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ABSTRACT: In this report, the in situ interaction between Saos-2 osteoblast cells and a smooth Ti surface was
examined over time. The adhesion kinetics and mechanisms of cellular proliferation were monitored by quartz
crystal microbalance (QCM) and electrochemical impedance spectroscopy (EIS). The rate of Saos-2 attach-
ment on Ti surfaces, obtained from the measurements performed with the QCM, is a first-order reaction, with
k=2.10"* min~'. The impedance measurements indicate that in the absence of cells, the Ti resistance diminishes
over time (7 days), due to the presence of amino acids and proteins from the culture medium that have been
adsorbed, while in the presence of osteoblasts, this decrease is much greater because of the compounds gener-
ated by the cells that accelerate the dissolution of Ti.
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RESUMEN: Adhesion de osteoblastos sobre una superficie de Ti de rugosidad controlada. En este trabajo, se ha
estudiado la interaccion in situ entre células osteoblasticas Saos-2 y una superficie de Ti de rugosidad contro-
lada a lo largo del tiempo. El estudio de la cinética y los mecanismos de proliferacion celular de adhesion se ha
realizado a través de la microbalanza de cristal de cuarzo (QCM) y espectroscopia de impedancia electroquimica
(EIS). La velocidad de adhesion de los osteoblastos sobre la superficie de Ti obtenida a través de medidas con la
QCM, sigue una reaccion de primer orden, con k=2x10"* min™". Los ensayos de impedancia indican que, en
ausencia de las células, la resistencia del Ti disminuye con el tiempo (7 dias), debido a la presencia de aminoaci-
dos y proteinas del medio de cultivo que se han adsorbido, mientras que en presencia de células, esta disminucion
es mucho mayor debido a los productos metabodlicos generados por las células que aceleran la disolucion del Ti.

PALABRAS CLAVE: Espectroscopia de impedancia electroquimica; Microbalanza de cristal de cuarzo; Osteoblastos
Saos-2; Titanio.
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1. INTRODUCTION

Titanium (T1) and its alloys have been used in den-
tal and orthopedic implants due to their mechanical
properties, excellent corrosion behavior, and bio-
compatibility (Chen et al., 2009). The resistance of

Ti-materials to corrosion is due to the spontaneous
formation of a highly protective, passive TiO, film
on the surface. The composition of the passive film
(Yang et al., 2004) and the electrochemical processes
that occur between the Ti-biomaterial and the cell
culture medium are critical for the success of the
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implant (Echevarria and Arroyave, 2003; Burgos-
Asperilla et al., 2010; Burgos-Asperilla et al., 2014).
The interaction between Ti surfaces and cells
can be studied using techniques such as quartz
crystal microbalance (QCM) and electrochemical
impedance spectroscopy (EIS). Both techniques
are powerful tools that can be used to examine
the adhesion kinetics and mechanisms of cell pro-
liferation. Specifically, QCM allows us to monitor
the attachment and spread of cells on a particular
surface quantitatively in real-time, with no need for
destructive interventions. Several surface-adherent
cell types have been examined (Marx Kenneth et al.,
2003), and various parameters are measured to eval-
uate the viscoelastic properties of cells adhered to
QCM crystal besides frequency shift, such as dis-
sipation, resistance, inductance and transient decay
time constants oscillation (Modin et al., 2006).
Electrochemical interactions have been studied
between Ti and its alloys and various cell types,
such as osteoblast-like U-2 OS cells (Huang, 2004),
Saos-2 human osteoblasts (Garcia-Alonso et al.,
2009), and 1929 fibroblasts (Hiromoto et al., 2002),
by EIS. Valuable data on the interaction between Ti
and Ti-6Al-4V alloy and osteoblast-like cells have
been generated (Huang, 2004; Mustafa et al., 2002).
In this report, we have studied the electrochemi-
cal interaction between a smooth and reproducible Ti
surface (QCM crystals coated by Ti) and cell culture
medium with and without cells by EIS and QCM.

2. MATERIALS AND METHODS

Commercial quartz crystal microbalance Ti-
crystals, 25 mm in diameter and 300 nm in thick-
ness, were used as the test specimen. The Ti-crystal
samples were washed in distilled water and ethanol
and sterilized under UV light for 15 minutes before
the culture experiments.

Human osteosarcoma Saos-2 cells (ECACC,
Salisbury, UK) were grown in Dulbecco’s modi-
fied Eagle’s medium (DMEM), supplemented
with 10% (v/v) heat-inactivated fetal bovine serum
(FBS), 500 UI ml™" penicillin, and 0.1 mg ml™
streptomycin. Cells were seeded on Ti-crystals sam-
ples at 1.5:10* cellsem™ for impedance measure-
ments and 5-10* cells-cm™ for QCM measurements,
maintained in the growth medium for 7 days and
1 day, respectively.

An electrochemical cell with a 3-electrode setup
was used (Alonso et al., 2008). The area of the
working electrode (Ti-QCM samples) was 0.79 cm?.
The experiments were performed at 37+0.5 °C.

The EIS experiments were performed at the cor-
rosion potential by apglying a sinusoidal wave of
5 mV at 10° Hz to 10~ Hz spaced logarithmically
(5 per decade).

The QCM probe was stabilized in air, obtaining
a frequency value that was close to 5 MHz, after

which DMEM at 37+0.5 °C was added. Finally, the
cells were added over the DMEM electrolyte and the
frequency was registered for 24 hours. Trypsin was
added to the DMEM culture medium at the end of
test in order to detach the adhered cells and to ana-
lyze if the frequency is recovered to the initial values.

For the atomic force microscope (AFM) stud-
ies, the images were acquired using silicon nitride
cantilevers with a nominal probe curvature radius
of 10 nm and a force constant of 40 N m™'. For
morphological imaging of the Ti-QCM samples,
tapping-mode AFM microscopy was used.

For SEM analysis, the Saos-2 cells cultured on
the Ti-QCM surface, were fixed in 2.5% glutaralde-
hyde in PBS for 24 hours at 4 °C and dehydrated at
4 °C in a series of graded ethanol. Finally, the cells
were dried in increasing percentages of tetrameth-
ylsylane (TMS) in ethanol. After the dehydration,
the Ti-cell surfaces were analyzed on a JEOL-6500F
microscope.

3. RESULTS AND DISCUSSION

Figure 1 shows a detailed image by AFM
(10 umx10 um) of a Ti-QCM substrate with surface
roughness RMS (Root Mean Square) of approxi-
mately 37 nm—ie., the Ti-QCM surfaces were
smooth on a nanometer scale. Variations in rough-
ness at the nanoscale level can influence the physical,
chemical and biological responses of the implant
material in environmental medium. Recent studies
have shown that surface nanoroughness is impor-
tant for the osseointegration response. Webster
et al. (2000) and Mendonca et al. (2009) demon-
strated that nanostructures govern the attachment
of proteins to a surface, increasing the adherent cell
response in cell cultures that are grown on nano-
structure surfaces. Goreham et al. (2013) found
that different cell types adhered in lower numbers
when the nanotopography feature size increased
to 68 nm. On the other hand, results reported by
Khung et al. (2008) revealed that cells are even sen-
sitive to nanoscale surface topography with feature
sizes of <20 nm.

Two important properties of the biocompatibility
of a material are cell adhesion and proliferation.
The adhesion of cells in suspension to a substrate
entails the following steps: 1) adsorption of proteins
onto the surface; 2) contact of rounded cells with
the surface (Fig. 2a); 3) attachment of the cells to
the surface; and 4) the spread of cells on the sur-
face (Malik et al., 1992). Figure 2b shows the evolu-
tion of the Af values with time when the Saos-2 cells
were added to DMEM, after 2 hours incubation
time with DMEM in the absence of cells. The incu-
bation prior to the addition of cells was performed
to establish baseline frequency values, correspond-
ing to Af values that were equal to 0. Af'is the fre-
quency change between the initial value (decrease of
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FIGURE 1. Tapping mode AFM image of Ti-QCM surface with height profile.

863 Hz when DMEM is added to Ti crystal) and the
final frequency (during 24 hours after having added
osteoblasts to the DMEM, obtaining a final value
of —421 Hz with respect to the initial frequency
value with DMEM). Following the addition of cells,
there was an initial step of decreasing in frequency
as the cells settle toward, made contact with, and
adhered to the titanium surface. These changes in
frequency peaked 24 hours after the addition of
Saos-2 cells. The Af for DMEM was 868 Hz, which
is higher than that of water (700 Hz) due to the pres-
ence of salts and proteins adsorbed to the Ti surface.

When the cells were injected into the Ti surface
in growth medium, the Af was 421 Hz after the

24 hours that was required to complete the attach-
ment. Because DMEM and DMEM with Saos-2
cells had similar viscosities, frequency shifts were
assigned to the response of cells that attached to
the crystal. Owing to the cells behave viscoelasti-
cally, the Sauerbrey equation does not apply, but for
comparative purposes, osteoblasts can be consid-
ered to behave like a viscous medium. The decrease
in the frequency versus time can be used to study
the adsorption kinetics. This process of decrease in
frequency can be controlled by the transport (dif-
fusion) or by the adsorption kinetics, which pre-
dicts dependencies with the time t"? or exponential,
respectively.
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FIGURE 2. a) SEM image of cellular adhesion for Saos-2
osteoblast. b) Change in resonant frequency of crystal upon
addition of DMEM, Saos-2 osteoblast suspended in growth
medium and finally, trypsin for detaching the cells. The
dashed line is the kinetic fitting to experimental data.

The dashed line in Fig. 2b is a kinetic fitting to
the experimental data, which assumes that the rate
of Saos-2 attachment is a first-order reaction (Eq. 1):

Af=Af,, (1-e7 (1)

where Af is the change in frequency at a time ¢, Af,,
(421 Hz) is the change in frequency between the ini-
tial and the final state and k is the first-order kinetics
constant expressed in min~' (k=210 min'). This
behavior indicates that the process is not controlled
by diffusion but the adsorption rate of osteoblasts
on the Ti surface. Redepenning et al. (1993) observed
similar behavior for a single layer of osteoblasts using
the Kanazawa equation (Kanazawa and Gordon,
1985). If these results are compared with the adhe-
sion kinetics for other cellular lines one concludes
that, in this case, the kinetics is very slow, since dur-
ing the testing time there was no observed increase
in the frequency due to stiffening of the attached
cells (Galli Marxer et al., 2003).

When trypsine is added to the culture medium,
cells are detached from the surface but frequency is
not completely recovered to the initial value. Instead
of that, frequency change (4f) decreases to 1046 Hz,
1.e., 178 Hz lower than DMEM values. This decrease
is due to the formation of extracellular matrix by
cells on Ti crystals that remain adhered on Ti surface.

The adhesion and proliferation processes of
osteoblasts on the Ti surface modify not only the
composition of the DMEM culture medium but
also the electrochemical properties of the metallic
surface. The surface properties of the Ti-QCM sur-
faces are altered as a result of their electrochemical
interaction with the cell culture medium and osteo-
blast cells. Figures 3a and b show the daily evolu-
tion of the impedance modulus and shift phase
angle-versus-frequency (Bode diagrams) of the Ti
surfaces in culture medium (DMEM/Ti-QCM)
over 7 days. The impedance measurements showed
a similar electrochemical response, independently
on immersion time. These impedance diagrams
were simulated, considering the equivalent circuit
of the inset in Fig. 3e, where Re is the resistance of
the electrolyte, and CPE and R2 are attributed to
the T/DMEM interface, i.e., the constant phase ele-
ment and resistance of the DMEM/Ti surface inter-
phase, respectively. Table 1 shows the experimental
and fitting results for the EIS experiments for each
immersion day in DMEM over 7 days.

In the absence of Saos-2, CPE2 values increase
slightly with time, probably due to the protein layer
becomes more compact. Consequently, R2 decreases
from the third day of testing. These results indicate
that in the first steps of immersion rapid adsorption
of proteins on the Ti surface occurs; but at longer
immersion times, the presence of amino acids and
proteins seems to increase the corrosion rate of
metallic biomaterials as the decrease of R2 values
over time show. These results agree with those pub-
lished by Alberts et al. (1990) and Messer et al. (2001).
Furthermore, the Ti can be selectively dissolved by
the formation of complexes with proteins (Bruneel
and Helsen, 1988; Clark and Williams, 1982).

The presence of Saos-2 cells in the culture
medium modified the interface between the Ti
surface and the proteins adsorbed from DMEM.
Figure 3c and d show the Bode diagrams of the
impedance modulus and phase angle versus fre-
quency, respectively, of Ti-QCM surfaces cultured
with Saos-2 osteoblasts for 1, 3, 5 and 7 days. The
best fitting of the system was obtained consider-
ing two time constants (Fig. 3f). At high frequen-
cies, the resistance of the electrolyte is higher than
those values only in DMEM, without osteoblasts.
At intermediate frequencies (10> Hz—107* Hz), the
slope of approximately —0.85 could be attributed to
one capacitor (CPE2) in parallel with a resistance
(R2) that is associated with the interface that is
created by the culture medium and the biomolecule
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FIGURE 3.

Impedance modulus and phase angle diagrams versus frequency of the Bode plots for: a) and b) Ti-QCM

immersed in DMEM; c¢) and d) Ti-QCM cultured with Saos-2 osteoblasts in DMEM, respectively; e) equivalent
circuit used for the DMEM/Ti-QCM interface;
osteoblasts/Ti-QCM interface.m) 1% day, ) 3

adsorption layer, containing cells and their extracel-
lular matrix, formed on the Ti surface. At the lowest
frequencies, the impedance values decrease until
drawing a horizontal line the last day of testing in
the impedance modulus of the Bode diagram that
defines the resistance associated with the electro-
lyte and proteins/free of cell Ti surface interface
(CPE1/R1).

According to the fit impedance results (Table 1),
the pseudo capacitance (CPE2) of the biomolecule
adsorption layer that integrates with Saos-2 cells
increased with incubation time, suggesting that
the cells rearranged the adsorbed proteins around

equivalent circuit used for the DMEM and
day, &) 5" day, ¥) 7" day, — Fitting data.

9

them to adhere to titanium, possibly decreasing
the amount of proteins that is adsorbed directly by
titanium (Hiromoto et al., 2002). The approximate
CPE?2 values were 4x107° F-cm™, the same magni-
tude as the capacitance of the adsorption of albu-
min, fibrinogen, and thrombin to platinum (1 to
10x107%) F-cm™ (Lacour et al., 1991). Similarly,
the R2 values decreased as the adsorbed protein
concentration fell. The Ti oxide resistance (R1)
decreased and CPEI values rose from the first day
of incubation in Saos-2 cells, becoming evident
over time. This result indicates that the compounds
that are generated by Saos-2 cells, such as nitrous
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TaBLE 1. Fitting EIS results for DMEM/Ti-QCM and Saos-2/Ti-QCM for 1, 3, 5 and 7 days of immersion
Time Rs R2 CPE2 R1 CPE1
days Q Qem®  %error pF-em™ %error n2  Qcem’ Y% error pSs™em™ % error  nl e
DMEM/Ti-QCM 1 1327 3.310° 123 38.54 1.2 0.84 1.1-107
3 139.6 3.610° 17.9 48.18 1.2 083 1.2:1072
5 1382 2910° 16.0 52.26 1.2 0.82 1.2:107
7 1146 2.110° 123 53.28 1.2 0.83 1.1-1072
Saos-2/Ti-QCM 1 1835 1.410° 10.5 40.89 25 091 2910° 9.4 65.96 7.6 0.71 2.0-107°
31943 3310° 123 44.89 45 090 6.110° 115 136.64 40 071 17107
5 1942 3310° 13.0 36.61 46 087 6410° 136 136.60 48 073 19107
7 1809 1210° 148 52.43 1.2 098 1210* 214 203.21 6.7 0.78 2.4-107°

oxide and superoxide, can dissolve the oxide film by
chemical reaction, accelerating the dissolution of
Ti-QCM surfaces (Jones, 1998).

Summarizing, the electrochemical interaction
of Ti-QCM surface with osteoblast cells and the
DMEM culture medium resulted in a decrease in
the oxide film resistance over time, indicating there
is a tendency to be more active, i.e., greater tendency
toward corrosion. This trend can be explained by
considering the association of two processes occur-
ring simultaneously in the cell culture medium. On
the one hand, considering only DMEM, the cell
culture medium contains inorganic ions such as
phosphate ions and calcium ions, and proteins as
albumin competing for adsorption onto the metal
surface. It is known that the H,PO; and HPO; can
form a strong complexation bond with Ti by an
exchange reaction with the basic hydroxyl groups
(Healy and Ducheyne, 1992). The addition of Ca
stabilizes the formation of a calcium phosphate
film that can be progressively formed in a period
of between 1 and 2 weeks (Lima et al., 2001). Also
do not forget that certain proteins can form com-
plexes that facilitate the dissolution of Ti. On the
other hand, considering the presence of osteoblast
cells, we must note that in the adhesion process to
the metal surface, osteoblasts replace the adsorbed
proteins from the cell medium by specific adhesion
proteins (Hiromoto et al., 2002), generating extra-
cellular matrix which acts as a cushion suitable for
anchoring on the Ti surface. This very active and
dynamic metabolism not only generates proteins but
also highly reactive waste products, such as super-
oxide, nitrous oxide, protons, etc., all actively act
on the Ti decreasing the corrosion resistance of the
metallic material.

4. CONCLUSIONS
*  Techniques, such as QCM and EIS, are valuable

in monitoring the in situ adhesion and interac-
tion of Ti surfaces and live cells.

By QCM, the adhesion of Saos-2 cells to the
Ti-QCM surface is a first-order reaction, with
k=2.10" min".

e The effect of DMEM on Ti-QCM was obser-
ved for 7 days by EIS, demonstrating that the Ti
resistance declines due to the presence of amino
acids and proteins that are adsorbed.

* By EIS, the Ti resistance decreases by two orders
of magnitude in the presence of Saos-2 cells due
to corrosive compounds that are generated by
them.
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