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Abstract A new strategy to render intrinsically hydro-

phobic microrough titanium implant surfaces superhydro-

philic is reported, which is based on a rapid treatment with

diluted aqueous sodium hydroxide solutions. The physi-

cochemical characterization and protein interaction of the

resulting superhydrophilic implant surfaces are presented.

The superhydrophilicity of alkali treated microrough tita-

nium substrates was mainly attributed to deprotonation and

ion exchange processes in combination with a strong

enhancement of wettability due to the roughness of the

used substrates. Albeit these minor and mostly reversible

chemical changes qualitative and quantitative differences

between the protein adsorption on untreated and alkali

treated microrough titanium substrates were detected.

These differences in protein adsorption might account for

the enhanced osseointegrative potential of superhydrophilic

alkali treated microrough implant surfaces. The presented

alkali treatment protocol represents a new clinically

applicable route to superhydrophilic microrough titanium

substrates by rendering the implant surface superhydro-

philic ‘‘in situ of implantation’’.

1 Introduction

The term osseointegration describes the highly desired

establishment of a direct structural and functional contact

between an endosseous implant and bone [1, 2]. Due to its

mechanical and chemical properties commercially pure

titanium (Ti) is currently the material of choice for suc-

cessfully osseointegrated implants [3]. Recent findings

however indicate that the osseointegrative potential of Ti

implants can be further enhanced by modifying their

topographical and physicochemical surface properties [4]

and various surface modification processes for Ti implants

have been elaborated [5].

Microroughening of Ti implant surfaces, e.g., was

reported to increase the bone to implant contact (BIC) as well

as the removal torque forces in vivo [6, 7]. While this

increase of removal torque forces might be mainly attributed

to a better mechanical interlocking of rough implant surfaces

with surrounding bone [8] the increased BIC values indicate

that surface topography and roughness might also directly

enhance bone healing and osteogenesis [9]. The enhanced

proliferation, differentiation and matrix production of oste-

ogenic cells that have been observed on microroughened

implant surfaces in vitro support this hypothesis [10, 11].

Additionally to topography the physicochemical prop-

erties of the implant surface as surface charge, energy and

hydrophilicity do also affect osseointegration [12]. Here,

primarily biochemical and cell physiological processes as

well as the nucleating and mineralizing ability of the

implant surface might be affected by these properties [4,

13]. More specifically the surface energy of the implant

surface was reported to affect cell response in vitro and

osseointegration in vivo [14–17]. On the other hand, the

(physico)-chemical surface properties of the implant were

also discussed to influence ‘‘bone bonding’’, i.e., the for-

mation of a direct chemical connection between the

implant and bone mineral [18–20].

Furthermore, the physicochemical surface properties of

a substrate might be crucial for the comprehension of the
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effect of surface topography on cell behavior in vitro and in

vivo as, e.g., during wound healing and osteogenesis. This

seems reasonable since the topography of the implant

surface is detected by cells via transmembrane receptors

that bind to an adsorbed layer of plasma proteins [21, 22].

The homogeneity, conformational status, composition and

dynamics of this protein layer on the other hand is sup-

posed to directly depend on the physicochemical properties

of the substrate surface [23, 24].

Under physiological conditions the physicochemical

surface properties of native Ti are determined by a thin

passivation layer of TiO2-x, which has been regarded to be

compatible with proteins in their native conformation and

with bone mineral [3, 25, 26]. Without specific storage

conditions this TiO2-x layer is however rapidly contami-

nated by the adsorption of hydrocarbons from the envi-

ronment, which render microrough Ti substrates

hydrophobic and repellent to water or tissue fluids with

water contact angles of 130–140� [27, 28]. The adsorption

of hydrocarbons has further been discussed to alter the

osseointegrative potential of Ti implants [15, 16, 27–30].

As a result numerous techniques have been introduced to

avoid or reduce hydrocarbon contamination on Ti implants

and to enhance their wettability [18, 27, 31–36]. However

these techniques are either technically demanding, time

consuming or use harsh chemical reaction conditions,

which might even interfere with the intended use of the

resulting substrates in clinical implantology.

Recently we have presented the application of a mild

alkali treatment to prepare superhydrophilic microrough

commercial dental Ti implants with enhanced osseointe-

grative potential [37, 38]. Specifically sandblasted and

thermal acid etched (SBA) Ti implant surfaces were treated

with an aqueous 0.05 M NaOH solution by shaking or

sonicating to overcome the initial wetting barrier.

Here, we present the detailed physicochemical charac-

terization of the resulting alkali treated SBA Ti surfaces. The

contributions of surface roughness and surface chemistry to

the changes in wettability of the substrates were evaluated

by determining the physicochemical and surface analytical

properties of Ti substrates as a function of surface roughness

and chemical surface treatment. Fibrinogen adsorption on

SBA Ti substrates as a function of alkali treatment was

further analyzed to discuss the enhanced osseointegrative

potential of alkali treated microrough Ti substrates.

2 Materials and methods

2.1 Materials

Three types of Ti substrate geometries were used. All

substrates consisted of titanium grade 4 (Dynamet

Incorporated Washington). Substrates were cylindrically

shaped (5 mm diameter and 15 mm height, modified with a

drilled thread for fixation with the measurement equip-

ment) or disk-shaped (15 mm diameter and 2 mm thick-

ness). Additionally commercially available titanium

Implants (SPI�ELEMENT and SPI�CONTACT, Thom-

men Medical AG, Switzerland) with a sandblasted, thermal

acid etched surface (see below) were used.

Aqueous 0.1 M NaOH solution, 0.1 M HCl solution,

NaCl, p.A., Na2CO3, p.A and NaOH, p.A. were obtained

from Fluka, Switzerland and were diluted with or dissolved

in deionized water (18.2 MX cm) prepared by an ELGA

PURELAB Plus UV/UF purification system. Fibrinogen

from human plasma Alexa Fluor 546 conjugate was

obtained from Invitrogen. Round glass cover slips were

obtained from Carl Roth GmbH, Karlsruhe, Germany and

were rinsed with deionized water and isopropanol and

subsequently dried in a stream of nitrogen before use.

2.2 Surface treatment

Surface treatment of Ti substrates consisted of machining

(M), machining and subsequently sandblasting (SB) or of a

sequence of machining, sandblasting and thermal acid

etching (SBA). Sandblasting was carried out using Al2O3

particles of mean grain size of 125 lm. Thermal acid

etching of sandblasted substrates was carried out in a

mixture of 50% HCl (32%), 25% H2SO4 (95–97%) and

25% deionized water (v/v/v) and was followed by passiv-

ation in a mixture of 30% nitric acid (65–70%) and

deionized water. M and SB substrates were used without

this passivation.

Alkali treatment was performed at room temperature by

sonicating the substrates in 0.05 M aqueous NaOH solution

for 30 s or fixing and vigorously shaking the substrates in a

vial filled with 0.05 M aqueous NaOH solution until the

substrates were completely wetted. If mentioned the sub-

strates were rinsed with deionized water directly after the

alkali treatment.

2.3 Stereo scanning electron microscopy

and calculation of roughness parameters

Stereo scanning electron microscopic (Stereo-SEM) mea-

surements were carried out using cylindrically shaped, gold

sputtered substrates using a Zeiss EVO25 (Zeiss, Germany)

using SEM projections with a tilt angle variation of 6� at

800-fold magnification. 3D images of the surface topogra-

phy were calculated using MeX V5.1 software (Alicona,

Grambach, Austria). 3D-wavelength dependent roughness

measurement was applied using the common cut-off method

[39, 40]. Areal roughness parameters Sa (arithmetic mean of

the surface points from the mean plane), Sq (root mean
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square of the surface departures from the mean plane), Sdr

(ratio of excess actual surface over the projected surface)

and r (Wenzel roughness, i.e., ratio of the actual surface over

the projected surface) values were calculated using a

Gaussian filter with a cut-off wavelength kc = 31 lm [16].

Areas of 340 9 250 lm were used for evaluation.

2.4 Dynamic water contact angle measurements (DCA)

Advancing and receding water contact angles were mea-

sured by the dynamic Wilhelmy method on a KRÜSS

K100 tensiometer (Krüss GmbH, Germany) using an

immersion and emersion speed of 10 mm/min on cylin-

drical model substrates described above and by using

deionized water as testing liquid [27]. Measurements were

carried out as double measurements using 10 immersion

and emersion cycles per sample. Reported values corre-

spond to mean values that were derived from the first

immersion/emersion cycle. Substrates were dried under a

stream of nitrogen directly before the measurements.

2.5 X-ray photoelectron spectroscopy (XPS)

XPS measurements were carried out at Robert Mathys

Foundation (Bettlach, Switzerland) on a Kratos Axis Nova

(Kratos Analytical, Manchester, UK) using monochromatic

AlKa radiation (1486.7 eV) on disk-shaped substrates. Two

disks were analyzed per measurement. On each disk 2

measurements with a probing area of 700 9 300 lm were

carried out. The spectra were recorded in constant analyzer

energy mode with 40 eV pass energy and a resolution of

0.15 eV. Small peak shifts were corrected by calibrating

the aliphatic carbon signal to 285 eV as reference value.

Chemical compositions were calculated by subtracting an

iterated Shirley background from the curves and by using

sensitivity factors provided by Kratos.

Fitting of high resolution spectra, peak attribution and

selection of full width at half maximum (FWHM) values

were carried out according to McCafferty et al. [41].

Reported values correspond to uncorrected mean values

and the standard deviation.

Data obtained on flat disk-shaped substrates were con-

firmed by analysis of commercially available implants at

Tascon GmbH (Münster, Germany) on a PHI Quantera

SXP (PHI, Physical electronics, Chanhassen, USA) as

double measurements using a probing area of 200 lm2 and

monochromatic AlKa radiation.

2.6 Time-of-flight secondary ion mass spectrometry

(TOF-SIMS)

Time-of-flight secondary ion mass spectrometry (TOF-

SIMS) measurements were carried out at Tascon GmbH

(Münster, Germany) on a TOF-SIMS IV (ION-TOF

GmbH, Münster Germany) using Bi1
? as primary ion with

a kinetic energy of 25 keV and 0.5 pA as primary ion

current on commercially available implants. Probing area

and time were 100 9 100 lm and 100 s, respectively.

Alkali treated samples were allowed to dry at ambient

atmosphere for 30 min before the measurements.

2.7 pH-measurements

Reported pH values were measured using a flat-membrane

microelectrode (LoT403-M8-S7/120 Mettler Toledo) with

10 ll of freshly prepared isotonic NaCl solution as contact

medium between the microelectrode and disk-shaped sub-

strates. Values were recorded 5 min after bringing the

substrates into contact with the microelectrode.

2.8 Protein adsorption

For the protein adsorption experiments SBA substrates

were alkali treated by immersing half of the substrates in a

0.05 M NaOH solution. To facilitate wetting of the sub-

strates ultrasound was applied. Residual solution was

carefully removed from the substrates by using a lint free

cleaning wipe and the substrates were dried in a stream of

nitrogen.

1 lM fibrinogen Alexa Fluor 546 conjugate solution

was prepared according to the manufacturer’s instructions

in 0.1 M Na2CO3-buffer of pH 8.3 and was directly used.

Protein adsorption experiments were carried out as sand-

wich assay by incubating 20–40 ll of the protein solution

between disk shaped SBA Ti substrates and round

microscopy glass cover slips with 12 mm diameter for

5 min at room temperature in a glass chamber of saturated

humidity in the dark. Substrates were subsequently washed

39 for 5 min with 0.1 M Na2CO3-buffer of pH 8.3, rinsed

with deionized water and dried in a stream of nitrogen.

Substrates were analyzed using a Tecan LS 200 laser

fluorescence scanner with excitation wavelength of 543 nm

and a cut of filter of 590 nm for detection. The optical

resolution was 4 lm.

3 Results

3.1 Influence of surface topography and chemical

treatment on the wetting of Ti substrates

The influence of surface topography and surface chemistry

on the wettability of Ti substrates was assessed by com-

bining Stereo-SEM and DCA measurements. Specifically

the influence of surface energy was assessed by measuring

the advancing water contact angles on machined (M),
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sandblasted (SB), and sandblasted and thermal acid etched

(SBA) substrates in three different chemical states, i.e.,

untreated, alkali treated with aqueous 0.05 M sodium

hydroxide solution as well as alkali treated and rinsed with

deionized water (rinsed). The latter group was used to test,

if the increased wettability of alkali treated substrates was

permanent or only temporary and due to the deposition of

sodium and hydroxide ions on the substrate surface. The

resulting changes in the wettability of individually struc-

tured substrates were evaluated in the context of qualitative

surface topography and quantitative roughness parameters

Sa, Sq, Sdr, and r of the surfaces as derived by Stereo-SEM.

As evidenced by top view electronmicrographs and cal-

culated pseudo colored topographical 3D images of M, SB,

and SBA Ti substrates in Fig. 1 and derived roughness

parameters in Table 1 each substrate type showed individual

features that were characteristic for the individual surface

treatment. M substrates showed characteristic striations and

grooves with submicron depth as exclusive topographical

feature. Sa and r values of the M substrate were 0.25 lm and

1.12. Sandblasting by contrast generated a macrorough

surface with cavities of irregular shape with a depth of up to

15 lm and with diameters of 10–50 lm. Sa and r values of

the SB surface were 1.24 lm and 1.48, respectively. As

evidenced by the electronmicrographs in Fig. 1 Al2O3

particles partly remained entrapped in the SB Ti surface.

Stereo-SEM evidenced a hierarchical surface topography

for the SBA substrates. Here, a macroroughness that was

comparable to the one of SB substrates was combined with

an additional ‘‘microroughness’’ with periodic microcavi-

ties with diameters of 1–2 lm. Sa and r values of the SBA

substrates were 1.18 lm and 1.56, respectively. The

decrease of Sa values from SB to SBA substrates might be

attributed to a slight flatting of the macroroughness of the

surface due to the ablation of material during the etching

procedure. The SEM pictures of SBA Ti substrates further

Fig. 1 Scanning electron

micrographs in top view (left
row) and false color 3D

topographical scanning electron

micrographs of M (upper line),

SB (middle line), and SBA

(lower line) Ti substrates

Table 1 Areal roughness parameters of M, SB, and SBA Ti sub-

strates as derived from stereo scanning electron microscopy

Modification Sa (lm) Sq (lm) Sdr (%) r

Machined (M) 0.25 0.31 12 1.12

Sand-blasted (SB) 1.24 1.58 48 1.48

Sandblasted acid etched (SBA) 1.18 1.57 56 1.56

Sa arithmetic mean of the surface points from the mean plane, Sq root

mean square of the surface departures from the mean plane, Sdr ratio

of excess actual surface over the projected surface, r Wenzel rough-

ness, i.e., ratio of the actual surface over the projected surface
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revealed that thermal acid etching effectively removed

Al2O3 particles from the substrates.

Figure 2 shows the advancing water contact angles of

M, SB, and SBA Ti substrates in the three different

chemical states and indicates that surface roughness influ-

enced the wetting behavior of the substrates in a different

manner depending on the chemical state of the substrates.

As evidenced by Fig. 2 the advancing water contact angles

on untreated Ti substrates increased with increasing surface

roughness from 90� on machined surfaces to 130� on the

macrorough SB and 120� on the macro- and microrough

SBA substrates. Untreated SB and SBA substrates could be

clearly classified as hydrophobic and water repellent.

Alkali treated and rinsed substrates by contrast showed

water contact angles that decreased with increasing surface

roughness, i.e., in the order M [ SB [ SBA. More spe-

cifically alkali treatment decreased the advancing water

contact angles to 55� on M substrates, to 45� on the SB

substrates and below 5� on the SBA substrates. The change

in wettability upon alkali treatment was most pronounced

for SBA substrates shifting the substrates from hydropho-

bic to superhydrophilic. Interestingly rinsing increased the

advancing water contact angle of alkali treated M or SB

substrates again to 90� and 70�, respectively, while the

superhydrophilicity of alkali treated SBA substrates was

fully preserved upon rinsing.

Hysteresis loops of the advancing and receding contact

angles from subsequent immersion emersion cycles indi-

cated that the hydrophobicity of untreated SBA substrates

was metastable. More specifically advancing and receding

contact angles of 0� were detected for the 2nd and fol-

lowing immersion emersion cycles of untreated SBA

substrates. After drying the substrates the hydrophobic

character of untreated SBA substrates was however fully

restored while alkali treated or rinsed substrates retained

their superhydrophilicity upon drying.

3.2 Influence of pH and ionic strength of treatment

solutions on the wetting behavior of SBA

substrates

The effect of pH and ionic strength of the treatment solu-

tion on the wetting behavior of SBA substrates was

assessed by measuring the advancing water contact angles

of cylindrical SBA Ti substrates after treatment with

aqueous sodium chloride solutions of varying pH and

concentration.

Figure 3 shows the plot of the advancing water contact

angles on SBA substrates as a function of pH and con-

centration of the sodium chloride treatment solution. For

all sodium chloride concentrations treatment with solutions

of pH 7 or lower resulted in advancing contact angles

between 35 and 50�. Above pH 7 however the advancing

water contact angle decreased with increasing pH of the

treatment solution. Treatment solutions of pH 12 yielded

superhydrophilic SBA Ti substrates. The ionic strength had

only an effect on the wetting behavior of SBA substrates

between pH 7 and 12 and water contact angles decreased

with decreasing ionic strength in this pH region.

3.3 XPS-characterization of alkali treated SBA

substrates

The chemical composition of the topmost surface of indi-

vidually treated SBA Ti substrates was characterized by

Fig. 2 Plot of the advancing water contact angles on M, SB, and

SBA Ti substrates before alkali treatment, after alkali treatment and

after alkali treatment and rinsing with deionized water. Values were

obtained after drying the substrates and from the first immersion cycle

Fig. 3 Plot of the advancing water contact angle on SBA Ti

substrates versus the pH of aqueous 0.05 M, 0.1 M, and 0.5 M

sodium chloride solutions used for pretreatment. Values were

obtained after drying the substrates and from the first immersion cycle
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XPS. Figure 4 shows the survey and high resolution spectra

of the C1s and O1s signals of untreated, alkali treated and

of rinsed SBA Ti substrates and Tables 2, 3, 4 report the

derived elemental compositions of the substrate surfaces.

The survey spectra of untreated SBA Ti substrates

showed Ti, oxygen (O), and carbon (C) as main elements

with an O/Ti ratio of 2.26 and a relative C content of 20%.

After alkali treatment sodium (Na) signals Na1s and

NaKLL at 1071 eV and 496 eV were detected, the O/Ti

ratio increased to 2.5 and the relative C content decreased

to 17%.

Contributions to the high resolution XPS C1s signals in

Fig. 4 were allocated to aliphatic, ether and alcohol bound

(CO) as well as to carboxylate (CO2) and carbonate bound

(CO3) carbon and the derived atomic partial contributions

of these species to the total C content are reported in

Table 3. Individual contributions of CO2 and CO3 species

were indicated by the relatively high full height at maxi-

mum width (FHMW) values that were required in the

deconvolution routines but could not be further resolved.

On untreated SBA substrates total C was detected as 70%

aliphatic, 17% CO bound and 13% CO2 or CO3 bound C

and after alkali treatment the corresponding values were

shifted to 55% aliphatic, 17% CO bound, and 28% CO2 and

CO3 bound C indicating a relative decrease in aliphatic and

Fig. 4 Survey and deconvoluted high resolution C1s and O1s XPS spectra of untreated, alkali treated and of rinsed SBA Ti substrates

Table 2 Relative elemental compositions of untreated, alkali treated

and alkali treated and rinsed SBA Ti substrates as derived from XPS

survey spectra

Modification Ti O C Na

Untreated 24.5 ± 0.2% 55.3 ± 0.6% 20.2 ± 0.7% n.d.

NaOH treated 20.7 ± 0.4% 51.0 ± 0.8% 17.2 ± 1.4% 11.1 ± 0.5%

Rinsed 24.4 ± 0.5% 54.2 ± 0.8% 20.7 ± 1.1% 0.9 ± 0.2%

Table 3 Relative elemental contributions to the C1s signal for

untreated, alkali treated and alkali treated and rinsed SBA Ti

substrates

Modification C–CH CO CO2, CO3

Untreated 70.1 ± 1.2% 16.8 ± 0.6% 13.1 ± 0.7

NaOH treated 55.3 ± 1.9% 16.8 ± 4.0% 28.0 ± 3.0%

Rinsed 70.1 ± 0.5% 18.4 ± 0.7% 11.5 ± 0.8%

Table 4 Relative elemental contributions to the XPS O1s signal for

untreated, alkali treated and alkali treated and rinsed SBA Ti

substrates

Modification TiO C–O OH COx/H2O

Untreated 78.0 ± 0.8% 11.6 ± 0.4% 7.7 ± 0.3% 2.7 ± 0.2%

NaOH treated 71.3 ± 0.4% 11.9 ± 0.6% 14.2 ± 1.1% 2.7 ± 0.4%

Rinsed 77.6 ± 2.0% 11.1 ± 1.6% 7.6 ± 0.9% 2.9 ± 0.2%
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a relative increase in CO2 and CO3 bound C. The increase

of the latter species on alkali treated substrates might at

least partly be attributed to carbonate formation during

drying and storage of the substrates at ambient air.

XPS O1s high resolution spectra were deconvoluted as

described by McCafferty et al. [41] by assigning the fol-

lowing contributions:

• Ti bound O2- at 530.3 eV

• Oxygen bound to multiple carbon atoms (C–O–C

species) at 531.0 eV

• TiO2-x bound OH and OH--ions at 532.0–532.5 eV

• Oxygen atoms multiple-bound to carbon (COx) and

H2O at 533.3 eV

Individual contributions from COx and water could not

be resolved. On untreated SBA substrates oxygen was

detected as 78% TiO2-x bound, 11.6% C bound, 7.7% OH

bound and 2.7% COx bound oxygen. After alkali treatment

especially the fractions of TiO2-x bound oxygen decreased

to 71% and the one of OH bound oxygen increased to 14%

while the peak maximum of the latter signal was shifted

from 532.5 to 532 eV. This peak shift indicates an increased

surface concentration of OH- ions, which possess a higher

electron density and therefore a lower binding energy

compared to the OH groups of the TiO2-x surface.

No significant differences between the XPS survey or

high resolution spectra of rinsed and untreated SBA sub-

strates were found except a residual relative Na content of

1% on the rinsed SBA substrates.

3.4 TOF-SIMS characterization of alkali treated SBA

substrates

Chemical changes in the uppermost part of the SBA sur-

face upon alkali treatment were followed by TOF-SIMS

and Figs. 5 and 6 compare the spectra of positive and

negative secondary ions of SBA Ti implants before and

after alkali treatment.

Cationic fragments in positive mode TOF-SIMS of

untreated SBA implants could be mainly attributed to

hydrocarbons and TiO2-x (Fig. 5). After alkali treatment

the intensities of these hydrocarbon fragments decreased

and mainly fragments of TiO2-x, sodium hydroxide and

sodium carbonate were detected. The overall sum of signal

intensities of cationic secondary ions was also significantly

reduced upon alkali treatment.

Fig. 5 Positive mode TOF–SIM spectra of commercial SBA Ti implants before and after alkali treatment
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TOF-SIM spectra of anionic fragments of untreated and

alkali treated SBA implants are shown in Fig. 6 and mainly

consisted of fragments from hydrocarbons and TiO2-x.

Significant differences between the spectra of untreated

and alkali treated samples were observed especially above

200 u and indicate a change of surface chemistry of the

TiO2-x surface upon alkali treatment. On untreated sub-

strates mainly TiOx cluster ions of the type TixO2x?1H-

were detected. After alkali treatment however additional

cluster ions of the form TixO2x?1Na- and of their hydrated

analogues TixO2x?1Na*mH2O with x = 3, 4, 5, 6, and 7

and with m = 1 and 2 resulting in a series of regularly

spaced signals were observed. The overall sum of intensi-

ties of anionic species was furthermore significantly

increased after alkali treatment of SBA substrates and

might indicate an increased negative charge on the surface

of alkali treated SBA substrates.

3.5 Long-term properties of alkali treated SBA

substrates

The evolution of the chemical surface composition and

wetting properties of alkali treated SBA substrates upon

storage at ambient conditions was assessed via time

dependent XPS-, surface pH and wettability measurements.

Figure 7a and b show the evolution of the XPS derived

fractions of total C and the relative contributions to the

C1s signal, i.e., aliphatic, CO bound and CO2 and CO3

bound C species on alkali treated SBA substrates upon

storage. The fraction of total C decreased from 20% before

the treatment to a minimum of 15% after alkali treatment

and 1 day of storage and subsequently increased again to a

saturation value of 35–40% total C after 25 days of stor-

age. Within the total C similarly aliphatic C decreased

from 70% before the treatment to 55% directly after the

alkali treatment and further to a minimum of 50% after

1 day of storage. Compared to total C aliphatic C

increased faster upon further storage and leveled off in a

saturation value of 60–65% already after 6 days. The

fractions of CO2 and CO3 bound C on SBA substrates

increased from 13% on the untreated substrates to a

maximum of 32% after alkali treatment and 1 day of

storage. Further storage however decreased the fractions

of CO2 and CO3 bound C to an equilibrium value of ca.

20% after 14 days of storage. The increase in aliphatic and

total as well as in CO2 and CO3 bound C on alkali treated

SBA substrates upon storage might be attributed to CO2

assimilation and carbonate formation as well as to a

constant adsorption of mostly aliphatic organic contami-

nants from ambient atmosphere.

Fig. 6 Negative mode TOF–SIM spectra of commercial SBA Ti implants before and after alkali treatment
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The proposed sodium carbonate formation on alkali

treated SBA substrates was further evidenced by the rapid

drop of pH from 8.6 directly after alkali treatment to 7.6

after 7 days of storage (Fig. 7c). The latter value was

significantly increased compared to the values of ca. 6.6 of

untreated or rinsed surfaces respectively. The difference

between the pH of the 0.05 M NaOH solution of 12.7 and

the initial value of 8.6 that was measured on the substrate

surface of SBA substrates directly after alkali treatment can

be attributed to a dilution effect, which is linked to the

chosen measurement technique.

As evidenced by the scanning electron micrograph in

high magnification in Fig. 7d no deposits of sodium

hydroxide or sodium carbonate were found on alkali trea-

ted SBA substrates. Furthermore, the topography of alkali

treated SBA substrates did not significantly differ from the

untreated substrates (not shown).

Long-term DCA measurements furthermore indicated

that alkali treated SBA substrates remained superhydro-

philic even after storage for several weeks (data not shown).

3.6 Fibrinogen Alexa Fluor conjugate adsorption

Protein adsorption experiments using a fluorescent fibrin-

ogen Alexa Fluor 546 conjugate indicated qualitative and

quantitative differences in the protein adsorption between

alkali treated and untreated SBA substrates. Figure 8

shows a micrograph of the relative fluorescence intensities

at a boundary between untreated and alkali treated SBA

substrate regions after 5 min of incubation in a 1 lM

solution of the fibrinogen conjugate and subsequent

washing steps to remove residual non-adsorbed protein.

While homogeneous protein films formed on the alkali

treated SBA substrates protein films on untreated substrate

regions were inhomogeneous and showed regions of up to

300 lm in diameter without protein and lacking any sig-

nificant levels of fluorescence intensity. Digital image

analysis of these inhomogeneous protein films on untreated

SBA substrates further revealed a number average diameter

of 20–30 lm for these protein free regions and a percent-

age of 15% of the untreated SBA surface that remained

uncovered by protein. The determined average size of

protein free regions correlated well with the size of the

macro-cavities of the SBA surface.

Additionally line profiling of fluorescence intensities

across the boundary between alkali treated and untreated

zones in Fig. 8 revealed a mean relative fluorescence

intensity of 120 a.u. on the untreated region and of 70 a.u.

on the alkali treated zone indicating that fibrinogen

adsorption was increased on untreated substrates compared

to the alkali treated ones.

4 Discussion

4.1 Roughness induced wetting

The wetting behavior of untreated, alkali treated and rinsed

M, SB, and SBA substrates reflects the empiric rule that

hydrophilicity or hydrophobicity are each both enhanced

Fig. 7 Temporal evolution of

the relative carbon content as

derived from XPS (a) and of

individual carbon species

contributing to the XPS C1s

signal (b) on alkali treated SBA

Ti substrates upon storage.

c Temporal evolution of surface

pH as measured with a

microelectrode on alkali treated

SBA Ti substrates upon storage

at ambient conditions. d SEM

image of an alkali treated SBA

Ti substrate in 180.000-fold

magnification
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with increasing Wenzel roughness [28]. For Ti substrates

this tendency has been shown by Lim and Oshida [42]. The

apparently contradictorily decrease of the advancing con-

tact angles from untreated SB to SBA substrates might be

influenced by the relatively high amounts of entrapped

Al2O3 particles in SB substrates, which might render the

wetting behavior of SB substrates more complex compared

to M or SBA substrates.

Due to the relatively high contact angles and the complex

surface topography of untreated SBA substrates wetting of

these substrates most probably occurs via a Cassie-Baxter

regime. In this regime contact lines of advancing droplets

are supposed to pin to edges and spikes of the SBA surface

and air is entrapped in (macro-)cavities of the SBA surface

underneath the wetting liquid resulting in an incomplete

contact between the liquid and the SBA surface. Wetting of

alkali treated or rinsed SBA substrates is by contrast

expected to result in a film regime. Here, the (macro)-cav-

ities of the hydrophilic SBA substrates are supposed to fill

with wetting liquid in front of the contact line of advancing

droplets due to capillary forces. This process is described as

hemi-wicking [28]. As a result the contact line of the wet-

ting front that interacts with the substrate surface is sup-

posed to be decreased and the wetting front of an advancing

droplet is expected to contact mainly the advancing water

film in the cavities of the substrate. Thus, this regime

explains well the low water contact angles on alkali treated

and rinsed SBA substrates. Furthermore, the assumption of

a Cassie Baxter and a film regime for the wetting of

untreated and alkali treated SBA substrates, respectively,

are also indicated by the formation of inhomogeneous

fibrinogen films on untreated and of homogeneous protein

films on alkali treated SBA substrates.

4.2 Alkali treatment induced changes of chemical

surface properties

The type and extent of chemical changes that are induced

on TiO2-x surfaces upon alkali treatment were reported to

depend on the concentration, temperature and duration of

the treatment [18–20, 26, 36, 43]. We think that the fol-

lowing observations are most relevant for the interpretation

of the main chemical changes occurring on Ti SBA sub-

strates upon alkali treatment: (1) Superhydrophilicity was

only achieved after treatment with solutions of pH above

the isoelectric point of TiO2-x, i.e., above pH = 4–6 [44].

(2) XPS did not show any significant difference between

untreated and rinsed substrates except a residual sodium

signal on the rinsed SBA substrates. (3) TOF-SIMS spectra

of alkali treated SBA substrates showed (hydrated)

TixO2x?1Nay-clusters. (4) The signal intensities of cationic

species were decreased and those of anionic species were

increased upon alkali treatment, which indicates an

increase in negative surface charge upon alkali treatment.

As reported by Connor et al. the main processes

occurring on the TiO2-x surface under mild chemical

conditions as upon the reported treatment with a 5 mM

NaOH solution were protonation and deprotonation of

terminal Ti–OH and oxo-bridged Ti–O–Ti groups [43]. By

titrating TiO2 particles with NaOH solutions Boehm et al.

could furthermore show that proton exchange against Na?

occurred on TiO2 surfaces even at concentrations as low as

1 mM and that at NaOH concentrations of 0.05 M

70–75% of acidic OH-sites on the TiO2 surface were

deprotonated [45]. Harsher conditions by contrast were

reported to result in partial dissolution of the TiO2-x layer,

sodium titanate hydrogel formation and a significant

increase of the TiO2-x layer thickness and were applied by,

e.g., Von Wilmowsky et al. and Kim et al. who prepared

superhydrophilic Ti substrates using 10 mM and 10 M

NaOH solutions for 24 h at 60�C, respectively [18, 36].

Additionally to surface chemistry the extent of carbon

contaminations on the TiO2-x surface was also reported

to influence the wetting properties of microrough Ti

Fig. 8 Fluorescence micrograph of the border between untreated

(left) and alkali treated (right) zones of a SBA Ti substrate after

incubation in a 1 lM fibrinogen Alexa Fluor solution for 5 min and

subsequent washing steps. The intensity profile was obtained from

line scan (white line) across this border
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substrates. Rupp et al. have, e.g., shown that storage of

freshly prepared sandblasted and acid etched Ti substrates

in sodium chloride solution (modSLA) effectively pre-

vented contamination of Ti substrates and XPS carbon

contents as low as 15% were reported for these superhy-

drophilic modSLA substrates while ca. 35% of carbon was

found on the hydrophobic reference substrates (SLA) [31].

As reported by Connor et al. [43] adsorbed organic con-

taminations and carbonate were however also removed

from the TiO2-x surface by alkali treatment with 5 mM

NaOH solution. These reports are consistent with our XPS

results that have indicated a decrease of total and aliphatic

carbon contents on SBA substrates upon alkali treatment.

We think that the increased wetting of alkali treated and

rinsed SBA substrates is however unlikely to be associated

to a reduction of carbon contaminations since carbon

contents on hydrophobic untreated and superhydrophilic

rinsed SBA Ti substrates were comparable and were ca.

20% for both mentioned substrate types.

With respect to the mild conditions of the here applied

alkali treatment protocol and concluding from the com-

parison with the reported literature we assume that depro-

tonation of terminal Ti–OH and oxo-bridged Ti–OH–Ti

groups and ion exchange leading to the formation of

Ti–O-Na? ion pairs might be the most important chemical

changes for the here presented alkali treatment of SBA Ti

substrates. Although especially the TOF–SIM spectra

might also suggest a partial dissolution of the TiO2-x

layers and sodium titanate formation as reported for the

treatment under harsh chemical conditions [18] the lack of

significant differences between XPS spectra of untreated

and rinsed SBA Ti substrates omitted any quantification of

these processes on the here described alkali treated SBA Ti

substrates.

4.3 Protein adsorption

The decreased adsorption of fibrinogen Alexa Fluor con-

jugate on superhydrophilic alkali treated SBA Ti substrates

correlates well the general tendency of fibrinogen and other

adhesion proteins to adsorb preferentially on hydrophobic

substrates compared to hydrophilic ones. Nygren et al., e.g.,

have shown that fibrinogen adsorption on hydrophilic

quartz substrates was decreased by 30% compared to

hydrophobic quartz substrates [46] and Nygren further

reported that compared to hydrophilic titanium substrates

the amount of adsorbed fibrinogen from whole blood was

twofold increased on hydrophobic reference substrates [47].

In addition to the influence of surface hydrophilicity

Michael et al. have analyzed the effect of surface charge on

protein adsorption [48] and reported that fibronectin frag-

ment FNIII7–10 adsorption increased in the order of the

following surface characteristics: ‘‘positively charged’’[

‘‘hydrophobic’’ [ ‘‘negatively charged’’ [ ‘‘hydrophilic’’.

The decreased fibrinogen adsorption on superhydrophilic

and hypothetically negatively charged alkali treated SBA

Ti substrates is in good agreement with this sequence.

Interestingly modSLA surfaces were reported to be posi-

tively charged and compared to hydrophobic SLA sub-

strates an increased fibronectin adsorption was reported on

modSLA substrates [49].

4.4 General discussion and context to osseointegration

From a surface-chemical perspective downstream host

responses to implanted materials as osseointegration are

linked to the physicochemical properties of the implant

surface by a sequence of ion adsorption, ion exchange,

protein adsorption, cell interrogation, mineralization, and

remodeling [2]. In this sequence especially the character-

istics of the adsorbing protein film are believed to directly

determine cell and tissue processes and hence link the

physicochemical properties of implanted materials to the

physiological response of the host. The amount and con-

formational state of adsorbed fibrinogen, e.g., has been

used as a biocompatibility indicator of artificial surfaces

[50] and the amount of denatured fibrinogen, which accu-

mulates on implant surfaces was correlated with the extent

of biomaterial-mediated inflammation [51]. At the same

time fibrinogen itself has been reported to show a higher

tendency to denature on hydrophobic surfaces compared to

hydrophilic ones [23, 48]. These relations and our results

suggest that the enhanced osseointegration of alkali treated

SBA Ti implants might be linked to an alteration of the

status of the protein film on the surface of these implants.

In addition to cell-physiological processes the physico-

chemical properties of the implant surface might also affect

osseointegration by influencing the mineralizing capabili-

ties of the implant surface. The importance of the nucleating

and mineralizing properties of the implant surface is evi-

denced by the presence of thin mineralized interfacial

transition layers between bone and osseointegrated implants

[2, 52]. These afibrillar apatite-like layers probably result

from acellular and surface induced mineralization and

model studies indicate that adsorbing proteins might influ-

ence their formation by masking the nucleating sites of the

TiO2-x surface. Adsorbed fibronectin, e.g., was reported to

inhibit the nucleation and mineralization of the TiO2-x

surface of Ti substrates upon incubation in Hanks’ balanced

salt solution suggesting that surfaces with decreased protein

affinity might favor nucleation and mineralization [53]. The

decreased protein affinity of alkali treated SBA substrates

suggests that the enhanced osseointegrative potential of

these substrates might therefore be also linked to enhanced

mineralizing capabilities of this surface type. This subject

will be addressed in future studies.
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5 Conclusion

In this paper, we have demonstrated the preparation of

superhydrophilic microrough titanium substrates by a rapid

and convenient alkali treatment under mild chemical con-

ditions. The chemical composition of the titanium surface

was only marginally changed by reversible deprotonation

and ion exchange processes upon alkali treatment and

roughness induced wetting greatly contributes to the su-

perhydrophilicity of alkali treated microrough Ti sub-

strates. Qualitative and quantitative differences in protein

adsorption between untreated and alkali treated substrates

were however observed and might help to explain the

enhanced osseointegration of superhydrophilic alkali trea-

ted microrough Ti implants. Due to its simplicity and

biocompatibility the here presented alkali treatment can be

regarded as an attractive clinically applicable route to

render microrough Ti substrates superhydrophilic in situ of

implantation without the necessity to modify production

and storage routines of the implants.
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