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ABSTRACT

This paper presents a thorough biocompatibility evaluation of a CoCrMo medium entropy alloy to assess its
potential to be utilized in orthopedic and dental implants. For this purpose, a wide range of systematic exper-
iments were carried out, including static immersion, cell culture and radiation experiments. In particular,
chemical biocompatibility and ion release behavior of the CoCrMo alloy were studied by carrying out static
immersion experiments in artificial saliva (AS), simulated body fluid (SBF) and fetal bovine serum (FBS).
Detailed analysis of the surfaces of the tested samples demonstrated that both passive oxide layer and hy-
droxyapatite formation occur on the CoCrMo sample surfaces immersed in AS, SBF and FBS for 28 days. The
response of living cells to the CoCrMo alloy was tested utilizing cell culture experiments, and the evidence of
Saos-2 cell viability and proliferation supported the static biocompatibility experiment results, indicating the
potential of the CoCrMo alloy to be utilized as an orthopedic implant material. Finally, the effect of a CoCrMo
implant on the actual radiation dose induced upon malignant tissue in the vicinity of the implant during a
radiotherapy was evaluated by applying medical grade radiation to water phantoms circumventing CoCrMo
samples. The results showed that the radiation accumulation in the tissue within the immediate vicinity of a
CoCrMo implant would be a minimum, eliminating some of the undesired side effects. Overall, the results of the
three different types of experiments reported in this paper have clearly demonstrated that the CoCrMo medium
entropy alloy investigated in this study has significant potential to be utilized as a safe implant material in dental
and orthopedic implants.

1. Introduction

bearing surface at the articulating part, which could bear a
metal-on-metal (MoM) or metal-on-polyethylene (MoP) contact. Sec-

One of the most common materials used in orthopedic implants is the
CoCr alloy owing to its high strength and wear resistance, and long-term
durability, which make it the material of choice especially for younger
patients undergoing arthroplasty [1]. Specifically, the use of CoCr alloys
in arthroplasty has two major purposes: first, they are used as the
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ondly, they are employed in the stems or base plates of the implants,
where the load is transmitted to the bone. Although at the bearing
surface the wear resistance is important, at the stems osteointegration
and biomedical fixation are of more importance. For instance, many of
the MoM hip implants implanted in significant numbers in the United
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Kingdom in the 1960s were mostly replaced with the MoP implants in
the mid-1970s as a result of early reports of seizing and loosening. The
seizing and loosening of MoM arthroplasties were associated with metal
staining due to wear and corrosion of the MoM articulating bearing
surfaces [2], and wear debris and metal ions have been associated with
this loosening [3]. In particular, these released products may elicit an
adverse biological reaction in the host [4], where high ion levels can
lead to delayed-type hypersensitivity around the prosthesis to increase
lymphocytic infiltration, organ toxicity and carcinogenesis, as well as
dermatitis, urticaria and vasculitis [5,6]. In severe cases, increased
lymphocytes can even cause bone necrosis and implant failure.

All these problems are mainly facilitated by the release of Cr ions into
the bloodstream, which are highly water-soluble and easily permeates
the cell membrane through the physiological anion transport channels.
Even though Cr ions do not react with DNA in vitro in isolated nuclei,
they cause many DNA lesions which include DNA-DNA cross links, DNA-
protein cross links and oxidative damage once inside the cell via
generating reactive oxygen species [7]. Furthermore, Cr ions have been
associated with sarcoma at the implantation site of an orthopedic
prosthesis, increased melanoma following implantation of a prosthesis,
and increased risk of bladder and ureter cancers [8].

An alternative material to the CoCr alloy is the CoCrMo medium
entropy alloy (MEA), especially in the case of arthroplasty [9], and its
relatively high strength, modest elastic modulus, and high corrosion and
wear resistance have recently made it also popular in the making of
dental and orthopedic implants such as screws and pins [10-12]. Even
though CoCrMo alloys also contain a significant amount of Cr, which can
lead to cytotoxicity if it is released into the human body due to corrosion
[13], the CoCrMo alloy also exhibits a natural means of prevention of
ion release, such that the Co, Cr and Mo oxides spontaneously form a
passive layer on the CoCrMo surface upon contact with the bodily fluids
[14,15].

Passive oxide layers form on implant surfaces since they are more
stable than the metallic elements themselves, resulting in a barrier be-
tween the implant surface and the surrounding environment, which
effectively suppresses dissolving of the metallic elements [16-18]. Yet,
several factors such as the actual chemical composition of the alloy, the
thickness of the passive oxide layer and the mechanical stresses on the
surface of the implant affect the corrosion protection performance of the
passive oxide layer [11,19]. Moreover, the pH of the surrounding cor-
rosive media can play a significant role, such that low pH values increase
the corrosion rate as well as passivation layer solubility [20-24].
Therefore, it is crucial to understand the effect of different corrosive
media representing various human body locations to properly assess the
usability of potential implant materials.

The corresponding scientific literature offers examples of studies
carried out on CoCrMo MEA with this motivation, where ion release and
corrosion behaviors of the CoCrMo alloy in solutions imitating human
body conditions, including simulated body fluid (SBF). These studies
confirm the significant role of solution pH on the corrosion response of
the alloy, which can vary based on medical conditions such as inflam-
mation or healing [14,22,24]. An interesting yet important observation
was that, regardless of the atomic percentages of the constituent ele-
ments, the CoCrMo MEA has a tendency to release Co ions at a signifi-
cantly higher rate owing to the selective dissolution of Co [25,26].
Specifically, even though the passive oxide layer forming on the CoCrMo
MEA primarily consists of Cr oxides, the so called Cr-like passivation
limits the Cr ion release into SBF to a negligible amount [14,26], rather
facilitating Co and Mo ion release during corrosion [14,24,25]. A
solution-dissolution cycle of the passive oxide layer forming on CoCrMo
MEAs was also reported, significantly affecting the rate of ion release
from the alloy in the long term [27,28], which can be associated with
medical causes such as infection, surgery, the healing process, and other
metabolic activities [22,23]. Especially in the case of the oral cavity, the
pH can significantly change due to dental plaque formation, and acidic
or alkaline nutrition intake, and can significantly decrease towards the
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2-3 range when a pathological condition is prevalent [19,23,28-30].
Studies employing artificial saliva (AS) of varying pH to simulate the
effects of different oral cavity conditions on the CoCrMo dental implants
have demonstrated that a pH value less than 4 significantly enhances ion
release from this material in AS [19].

In general, highly corrosive ions inside a corrosive media, such as
chloride, determine the thickness and properties of a passive oxide layer
forming on an alloy [31]; however, animal studies on CoCrMo MEA [32]
have demonstrated that the contribution of proteins to the deterioration
of the implant surfaces should also be taken into account when making
an assessment of the biocompatibility and corrosion performance of an
implant material. For instance, when albumin was added as the protein
to the phosphate buffer solution (PBS), Mo release from the CoCrMo
MEA increased notably [11]. When the albumin was replaced with alpha
calf serum, the corresponding corrosion rates of the CoCrMo MEA in the
PBS solution decreased towards clinically more relevant values [33].

A good alternative to PBS solution supplemented by proteins is the
fetal bovine serum (FBS), which is a generic serum used as a supplement
in biological studies that need to consider the effect of a wide variety of
proteins to simulate living body condition when conducting cell growth
experiments, a condition that is plausible while healing following an
implantation surgery [34-36]. Overall, studies assessing the corrosion
response of a variety of implant materials, including a NiTi shape
memory alloy [37] and the CoCrMo MEA [38], have clearly shown that
the FBS solution enhances the rate of ion release in static biocompati-
bility experiments owing to the variety of proteins it contains, and thus,
constitutes a better environment for characterizing the biocompatibility
of metallic implant materials prior to clinical trials.

In the light of the background provided herein, the authors carried
out static biocompatibility experiments on the CoCrMo MEA in three
different media, namely AS, SBF and FBS, for the sake of a compre-
hensive bio-corrosion analysis of the CoCrMo MEA and to investigate the
passive oxide formation on this potential dental and orthopedic implant
material in detail. A thorough set of static biocompatibility experiments,
as well as detailed pre- and post-mortem chemical analyses of both the
CoCrMo samples and the immersion fluids, were carried out. In addition,
to thoroughly assess the biocompatibility of this alloy, cell culture ex-
periments were conducted where Saos-2 cells were cultured on the
CoCrMo surfaces in a controlled environment. Finally, considering the
long-term utility of the target applications, the reaction of the CoCrMo
alloy to different degrees of medical grade radiation was also studied.
Overall, the experimental findings presented herein showed that both
passive oxide layer and hydroxyapatite formation take place on the
CoCrMo MEA upon immersion in AS, SBF and FBS, improving the
osseointegration process. While the three different solutions have
different effects on the CoCrMo MEA, the CoCrMo MEA demonstrated
excellent corrosion resistance against these biological media. Further-
more, cell viability and proliferation on the CoCrMo surface encourage
its utility as an orthopedic or dental implant material, which is also
supported by the results of the radiation study. The results not only
constitute a very comprehensive evaluation of the biocompatibility of
the CoCrMo MEA, but also warrant clinical research to approve its utility
as implant material in procedures such as total knee arthroplasty or
dental implantation.

2. Materials and methods

The CoCrMo MEA (27 wt% Cr, 6 wt% Mo and balance Co) employed
in this study was produced by vacuum arc re-melting technique using
powders of each element with 99.9% purity. First, button-shaped bulk
materials with a diameter of about 60 mm were obtained upon remelting
5 times in a Ti-gettered argon atmosphere on a water-cooled copper
crucible. Then, the as-cast bulk alloys were cut by electrical discharge
machining (EDM) to obtain discs with a 50.1 mm diameter and a
thickness of 6.1 mm. The as-cast CoCrMo alloy discs were then further
machined by EDM to obtain 10 mm x 5 mm x 1 mm samples for static
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biocompatibility experiments. The surfaces of the EDM-processed sam-
ples were mechanically ground using SiC emery papers with grain sizes
ranging from 106 to 2.5 pm to eliminate any contamination on the
surface, and only a negligible change in the thickness was observed upon
mechanical polishing. Subsequently, the samples were polished with
0.3 pm alumina slurry until the surfaces reached a mirror-like appear-
ance, and then the samples were cleaned in an ultrasonic water bath
with ethanol and rinsed with de-ionized water. Following preparation,
the samples were statically immersed into SBF (pH = 7.4) and AS (pH =
2.3) with the elemental compositions shown in Table 1, and FBS (Biosera
FB-1101) for 1, 7, 14 and 28 days [39]. In this process, the CoCrMo MEA
samples were placed in sealed tubes which were filled with SBF and AS
with a volume-to-surface area ratio of 20 mL/cm?, and FBS with a
volume-to-surface ratio of 10 mL/cm?. All solutions were kept at a
constant temperature of 37 °C throughout the immersion experiments in
an electronically controlled water bath to simulate the body
temperature.

Following the immersion experiments, the initial microstructural
characterization of the CoCrMo MEA samples was conducted by X-ray
diffraction (XRD) on a Bruker D2 Advanced X-ray diffractometer. The
incidence angle was kept at 5° with a Cu-Ka radiation source which was
operated at 30 kV and 10 mA, while the acquisition angle changed from
5° to 90° with a 0.02° increment. To investigate the surface morphology,
the samples were analyzed by a Zeiss Ultra Plus field emission scanning
electron microscope (SEM) prior to and following the immersion tests. In
order to reveal the surface chemistry of the tested samples and inspect
the elemental distribution on the sample surfaces following the im-
mersion tests, X-ray photoelectron spectroscopy (XPS) analysis was
carried out on the tested samples. The XPS measurements were per-
formed by utilizing a Thermo Scientific K-Alpha spectrometer with an
aluminum anode (Al Ko = 1468.3 eV), and the take-off angle was 90°
between the sample surface and the axis of the analyzer lens. A flood gun
was used to avoid charging. The depth profiling was performed using Ar
ion bombardment. Avantage 5.9 software was utilized to perform fitting
of the data. The elemental compositions of the immersion solutions
following the static immersion experiments were examined by an Agi-
lent 7700x inductively coupled plasma mass spectrometer (ICP-MS) to
observe ion release from the immersed samples following 1, 7, 14 and 28
days of immersion.

To assess the interaction of the CoCrMo alloy with living tissue, cell
culture experiments were carried out. Saos-2 (ATCC® HTB-85™) cells
were bought from the American Type Culture Collection (ATCC,
Washington DC, USA). The cells were cultured in Dulbecco’s Modified
Eagle’s Medium (DMEM; Capricorn Scientific, Ebsdorfergrund, Ger-
many), containing heat-inactivated 10% FBS (Capricorn Scientific,
Ebsdorfergrund, Germany) and 1% penicillin/streptomycin (Capricorn
Scientific, Ebsdorfergrund, Germany) and 1% Glutamax (Gibco™,

Table 1
Compositions of the AS and SBF utilized in the static immersion experiments.
Solution Ingredients Amount (g/L) pH
AS NaCl 0.4 2.3
KCl 0.4
CaCl, . 2H,0 0.906
NaH,PO4.2H,0 0.69
NayS.9H,0 0.005
Urea 1
SBF NaCl 8.036 7.4
NaHCO3 0.352
KCl 0.225
K3HPO4.3H,0 0.23
MgCl,.6H,0 0.311
1 MHCI 40 mL
CaCl, . 2H0 0.293
NaySO4 0.072
TRIS 6.063
1 MHCI 0.2ml
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Massachusetts, USA). The cells were incubated at condition 37 ‘Cina
humidified atmosphere containing 5% CO2 and 5% O,. The complete
medium was changed once every 3 days over an 8-9-day period. For
each passage, the cells were plated similarly and grown to a confluency
of 70%. MTT (3-[4,5-dimethylthiazol-2-yl]-2,5 diphenyl tetrazolium
bromide) analysis was used to determine cell viability by the presence of
mitochondrial activity in the cells. Therefore, 3 x 10° cells were seeded
on the metal surfaces of the CoCrMo alloy samples and incubated on
these surfaces for 3, 5 and 10 days. At the end of the incubation, the cells
were removed from metal surfaces with trypsin-EDTA and inoculated
into 96-well plates. MTT solution (Acros Organics B.V.B.A., Massachu-
setts, USA) at a concentration of 5 mg/ml was added to each well. The
cells were then incubated for 3 h in air with 5% CO, and 95% relative
humidity at 37 °C. After incubation, absorbance values were determined
at 540 nm in a microplate reader with a monochromator system (BIO-
TEK ELx808IU, Vermont, USA). After incubation, the medium was
removed and fixed with 2.5% glutaraldehyde (G7651 Sigma-Aldrich,
Missouri, USA) for 2 h. It was then dehydrated using ethanol series
(50%, 75%, 90% and 96%) and dried under laminar flow. The
morphological features of Saso-2 cells on the surfaces of the CoCrMo
samples were analyzed using a JEOL JSM-5600LV SEM.

For the irradiation part of the study, the CoCrMo samples were
placed on solid water phantoms that simulate live tissue in terms of
density and response to radiation. After taking the computer tomogra-
phy (CT) scans of the samples, the results were incorporated into a
Monaco treatment planning system (TPS) for irradiation with 100 cGy
utilizing a photon bundle of 6 MV. Point dose radiation measurements
were made for lateral distances up to 2 cm from the center of the
CoCrMo samples in each direction with an interval of 0.5 cm, and the
radiation dose variation from sample surfaces to 2 cm depth from the
samples was monitored with a 0.5 cm interval. These treatment plans
were verified with the experiments conducted utilizing an IBA Dose 1
electrometer and an IBA FC65 ion capsule on an Elekta Versa HD linear
accelerator.

The immersion experiments and the corresponding ICP-MS analyses,
as well as the cell culture and radiation experiments were repeated 3
times for each case, where standard deviation remained within 1% for
all cases. As for the remaining characterization methods, such as SEM,
XRD and XPS, selected samples were studied.

3. Results and discussion
3.1. Static biocompatibility and the chemical characterization

The XRD pattern acquired from the as-cast CoCrMo sample is illus-
trated in Fig. 1. Experimental lattice parameters and peak values of
CoCrMo calculated using Bragg’s Law revealed that the as-cast CoCrMo
alloy contained hexagonal close packed (HCP) and face-centered cubic
(FCC) phases, which aligns well with the corresponding literature [40].
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Fig. 1. The XRD pattern showing the coexistence of HCP and FCC phases in the
as-cast CoCrMo alloy.
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The ICP-MS analysis revealed that Cr release from the CoCrMo alloy
is promoted by increased acidity, such that the Cr ion release into the AS
solution, which has the lowest pH value of 2.3 among all solutions, was
significantly higher as compared to the Cr ion release into SBF and FBS
(Fig. 2(a)). Indeed, the Cr ion release into AS was already noteworthy
starting with day 1 and continued to increase with time, while a notable
ion release into FBS started only following 14 days of immersion and a
very stable and low amount of Cr ion release into SBF was detected.
When examined closely, the Cr ion concentration released into FBS is
observed to have decreased from day 7 to day 14 prior to its notable
increase afterwards. This is attributed to the passive oxide layer for-
mation during the second week of immersion, such that the free Cr ions
in FBS released during the first week were absorbed into this passive
oxide layer while it was forming, which has been previously reported for
NiTi shape memory alloys [41]. Nevertheless, the passive oxide layer
could not prevent Cr ion release into FBS following the second week,
which is attributed to the active proteins in the FBS solution reacting
with it.

The Mo ion release into the three immersion solutions is presented in
Fig. 2(b). Accordingly, a similar trend of Mo ion release into AS and SBF
was observed, yet the quantity of ion release into AS was larger.
Furthermore, the rate of ion release into AS and SBF slowed down
significantly following the first week of immersion, which is indicative
of a passive oxide layer formation. Unlike the AS and SBF, the amount of
Mo ions detected in the FBS solution decreased from day 1 to the middle
of the second week prior to increasing at a high rate to finally surpass the
amount Mo ion release into the more acidic AS solution. This is associ-
ated with the fact that Mo ions initially form compounds on the surface
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Fig. 2. ICP-MS results showing the (a) Cr, (b) Mo and (c) Co ion release into
AS, SBF and FBS upon static immersion for 1, 7, 14 and 28 days.
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of the sample which causes the Mo concentration in the immersion fluid
to decrease. However, later on, the ion release surges since the proteins
in the FBS react with these compounds, changing the dissolution and
passivation mechanisms.

The source of the highest quantity of ion release into all three im-
mersion fluids was Co (Fig. 2(c)), which can be attributed to the higher
solubility of a Co-based oxide layer and the selective dissolution of Co
[24]. Indeed, the CoCrMo alloy exhibits a complex ionization behavior
independent of the elemental composition. While Cr has the second
highest quantity in the current CoCrMo alloy with 27 wt% content, Cr
with a 77 wt% presence in the alloy dissolved the least in AS, SBF and
FBS following 28 days of static immersion. This aligns well with the
previous reports of preferential Co release from CoCrMo and this alloy’s
complex ion release mechanism [14,27,42].

To further shed light onto the suspected passive oxide layer forma-
tion on the CoCrMo alloy in all three immersion fluids and on the
chemical reactions between the passive oxide layer and proteins present
in FBS, first the surface morphologies of an as-cast CoCrMo sample
alongside with the samples immersed the corrosive media for the 28
days were analyzed by SEM (Fig. 3). At a first glance, it is hard to identify
any major differences between the surface morphologies of the reference
sample (Fig. 3(a)) and the other samples (Fig. 3(b)-(d)). Specifically,
polishing marks from surface preparation are visible in all images, yet
any severe corrosion-induced depositions or damage to the surface are
absent in all images. Indeed, as evident from the SEM images presented
in Fig. 3, there is no indication of pitting corrosion in any of the
immersed samples; however, the surface of the sample immersed in FBS
(Fig. 3(d)) exhibited more deterioration as compared to those of the
samples immersed in AS (Fig. 3(b)) and SBF (Fig. 3(c)), indicating
enhanced corrosion in the presence of proteins. Nevertheless, the mostly
intact appearance of all the immersed samples stands in contrast with
the fact that a significant number of ions were released during the im-
mersion experiments. This discrepancy can be explained by the possi-
bility of oxide layer reformation on the surface of the samples during the
immersion, obscuring features of the corrosion [18]. Furthermore, a
closer look at the surfaces of the samples immersed in SBF showed that
there is notable particle precipitation on the surface (Fig. 4).

These observations warranted a thorough inspection of the surface
layer, and to begin with, the particles that precipitated on the surfaces of
the samples immersed in SBF were analyzed by EDX (Fig. 5), which
revealed that these particles contain Ca and O. Although quantitative
evaluation of oxygen content by EDX is difficult, this already hints at
bone-like hydroxyapatite formation that can facilitate the osseointe-
gration process by improving the interaction between the bone tissue
and an implant material [43-45]. In Addition to the Ca®* ion that can
enhance the formation of bone-like hydroxyapatite, other ions such as
HPO%’, CO%’ that exist in SBF can enhance apatite deposition, which
facilitates the osseointegration process [46]. To verify the existence of
these species on the surface and understanding the aforementioned
formation/reformation cycles of the passive oxide layers on the sample
surfaces, the immersed samples were analyzed by XPS (Fig. 6).

During the XPS analyses, the samples were etched for 60 s to remove
surface contaminations, followed by subsequent etching for 1080 s.
Fig. 6(a) illustrates the peaks of Cr 2p3/2 that are located at 573.5 eV
and 576.2 eV for the CoCrMo sample immersed in AS for 28 days, which
correspond to cr® and Cr-oxide (Cr2+), respectively. In Fig. 6(b) the
binding energies of 574.2 eV and 576.9 eV represent the metallic Cr and
cr®* on the surface, respectively, for the sample immersed in SBF for 28
days. The results of the XPS analysis of the sample immersed in FBS for
28 days are presented in Fig. 6(c), where the 573.1 eV and 576.2 eV
binding energies correspond to metallic Cr and Cr-oxide, respectively,
which are in agreement with the previously reported values in the
literature [47-52]. Moreover, the Cr-oxide layer disappears after an
etching time of 120 s. As the etching time further increases, the metallic
Cr appears in deeper layers (Fig. 7). For the samples immersed in SBF,
the binding energies of Cr at an etching time of 120 s move to 574.3 and
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Fig. 4. (a) The SEM micrograph of the CoCrMo sample immersed in SBF for 28 days showing precipitation of particles on the surface and (b) magnified view of the

precipitates. The red dot in (b) indicates the EDX acquisition point (Fig. 5).
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Fig. 5. Representative EDX analysis of precipitated particles observed on the
surface of CoCrMo samples (Fig. 4) immersed in SBF for 28 days.

575.6 eV, which evidence the existence of metallic Cr and CrOs,
respectively [53]. This layer diminishes as the etching reveals deeper
layers and at an etching time of 480 s the oxide vanishes and metallic Cr

with binding energy values of 574.2 and 583.3 eV appears [54]. Addi-
tionally, for samples immersed in FBS for 28 days (Fig. 6(c)), the
Cr-oxide layer is replaced by metallic Cr with peak values of 573.2 eV
and 574.8 eV [54,55] after an etching time of 120 s.

In addition to the Cr oxides on the sample surfaces, Ca and P for-
mations were also observed, highlighting the hydroxyapatite formation
(Figs. 7 and 8). Specifically, the peaks of Ca 2p3/2 and 2p1/2 in Fig. 8
support the hydroxyapatite formation on CoCrMo sample surfaces. The
samples immersed in AS (Fig. 8(a)) show the binding energy values of
346.9 and 350.4 eV corresponding to the Ca®* ions and CaCO3 forma-
tion on the surface of the samples [56-58]; however, this layer is very
thin and disappears at an etching time of 120s. The P2p3/2 peak is
located at 132.5 eV binding energy (Fig. 9 (a)) indicates phosphate
within calcium formation which is the characteristics of the hydroxy-
apatite formation on the surface [59,60]. For the samples immersed in
SBF (Fig. 8(b)), the Ca2p peak occurs at a binding energy of 347.8 eV
and its doublet occurs at the 351.2 eV, which is attributed to the Ca?*
ions [61,62]. This supports the results of the EDX analysis (Fig. 5) and
demonstrates the potential of bone-like hydroxyapatite formation on the
sample’s surface. In addition, the P peaks with 133.3 eV binding energy
were detected on the surface of the sample immersed in SBF (Fig. 9(b))
[59,63-65], showing the formation of natural calcium phosphate on the
surface, a compound with the ability to enhance osseointegration
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Fig. 6. XPS results prior to etching showing the Cr 2p3/2 snap of CoCrMo
samples immersed in (a) AS, (b) SBF, and (c) FBS for 28 days.

process [63,64]. For the samples immersed in FBS (Fig. 8(c)), the
Ca2p3/2 peak at a binding energy of 346.7 and the Ca2pl/2 peak at
350.2 eV binding energy are attributed to Ca®* ions, which facilitate
calcite formation, and thus, enhancing the chance of bone-like apatite
formation on the surface [62,66]. The corresponding P peaks are pre-
sented in Fig. 9(c), where the P2p3/2 peak centered at 132.5 binding
energy is associated with calcium phosphate formation [59,60]. How-
ever, this layer diminishes as the etching time reaches 120s (Fig. 7).

Overall, the thorough surface analysis presented herein proved that
both passive oxide layer and hydroxyapatite formation occur on the
CoCrMo sample surfaces immersed in AS, SBF and FBS for 28 days.
While the highest rate of Ca and P formation on CoCrMo surface is
prevalent in the FBS solution, the least amount of Ca and P formation is
observed when the samples are immersed in SBF (Fig. 7). On the other
hand, Cr-like passivity is supported more by SBF and AS solutions than
by the FBS.

3.2. Cell culture experiments

In an effort to assess the biocompatibility of the CoCrMo alloy from
different perspectives, in addition to the static biocompatibility experi-
ments and the corresponding post-mortem chemical characterization,
cell culture experiments were also carried out in the current study. Re-
sults of the MTT cytotoxicity tests, with the percent (%) viability of Saos-
2 cells on the CoCrMo surfaces at incubation periods of 3, 5 and 10 days
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Fig. 7. XPS depth profile of CoCrMo samples immersed in (a) AS, (b) SBF, and
(c) FBS for 28 days.

in comparison with the control group are given in Fig. 10. Accordingly,
the cell viability on the CoCrMo surface initially decreases from day 3 to
day 5, which is followed by an increase through the 10th day of incu-
bation. Previous research has shown that Mo improves the corrosion
resistance of biomedical alloys by providing both a protective layer and
preventing pitting corrosion [67]. Therefore, the high cell viability rates
on the alloy surfaces can be attributed to the biocompatible character of
the CoCrMo alloy, which has also been clearly demonstrated with the
aid of static biocompatibility experiments and the corresponding
post-mortem chemical characterization results presented herein. The
relatively low cell viability on the 5th day of incubation on the other
hand, indicates a partial dissolution of the protective oxide layer or
formation of cracks within the oxide layer, both of which can result in
ion release into the cell culture media. However, the significant increase
in cell viability rates on the 10th day of incubation suggests the refor-
mation of a stable oxide layer as incubation proceeded.

The field emission SEM (FESEM) images displaying the cell attach-
ment behavior on the alloy surfaces (Fig. 11) also evidence that the
CoCrMo surface provides a favorable environment for cell attachment.
Shorter cellular extensions are observed at the early stage of incubation
(Fig. 11(a)), which seem to be elongated as incubation proceeds (Fig. 11
(b)). On the 10th day of incubation, cellular networks become evident
(Fig. 11(c)). Overall, the evidence of Saos-2 cell viability and prolifer-
ation indicates the potential of the CoCrMo alloy to be utilized as an
orthopedic implant material.
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Fig. 8. XPS results prior to etching showing the Ca 2p3/2 and Ca 2p1/2 snaps
of CoCrMo samples immersed in (a) AS, (b) SBF, and (c) FBS for 28 days.

3.3. Response to medical grade radiation

An important concern when it comes to the presence of permanent
implants in human body is how they affect the surrounding tissue during
the lifespan of a patient. Even though biocompatibility experiments
(both in vivo and in vitro) give researchers a good idea about the ex-
pected side effects and benefits, there are certain non-standard situa-
tions, such as cancer treatment, that might need to be taken into account
for some patients. Considering the ever-increasing rates of cancer
diagnosis of all forms, as well as exploring another dimension of
biocompatibility analysis, we also investigated the possible effects of a
previously implanted CoCrMo medical implant on the radiation dose
distribution around the tissue circumventing the implant. In order to
simulate a situation where a tumor needs to be treated by radiation
therapy in the vicinity of a previously implanted CoCrMo alloy medical
implant, CoCrMo samples with dimensions of 10 mm x 5 mm x 1 mm
were placed on solid water phantoms (Fig. 12(a)). Normally, for cali-
bration and measurement purposes in linear accelerators used in
radiotherapy, water is employed as the reference material. However,
owing to the complexity of the mechanical and electronic systems, and
the difficulty of installation, usually solid water phantoms are utilized in
experiments to simulate live tissue since their density and the number of
electrons per gram are equivalent to those of live tissue. In the current
study, IBA RW3 solid water phantoms with a density of 1.045 g/cm® and
an electron density of 3.43 x 10?3 electron/cm® were utilized, and some
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Fig. 9. XPS results prior to etching showing the P 2p3/2 and P 2p1/2 snaps of
CoCrMo samples immersed in (a) AS, (b) SBF, and (c) FBS for 28 days.
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Fig. 10. Cell viability results following 3, 5 and 10 days of incubation of Saos-2
cells on the surface of as-cast CoCrMo samples; while evaluating cell viability,
Saos-2 cells incubated in a culture flask were used as the control group (n = 3,
** p < 0.01, *** p < 0.001); the standard deviation was smaller than 1%, and
thus, the error bars are not shown for the sake of clarity of the figure.
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Fig. 11. FESEM images of the Saos-2 cells fixated on CoCrMo surface following (a) 3, (b) 5, and (c) 10 days of incubation.

Fig. 12. (a) The IBA RW3 solid water phantoms, (b) the Elekta Versa HD linear accelerator, (c) the IBA Dose 1 electrometer, and (d) the IBA FC65 Farmer type ion

capsules employed in the current irradiation study.

of the phantoms had an opening for placing the ion capsules. The
phantoms utilized in the current experiments had dimensions of 30 cm
x 30cmx 1 cm.

The linear accelerator employed in this work was an Elekta Versa HD
(Fig. 12(b)) featuring 6 MV, 10 MV, 15 MV, 6 MV FFF and 10 MV FFF
photon energy levels, and 6 MeV, 9 MeV, 12 MeV and 15 MeV electron
energy levels. The accelerator also features a multi leaf collimator (MLC)
system with 80 pairs of leaves with a width of 0.5 cm at source to surface
distance (SSD) of 100 cm. The accelerator houses an X-ray volume im-
aging (XVI) system to monitor tumors and critical tissue nearby, and to
position the patient prior to treatment. The dose distributions are
measured utilizing the iViewGT system and the corresponding data is
processed with the Mosaiq software. The measurement of the current
that stems from irradiation was measured utilizing an IBA Dose 1 elec-
trometer (Fig. 12(c)) with a 0-500 V polarization voltage and a current
measurement range of 40 pA-1000 nA. For electron bundle measure-
ments, an IBA FC65 Farmer type ion capsule (Fig. 12(d)) was employed
with a voltage range of 100-400 V.

Once the samples were placed on the water phantoms, CT scans of
the samples were taken and fed into a Monaco TPS for irradiation with
100 cGy utilizing a photon beam of 6 MV. Point dose radiation mea-
surements were made for lateral distances up to 2 cm from the center of
CoCrMo samples in each direction with an interval of 0.5 cm, and the
radiation dose variation from the sample surfaces to 2 cm depth from the
samples was monitored with a 0.5 cm interval (Fig. 13). The results
demonstrate that the presence of CoCrMo in tissue undergoing radiation
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Fig. 13. Variation of the point dose distribution within the solid water phan-
toms with depth (from surface) and lateral distance from the sample center.

therapy does not significantly change the radiation dose distribution at
non-zero depths. In other words, in the case where a CoCrMo implant is
in the way of photons targeting a tumor, the effect of the implant on the
actual radiation dose induced upon the malignant tissue will be mini-
mal. In addition, the results corresponding to the depths of 0 and 0.5 cm
indicate that the radiation accumulation in the tissue within the im-
mediate vicinity of a CoCrMo implant would be a minimum, eliminating
some of the undesired side effects.
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4. Conclusions

A CoCrMo medium entropy alloy composed of 27 wt% Cr, 6 wt% Mo
and balance Co was subjected to static immersion, cell culture and ra-
diation experiments in order to evaluate its potential to be utilized as a
dental and orthopedic implant material from a broader perspective. The
static immersion experiments conducted in artificial saliva (AS), simu-
lated body fluid (SBF) and fetal bovine serum (FBS), and the post-
mortem chemical analyses have demonstrated that both passive oxide
layer and hydroxyapatite formation were evident on the CoCrMo sample
surfaces upon immersion in all three biological media for 28 days.
Specifically, the highest rate of Ca and P formation on CoCrMo surface
was prevalent in the FBS solution, while the least amount of Ca and P
formation was observed upon immersion in SBF. In addition, Cr-like
passivity was more prevalent in SBF and AS than in the FBS. These
findings were also supported by the cell culture experiments, such that
the evidence of Saos-2 cell viability and proliferation indicated the po-
tential of the CoCrMo alloy to be utilized as an orthopedic implant
material. Finally, the scenario of a CoCrMo implant standing in the way
of photon beams during a radiation therapy was also considered by
applying medical grade radiation to water phantoms circumventing
CoCrMo samples. The results of the experiments carried out in an
accelerator showed that the radiation accumulation in the tissue within
the immediate vicinity of a CoCrMo implant remained a minimum,
eliminating some of the undesired side effects. Overall, the experimental
findings presented herein clearly demonstrate the high potential of the
CoCrMo medium entropy alloy investigated in this study to be utilized as
a safe implant material in dental and orthopedic implants.
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