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Abstract

The aim of the present work was to assess the biological viability of two titanium surfaces treated by electric
discharge machining (EDM) using water or hydroxyapatite as modifying agents and compare them to a machined
titanium surface without modifying agent as a control. The in vitro MTT, total protein, alkaline phosphatase and
alizarin red assays and scanning electron microscopy were applied to analyze pre-osteoblastic MC3T3-E1 cells after
7, 14 and 21 days of cell culture on the titanium surfaces. The results showed the presence of cellular activity in all
surfaces and the formation of bone matrix, with no discrepancy among the groups. All tested surfaces were capable of
inducing bone formation. In the topographic analysis of the surface, EDM failed to modify the surface of the discs
homogeneously. Thus, EDM is a low-cost, biocompatible technique that favors osseointegration, but which still needs
to be improved.

Keywords: Regenerative medicine; Titanium; EDM; Hydroxyapatite; MC3T3-EL.

Resumo

O objetivo do presente trabalho foi avaliar a biocompatibilidade de duas superficies de titanio tratadas por descarga
elétrica (EDM) utilizando &gua ou hidroxiapatita como agentes modificadores e comparando-as a uma superficie
usinada de titanio sem agente modificador como controle. Foram realizados ensaios in vitro de MTT, proteina total,
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fosfatase alcalina e vermelho de alizarina, além de microscopia eletrénica de varredura para analisar o comportamento
das células MC3T3-E1 pré-osteoblasticas apds 7, 14 e 21 dias de cultivo celular nas superficies de titanio. Os
resultados permitiram verificar a presenca de atividade celular em todas as superficies e a formacdo de matriz dssea,
ndo havendo discrepancia entre os grupos. Todos as superficies testadas foram capazes de induzir a formacao 6ssea.
Na anélise topografica da superficie, 0 EDM néo conseguiu modificar a superficie dos discos de maneira homogénea.
Assim, o EDM é uma técnica de baixo custo, biocompativel, que favorece a osteointegracdo, mas que ainda precisa
ser aprimorada.

Palavras-chave: Medicina regenerativa; Titdnio; EDM; Hidroxiapatita; MC3T3-E1.

Resumen

El objetivo del presente trabajo fue evaluar la viabilidad bioldgica de dos superficies de titanio tratadas mediante
mecanizado por descarga eléctrica (EDM) utilizando agua o hidroxiapatita como agentes modificadores y
comparandolas con una superficie mecanizada de titanio sin agente modificador como control. Se aplicaron ensayos
in vitro de MTT, proteina total, fosfatasa alcalina y rojo de alizarina y microscopia electrénica de barrido para analizar
células MC3T3-E1 preosteoblasticas después de 7, 14 y 21 dias de cultivo celular en las superficies de titanio. Los
resultados permitieron verificar la presencia de actividad celular en todas las superficies y la formaciéon de matriz
6sea, sin discrepancia entre los grupos. Todos los tipos de superficies testadas pueden inducir la formacién de hueso.
En el andlisis topografico de la superficie, el EDM no logré modificar la superficie de los discos de manera
homogénea. Por tanto, la electroerosion es una técnica biocompatible de bajo coste que favorece la osteointegracion,
pero que todavia necesita ser mejorada.

Palabras clave: Medicina regenerativa; Titanio; EDM; Hidroxiapatita; MC3T3-EL.

1. Introduction

Bone is a living, vascularized and dynamic tissue that undergoes changes during life. The continuous bone remodeling
provides a mechanism for the regeneration of damaged bone tissues and enables the balance of calcium and phosphate ions in
the body through hormonal control (Davies, 2007).

Titanium has become the most widely used material in intraosseous implants (Hansson et al., 1983). Titanium has the
capacity to undergo different types of treatment to improve the quality of the bone-implant interface and decrease the non-
functional period of the implant (Osman & Swain 2015). The findings of Hsu & Chien (2016) and Kuo et al. (2021) showed
that surface modification by the EDM technique may be an interesting approach. In EDM, an electric discharge generates a
high temperature inside a column where a portion of the ionized substrate can be deposited on a machined surface at the end of
the electric discharge interval (Pramanik et al., 2020). The electrode composition transfers and deposits on the machined
surface to provide the modifying agent with a suitable surface. Thus, the use of a semi-sintered electrode may increase the
effects of titanium surface modifications.

Understanding the process through which cells interact with materials is important in bioengineering. During
osseointegration, bone cells adhere to the implant surface through the extracellular matrix (ECM) composed of proteins and
proteoglycans. After a few seconds of contact between the surface and the interstitial fluid, the surface becomes coated with
water and proteins, so the cells perceive the surface characteristics through this adsorbed layer of ECM (Anselme et al., 2010).
In vitro studies have been used in cell-substrate interaction research to understand the effects of materials on the biological
media in which they are inserted. This type of study is particularly useful for detailed analyses of cell behavior in contact with
biomaterials, especially titanium (Galli et al., 2005).

This work aimed to evaluate the influence of EDM on titanium surfaces and its interaction with pre-osteoblastic cells
MC3T3-E1 comparing two surfaces machined with modifying agents and a third one machined without modifying agents as a

control.

2. Methodology

Discs made of a commercial titanium-aluminium-vanadium (Ti6Al4V) alloy (AST M B348 Grade V) were cut into
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discs of 2-mm thickness and 5-mm diameter and modified according to the proposed treatments provided by the Tribology and
Materials Laboratory at the Federal University of Uberlandia (LTM-UFU). The composition and protocols for the thermal
treatments of the discs are described in patents BR1020120305232 and BR1320140041121.

Three different types of surfaces were analyzed on 135 Ti6Al4V discs: (i) surfaces machined without any modifying
agent on 45 Ti6Al4V discs (control); (ii) surfaces machined by EDM using distilled water as a dielectric medium on 45
Ti6Al4V discs and; (iii) surfaces machined by EDM using hydroxyapatite (Cal0(PO4)6(OH)2) particles as a dielectric
medium on 45 Ti6Al4V discs.

Analysis and characterization of the discs
Titanium discs were analyzed with scanning electron microscopy (SEM) at the LTM-UFU to identify surface

topography.

Culture of osteoblasts on titanium discs

Pre-osteoblastic MC3T3-E1 cells were cultured in flasks with a-MEM culture medium supplemented with 10% fetal
bovine serum at 37°C and 5% CO2. After reaching confluence, cells were plated on titanium alloy discs at a density of 3x104
cells/well in 96-well plates and cultured in osteogenic medium (a-MEM medium supplemented with dexamethasone, ascorbic

acid and B-Glycerophosphate) for periods of 7, 14 and 21 days.

Cell viability

MC3T3-E1 cell cultures were tested for cell viability using the MTT assay on days 7, 14 and 21. The supernatant
from each well was removed, cells were lysed and 10ml of MTT solution and 100ul of DMSO were added at room
temperature. After solubilization of the crystals, quantification was performed on a Multiskan GO (Thermo Scientific-Finland)

microplate reader.

Determination of total protein

The total protein content of MC3T3-E1 cells after 7, 14 and 21 days in culture was calculated with the modified
Lowry method. Wells were washed three times with 0.1M phosphate buffer at 37°C and 2 ml of 0.1% sodium lauryl sulfate
were added. After 30 minutes, 1 ml of this solution was collected from each well and incubated with 1 ml of Lowry solution
for 20 minutes at room temperature. Then, 0.5 ml of Folin-Ciocalteau’s phenol reagent was added and incubated for 30
minutes at room temperature for reading on an Ultraspec 1100 pro UV/visible spectrophotometer (Amersham Biosciences) at
680nm.

Quantification of Alkaline Phosphatase (ALP)
Alkaline Phosphatase Labtest® kit was used to quantify the ALP activity of MC3T3-E1 cells on days 7, 14 and 21,
according to the manufacturer’s recommendations. After processing, samples were read on an Ultrospec 1100 pro UV/visible

spectrophotometer (Amersham Biosciences) at 590 nm.

Analysis of cellular morphology with SEM

Morphological analysis of the MC3T3-E1 cells was performed on days 7, 14 and 21. The supernatant was removed,
and the discs were washed in 0.1M phosphate buffer and fixed in Karnovsky (2.5% glutaraldehyde and 2% paraformaldehyde
in 0.1M sodium cacodylate buffer at pH 7.4) for 1h. Then, the fixative was removed, and the discs were dehydrated in
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increasing concentrations of ethanol. After dehydration, the discs were dried and coated with three bimetal layers of gold-
palladium for analysis under an EVO MAZ10 microscope (ZEISS).

3. Results and Discussion

Several studies have evaluated bone interaction with different types of surface treatment of titanium implants
(Zambuzzi et al., 2014; Shi et al., 2017; Zhu et al.,2020; Tamayo et al., 2021). The interpretation of surface modifications is
complex, since the alteration of microtopography also leads to the change of nanotopography, even if it is not previously
planned (Zhu et al., 2020; Rosa et al., 2012). However, to assert the presence of nanotopography, it must be purpose-built,
uniformly distributed and adequately characterized (Zambuzzi et al., 2014).

It is known that the creation of micro-roughness and incorporation of bioactive substances, such as calcium phosphate
or morphogenic bone proteins, may accelerate and intensify bone formation around implants (Jeffcoat et al., 2003). In studies
with commercially available titanium surface treatments, although the association of subtractive processes with calcium and
phosphate coatings caused changes in the nanometric level of roughness, it was not able to modify the biological behavior of
the surface in comparison with other types of treatment (Zambuzzi et al., 2014; Shi et al., 2017). This result coincides with that
found in our study, since cell growth and proliferation on the surface machined with hydroxyapatite were similar to those
obtained on the control surface and higher than those on the surface machined with water.

EDM requires simpler equipment than do other processes. The electrode composition is transferred and deposited on
the machined surface during the process, modifying the surface to meet special demands for its performance. The process of
surface modification by EDM generates different effects on the surface according to the dielectric fluids used. For example, a
surface machined with kerosene forms a hardened and carbonized layer whereas one machined with distilled water forms a
softened and decarbonized layer, according to (Chen et al., 2014).

The literature concerning EDM usage as a surface treatment is relatively sparse (Harcuba et al., 2012). To the best of
our knowledge, the present study is the only one to compare titanium surfaces machined by EDM using modifying agents with
a smooth titanium surface (machined without a modifying agent). This fact makes it difficult to compare our data with other
similar results.

In addition to the difficulty of characterizing the surface treatments on the discs, we also found difficulties at the time
of cell culture, when it comes to in vitro osseointegration. The disc format was chosen because it facilitates the accommodation
of the surfaces in the wells, and it was also used by Moura et al. (2013) and Lumetti et al. (2016). MC3T3-E1 cells are
immortalized cells from mouse calvaria, widely used in this type of studies (Zambuzzi et al., 2014; Lai et al., 2015). The main
advantage of this cell line is its high proliferation capacity. However, its phenotype may be slightly different from the original
tissue (Anselme et al., 2010).

In the present study, all tests were done on days 7, 14 and 21 using three culture plates containing 45 discs each. One
culture plate was processed on each day and triplicates were used for each test. In order to determine the impact of the titanium
surface treatment on in vitro cell biology, the MTT assay has been widely used (Ferreira et la., 2015; Matos et al., 2017). In
this study, cell proliferation was similar among the experimental groups over the days, indicating that there are no cytotoxic

effects. Cell proliferation was low in all samples on day 7 and increased significantly until day 21 (Figure 1).
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Figure 1: MTT assay showing statistically similar results for the three surfaces and in the three periods.
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In order to determine in vitro cellular viability and differentiation, ALP and Total protein production were also

measured in response to titanium surface modifications (Figures 2 and 3). The biological response of osteoblasts to a titanium

substrate is influenced by both surface roughness and chemotherapy (Subramani et al., 2016). The organization of the

mineralized matrix on both the control surface and the surface machined with hydroxyapatite demonstrates the influence of the

surface microtopography (roughness) on the cellular phenotype, being thus in agreement with other studies (Matos et al., 2017;

Schwartz. 2009).

Figure 2: ALP assay demonstrating that activity of ALP was more intense in the first week in all surfaces, falling in the

following weeks. However, the surfaces modified with hydroxyapatite showed higher activities compared with the others on

day and compared with the control surface on day 21.
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Figure 3: Total Protein assay - On day 7, no statistical difference was observed among the three surfaces. On day 14, there was

a significant drop in all surfaces and the control surface had the lowest protein content. On day 21, there was no statistical

difference.
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The analysis of the discs through SEM allowed the visualization of important characteristics in the EDM process
(Figures 4, 5 and 6). For example, the lack of homogeneity of the disc surfaces was shown in the specimens by the presence of
a continuous layer of osteoblastic cells on the surface modified by hydroxyapatite and globular-like mineral deposits in

association with ECM.

Figure 4: Scanning electron micrographs of MC3T3 cultured in surfaces machined without any modifying agent on Ti6Al4V
discs at 7, 14 and 21 days.

Day 7 Day 14

Source: Elaborated by the authors (2021).
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Figure 5: Scanning electron micrographs of MC3T3 cultured in surfaces machined by EDM using distilled water as a

dielectric medium on Ti6AIl4V discs at 7, 14 and 21 days.

Day 7 Day 21

Source: Elaborated by the authors (2021).

Figure 6: Scanning electron micrographs of MC3T3 cultured in surfaces machined by EDM using hydroxyapatite

(Calo(P04)6(0OH)2) particles as a dielectric medium on Ti6Al4V discs at7, 14 and 21 days.

Day7 Day 14 Day 21

Source: Elaborated by the authors (2021).

The control surfaces (Figure 4) analyzed on day 7 showed a softer topography with shallow and parallel grooves
resulting from the manufacturing process. At a higher magnification, it shows deeper and wider grooves irregularly
interspersed with shallower and thinner grooves surrounded by small irregularities. In addition, there are spots with irregular

edges and smooth appearance that suggest the presence of organic material. In spite of the smoother surface in the control
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group, a large group of adherent cells was observed at the 510x magnification. At the 3120x magnification, cells were grouped
and covered superficial ridges of the surface, showing the cell compatibility of titanium. On day 14, organic material was
identified and the initial process of mineralization on the control discs was observed. A smooth formation was observed,
suggesting the presence of organic material surrounded by a rough and bumpy surface. At a higher magnification, the organic
material (smooth surface) is observed more clearly; with irregular edges, rough irregular appearance and nodules, suggestive of
the mineralization process. On day 21 in the control group, discs showed expressive increases in topography with extensive
coverage of the ripples of disc surfaces. A rough and uneven layer covers the surface. Two regions could be observed, one
smooth and bright and another rough and opaque, suggesting that the mineralization process has not yet been completed. In
addition, the crystallization peaks of the organic matrix were observed.

On discs modified by EDM using water (Figure 5), an irregular surface and a large portion of the surface apparently
without treatment were observed. At a higher magnification, a smooth-looking material, irregularly adhered to the surface,
suggests a failure in surface treatment.

On the discs modified by EDM using hydroxyapatite (Figure 6), the absence of total surface coverage was also
observed in an overview image of a disc at a small magnification. However, at a higher magnification, a greater roughness on
the surface relief and the presence of organic material on this surface were observed on day 7, both propitious to cell adhesion.
On day 14 in the hydroxyapatite treatment group, this type of surfaces showed a larger grouping of cells (smooth surface) at an
earlier stage of the formation of the protein matrix, when compared with the other surfaces on the same day. At a higher
magnification, cellular extensions creating a mesh of organic material were visible. On day 21, the surfaces modified by
hydroxyapatite showed a well-structured protein matrix. The mineralization process was practically complete and more
advanced than on the other surfaces. Surface roughness is barely noticeable at the 344x magnification and there is still
difficulty at a higher magnification.

The present work showed that different surfaces provide favorable conditions for cell growth. Hydroxyapatite discs
showed a faster cell growth rate in relation to the other discs when the degree of mineralization was analyzed on day 21.
Unfortunately, due to the difficulty of the EDM technique, the surfaces lack a homogeneous pattern of roughness, which may
have contributed to the lower-than-expected results.

Based on cellular proliferation and differentiation responses, the aim of this study was to assess which of the surfaces
would obtain better results in relation to osteoblastic cell behavior. The use of cells for the testing of implants and biomaterials
in the fields of cellular engineering and therapy is seen as promising (Davies, 2007; Hansson et al., 1983). Therefore, this study
agrees with the results previously reported about the use of cells for testing titanium surfaces and leaves an open field for

further research following the methodology employed.

4. Conclusion

Although no statistically significant differences were observed among the treatments performed on the surfaces, we
verify that all types of machined surfaces may be capable of inducing bone formation. In this work, we state that although
EDM is a simple, economically, and biologically viable technique. However, the poor modification of titanium disc surfaces
may have influenced the results. Thus, we conclude that there is a need for further studies to improve this technique allowing

the homogenization of the titanium disc surfaces and consequently an appropriate industrial production of titanium implants.
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