine (1.5 mL) anesthesia (Ultracain 40/0.005, Normon,
Tres Cantos, Spain) was injected subcutaneously into the ante-
rior tibial surface. Cylinders made of sintered and well-polished
3Y-TZP/Ta ceramic-metal composites with a length of 5 mm
and a diameter of 2 mm were implanted in each animal with
two cylinders in the proximal medial tibia. Surgical preparation
of the cylinders was performed using a pilot drill (Precision
drill 33071 Nobel Biocare, Barcelona, Spain) followed by a
2 mm twist drill (Twist Drill 32296 Nobel Biocare, Barcelona,
Spain). Drilling was carefully performed using a low-speed
handpiece (KaVo Intrasurg 300, Madrid, Spain), not exceeding
2000 rpm and cooled with a large volume of saline solution.
A metal rod was used for the right tibia and a 3Y-TZP/Ta
biocermet for the left tibia. All cylinders were separated by at
least 10 mm. The cylinders were impacted using the hammer
blow method and the surface edges were flossed with bone. The
periosteum was sutured with continuous monofilament absorb-
able sutures (3-0 Monocryl, Ethicon, Madrid, Spain). The skin was
sutured with intermittent threaded absorbable sutures (Vicryl 3-0,
Ethicon, Madrid, Spain). The skin was again immersed in
povidone-iodine solution; six months later, the rabbits were
euthanized by lethal injection of ketamine/diazepam.

J. Mater. Chem. B, 2024, 12, 8919-8928 | 8921
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2.4.1. Histological preparation and examination. After
euthanasia, the entire tibia was removed and the exact location
of the implant was determined by radiographic examination.
The tibia was fixed in buffered formalin (10%) for one week.
The two implants in each tibia were separated and each speci-
men was reduced in size; the specimens were dehydrated by
immersion in a concentrated alcohol solution according to the
Donath and Breuner method.>® The samples were infiltrated
with Technovit 7200 resin (Kulzer, Madrid, Spain). After photo-
polymerization of the infiltrated blocks, thin polished slides
were obtained. Samples were stained with Papanicolaou-Harris
hematoxylin (Merck, Darmstadt, Germany) and Wheatley’s
Slichro stain (Chromotrope 2R, Newcomer supply, Middleton,
WI, USA) followed by Canada Balsam solution (Fluka Biochem-
ika, Alcobendas, Madrid, Spain); samples were observed using a
transmission light microscope (Optiphot, Nikon, Tokyo, Japan)
equipped with a DP-12 digital camera (Olympus, Tokyo, Japan).

2.4.2. Histomorphometric evaluation. Histomorphometry
was performed using an SZX12 microscope (Olympus, Tokyo,
Japan) equipped with an Olympus DP12 camera. The acquired
images were processed using image J-1.46r software (Bethesda,
MD, USA) to determine the bone-to-implant contact (BIC) ratio,
defined as the proportion of bone in direct contact with the
implant surface. If necessary, polarized light microscopy was used
to determine the boundaries of the newly formed bone. All
measurements were performed by the same investigator and
boundaries were corrected by another investigator. To quantify
repeatability and measurement error, five randomly selected
slides were measured three times over a three-day period.®® BIC
evaluation was performed using eight measurements per cylinder.

2.4.3. Statistical analysis. To test the normality of the
histomorphometry data, a K-S test was conducted. Subse-
quently, the means were compared using the Wilcoxon
signed-rank test. The statistical analysis was performed using
the IBM-SPSS 18.0 software package (Chicago, IL, USA). The
significance level was defined as P < 0.05.

2.5. Magnetic resonance imaging (MRI) compatibility

SPSed 3Y-TZP/Ta samples were semi-vertically immersed in an
agarose gel containing saline (1.6%). Magnetic resonance imaging
studies were performed on a 9.4 T MRI system (Bruker Biospin,
Ettlingen, Germany) with a 440 mT m™" gradient, a 7 cm diameter
linear birdcage resonator for signal transmission and a 2 x 2 array
surface coil for signal detection (both used in combination with
Bruker Biospin, Ettlingen, Germany). Spin-echo (T1 and 72), gradi-
ent recall echo (GRE) and echo planar imaging (EPI) were selected as
typical clinical MRI sequence parameters, similar to routine clinical
protocols. All MRI experiments were performed at the Institute of
Clinical Neuroscience of the Clinical Hospital of the University of
Santiago de Compostela (Santiago de Compostela, Spain).

3. Results and discussion

The electron micrograph of the microstructure of the sintered
3Y-TZP/Ta composite is shown in Fig. 1. In this micrograph, the
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dark phase represents 3Y-TZP and the gray phase represents Ta
grains, as confirmed by the complementary EDS compositional
analysis. The tantalum grains are homogeneously distributed
in the zirconia matrix and no pores are observed.

Fig. 2A shows the constructed 3D image of the 3Y-TZP/Ta
structure. The continuous zirconia matrix and the tantalum
particles (shown in yellow-green) entangle each other and form
a three-dimensional network structure. Fig. 2B shows the
thickness of the Ta phase. The Ta phase shows a well-defined
distribution with a median plate thickness of ~2 pm.

Previous studies*””° have shown that this particular distri-
bution of the lamellar metallic phase in the microstructure of
the composite material means that its resistance to crack
growth is much higher than that of monolithic zirconia. The
major contributions to toughening are the resulting crack
bridging and plastic deformation of the metallic particles,
together with crack deflection and interfacial debonding. The
intricate interplay of multiphase and multiscale mechanisms
within these materials hinders crack propagation, leading to a
remarkable toughness of 16 MPa m'? (Table 1). Not only does
this value exceed that of conventional commercial bioceramics,
but this ceramic-metal composite also demonstrates a very high
resistance to cyclic fatigue, which is critical for long-term
durability.*® As a result, these composites exhibit an unprece-
dented combination of high toughness, strength, damage toler-
ance and fatigue resistance due to their unique microstructure.

To assess the biocompatibility of these materials, mesenchy-
mal cells are chosen for this experiment because they are con-
sidered as important cells to test new materials, as primary cells
are known to have an unaltered cytoskeleton and growth pattern
compared to cell lines such as Saos-2.°* The proliferation of
mesenchymal stem cells on substrates is shown in Fig. 3. The
cells were plated on each substrate and incubated on various
substrates for 2, 7 and 10 days; MTT assay results are shown as
mean = standard deviation. 3Y-TZP/Ta composites have a similar
biocompatibility to pure Ta (p-value > 0.05, Student’s ¢ test, 95%
confidence level) for each time point. Thus, no significant differ-
ences were assumed between these two groups. On the other
hand, the 3Y-TZP/Ta composite shows a larger proliferation rate

=

Fig.1 SEM image of a polished surface of a 3Y-TZP/Ta sintered compo-
site and EDS spectra taken at two points on the surface marked with
crosses corresponding to (A) the tantalum grain and (B) the zirconia matrix.

This journal is © The Royal Society of Chemistry 2024
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Platelet thickness (um)

(A) Segmented 3D image of the Ta particles showing its plate-like morphology and high degree of entanglement. (B) Histogram of platelet

thickness, showing a well-defined distribution and a median thickness of ~2 pm.

Table 1 A summary of the mechanical properties of the 3Y-TZP/Ta composite in comparison with the 3Y-TZP ceramic obtained under similar

conditions?”49-50

Density [% ¢u]  Elastic modulus E [GPa]

Flexural strength o [MPa]

1/2]

Hardness HV [GPa] Fracture toughness K. [MPa m

3Y-TZP 99
3Y-TZP/Ta 98

198 £ 5
194 £7

1217 + 10
970 £ 18

than 3Y-TZP (p-value < 0.05, Student’s ¢ test, 95% confidence
level) after 10 days of incubation, showing that the composite
material is more prone to cell colonization.

Fig. 4 shows a steady increase in caspase 3 activity in all
samples in relation to the rate of intrinsic apoptosis in culture.
However, no significant differences were found between 3Y-
TZP, Ta and 3Y-TZP/Ta for each time point studied (p-value >
0.05, Student’s ¢ test, 95% confidence level). A nominal apop-
totic rate is always found in cell cultures even on cell friendly
surfaces of culture flasks.

10
of lsvize - HMsv-zorma
1 *
e
S
=
o
~
(o]
8
<
2 days 7 days 10 days

Fig. 3 Cell proliferation results according to absorbance values of the
samples after incubation for different times. The significant difference is
connected by a horizontal line (*p < 0.05). p-Values for 2 and 7 days are
above 0.05, thus assuming no significant differences.

This journal is © The Royal Society of Chemistry 2024

13 +£0.3
9+ 0.7

6+0.3
16 +£ 0.9

From the in vitro results obtained, it can be concluded that
pure Ta and 3Y-TZP/Ta composites promote a higher cell
proliferation than 3Y-TZP monolithic ceramics, which facili-
tates cell colony formation. SEM imaging of hBMSCs cultured
for 48 hours on the fabricated substrates (Fig. 5) revealed that
in all samples adhesion, cell spreading and proliferation were
clearly observed. However, in the case of the biocermet material
almost the entire surface is covered with cells and a large
amount of extracellular matrix is visible (Fig. 5D).

Confocal microscopy showed that cell proliferation and
viability were optimal on both Ta and 3Y-TZP/Ta surfaces
(Fig. 6). After 10 days of incubation, the 3Y-TZP/Ta biocermet

0,08

0074 EM3v-Tzp EETa M 3Y-TZPTa
0,06 -
0,05

0,04

ng/ml

0,03
0,02

0,014

0,00
10 days

Fig. 4 Caspase assay results for all studied materials. No significant
differences were found between groups (p > 0.05).

2 days 7 days
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Fig. 5 Scanning electron micrographs of mesenchymal stem cells plated
onto the 3Y-TZP (A), Ta (B) and 3Y-TZP/Ta (C) and (D) substrates.

shows a high concentration of cells on the surface. On the other
hand, zirconia samples were not so colonized, confirming the
observations from MTT assays.

However, the complex biological processes that occur
between the implant and the bone/tissue cannot be completely
simulated under laboratory conditions. Therefore, further
in vivo studies were conducted to confirm the findings of
in vitro experiments. Histological observations 6 months after
implant placement in the proximal medial tibia of New Zealand
white rabbits showed that there was some immature new bone
in the new bone area of both 3Y-TZP/Ta biocermet and pure
metal materials (Fig. 7 and 8). Fig. 7A shows the surface end of
the implant rod made of the 3Y-TZP/Ta biocermet (IM), dis-
playing the formation of new bone (NB) originating from the
neighboring diaphyseal old bone (OB) and the periosteum (P).
At the interface between the implant and tissue, distinct con-
tact zones were identified: a mineralized zone (CM) and an
unmineralized zone (ST) within the matrix. Fig. 7B shows the
surface of the 3Y-TZP/Ta biocermet rod at the entrance of the
tibia’s medullary cavity (BM) stimulating the formation of new
bone (NB) along the surface of the stabilized implant (IM)
through the influence of the endosteum (E). Cement reversal
lines (RL) were observed between the compact Haversian old
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Fig. 7 Bone-biocermet implant interface: General view (A and B) and
detailed close-up (C). The surface end of the implant rod made of the 3Y-
TZP/Ta biocermet (IM), new bone (NB), old bone (OB), periosteum (P),
mineralized zone (CM), unmineralized zone (ST) within the matrix, tibia's
medullary cavity (BM), endosteum (E), cement reversal lines (RL), vascular
structures (V), Haversian systems (osteons) (OS) and cemental lines (RL).

bone (OB) and the newly formed bone with a lamellar structure
characterized by plexiform features. It’s important to note the
extensive vascularization of the new bone originating from the
nearby diaphyseal old bone (OB). Some points at the interface
displayed a lack of mineralization, which can be observed
through the vertical white arrows. Fig. 7C gives a closer look
at the interface between the bone and the implant, revealing
the process of bone remodeling (NB) occurring in direct contact
with vascular structures (V), separated from the Haversian
systems (osteons) (OS) of the old bone (OB) by cemental
lines (RL).

Fig. 8A shows the end surface of a rod made of tantalum
(IM), revealing the formation of new bone (NB) originating
from the periosteal surface (P) on the front-inner side of the
tibia’s diaphysis. The observation included the presence of old
compact bone consisting of Haversian structures (OS), vascular
spaces (V), and cemental lines (RL). Fig. 8B shows that the
interphase zone of the implant (IM) within the medullary cavity
(CM) was characterized by the presence of a cemental line (RL)

Fig. 6 Confocal laser scanning microscope image of the hBMSCs grown on: 3Y-TZP (A), Ta (B) and 3Y-TZP/Ta (C) surfaces during culture for 10 days.

hBMSCs were stained with green fluorescent calcein AM.
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Fig. 8 Bone-tantalum implant interface: General view (A and B) and
detailed close-up (C). The end surface of a rod made of tantalum (IM),
new bone (NB), periosteal surface (P), Haversian structures (OS), vascular
spaces (V), cemental lines (RL), interphase zone of the implant (IM),
medullary cavity (CM), cemental lines (RL), and endosteal (E) and compact
old bone (OB).

separating the endosteal (E) new bone (NB) from the surround-
ing compact old bone (OB). It is worth noting the passage of
new vascularization through the cemental lines (V). Fig. 8C
shows a close view of the bone-implant interface, revealing the
close apposition of a newly formed, highly vascularized bone
(NB) to the surface of the implant. Cemental lines (RL) acted as
boundaries between the old bone (OB) and the new bone (NB),
as well as between the Haversian systems (OS) of the old
bone (OB).

These new bone tissues were in direct contact with the Ta
metal and 3Y-TZP/Ta biocermet, and no fibrous tissue was
observed at the interface between the implant and the new
bone. Histological examination of these implants did not show
any inflammatory reaction. Complete stabilization of the 3Y-
TZP/Ta biocermet cylinder was observed at the tibial diaphysis
(Fig. 7). The superficial and apical ends of the implants were
completely covered with the new bone. Moreover, the
implanted cylinder also shows osteoconductivity as some of
the new bone grows from the endosteum of the implant sur-
face. However, this new bone shows an irregular lamellar
structure. At the bone-implant interface, the new bone is
immature and poorly structured. The osteocyte spaces are filled
by typical osteocytes, but show a heterogeneous distribution
around neoplastic vascular structures close to the implant. This
difference reduces the contact area between the implant and
the calcified matrix interface, resulting in immaturity of the
new bone. No inflammatory reaction was observed at any site
and the implant surfaces were well adapted to the bone marrow
in the medullary cavity. Continuous bonding of the mineralized
bone matrix in direct contact with the tantalum rod surface
was clearly observed (Fig. 8). The stabilization of the
tantalum implant in the tibial diaphysis is due to the close
contact between the compact bone and the metal rod surface.

This journal is © The Royal Society of Chemistry 2024
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The newly formed bone covers the scar tissue around the
implant contact area and the old bone shows highly vascular-
ized plexiform structures arising from the periosteum and
endosteum. The newly formed bone covers the superficial
and apical ends of the rod. A new layer of bone formed from
the endosteum stabilizes the implant along the medullary
cavity. This bone is highly vascularized and has a braided and
lamellar structure. In the implant contact area, the new bone is
less mineralized and cement lines define the boundaries of the
new bone. Osteocytes are evenly distributed at the bone/
implant interface. No evidence of dysplasia or inflammatory
or connective tissue interposition at the interface is observed.
Bone marrow is strongly angiogenic and in close contact with
the implant, with no evidence of an inflammatory response.
The bone volume and bone-implant contact area were larger in
tantalum metal rods than in the composite. The bone-to-
implant contact (BIC) values were 55.3 £ 6.3% for the 3Y-
TZP/Ta biocermet and 80.4 + 5.2% for the tantalum rods, with
a significant difference between the groups for p < 0.04. The
high BIC value of tantalum cylinders confirms the results
obtained in vitro and thus confirms the excellent biocompat-
ibility of tantalum metal. On the other hand, the value obtained
for the 3Y-TZP/Ta biocermet is in good agreement with that
reported for the zirconia-niobium system.*® Therefore, the
3Y-TZP/Ta composite was found to be a biocompatible material
capable of facilitating osteointegration.

The behavior of the developed biocermet during the MRI
study was also evaluated. The different types of images shown
in Fig. 9 are related to signal heterogeneity and noise and to the
repetition time (TR) and echo time (TE) of the MRI protocol.
The gradient recall echo sequence (GRE) method is more
versatile than other techniques and allows the spin flip and
tip angles to be varied in addition to the usual TR and TE
parameters, resulting in clearer images. Echo-planar imaging
(EPI) is the fastest imaging method in MRI, but has limited
spatial resolution and causes high distortion. Spin-echo (SE)
pulse sequences are the most commonly used pulse sequences.
T1- and T2-weighted images can be obtained by adjusting the
timing of the pulse sequence: short TR and short TE result in a
T1-weighted image, while long TR and long TE result in a T2-
weighted image. None of the ceramic-metal composite materials’
GRE examined produced a detectable strain (Fig. 9A). The spin-
echo pulse sequence showed negligible distortion (Fig. 9B and C),
while distortion was slightly higher on echo-planar images, as
expected (Fig. 9D). In conclusion, no significant image artefacts
were observed during the MRI examination, confirming the
compatibility of this medical imaging technique with the studied
3Y-TZP/Ta biocermet.

Previous studies have observed that zirconia implants are
favorable in terms of low artifacts compared with metal
implants.®>®* When tantalum, a paramagnetic material, was
combined with diamagnetic materials, such as zirconia (suscepti-
bility: —8.3 x 10~ °>%), almost no artifacts were noted in the MRI
according to our investigation. Previous research also observed
reduced artifact size when a paramagnetic NiTi implant was
coated with diamagnetic graphene oxide and carbon nanotubes,
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Fig. 9 MR tomographic images of the 3Y-TZP/Ta biocermet in gradient
echo (A), spin echo (B) and (C) and echo-planar imaging (D) modes.

which was in consistence with our results.®® Moreover, a theore-
tical study®® has proposed that combining two materials with
different magnetic susceptibilities results in the desired effective
magnetic susceptibility. Calculations indicate that susceptibility
artifacts can be well suppressed by combining paramagnetic and
diamagnetic materials. Therefore, we demonstrated the feasibility
of MR as a valuable imaging tool for investigating the 3Y-TZP/Ta
biocermet in diagnosing post-operative complications following
implant surgery and imaging anatomy adjacent to implants.
Further validation in patients is required, as this in vitro investiga-
tion is not able to simulate the impact of the implant’s surround-
ing tissues on MR imaging results in vivo.

4. Conclusions

In this paper, in vitro and in vivo evaluation of a zirconia/20
vol% tantalum (3Y-TZP/Ta) biocermet for biomedical implant
applications is performed. Compared to monolithic zirconia,
the 3Y-TZP/Ta composite exhibits a significantly higher cell
viability. Moreover, this biocermet does not negatively affect
cell proliferation, extracellular matrix production, or cell mor-
phology. As a result, the studied 3Y-TZP/Ta biocermet creates a
surface that is more favorable for cell growth. These findings
from in vitro investigations align closely with the results of
in vivo studies. In vivo studies have confirmed the effectiveness
of osseointegration within the specified timeframe. The surface
of the 3Y-TZP/Ta implant demonstrates high biocompatibility,
with no evidence of gaps, fibrous tissue, multinucleated cells,
or inflammatory cell infiltration at the bone-implant interface.
Additionally, the MRI image quality of the 3Y-TZP/Ta biocermet
is not affected by artifacts, unlike other biometal materials.
This makes it more suitable for implant applications, as it can

8926 | J Mater. Chem. B, 2024, 12, 8919-8928
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provide accurate and reliable diagnosis of the implant site and
surrounding tissues. Overall, these results signify the suitability
of the 3Y-TZP/Ta biocermet for orthopedic and dental applica-
tions, indicating its significant clinical potential.
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