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Abstract: Cobalt–chromium (Co-Cr) alloys have been used in a wide variety of biomedical applica-
tions, including dental, cardiovascular, and orthopedic devices. In vitro studies have shown that the
mineralization of cells involved in osteogenesis is regulated by boron. The development of a new
cobalt-chromium-boron (Co-Cr-B) alloy improves the mechanical properties of the metal, such as
wear resistance, and meets biocompatibility requirements. Therefore, the objective of this study was
to evaluate the osteogenic differentiation and biocompatibility in in vitro assays. Human dental pulp
mesenchymal cells (hDPSCs) were isolated from volunteers and then co-cultured with the Co-Cr
plus boron alloy from 0.3% to 1% for 15 days, while the formation of calcium deposits was quantified
by Alizarin red staining and the expression of genes was related to osteodifferentiation by RT-qPCR.
Simultaneously, the cytotoxicity of our alloy was evaluated by MTT assay and the change in the gene
expression of cytokines commonly associated with inflammatory processes. The results showed low
cytotoxicity when cells were treated with the Co-Cr-B alloy, and no change in the gene expression
of IL-1β, TNF-α, IL-6, and IL-8 was observed compared to the untreated control (p > 0.05). The
osteoinduction results shown an increase in mineralization in hDPSCs treated with Co-Cr-B alloy
with 1.0% B. In addition, a significant increase in mRNA levels for collagen type 1 in with 0.3% boron
and alkaline phosphatase and Runx2 with 0.6% boron were observed. The addition of Boron to the
ASTM F75 Co-Cr base alloy improves the biocompatible characteristics. No cytotoxicity and any
change of the expression of the pro-inflammatory cytokines IL-1β, TNF-α, IL-6, and IL-8 in human
peripheral blood mononuclear cells treated with the cobalt-chromium-boron alloy was observed
in vitro assays. Furthermore, our alloy acts as an osteoinductive in osteogenic differentiation in vitro.
Therefore, our results could set the standard for the development of in vivo trials and in the future, it
could be considered as an alternative for regenerative therapy.

Keywords: boron; osteogenesis; implant; osteodifferentiation; alloy

1. Introduction

Stainless steel, titanium, and cobalt have been used as dental and medical prostheses
in medicine and dentistry because they have fatigue resistance, are corrosion tolerant,
and have good tissue compatibility [1–3]. They have been successfully used in hip and
knee prostheses, bone plates, screws for fractures, and dental implants [4]. All of these
have the purpose of improving the quality of life of patients who suffer lesions. However,
infections, poor surgical procedures, biocompatibility, and material corrosion resulting from
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colonization by microorganisms are still the subject of investigation. This research could
help improve the biomechanical qualities and properties of the materials used today [5].

Regarding the colonization of microorganisms, it is known that dental biofilms can
colonize dental implants that break the epithelial barrier. These implants are frequently
reported as having a higher risk of dental infections (up to 90% of cases) [6]. It has been
reported that endosteal implants have a success rate of 90 to 96% over ten years after being
installed [7]. According to some scientific review studies, between 5 and 10% of cases of
peri-implantitis have been reported worldwide [8].

On the other hand, the modifications to implants is an area of constant research in
order to improve their properties. For example, the modification of endosteal implant
surfaces has been shown to improve the integration of metal into bone tissue. Therefore,
the development of dental implants and the search for biological principles that help
understand and improve the dynamic process of the interface between bone tissue and the
biomaterial are continuously evolving [9].

Among all metals, commonly, titanium (Ti) and its alloys are the material of choice for
the manufacture of dental implants, but their cost is high. Likewise, since it is a material
subjected to constant mechanical loads and chemical interactions in a dynamic environment
such as the oral cavity, it is not exempt from failure.

Previous research aimed at exploring alternatives to titanium shows that the addition
of boron leads to an increase in the wear resistance of cobalt-based alloys [10]. The
increase in precipitates and the reduction in grain size produces a less severe abrasion wear
mechanism. In addition, the interdendritic compounds that are formed exhibit resistance
to defragmentation by retaining brittle fractures on the cobalt matrix. The effect decreases
wear because these microstructures avoid carbide detachments, which is related to third-
body abrasion and corrosion. Additionally, irritability tests in subcutaneous tissue of
rats [11] revealed that Co-Cr alloys with added boron do not produce an inflammatory
response of the tissues due to there not being evidence of macrophage cells.

It has been reported that cobalt is a metal that has been incorporated thanks to its
antimicrobial properties. It has been combined with copper and tungsten (W), achieving a
CoCrWCu alloy that is effective against bacteria such as E. coli [12]. In an in vitro model, a
collagen scaffold with cobalt additions improved the angiogenic properties of cells and
osteogenic differentiation [13].

Another metal is boron. A unique element essential for life, boron has physical and
chemical properties that have encouraged its use as a key element for designing and
developing new molecular technologies and therapeutic applications in medicine and
biomaterial engineering [14]. Boron has been reported as a necessary trace element for
optimal health as it plays vital roles in embryogenesis, osteogenesis, immune response, and
psychomotor functions. New biomaterials, such as bioactive ceramics and glasses based
on a borate or borosilicate composition, have been shown to induce bone formation [15].
Nielsen and Stoecker have confirmed that a dietary boron deficiency exhibits decreased
bone volume compared to a diet rich in boron—3 mg/kg in rats. Boric acid has also been
directly related to reducing periodontal inflammation and bone loss [16].

In dentistry, the mechanical properties of a chromium-cobalt alloy, including its
hardness, resistance to tension, and corrosion resistance, determine its use as a metal of
choice for dental implants [17]. The development of a new boron-added metal alloy at the
School of Mechanical and Electrical Engineering of the Autonomous University of Nuevo
Leon meets biocompatibility requirements and improves the mechanical properties of the
metal, wear-resistance, and hardness [18,19].

The importance of this work lies in the in vitro evaluation of the behavior of this new
Co-Cr-B alloy for the development of a dental implant that surpasses the characteristics of
conventional implants through the possible osteogenic induction capacity conferred by the
addition of boron. The hypothesis was that the addition of boron to our Co-Cr alloy would
have biocompatibility and osteodifferentiation properties in an in vitro model.
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2. Materials and Methods
2.1. Co-Cr-B Alloy Preparation

A cobalt-based alloy, ASTM F75, with 0.3%, 0.6%, and 1.0% boron was used. The
alloy was machined into cylindrical pieces 9 mm in diameter by 4 mm in height. They
were compared with Ti-6Al-4V cylinders of the same size. The Co-Cr-B cylinders were
previously hot-mounted in Bakelite at 180 ◦C, 45 kN for 5 min. They were progressively
polished with 320, 800, 1200, 2400, and 4000 sandpaper and finally with a cloth and alumina
to obtain a mirror finish of the surfaces. They were cleaned with 75% alcohol and steam-
sterilized at 15 pounds pressure for 20 min. The description of the employed samples is
shown in Table 1.

Table 1. Description of the study samples.

Sample Name Description

B0 ASTM F75 cobalt alloy without boron

B1 ASTM F75 cobalt alloy added with 0.3% boron

B2 ASTM F75 cobalt alloy added with 0.6% boron

B3 ASTM F75 cobalt alloy added with 1.0% boron

T0 Ti-6Al-4V alloy

2.2. Metallurgical and Microstructural Characterization

Scanning electron microscopy (SEM) observations of the samples were carried out in
a JEOL JSM-6490LV (JEOL USA Inc., Peabody, MA, USA) apparatus operated in backscat-
tering mode with energy-dispersive spectroscopy (EDS) to analyze the microstructure and
chemical composition of the different phases of the alloys. Cobalt alloy samples were
prepared by conventional metallography techniques and electrolytically etched with 90 mL
HCl and 10 mL H2O for 5 s at 20 V [20].

2.2.1. Chemical Characterization

X-ray diffraction patterns were obtained using a Panalytical Empyrean X-ray diffrac-
tometer (XRD, Malvern Panalytical, Malvern, Worcestershire, UK) with monochromatic
Cu-Kα radiation at λ = 1.54 Å by applying 45 kV and 40 mA over a range from 10◦ to 100◦.

The elemental composition of the cobalt alloy with boron additions was determined
by means of atomic emission spectroscopy.

2.2.2. Hardness Test

The sample hardness was measured using the Vickers indentation test. An HMV-2
Shimadzu Microhardness Tester (Shimadzu Corporation, Nakagyo-ku, Kyoto, Japan) was
used. Ten measurements were carried out per sample under an applied load of 1.961 N for
15 s following the ASTM E92 standard.

2.3. Extraction of Mesenchymal Stem Cells from Dental Pulp (hDPSCs)

Under sterile conditions, premolars were extracted from volunteer patients of the Or-
thodontic Postgraduate Program of the School of Dentistry of the Autonomous University
of Nuevo Leon requiring premolar extractions due to orthodontic treatment. Atraumatic
extractions were performed, meaning no gum flaps were raised during the extraction,
and specialized extraction instruments known as periotomes were used so the socket and
soft tissue were not harmed. The study was conducted in accordance with the Declara-
tion of Helsinki, and the protocol was approved by the Ethics Committee of Universidad
Autónoma de Nuevo León (SPSI-010613/00245). The sample was placed in a specific
culture medium for transport. The isolation and characterization of human dental pulp
mesenchymal cells (hDPSCs) continued.
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The dental pulp was extracted by cutting the tooth at the level of the cementoenamel
junction with a low speed diamond burr and disk. Then, the pulp was detached from
the pulp chamber and root canals with a probe. Once detached, the pulp was extracted
with tweezers. Once the dental pulp was extracted, it was stored in sterile 15 mL tubes
with Dulbecco’s modified Eagle® culture medium (Thermo Fisher Scientific, Waltham, MA,
USA) with low glucose supplementation (1 mg/mL) and antibiotics (100 U/mL penicillin,
100 µg/mL streptomycin, and 25 µg/mL amphotericin B). The pulp was transported at
room temperature in a tube from the Periodontics Clinic to the Center for Research and
Development in Health Sciences. Between pulp extraction and culture, there was a time
range between one and twenty-four hours at 4 ◦C.

hDPSCs were isolated by enzymatic digestion (3 mg/mL collagenase type I and
4 mg/mL dispase) from human premolar teeth, isolated with CD271+, and cultured in
DMEM supplemented with fetal bovine serum and antibiotics, as previously described by
Del Angel-Moqueda et al. [21].

Cell Culture for Assays

Once the positive fraction of the hDPSCs was obtained, they were transferred to a
25 cm3 T25 cell culture flask (Corning®, Corning, NY, USA); 5 mL of DMEM was added
and incubated at a temperature of 37 ◦C in an atmosphere with 95% humidity and 5%
CO2. From the suspension of DPSCs, cells were cultured in 24-well plates at a cell density
of 20,000 cells/well and a final volume of 500 µL of Osteodiff® (Miltenyi Biotec, GmbH,
Bergisch Gladbach, Germany). The following treatments were applied in duplicate for
15 days, monitoring and making changes in half every three days (Table 2).

Table 2. Treatments groups and description on hDPSCs.

Treatment Groups Description

Positive control Cells treated with Osteodiff®

Negative control Cells treated with DMEM

Treatment 1 Titanium alloy

Treatment 2 (Co-Cr) alloy without boron

Treatment 3 (Co-Cr-B) with 0.3% of boron

Treatment 4 (Co-Cr-B) with 0.6% of boron

Treatment 5 (Co-Cr-B) with 1.0% of boron

Medium changes were made every 72 h until a cell confluence of 90% of the primary
culture was obtained. The first passage was made to 2 flasks 25 cm3, and proliferation was
monitored for 21 days until a confluence of 80% was obtained.

2.4. Formation of Calcium Deposits by Alizarin Red Staining

After 15 days of osteogenic induction, the hDPSCs were washed with 1 mL of PBS;
then, 1 mL of 10% formalin was added, and the cells were fixed for 1 h. The cells were
rinsed with 1 mL of distilled water for 5 min, repeating this wash 2 times. The distilled
water was decanted, and 500 µL of Alizarin red was added over 30 min. The staining was
repeated and washed with 1 mL of distilled water for 3 min repeating the wash 3 times. The
water was removed until the stained calcium deposits adhered to the bottom of the plate.
The calcium deposits were measured at OD415 nm. The formation of calcium deposits in
the treatments was compared with cells without treatment and treated with Osteodiff® as
a negative and positive control of osteodifferentiation, respectively.
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2.5. Assay of Gene Expression Related to Osteodifferentiation
2.5.1. RNA Extraction and cDNA Synthesis

The hDPSCs in suspension were separated by centrifugation at 1500 rpm for 10 min;
then, it was washed with 1 mL of PBS and resuspended in 1 mL of Trizol (TRI Reagent®,
Sigma-Aldrich, St. Louis, MI, USA) to ensure complete dissociation of the nucleoprotein
complexes; these were incubated for 5 min at room temperature. Then, 0.2 mL of chloroform
was added, mixed vigorously for 15 s, and incubated at room temperature for 15 min.
The resulting mixture was centrifuged at 12,000 rpm for 15 min at 4 ◦C. Centrifugation
separated the mixture into 3 phases: organic (proteins), interface (DNA), and aqueous
superior (RNA).

The aqueous phase was transferred into a tube (Eppendorf, Hamburg, Germany) for
RNA isolation, and 500 µL of 2-propanol was added for 10 min at room temperature. After
incubation, the mixture was centrifuged at 12,000 rpm for 10 min at 4 ◦C. Subsequently,
the supernatant was discarded, and the pellet was obtained, to which 1 mL of 75% ethanol
was added; centrifugation was repeated to wash it. Finally, the ethanol contained in the
sample was removed. The RNA was resuspended in nuclease-free water and stored at
−80 ◦C until use. A total of 5 µL of RNA was diluted with 1 µL of 6× loading buffer.
The mixture was loaded on 1% agarose gel in a 1× TBE buffer. The electrophoretic run
was performed at 100 V for 45 min. It was stained in a solution of ethidium bromide
(5 µg/mL). Finally, it was transferred to a Gel Doc™ XR + Imager ultraviolet light tran-
silluminator (Bio-Rad, Hercules, CA, USA). RNA, 1 µg, was used for cDNA synthesis
using the M-MLV Reverse Transcriptase kit (Promega, Madison, WI, USA) following the
manufacturer’s recommendations.

2.5.2. Real-Time PCR

For the analysis of gene expression by real-time PCR, oligonucleotides targeting the alka-
line phosphatase, Type 1 collagen, and Runx2 genes, and Beta Actin as a reference gene, were
designed. The mRNA sequences were obtained from the GenBank database (NCBI). Runx2
Fwd: 5′-CTTCATTTGCACTGGGTCAC-3′, Runx2 Rv: 5′-CTGCAAATCTCAGCCATGTT
3′; Type I collagen Fwd: 5′-ACCAACTGAACGTGACCAAA-3′, Type I collagen Rv: 5′-
AGTGGGCAGAAAGGGACTTA-3′; osteocalcin Fwd: 5′-CTGCATTCTGCCTCTCTGAC-
3′, osteocalcin Rv: 5′-CCGGAGTCTATTCACCACCT-3′; alkaline phosphatase Fwd: 5′-
CGTCAATTAACGGCTGACAC-3′, and alkaline phosphatase Rv: 5′-TCTGGCACAAATG
AGTTGGT-3′.

The qPCR reactions were carried out in 96-well plates; 12.5 µL of Maxima Sybr
Green/qPCR master mix 2× (Thermo-Scientific, Waltham, MA, USA), 3.32 µL of primer
forward/reverse mix, 2 µL of cDNA, and 7.3 µL free water were used with nucleases at
a final volume of 25 µL. The procedure was carried out in a LightCycler 480II thermal
cycler (Roche, Basel, Switzerland), programmed with the Sybr Green I detection system in
three stages; a pre-incubation cycle, 40 amplification cycles, a cycle for the melting curve,
and a cooling cycle. The pre-incubation was at 95 ◦C for 10 min, and a decrease of 4 ◦C/s.
Amplification was carried out with three temperatures: 95 ◦C for 10 s and a decrease of
4 ◦C/s, an alignment temperature as recommended by each pair of primers (52 ◦C) for 15 s
and a decrease of 2 ◦C/s; finally at 72 ◦C for 10 s and a decrease of 4 ◦C/s in individual
acquisition mode. The dissociation curve was at 95 ◦C for 5 s 4 ◦C/s, 65 ◦C for 1 min
2.2 ◦C/s, and finally, at 97 ◦C in continuous acquisition mode 5 ◦C. The cooling stage was
40 ◦C for 30 s and 1.5 ◦C/s for 2 s. Using relative expression analysis, the threshold cycle
values (Cycle threshold Ct) and normalized radii were calculated by the ∆∆Ct method using
the LightCycler 480II (Roche, Basel, Switzerland), and Rest2009 software (v2.0.13, QIAGEN,
Hilden, Germany); the relative expression is based on the expression ratio of a target gene
versus a reference gene (β-actin). The gene expression values of treatments were compared
with cells without treatment and treated with Osteodiff® (Miltenyi Biotec, GmbH, Bergisch
Gladbach, Germany) as a negative and positive control of osteodifferentiation, respectively.
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2.6. Isolation of Human Peripheral Blood Mononuclear Cells (hPBMCs)

hPBMCs have been widely used as an in vitro model to investigate biocompatibility
and inflammation; thus, they were used in this work [22]. The hPBMCs were extracted
using a density gradient [23]. Under sterile conditions, with a 10 mL serological pipet,
6 mL of whole blood was dispensed into a 15 mL conical bottom tube previously prepared
with 6 mL of PBS, pH 7.4. The mixture of blood and PBS was homogenized by inversion;
9 mL of Ficoll-Hypaque™ PLUS® (GE Healthcare, Chicago, IL, USA) was dispensed into a
50 mL conical bottom tube. With a 1 mL pipet, 12 mL of the mixture of blood and PBS were
slowly dispensed onto the wall of the tube without mixing with Ficoll so that two strata
remained: the lower one with Ficoll-Hypaque™ PLUS® and the upper one with blood
and PBS. It was centrifuged at 1400 rpm for 30 min at 20 ◦C without the handbrake. The
conical bottom tube was removed from the centrifuge very carefully without disturbing
the layers formed. With a 1 mL pipet, the layer corresponding to the MNCs was carefully
aspirated and transferred to a 15 mL conical bottom tube. The tube was capped with the
CMN at 10 mL with PBS, pH 7.4, and homogenized by inversion. It was centrifuged at
760 rpm for 15 min at 20 ◦C. The supernatant was discarded by decantation, and the cells
were resuspended in 10 mL PBS, pH 7.4. It was centrifuged at 760 rpm for 15 min at 20 ◦C.
Again, the supernatant was discarded by decantation, and the cells were resuspended in
10 mL PBS, pH 7.4. It was centrifuged at 760 rpm for 15 min at 20 ◦C. The supernatant was
discarded by decantation, and 1 mL of supplemented RPMI culture medium (10% FBS,
100 U/mL penicillin, 100 µg/mL streptomycin, 1.25 µg/mL amphotericin, and 290 µg/mL
glutamine) was added and the cells were resuspended with digital tapping.

2.7. Viability Assay on hPBMCs

The effect of the metal alloy Co-Cr-B on the viability in hPBMCs was evaluated by
the LDH colorimetric method (LDH-Cytotoxicity Assay Kit II, Abcam, Cambridge, UK) in
96-well microplates, as previously reported by Szuhanek et al. [24]. A cell suspension of iso-
lated monocytes was cultured in 24-well microplates at a cell density of 710,000 cells/well
and a final volume per well of 500 µL; the following treatments were applied in triplicate
for 16 h, at 37 ◦C, 5% CO2. The treatments groups were as follows: Negative control: cells
treated with DMEM; positive control 1: cells treated with 50 µL of lysis buffer for viability
assay; positive control 2: cells treated with 100 ng/mL of LPS for inflammatory assay;
treatment 5: Co-Cr-B alloy with 1% boron.

After 16 h, the cells were detached by pipetting, and the supernatant from each well
was transferred to individual Eppendorf tubes and centrifuged at 1400 rpm for 10 min.
An aliquot of 10 µL of the supernatant from each treatment was transferred to a 96-well
microplate; 100 µL of WST Substrate Mix was mixed with 5 mL of LDH Assay Buffer; and
100 µL of this mixture was placed in each well. The plate was incubated for 30 min at room
temperature. The microplate reading was performed at 450 nm on an iMark Microplate
Reader Bio-Rad microplate reader (Bio-Rad, Hercules, CA, USA).

2.8. Inflammatory Response of PBMCs to Co-Cr-B Alloy Samples

The starting point was a 500,000 cell/mL suspension in 18 mL of supplemented
RPMI. First, 1 × 106 cell/mL were transferred for each treatment: Control-(untreated cells),
Control + (100 ng/mL), and Treatment 5 (Co-Cr-B) in triplicate 6-well plates. These were
incubated for 16 h, 37 ◦C, 5% CO2. The culture medium was removed, washed with PBS,
trypsin was applied for 7 min, and the cells were transferred to a 1.5 mL conical bottom
tube at 16 h post-treatment to proceed with the total RNA extraction.

The change of gene expression of interleukin 1 Beta (IL-1β), interleukin 6 (IL-6), in-
terleukin 8 (IL-8), and tumor necrosis factor-alpha (TNF-α) in the PBMCs treated with
(Co-Cr-B) alloy samples was evaluated; 100 ng/mL of LPS from Escherichia coli and RPMI
were used as a positive control to induce an inflammatory response and negative con-
trol, respectively.
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After 24 h of stimulation, total RNA from treated cells was extracted using Trizol (TRI
Reagent; Sigma-Aldrich, St. Louis, MO, USA) according to the manufacturer’s protocol.
For the synthesis of complementary DNA, the M-MLV Reverse Transcriptase kit (Promega,
Madison, WI, USA) was used following the instructions.

For quantitative PCR (qPCR), IL-1β fwd: 5′-CTCTCACCTCTCCTACTCACTT-3′, IL-1β
rv: 5′-TCAGAATGTGGGAGCGAATG-3′; IL-6 fwd: 5′-ACTCACCTCTTCAGAACGAATTG-
3′, IL-6 rv: 5′-CCATCTTTGGAAGGTTCAGGTTG-3′; Actin Beta fwd: 5′-GGCATCCTCACC
CTGAAGTA-3′ and Actin Beta rv: 5′-GGGGTGTTGAAGGTCTCAAA-3′ primer sequences
were used.

Each qPCR was prepared using 12.5 µL of 2×Maxima Sybr Green/qPCR master mix
(Thermo-Scientific, Carlsbad, CA, USA), 0.5 µM of forward/reverse primer mixture, 100 ng
of cDNA, and nuclease-free water up to a final volume of 25 µL were mixed in 96-well plates.
The qPCR was run using a LightCycler 480II thermal cycler (Roche, Basel, Switzerland)
with a four-step program: one cycle of pre-incubation, 50 cycles of amplification, one cycle
for melting curve, and one cooling cycle. The pre-incubation was at 95 ◦C for 10 min and a
ramp rate of 4 ◦C/s; each amplification cycle was carried out in three steps: the denaturing
at 95 ◦C for 10 s and a ramp rate of 4 ◦C/s; the annealing temperature according to each
primer pair for 15 s and a ramp rate of 2 ◦C/s, and the extension 72 ◦C for 10 s and a
ramp rate of 4 ◦C/s in individual acquisition mode. The melting curve was at 95 ◦C for 5 s
4 ◦C/s, 65 ◦C for 1 min 2.2 ◦C/s, and 97 ◦C in continuous acquisition mode at 5 ◦C. The
cooling was at 40 ◦C for 30 s with a ramp rate of 1.5 ◦C/s. For gene expression analysis, the
cycle threshold (CT) values and the normalized relative expression ratio were calculated by
the ∆∆Ct method using LightCycler 480II software (v1.5, Roche, Basel, Switzerland) and
Rest2009 (v2.0.13, QIAGEN, Hilden, Germany).

2.9. Statistical Analysis

The results were evaluated by an analysis of variance (ANOVA) to obtain the mean val-
ues and standard deviations. The differences between the control group and the treatments
were compared using the Tukey test.

The medians and standard errors were calculated for gene expression analysis and
plotted in a box-and-whisker plot. Differences were evaluated using the Mann-Whitney U
test. A p-value < 0.05 was considered statistically significant in all treatments. The SPSS
(v.22, IBM, North Castle, NY, USA) statistical package and Excel (2017, Microsoft, Redmond,
WA, USA) were used.

3. Results
3.1. Metallurgical and Microstructural Characterization

SEM images from the B0, B1, B2, B3, and T0 samples are exhibited in Figure 1. Carbides
inside the Co-α matrix, typical of the ASTM F-75 cobalt alloy microstructure, could be
appreciated for the B0 (a) sample. The microstructural changes due to the boron addition
could be observed for the B1 (b), B2 (c), and B3 (d) samples. The EDS analysis confirmed
that the interdendritic network is rich in chromium and molybdenum. In the case of the T0
sample (e), the EDS showed the presence of Al and V in the Ti matrix.

3.2. Chemical Characterization

The patterns of the phases identified by XRD are shown in Figure 2. Characteristic
peaks associated with the following phases were identified: (111) (200) face-centered cubic
Co-α, (711) (Co-Cr-B)23 C6 carbides, and (411) (110) intermetallic σ compound (Co-Cr). In
addition, the boron-containing patterns exhibited an orthorhombic Cr2B phase (131) and a
cubic Co21Cr2B6 phase (511). The elemental composition of each cobalt sample is exhibited
in Table 3. The percentage of the boron content showed in Table 1 was confirmed.
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Figure 1. SEM images and EDS microanalysis of CoCr alloy with added boron: (a) sample B0,
(b) sample B1, (c) sample B2, (d) sample B3, and (e) T0 sample.
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Table 3. Chemical composition of cobalt samples in weight percentage (wt. %).

Element B0 B1 B2 B3

Co Bal. Bal. Bal. Bal.

Cr 29.32 28.94 27.58 28.33

Mo 5.91 6.49 6.24 5.35

Ni 0.192 0.225 0.184 0.238

Fe 0.238 0.135 0.292 0.184

C 0.23 0.21 0.24 0.26

Si 0.28 0.58 0.43 0.63

Mn 0.43 0.14 0.23 0.46

W 0.15 0.09 0.11 0.13

N 0.09 0.12 0.18 0.16

Al 0.08 0.07 0.06 0.03

Ti 0.01 0.06 0.02 0.03

B 0.003 0.28 0.61 0.98

3.3. Hardness Test

The results of the hardness are shown in Figure 3. The B0 sample showed a hardness
value around 35 HRC.
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3.4. Cytotoxicity on hPBMCs

The cytotoxicity of the Co-Cr-B alloy and 100 ng/mL LPS on hPBMCs was evaluated
by lactate dehydrogenase assay with regard to the internal positive control (lysis buffer; 1%
triton x-100) and negative control (untreated cells). The results showed low cytotoxicity
with 2.83 ± 4.6% when treated with the Co-Cr-B alloy and 2.50 ± 4.7% when was treated
with LPS; no statistical differences were observed in these treatments compared to the
negative control (p > 0.05). All cytotoxicity results are shown in Figure 4.
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Figure 4. Percentage of cytotoxicity of chromium-cobalt-boron alloy on human peripheral blood
mononuclear cells (hPBMCs). Data are shown as the mean ± standard deviation of the percentage
of cytotoxicity by LDH assay. Positive control—1% Triton x-100; Negative control—untreated cells;
LPS—lipopolysaccharide from E. coli; Co-Cr-B alloy—chromium-cobalt-boron alloy.

3.5. Inflammatory Response of hPBMCs to Cr-Co-B Alloy

The relative quantification of mRNA for the pro-inflammatory cytokines IL-1β, TNF-α,
IL-6, and IL-8 was carried out in human peripheral blood mononuclear cells stimulated
with LPS and the Co-Cr-B alloy by RT-qPCR. Furthermore, the Ct (Cycle threshold) and
normalized Radii values were obtained by the ∆∆Ct method.

A significant increase in mRNA levels for IL-1β, TNF-α, IL-6, and IL-8 was observed
on hPBMCs treated with LPS compared to the control of untreated cells (p < 0.05). On
the other hand, no significant difference was observed in IL-1β, TNF-α, IL-6, and IL-8
expression when cells were treated with the Co-Cr-B alloy with regard to the untreated
control (p > 0.05); the data are shown in Table 4.

3.6. Formation of Extracellular Calcium Deposits in MSC Stimulated with the Co-Cr-B Alloy

The cell differentiation capacity of the DPSC lineage was evaluated in the presence of
the Co-Cr alloy with different concentrations of B, 0.3%, 0.6%, and 1.0%. The dissolution of
extracellular calcium deposits stained with Alizarin red was quantified by optical density
(OD) at 415 nm in an Imark microplate reader (Bio-Rad, Hercules, CA, USA).

The analysis showed the following results: in the Osteodiff treatment (positive con-
trol), the OD average was 0.0852 ± 0.0017; T0: 0.0651 ± 0.0033; B0: 0.0663 ± 0.0033; B1:
0.0657 ± 0.0045; B2: 0.0679 ± 0.0055 and B3: 0.0767 ± 0.005 (Figure 5).
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Table 4. Relative expression of IL-1β, TNF-α, IL-6, and IL-8 genes of hPBMCs treated with Cr-Co-B alloy.

Treatment Relative
Expression Standard Error 95% C.I. p Value Result

IL-1β

Calibrator normalized 1.0 - - - -

LPS 3.706 2.342–5.799 1.965–7.134 0.004 UP

Co-Cr-B alloy 0.58 0.359–0.882 0.309–1.132 0.15 No change

TNF-α

Calibrator normalized 1.0 - - - -

LPS 2.255 1.451–3.366 1.265–4.983 0.003 UP

Co-Cr-B alloy 0.822 0.586–1.357 0.518–1.536 0.473 No change

IL-6

Calibrator normalized 1.0 - - - -

LPS 74.543 60.055–105.514 57.452–112.396 0.001 UP

Co-Cr-B alloy 2 1.587–2.845 1.485–3.079 0.065 No change

IL-8

Calibrator normalized 1.0 - - - -

LPS 4.297 2.688–9.130 2.312–10.388 0.001 UP

Co-Cr-B alloy 1.526 0.966–3.134 0.873–3.631 0.332 No change
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The highest amount of calcium deposits compared to all treatments were found in the
control group, as expected. Among the experimental groups, no statistically difference was
observed between Co-Cr-B with 1.0% B group (B3) and the positive control with a p = 0.44.
In addition, a significant difference was also demonstrated for the B3 group, compared to
the T0, B0, B1, and B2 groups (p ≤ 0.0001).

3.7. The mRNA Expression of Mineralization-Related Genes on MSCs

Relative quantification of mRNA was performed for the Runx2, alkaline phospha-tase,
and type I collagen genes in DPSCs stimulated with the Co-Cr-B alloy by RT-qPCR. Data
are shown as the median of the normalized ratio ± standard error. A significant in-crease
in mRNA levels for COL I was observed in B1-treated cells relative to untreated control
cells. A significant increase in the mRNA levels for AF and Runx2 was observed in cells
treated with B2 compared to the control of untreated. A significant increase in the mRNA
levels for AF, COL I, and Runx2 was observed in cells treated with osteodiff, as expected
(Table 5). The effect of boron on gene expression was not dose dependent.

Table 5. Relative expression of collagenase, alkaline phosphatase, and Runx2 genes on human
mesenchymal stem cells from dental pulp (hDPSCs) treated with Cr-Co-B alloy.

Treatment Relative
Expression Standard Error p-Value Result

Type 1 collagen

Calibrator normalized 1.0 - - -

Osteodiff 26.4 24.613–27.331 0.001 UP

T0 2.1 1.980–2.341 0.330 No regulation

B0 0.842 0.745–0.941 0.064 No regulation

B1 232.862 120.53–245.170 0.026 UP

B2 0.956 0.032–0.054 0.945 No regulation

B3 0.875 0.454–0.966 0.854 No regulation

Alkaline phosphatase

Calibrator normalized 1.0 - - -

Osteodiff 28.4 27.820–30.493 0.001 UP

T0 0.0001 0.000–0.000 0.018 Down

B0 0.0001 0.000–0.000 0.000 Down

B1 1.101 0.0452–1.241 0.529 No regulation

B2 17.877 11.570–34.224 0.009 UP

B3 0.057 0.038–0.107 0.000 Down

Runx2

Calibrator normalized 1.0 - - -

Osteodiff 34.3 29.430–35.534 0.001 UP

T0 1.02 0.976–1.120 0.081 No regulation

B0 0.003 0.001–0.010 0.032 Down

B1 0.802 0.032–1.101 0.344 No regulation

B2 9.624 3.383–33.344 0.000 UP

B3 0.943 0.701–1.196 0.732 No regulation
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4. Discussion

A possible boron-carbon network of Cox-Bx, Crx-Bx, Mox-Bx, and BxCx could be
identified for the B2 and B3 samples. According to previous authors [19,25–27], carbon
could be partially substituted by boron, resulting in the formation of different compounds.
In addition, this network exhibited a preferential alienation into interdendritic and grain
boundaries (B3 sample). In addition, microporosity due to the casting process at high
temperatures could be appreciated. The formation of boron carbides was confirmed by
XRD [19]. In addition, the increment of the percentage of boron led to a displacement of
the diffraction peaks to the right due to a distortion of the crystalline structure of the alloy.
Additionally, characteristic peaks can be observed at angles 2θ of 35.30◦, 38.43◦, 40.41◦,
53.21◦, 63.20◦, 76.08◦, and 77.54◦ associated with planes (100), (002), (101), (102), (110), (112),
and (311) corresponding to a hexagonal Ti-α phase. In addition, a Ti-β phase was identified
at the planes (110) and (221) [28]. Hardness was increased by increasing the boron content
in the cobalt alloy. The formation of boron carbides enhanced the interdendritic network of
the alloy, which caused a reduction in grain size (Figure 1) and an increase in hardness. On
the other hand, the T0 sample showed a hardness value of 31.64 HRC, which is lower than
that of the Co-Cr samples.

It has been shown that the mineralization of cells involved in osteogenesis is affected
by the presence or absence of boron. In an in vitro study by Taşl et al., the odontogenic
and osteogenic differentiation capacity of mesenchymal cells isolated from dental germ
stem cells (hTGSCs) cultured with different concentrations of sodium pentaborate pen-
tahydrate (borax) was evaluated. The results obtained showed that the cells treated with B
showed an increase in alkaline phosphatase activity and the expression of genes related to
odontogenesis and osteogenesis compared to the control group without treatment [16].

Hakki et al. investigated the effects of B on the cell survival, proliferation, mineraliza-
tion, and mRNA expression of mineralized tissue-associated proteins and the effects of B on
the BMP-4, -6 and -7 protein levels of pre-osteoblastic cells (MC3T3-E1). In the short term, a
decreased cell survival rate was observed at 1000 ng/mL B and above. On the other hand,
the results showed that 1 and 10 ng/mL of BA increased the mineralization of nodules, and
the mRNA overexpression of type I collagen, osteopontin, bone sialoprotein, osteocalcin,
and RunX was observed in all B treatment groups in comparison with untreated control.
They also found that BA supplementation increased the bone morphogenetic proteins 4, 6,
and 7 [29]. In our study, we found that the Co-Cr alloy with 1% boron did not significantly
affect cell viability.

Ying et al. demonstrated that the proliferation of human bone marrow mesenchy-
mal cells (BMSCs) was not affected by the treatment of 10 and 100 ng/mL of BA. In
contrast, these concentrations caused an elevation in alkaline phosphatase (ALP) activity
and increased mRNA expression levels of ALP, osteocalcin, type I collagen, and bone
morphogenetic protein 7 (BMP-7) [30]. They observed a significant overexpression of these
genes from the fourth day when the cells were treated with 10 ng/mL and 100 ng/mL of
boron. In our study, we observed an overexpression of COL I gene when our alloy with
0.3% boron and the Runx2 and ALP genes with 0.6% boron were evaluated.

Najafabadi et al. demonstrated that the mineralization of rat bone marrow mesenchy-
mal cells cultured with different concentrations of boric acid begins on the fifth day and
increases significantly until the 21st day. Compared to the control group, in the absence
of boric acid, mineralization begins on day 10 and continues until 15 or 21 days. These
results suggest that boron may be a factor involved in the more accelerated response of
osteogenic differentiation expression [31]. The gene expression and mineralization analysis
of our study was determined at 15 days.

Another fact that relates boron to mineral metabolism is that after a period of deficit
in the dietary intake of boron, the urinary excretion of hydroxyproline increases during
the period of boron shortage. This finding suggests that boron increases collagen turnover
since, usually, increased hydroxyprolinuria has been related to collagen degradation and
loss of bone mass, which is consistent with the idea that boron has a positive effect on
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bone metabolism. However, urinary hydroxyproline comes not only from the destruction
of collagen but also from collagen synthesis during the breaking down of the N-terminal
peptides of pre-collagen. Therefore, it may be possible that boron increases bone formation,
causing a greater need for collagen and a greater synthesis, and as a result, an increase in
hydroxyprolinuria occurs.

Regarding cell viability, rat bone marrow mesenchymal cells were exposed for 12 h to a
low dose of 6 ng/mL of BA. Their viability was not affected; however, with higher exposure
for 24 and 36 h, there was a decrease in metabolic activity and viability. Additionally, it was
shown that cells in culture with a dose of 6 ng/mL of boron increased alkaline phosphatase
activity levels and total calcium concentration [31].

Witek et al. evaluated the in vitro osseointegration of endosseous titatin type II
implants by boronizing their surface using acid etching and machining until achieving a
layer of 10–15 µm boron particles. In their results, the fraction of area occupied by bone
was not statistically significant compared to the control group at 3 weeks. These results are
not consistent with the in vitro results that describe the regenerative properties of boron,
so it is suggested to continue investigating [32].

The addition of boron to a nanogel scaffold improved the mechanical properties
compared to the nanogel without boron. These scaffolds were implanted in bone defects in
the femur of rats, and hematoxylin and eosin stains were performed to evaluate new bone
formation. Histological analysis demonstrated trabecular bone formation and increased
bone density at 4 weeks and the formation of new disorganized blood vessels in the area
of the defect. They also demonstrated that osteoblasts grown in the presence of boron
demonstrated a higher proliferation rate and increased expression levels of collagen type I
and Runx-2 genes [33].

In this study, the effects of boron-added ASTM F75 cobalt-base alloy on the gene
expression of IL-1β, IL-6, IL-8, TNF-α in mononuclear cells isolated from peripheral
blood were evaluated. The results obtained show that there is no significant effect on the
expression of the mentioned genes.

In contrast to a study suggesting that boron induces lymphocyte proliferation in the
inflammatory process, our study evaluated the toxic effects of boron-added ASTM F75
cobalt-base alloy on mononuclear cells isolated from human peripheral blood by quantifi-
cation of lactate dehydrogenase (LDH) and pro-inflammatory cytokine gene expression:
IL-1β, IL-6, IL-8, TNF-α by real-time PCR. The results obtained showed low cytotoxicity on
CMN with a mean value of 2.83% when treated with the chromium-cobalt-boron alloy for
16 h. Gene expression analysis revealed no significant overexpression of genes encoding
IL-1β, IL-6, IL-8, and TNF-α in cells treated with the alloy compared to untreated cells.
Therefore, the addition of boron to the base alloy cobalt-chromium ASTM F75 did not show
cytotoxicity in PBMCs nor did it modify the expression of pro-inflammatory cytokines;
therefore, it can be considered a biocompatible alloy of choice for the manufacture of
biomedical devices in the area of implantology [34].

There are reports where the cytotoxicity of the Co-Cr-Mo alloy has been evaluated.
The researchers observed notable cytotoxicity with the MTT assay of the Co-Cr-Mo alloy
on primary culture of human fibroblasts from a gingival tissue biopsy [35].

Our results agree with a study carried out at the University of Alabama, Birmingham,
where no changes were observed in the morphology and viability of gingival fibroblasts
exposed to the base nickel and chromium alloy [36].

In an in vitro study in 1996, none of the metal ions (Au, Ag, Cu, Hg, Ni) to which
monocytes were exposed for 24 h caused changes in the levels of IL-1B and TNF-alpha in
the absence of LPS and the cells treated with LPS; the increase was as expected, but the
release was greater in IL-1B [37].

Among the main alloys used for the manufacture of prostheses, there is stainless steel
type AISI 316L. In an in vitro study, the levels of TNF-α and IL-1B always increased when
peripheral blood monocytes were cultured in the presence of the AISI 316L alloy samples
(stainless steel) compared to the control. In addition, a significant increase in the release
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of LDH was observed in the same cell culture in the presence of samples treated with a
collagen coating compared to the control, unlike the samples without coating in which
there was no significant difference in LDH release. They also reported that the proliferation
and release of LDH from human mononuclear cells isolated from peripheral blood is not
affected by incubation with metallic samples compared to the control, so it is suggested
that there is good cell viability [38].

In contrast, the cytokines analyzed in this work showed a different behavior from
the results obtained in an in vitro study where researchers demonstrated that the Co-Cr
alloy releases metal ions that sensitize Th1 lymphocytes, increasing the production of
cytokines mediating bone resorption, and as a consequence, causing the rejection of the
prosthesis [36].

It is desirable to explore whether our findings are replicable in other cell lines such
as human osteoblasts. Furthermore, results derived from in vitro tests can be a good
predictor of events that may occur in in vivo animal models; however, this approach needs
to be explored.

5. Conclusions

The addition of boron to the ASTM F75 cobalt-chromium base alloy improves bio-
compatible characteristics. No cytotoxicity and any change of the expression of the pro-
inflammatory cytokines IL-1β, TNF-α, IL-6, and IL-8 in human peripheral blood mononu-
clear cells treated with the cobalt-chromium-boron alloy was observed in in vitro assays.
Furthermore, our alloy acts as an osteoinductive in osteogenic differentiation in vitro, since
it showed an increase in the mineralization of extracellular calcium deposits and induction
of the expression of genes related to osteogenic differentiation. Therefore, our results
could set the standard for the development of in vivo trials, and in the future, it could be
considered as an alternative for regenerative therapy.
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