
Abstract. Background/Aim: Plasma electrolytic oxidation
(PEO) is an established electrochemical treatment technique
that can be used for surface modifications of metal implants.
In this study we to treated titanium implants with PEO, to
examine the resulting microstructure and to characterize
adhesion and viability of cells on the treated surfaces. Our
aim was to identify an optimal surface-modification for
titanium implants in order to improve soft-tissue integration.
Materials and Methods: Three surface-variants were
generated on titanium alloy Ti6Al4V by PEO-treatment. The
elemental composition and the microstructures of the surfaces
were characterized using energy dispersive X-ray
spectroscopy, scanning electron microscopy and profilometry.
In vitro cytocompatibility of the surfaces was assessed by
seeding L929 fibroblasts onto them and measuring the
adhesion, viability and cytotoxicity of cells by means of
live/dead staining, XTT assay and LDH assay. Results:
Electron microscopy and profilometry revealed that the PEO-
surface variants differed largely in microstructure/topography,
porosity and roughness from the untreated control material as

well as from one another. Roughness was generally increased
after PEO-treatment. In vitro, PEO-treatment led to improved
cellular adhesion and viability of cells accompanied by
decreased cytotoxicity. Conclusion: PEO-treatment provides a
promising strategy to improve the integration of titanium
implants with surrounding tissues. 

Titanium and its alloys have been the metals of choice as
dental implant materials due to their fulfilling the required
criteria of having a low density, acquiring high mechanical
properties, corrosion resistance, as well as offering acceptable
biocompatibility (1-4). Nevertheless, there is still room for
improvement, particularly in terms of surface characteristics.
This is due to the fact that the outer implant surface is the
interface that elicits the host response and determines how the
immediate microenvironment of cells and tissues in the vicinity
of the implant will respond (3, 5). Introducing microstructure
and roughness onto the surface, or/and coating the surface with
other materials may provide a feasible approach to improve the
tissue-integration of titanium implants (4-6).

Different treatments have been employed to alter the
surface characteristics of implants. Some of these can be
classified as physical treatment modalities, such as
conventional sandblasting and hydrothermal treatment, while
others fall into the category of chemical treatment, such as
pickling, chemical vapor deposition, hydroxyapatite coatings
through plasma spraying, and anodic oxidation (1, 7, 8).
However, surface features (e.g. hardness, corrosion
resistance, bonding strength of the surface layer) using the
aforementioned techniques were not satisfactory. Regarding
cellular response, none of the surface treatment techniques
can be considered superior (5, 8).
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Plasma electrolytic oxidation (PEO) consists of an
electrochemical treatment resulting in the production of a
more stable ceramic oxide layer in comparison with anodic
oxidation (6, 9-12). As the name suggests, the PEO process is
based on a local oxidation of a metal substrate. Such oxidation
takes place in an electrolytic bath by means of a high potential
provided between the sample and the counter electrode. After
a potential buildup phase, the system reaches its energetic
minimum by displaying a surface distribution of characteristic
local plasma discharges. The resulting plasma discharges are
considered as a stabilizing factor of the oxide layer, where
they modify it into a ceramic-like structure (12). This ceramic
layer revealed superior characteristics in terms of stability,
mechanical strength, bonding strength, corrosion and wear
resistance (3, 5, 8). Simultaneously, PEO-treatment also
improved the cellular host reaction in regard to cell adhesion,
proliferation, and osteoblastic differentiation as reported in
both in vitro and in vivo studies (1, 2, 5, 8, 10, 12).

By changing parameters (e.g. applied potential, time,
temperature, electrolytic composition), PEO can offer a vast
variability of surface topographies (e.g. individually tailored for
specific cell entities) and compositions (1, 6). However, these
surfaces have not been evaluated for their effect on living cells.  

In this study, by further varying the PEO process
parameters and electrolyte composition, three different types
of porous, grooved and drop-shaped Ti6Al4V PEO-surfaces
were generated. We characterized the physical features of
these surfaces and evaluated their biocompatibility in terms
of cell adhesion as well as the viability of cells cultured
directly on these surfaces.

Materials and Methods
Specimen preparation. One mm thick titanium discs were cut from
an 18 mm Ø rod of commercially available grade 5 Ti6Al4V
(alpha/beta-alloy) using electrical discharge machining (Sodick
AQ537L, Duesseldorf, Germany). After polishing with silicon
carbide paper (600 grit), the specimens were washed in ethanol for
10 min and in 15% HF/30% HNO3 for 15 s in order to remove oxide
layers resulting from the cutting and polishing process. Finally, all
samples were washed with distilled water for 15 min in an ultrasonic
bath and dried on a sterile blanket at room temperature.

Plasma electrolytic oxidation. Three different PEO-surfaces were
generated using distinctive combinations of electrolyte-components
(Table I). PEO was achieved using a pulsed rectifier set (Meotec M-
PEO A1, Aachen, Germany). Positive and negative pulsed
galvanostatic currents of 2 A and 3 A with voltages from 0 V to 
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Table I. PEO-treatment and summary of features of treatment surfaces.

                                                  Untreated                                  PEO1                                                  PEO2                                              PEO3

Electrolyte ingredients present during PEO treatment
(PO4)3–                                                                                          +                                                          +                                                     +
(NH4)+                                                                                           +                                                          +                                                     +
OH–                                                                                               +                                                          +                                                     +
F–                                                                                                   +                                                          +                                                      
(BO3)3–                                                                                          +                                                          +                                                      
Na+                                                                                                                                                          +                                                     +
Ca2+                                                                                                                                                                                                               +
Roughness (Sa)
                                                      1.42                                       0.64                                                     2.17                                                1.52

Microstructure 
Flat                                                    +                                            +                                                                                                                 
Porous                                                                                            +                                                          +                                                     +
Grooves                                                                                                                                                   +                                                     +
protrusions                                                                                                                                               +                                                     +
Description                          Flat, no grooves,                Flat, small round g                    Porous, occasional round and             Porous, drop-shaped 
                                               no protrusions             rooves (<1 μm diameter),            drop-shaped grooves (1-10 μm             grooves (5-15 μm), 
                                                                                             no protrusions                              diameter), protrusions                   protrusions (5-15 μm 
                                                                                                                                                     (5-10 μm diameter)                       length, 5 μm width)

In vitro features
Morphology                                 Round                          Bi- and poly-polar                             Bi- and poly-polar                         Bi- and poly-polar
Viability (XTT-assay)                   57%                                       63%                                                    82%                                                82%
Difference to untreated                                            Not significant, p=0.8125                Not significant, p=0.0625            Not significant, p=0.1875
Cytotoxicity (LDH-assay)           169%                                     147%                                                  129%                                              126%
Difference to untreated                                            Not significant, p=0.4375                 Not significant, p=0.2500             Not significant, p=0.1250



500 V were applied using two feed cables. The electrochemical cell
consisted of a titanium specimen as anode and platinum mesh as
cathode. Pulse frequency was set to 20 Hz and discs were treated
for up to 15 min. After processing, all samples were rinsed with
distilled water in an ultrasonic bath for 15 min and dried on a sterile
blanket at room temperature.

Physical and chemical characterization of the surfaces. The coated
surfaces were imaged by scanning electron microscopy (Philips
XL30 CP, Amsterdam, Netherlands) and energy-dispersive X-ray
spectroscopy. 3D structures and roughness of coated surfaces were
characterized using a non-contact optical 3D profilometer
(ZygoLOT ZeGage, AMETEK GmbH, Wiesbaden, Germany).
In vitro characterization of the surfaces. Cells, assays and other in
vitro settings were applied as described in our previous work (13),

except that the assay volume was 1 ml. L929 mouse fibroblasts
were used for all assays as recommended in EN ISO 10993-5/-12
for cytocompatibility testing.

Untreated titanium discs were used as references for comparison.
For negative controls, cells were directly seeded onto the culture
surface of 12-well plates. The absorbance of blank controls (without
cells) was subtracted from the resulting signal.  

Data evaluation. The mean absorbance of the blank controls (cell
culture medium without cells) was calculated and used as the
baseline. After subtracting the baseline, mean absorbance and
standard deviation were calculated from the corresponding
replicates for each test material or control. The mean absorbance of
test materials was normalized against that of controls (cells grown
on cultural surface of the 12-plate without titanium discs).
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Figure 1. Physical features of PEO-surfaces. A) Scanning electron microscopy with resolution of 10 μm; B) profilometry; C) energy-dispersive X-
ray spectroscopy. 



Statistical analysis. Statistical analysis was carried out using the
software GraphPad Prism 5.0 (GraphPad Software, San Diego, CA,
USA). All groups were tested for normal distribution with the
Kolmogorov-Smirnov test. The differences between the untreated
samples and the PEO-treated samples were compared using the
Wilcoxon matched-pairs signed rank test because some groups were
not normally distributed. The test hypothesis was always two-tailed
and p-values<0.0125 (Bonferroni correction) were considered to be
statistically significant.

Results

Physical and chemical characterization. As expected,
titanium, aluminum and vanadium were detected in the
untreated as well as all PEO-treated surfaces as evidenced by
corresponding peaks in the energy dispersive X-ray spectra.

Large amounts of phosphate were detected in PEO-1 and
PEO-3. Calcium was detected only in PEO-3 (Figure 1). 

The microstructures of the three PEO-treated titanium
surfaces differed from each other and from the untreated
surface (Figure 1, Table I). PEO-1 was flat, with roughness
even below that of the untreated titanium surface. PEO-2 and
PEO-3 showed increased roughness. All three PEO-treated
surfaces were characterized by the presence of various
grooves and protrusions differing in shape and size (Figure 1,
Table I). 

In vitro characterization. Regardless of the PEO treatment,
large numbers of green fluorescein diacetate (FDA) positive
vital cells and only sparse red propidium iodide (PI) positive
dead cells were visible on all surfaces (Figure 2). However,
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Figure 2. Direct live-dead staining of cells on the PEO-surfaces. Living cells are FDA positive and therefore green. Dead cells are stained by red
PI in their nuclei. 



the cells attached to the untreated titanium surface exhibited
a round morphology, indicating poor adhesion. By contrast,
spindle-shaped morphologies were observed for the majority
of cells on the three PEO-treated surfaces, suggesting
substantially improved adhesion. 

In concordance, higher viability and lower cytotoxicity
(Figure 3A and B respectively and Table I) were measured for
cells on the PEO-treated surfaces than for cells on the
untreated titanium surfaces. However, the differences were not
statistically significant for both XTT- and the LDH-assays.
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Figure 3. Viability (A) and cytotoxicity (B) of cells cultured on PEO-treated surfaces. Absorbance values for cells cultured on standard cultural
surfaces were taken as negative control and set to 100%. Values for cells cultured on treated (PEO-1, -2, -3) and untreated titanium surfaces were
normalized against the negative controls. 



Discussion

Our results demonstrate that with PEO technology, various
microstructures can be introduced onto the surfaces of
titanium implants by using a variety of electrolytes and
electrical parameters. None of the PEO-treated samples
showed increased cytotoxicity, suggesting that the
electrolytes either were retained within the microstructure,
or were released without being toxic.  

In fact, PEO-treatment reduced cytotoxicity and increased
viability of cells cultured directly on the surfaces. The
spindle-shaped morphology of the cells attached to the PEO-
treated surfaces provide sufficient evidence for an improved
cell adhesion. Though cells also attached to the untreated
titanium surface, most of them showed a round morphology,
indicating insufficient adhesion. The improved adhesion and
cell viability are likely due to the introduced microstructures
of the surfaces and not merely the result of increased
roughness, as one PEO-surface (PEO-1) was less rough than
the untreated surface but had small round grooves. This
finding might be possibly supported by a recent study, which
concluded that having grooves as microstructures resulted in
a higher shear strength than porous morphology due to
enhanced interlocking of the adhesive into the grooved
surface (1). In the same manner, cells in our study might have
found it easier to interlock and grasp within the grooves. 

Furthermore, in line with the enhanced cell attachment
presented in our results for the porous PEO-2 and 3 surfaces, a
previous study introduced a porous layer by PEO treatment
(14). The resulting surface offered specific cues to guide the
osteoblasts in a phenomenon referred to as contact guidance
phenomenon, concluding a confirmatory increase in cell
adhesion potential through what might be mechanical
interlocking brought about by porosity (3). Moreover, Whiteside
et al. reported more specific criteria for biologically
advantageous porosity, where surfaces with a greater number of
finer pores are favored for cell attachment (8). Another factor
found to help with cellular recruitment, particularly with the
targeted osteoblast cells, is the incorporation of calcium and
phosphate ions within the oxide layer. These incorporated ions
promote osteoinduction by causing initial adhesion of osteoblast
ligands (6, 12). One generated surface in our study (PEO-3)
showed the combined presence of incorporated calcium and
phosphate ions, holding potential for osteoinduction.

Although the in vitro features of the PEO-treated materials
were clearly improved compared to the untreated titanium
surface, they did not yet reach the level of the standard
cultural surface in the cell culture plates regarding both
viability and cytotoxicity. Therefore, there is still room for
further improvement. Since large numbers of various
structures can be generated by varying electrolytes and
electrical PEO parameters, we are confident to find better
PEO-treatment conditions for optimal tissue integration of

titanium implants in the future. 
In the present study, only three PEO surfaces were

evaluated. It is, therefore, too early to address the issue of
possible correlations between microstructural features, cell
adhesion and viability. However, as we screen more variants
of PEO-surfaces, we expect to gain insight into the
correlation between micro-topography and cellular
attachment.  Future studies should also include other types
of cells in vitro, especially those of osteoblastic origin.
Furthermore, biocompatibility and tissue integration of PEO-
coated surfaces need to be assessed in vivo. Finally,
mechanical features and corrosion resistance of the PEO-
treated surface should be investigated.
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