
Colloids and Surfaces B: Biointerfaces 42 (2005) 29–43

Surface modification of surface sol–gel derived titanium
oxide films by self-assembled monolayers (SAMs) and

non-specific protein adsorption studies

Maria Advinculaa, Xiaowu Fanb, Jack Lemonsa, Rigoberto Advinculaa,b,c,∗
a Department of Biomedical Engineering, University of Alabama at Birmingham, Birmingham, AL 35294, USA

b Materials Science Program, University of Alabama at Birmingham, Birmingham, AL 35294, USA
c Department of Chemistry, University of Houston, Houston, TX 77204, USA

Received 11 October 2004; received in revised form 2 December 2004; accepted 17 December 2004

Abstract

Biological events occurring at the implant–host interface, including protein adsorption are mainly influenced by surface properties of the
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mplant. Titanium alloys, one of the most widely used implants, has shown good biocompatibility primarily through its surface oxid
tudy, a surface sol–gel process based on the surface reaction of metal alkoxides with a hydroxylated surface was used to prep
itanium oxide (TiOx) coatings on silicon wafers. The oxide deposited on the surface was then modified by self-assembled monolaye
f silanes with different functional groups. Interesting surface morphology trends and protein adhesion properties of the modified tita
urfaces were observed as studied by non-specific protein binding of serum albumin. The surface properties were investigated sy
sing water contact angle, ellipsometry, X-ray photoelectron spectroscopy (XPS), and atomic force microscopy (AFM) meas
esults showed that the surface sol–gel process predominantly formed homogeneous, but rough and porous titanium oxide layers
dsorption was dependent primarily on the silane chemistry, packing of the alkyl chains (extent of van der Waals interaction), m
porosity and roughness), and wettability of the sol–gel oxide. Comparison was made with a thermally evaporated TiOx–Ti/Si-wafer substrat
control). This method further extends the functionalization of surface sol–gel derived TiOx layers for possible titanium alloy bioimpla
urface modification.
2004 Elsevier B.V. All rights reserved.

. Introduction

The adsorption of proteins at the implant–tissue interface
s the first event known to occur when a foreign material is
ntroduced to the body, e.g. it is of central importance to the
sseointegration process. Among these proteins, fibronectin
nd vitronectin, which contain the polyacidic sequence
rg–Gly–Asp (RGD) recognized by cell-surface integrin re-
eptors, are believed to be the primary glycoproteins in serum
hat promote cell adhesion. Integrin-mediated cell adhesion
hen initiates a cascade of events that promote several struc-
ural changes in cells including spreading and cytoskeletal

∗ Corresponding author. Tel.: +1 713 7431760; fax: +1 713 7431755.
E-mail address:radvincula@uh.edu (R. Advincula).

organization which then modulate longer-term events
as protein production[1]. Albumin, on the other hand, is t
most abundant protein component of serum. It functions
carrier protein for a range of small molecules, lipids, etc.,
is important in maintaining balance between the extracel
and interstitial fluid compartments of the body. It has h
affinity for titanium and its non-specific adsorption to
surface inhibits osteoblast cell adhesion in vitro[2,3].

Since biological tissues have been known to interact
mainly the outermost atomic layers of an implant[4], the sur
face oxide properties of the implant play an important ro
protein adsorption. Specifically, surface chemistry, topo
phy, roughness and wettability can affect the type, qua
and conformation of an adsorbed protein layer. For insta
serum albumin has been shown to absorb on smooth tita

927-7765/$ – see front matter © 2004 Elsevier B.V. All rights reserved.
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Fig. 1. The schematic diagrams describe: (a) the surface modification and surface sol–gel layer-by-layer deposition process on a substrate surface.The reaction
on the formation of TiOx bonds is usually facilitated by heating; (b) the self-assembled monolayer (SAM) modification on a TiOx film prepared by the surface
sol–gel layer-by-layer deposition process on a substrate surface.
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surfaces in contrast to serum fibronectin which was adsorbed
preferentially on rougher titanium surfaces[5]. Depending
on the chemistry, different serum ligands are adsorbed on
patterned surfaces which affect both cell adhesion and min-
eralization in vitro[6]. More integrins and osteoblast precur-
sor cells bind to hydroxylapatite than titanium or steel due to
adsorption of serum proteins in suitable conformations[7].
Thus, protein adsorption may be regulated by controlling the
surface properties of an implant material.

Current modification techniques for promoting protein
adsorption or activating the surface of common biomaterials
such as titanium focus on altering the microstructure,
chemistry, and wettability of the surface. These include, acid
or chemical treatment, plasma treatment, chemical vapor
deposition, thermal vacuum deposition, polymerization, for-
mation of self-assembled monolayers (SAMs), etc.[8–10].
Activation of surfaces by SAMs is based on the strong adhe-
sion of alkanethiols or alkylsilanes for gold or glass[10–12].
Since titanium and titanium alloy surfaces exist in their oxi-
dized state, SAMS can readily form on the oxidized titanium
by silane binding to yield surfaces with greater stability and
functionality. Supramolecular architectures of biomolecules
have been fabricated using SAMs for biosensors, bioactive
coatings, host–guest templates, micropatterned supports,
etc.[10,12,13]. Reactive functional groups (PO4, COOH,
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method and its subsequent application to biomedical implant
devices.

2. Materials and methods

2.1. Substrates and coating

Silicon wafers of prime grade, resistivity 0.00600�,
thickness 500�m (Wafernet Inc., San Jose, CA) were cut
into small rectangular pieces (1 in.× 1 in.), cleaned with ace-
tone to remove the debris and soaked inPiranha solution
(30:70 vol.% mixture of 30 wt.% hydrogen peroxide and 98
wt.% sulfuric acid) for 30 min to form well-defined sur-
face hydroxyl (oxide)layers. The samples were thoroughly
rinsed and sonicated 3× with deionized or DI water (resis-
tivity = 18.2 M�, and pH = 6.82, Millipore Inc.). Thin tita-
nium oxide (TiOx) was formed on the surface using a sol–gel
technique developed by Kunitake et al.[15]. Briefly, the
wafers were immersed in 10 mM solution of titanium alkox-
ide (Aldrich, Milwaukee, WI) in 1:1 toluene (Aldrich) and
ethanol (Pharmco, Brookfield, CT) for 5 min in a sealed slide-
staining jar deaerated with N2 gas since the titanium butoxide
is highly moisture sensitive. The titanium alkoxide reacted
with the negatively charged hydroxyl groups on the surface
d pi-
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i rate
t -
t cy-
c ed
b ated
i . A
s

um
l ion,
w for
p assi-
v sma
c ord,
C 0
f xide
l so-
l ne
r ntrol
T

2

tions
c ro-
1 ain
a dro-
x o-
n de-
c ic),
OH, etc.) immobilized on silane modified surfaces af
mportant cell behavior as cell spreading, migration and
oskeletal organization, adsorption of protein, and nuclea
f biomimetic calcium apatite layer[14–18].

The sol–gel technique is a wet chemical process tha
e used to coat substrates with metal oxides. By com

ng SAMs and the sol–gel process, the surface properti
itanium alloys can be controlled to produce a more bi
ive surface, i.e. promote cell and protein adhesion. Su
ol–gel processing or SSP is a relatively new sol–gel pr
ation that produces ultrathin titanium oxides with nano
er precision[19–22]. This process is based on the stepw
dsorption (chemisorption) of metal alkoxide on a hydro

ated substrate, rinsing, subsequent hydrolysis to regen
he hydroxylated surface, and drying. The procedure ca
epeated several times to produce the desired thickness
xide and each sol–gel process is independent of the
hich allows each layer to be nanostructured[19].
In this paper, we would like to describe our investiga

n the surface properties of sol–gel derived ultrathin Tx
ayers that is further modified by SAMs and their in vitro p
ein adsorption behavior (Fig. 1a and b). To our knowledg
here have been only limited studies on modifying sol–
erived TiOx with self-assembled monolayers (SAMs). T
orphology and nanoporosity of these oxide films influen

he SAM formation as well as the subsequent adhesion
rties of proteins. Comparison to idealized SAMs form
n thermal vacuum evaporated TiOx films on flat Si-wafer
ere made in relation to surface activity. Thus, this stud
seful in investigating the fouling or non-fouling of surfa
xide films derived from this stepwise sol–gel proces
uring this chemisorption process. After rinsing with co
us solvent to remove unbound alkoxides, the samples

mmersed in de-ionized (DI) water for 1 min to regene
he hydroxyl groups and then dried by N2 gas. Chemisorp
ion, rinsing, hydrolysis and drying were repeated for five
les. The formation of the TiOx bonds can also be facilitat
y heating. For this experiment, the films were not he

n order to obtain the amorphous form of the oxide film
chematic diagram of the procedure is shown inFig. 1a.

For control, silicon wafers coated with 260 nm titani
ayer (with native oxide) by vacuum thermal evaporat
ere obtained from Spire Biomedical Inc (Bedford, MA)
arallel protein adsorption studies. The surface was p
ated using 40% nitric acid and then placed under a pla
leaner (PLASSMOD, March Instruments Inc., Conc
A) in argon atmosphere for 350 s and dehydrated at 12◦C

or 24 h to clean the surface and promote a fresh native o
ayer growth in air. This was further treated with piranha
ution to hydroxylate the surface for coupling with the sila
eagents. These samples will also be referred to as “co
iOx or TiOx–Ti/Si-wafer” samples.

.2. Silanization

The samples were immersed in silane toluene solu
onsisting of trialkoxy derivatives for 24 h. Tridecafluo
,1,2,2-tetrahydrooctyl) triethoxysilane is a straight ch
lkane terminated by an ethoxide (hydrophobic), 2-hy
y-4-(3-triethoxysilylpropoxy)-diphenylketone is a carb
yl-group containing alkane (hydrophilic-polar), octa
yltrimethoxysilane has a long alkyl chain (hydrophob
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Fig. 2. Chemical structures of the silane agents use for SAM formation on the TiOx layers.

3-amino-propyltriethoxy-silane is a widely used coupling
agent with an amino terminal group (hydrophilic). All silanes
were purchased from Aldrich (Milwaukee, WI) and used
as received.Fig. 2shows the chemical representation of the
different silanes. The substrates were rinsed with toluene,
acetone then DI water each time for 10 min then dried with
N2. The silanization process was done in triplicates for each
silane group.

2.3. Protein adsorption studies

Protein adsorption studies were done in vitro to inves-
tigate non-specific protein binding of albumin. A 0.01 M
phosphate buffer saline (PBS) solution was prepared using
a protocol described elsewhere[14]. Bovine serum albumin
(BSA), a commonly used serum protein, was dissolved in
PBS in a 1 mg/ml concentration. The substrates were im-
mersed in 70% ethanol for 10 min, rinsed 3× in PBS to re-
hydrate the surface then immersed in protein solution for
24 h until adsorption was complete. The samples were re-
moved from the solution, rinsed with PBS 3× and with DI
water to remove unbound proteins and salt residues. Surface
properties were immediately analyzed and the protein surface
coverage was calculated based on the formula given below
[14]:

Γ

w
d
∼
v using
e orbed
s

2.4. Surface characterization

2.4.1. Ellipsometry
A Multiskop ellipsometer (Optrel GmbH, Berlin, Ger-

many) with 632.8 nm He–Ne laser as the light source was
used to measure the optical thickness of metal oxides and
protein layers. Software integrated in the instrument was used
to calculate the ellipsometric angles,∆ (delta) andψ (psi) of
the polarized light beam reflected on the surface. The thick-
ness of the layer formed was determined using a computer
model fit of these parameters and the optical constants of the
layer (e.g. silicon oxide, titanium oxide and native protein)
[6,15,16]. Assuming that the monolayer formed remains sta-
ble as the thickness increases, the ellipsometric characteriza-
tion model is built from a two-phase (ambient/silicon wafer),
to three-phase (ambient/sol–gel TiOx film/silicon wafer), to
four-phase model (ambient/protein film/sol–gel TiOx/silicon
wafer), and finally, the thickness of the monolayer is sub-
tracted from the bulk layer model. The ellipsometric model
is shown inTable 1. Three points on each sample were mea-
sured and averaged.

2.4.2. Water contact angle
Surface wettability of the substrates was determined by the

half angle method using a CAM-MICRO model contact angle
m was
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0
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T

= ddry proteinρ0 = dnative protein

1 − 1/N2
native protein

1 − 1/N2
dry protein

ρ0

= Kdnative protein(ng/mm2)

here d is the thickness of protein layer,ρ the protein
ensity, ρ0 ∼ 1.37 g/cm3,N the refractive index,Nnative protein

1.465 andNdry protein∼ 1.55,K∼ 1.2× 106 ng/mm3. The
alues used were in accordance with previous studies
llipsometry to measure the surface coverage of ads
erum albumin[14,23].
eter (Tantec Inc., Schaumburg, IL). Deionized water

able 1
llipsometric layer model for the determination of the thickness (give

efractive index constants) on the modified films and the subsequent a
ion of proteins

edium n (refractive index) k (extinction
coefficient)

d (thickness

, Air 1 0 –
, BSA 1.465 0 measured
, Silanes 1.5 0 measured
, TiO2 2.5045/1.65 0 measured
i/Si 2.17/1.4598 −2.94/0 –
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used as probe liquid. For static contact angle measurements,
three spots were measured on each sample and averaged.
Three samples for each group were used.

2.4.3. AFM
Atomic force microscopy (AFM) images of the multi-

layers morphology were obtained using a PicoScan sys-
tem (Molecular Imaging, Phoenix, AZ) equipped with a
7�m× 7�m scanner. All images were collected at mag-
netic alternating current (MAC®) mode in air. The AFM tip
consisted of a MAC lever® which is a silicon nitride-based
cantilever coated with magnetic film. The force constant of
the tip was around 0.5 N/m and the resonance frequency was
around 100 kHz. The average roughness represented by the
root mean square (rms) roughness of the surface was calcu-
lated based on a standard formula integrated in the imaging
software.

2.4.4. SEM
A Philips XL30 SEM was used to obtain secondary elec-

tron images at primary beam energies of 10–15 kV. Typical
sampling depth was a few microns.

2.4.5. XPS
The surface composition and chemistry were analyzed us-
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Table 2
Water contact angle in degrees

TiOx–sol–gel on
SiOx–Si-wafer
mean (S.D.)

Control–evaporated
TiOx–Ti/Si-wafer
mean (S.D.)

After Piranha-solution (TiOx) 34 (2) 20 (2)
After sol–gel 46 (5) –

CF3 78 (9) 98 (2)
CH3 91 (2) 101 (2)
NH2 67 (6) 49 (3)

Benzophenone 81 (4) 76 (3)

3.1. Wettability by contact angle measurements

The water contact angle measurement data are shown
in Table 2. In the first stage, the piranha solution treated
evaporated TiOx–Ti/Si-wafer substrates (control) and TiOx
sol–gel–SiOx/Si-wafer showed very low contact angles due
to formation of surface hydroxyl groups. After sol–gel depo-
sition (five layers), the contact angles of the latter substrate
increased. After silanization with the various SAMs, the sam-
ples then had different hydrophobicities, demonstrated by
the contact angle differences (i.e. more hydrophobic = higher
contact angles) resulting from various functional groups on
silanes. In general, all contact angles increased after the SAM
procedure. Sample (NH2) had the lowest (most hydrophilic)
contact angle, while samples (CH3), ( CF3) and benzophe-
none having the highest (most hydrophobic) contact an-
gles. There was no significant difference between these latter
groups (p> 0.05). For the TiOx-evaporated substrates (con-
trol), the lowest (most hydrophilic) was also sample (NH2).
Both samples (CF3) and ( CH3) have higher contact angles
(p= 0.985), and therefore, the most hydrophobic. The contact
angles of sample (NH2) for both control and sol–gel sub-
strates were similar (p= 0.747).

From these data several things can be noted. First of all,
the results showed that the sol–gel TiOx process increases the
c
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T y
t tion
t round
ng X-ray photoelectron spectroscopy (XPS) (Kratos A
65) with a multitechnique electron spectrometer. A n
onochromatic Al K� X-ray source at 15 kV and 20 m

nitiated the photoelectron emission. Using the Fixed A
yzer Transmission (FAT) mode, survey scans were colle
rom 0 to 1400 eV. The samples were measured over a
rea of 800�m× 200�m with resolution 4 eV and analyz
ass energy of 160 eV. The binding energy reference wa
1s peak of hydrocarbon signal (284.5 eV).

.5. Statistical analysis

Statistical analysis was done using one-way ANO
ean difference based onp= <0.05 was considered signi

ant.

. Results and discussion

An important consideration of this investigation was
etermine the effects of SAM silanization on the wetta

ty and morphology of sol–gel derived TiOx and on the in
itro behavior of protein adsorption. The SAM modificat
llowed variable surface energies and intermolecular fo
f attraction for immobilization of proteins. The adsorpt
f proteins on surfaces involves several stages, i.e. ad

ion, lateral mobility, dissociation, denaturation, irrevers
dsorption, and exchange of protein with solution. By c
aring with a control (vacuum evaporated TiOx–Ti), a con-

rast on the surface energy, morphology, and porosity o
ol–gel TiOx can be made.
ontact angle compared to the native oxide of the TiOx–Ti/Si-
afer control. The contact angles increased further after S
ilanization indicating a general trend towards decreased
ability (hydrophobicity) by the SAM modification proce
ith the exception of the (NH2). The contact angles a

hickness are consistent with the silane organic function
nd packing of alkyl chains, e.g. more hydrophobic, hig
ontact angle and lower contact angle, more hydrophilic.
igher contact angles for the hydrophobic SAMs and

ower contact angle for the hydrophilic SAM on the c
rol TiOx, indicates that these oxides are closer to ideal S
hemisorption and packing behavior[24].

.2. Ellipsometric thickness

Thickness data by ellipsometry are shown inTable 3. The
iOx thickness on the Ti coated SiOx/Si-wafers (before an

reatment) ranged from 2 to 3 nm. After piranha solu
reatment, the thickness remained relatively the same, a
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Table 3
Thickness in nm by Ellipsometry

TiOx–sol–gel on
SiOx–Si-wafer
mean (S.D.)

Control–evaporated
TiOx–Ti/Si-wafer
mean (S.D.)

As received (TiOx/SiOx) 1.8 (0.2) 2.9 (0.2)
Acid treatment (TiOx) 2.1 (0.2) 4.3 (0.3)
After sol–gel (TiOx) 4.7 (0.4) –

CF3 1.55 (0.27) 0.62 (0.13)
CH3 2.20 (1.33) 1.63 (0.10)
NH2 1.17 (0.16) 2.22 (0.07)

Benzophenone 2.05 (0.74) 1.52 (0.16)

2–4 nm. After sol–gel coating, the TiOx oxide thickness in-
creased on the SiOx/Si-wafer, which was higher compared to
the oxide formed on evaporated TiOx–Ti/Si-wafer. The two
different set of substrates were then modified by SAMs. For
the sol–gel TiOx, relatively higher silane SAM thicknesses
were found in samples (CH3), ( CF3) and benzophenone
(p> 0.05) compared to the sample (NH2). For the control
TiOx substrates, the thickest silane layers were found on sam-
ples ( CH3), benzophenone, and (NH2) (p> 0.05) though
and the least thickness on sample (CF3). These trends are
interesting and maybe related to the difference in the SAM
formation process between the two oxide surfaces. It is also
interesting to note that the thickness of the SAMs for the
sol–gel derived TiOx substrates are similar to the control TiOx
with the exception of the (NH2), which is higher for the con-
trol (p< 0.05). The quality of the SAM is dependent on both
the effective surface area (roughness or flatness of substrate
and density of OH groups for silanization, assuming the
same silane crosslinking mechanism[24].

In general, the thickness data is consistent with the di-
mensions of the SAM agents but the rms roughness (by
AFM) indicated the absence of homogeneity in the submi-
cron area range. In addition, silane molecules with longer
alkyl chains ( CH3) or bigger polar groups (benzophenone)
were deposited with a higher density on the sol–gel TiOx
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the different silanes. This is expected as the sol–gel and na-
tive oxide surfaces can interact with the silanes depending on
the silane chemistry, packing of alkyl chains, hydrophobicity
and roughness. It could also be due to the higher surface area
afforded by a sol–gel morphology. The heterogeneity of a
sol–gel derived oxide has been shown to increase or decrease
with deposition of SAMs or polymers[13].

3.3. AFM measurements

The surface of the sol–gel TiOx and the evaporated control
TiOx has different morphologies as revealed by AFM. This
contributes to the difference in thickness of the SAM silanes
and also the surface energy. The sol–gel derived TiOx has
much smaller spherical domains and edgy features consistent
with a more amorphous topology (Fig. 3). On the other hand,
the thermally evaporated control TiOx–Ti/Si-wafer substrates
formed more regular and globular domains. In addition, SEM
image of TiOx–sol–gel–Ti/Si-wafer surface showed a flat,
rough and porous film of finite thickness (not shown). For
the SAMs deposited on the sol–gel TiOx layers, homoge-
neous spherical domains were observed on (NH2) while
a more patchy dense surface topography was observed on
benzophenone (both hydrophilic samples). Higher packing
density of molecules is seen on samples (CF3) and ( CH3)
w iO
(
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d
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n ,
by comparison of area and thickness). The increase
orption of sample (CH3) on sol–gel could be due to t

ncreased alkyl chain (van der Waals forces) or hydroph
nteractions. Sample benzophenone silane contains car
roups which can interact with the hydroxyl groups of
ol–gel. Variations in thickness as the layers are deposite
lso be attributed to changes in growth morphology, gro
echanism or orientation during the SAM formation proc

24–26]. For the sol–gel derived TiOx, the silane layers a
hicker than the reported values based on reaction-site lim
onolayers[21]. The average thickness of the TiOxdeposited
fter five dipping cycles is approximately 5 nm. This also
roximates the native oxide thickness of most air oxid
i metal surfaces. However, the sol–gel layers, gives a
orous morphology with higher rms roughness. This is
erved in the two different morphologies between the so
nd control TiOx substrates by AFM. The films increased
oughness and became even less uniform after deposit
)

l

hich are the more hydrophobic SAMs. For the control Tx
NH2) had a uniformly dense surface while samples (CF3),

enzophenone, (CH3) showed no obvious differences. A
he surface morphologies after the silane deposition o
ifferent SAMs are shown inFigs. 4 and 5. By AFM, it is
ossible to determine the mean roughness of the mo

ogical features within a given area. The rms roughnes
he surface was 1.5 nm for the starting silicon wafer, 1.44
or the sol–gel TiOx layers, and 1.7 nm for the control TiOx
ased on a 1�m× 1�m scan of the substrate. The silane
rs, on the other hand, have very different and high rough
ith: sample ( CF3) 3.9 nm, sample benzophenone 2.3
ample ( CH3) 2.7 nm, and sample (NH2) 2.9 nm for the
ol–gel TiOx. Note that the roughness in this scale is inde
ent of the average thickness as measured by ellipsom
hich measures over the laser spot size in mm2 as compare

o what is observed in a 1000th smaller 1�m× 1�m area o
he AFM image. It is clear that after silanization, the surfa
id not exhibit a very uniform and ideal morphology. S
urfaces are usually found only with the use of very flat m
r crystalline Au substrates, which are not sufficient for o
urface comparison.

.4. Protein adsorption studies

Initially, the non-specific adsorption of serum albumin
ilanized sol–gel TiOx and control TiOx–Ti/Si-wafer was in
estigated and monitored by changes in the contact ang
hickness. For the sol–gel TiOx, the measured contact ang
f the samples are shown inTable 4. The ellipsometric thick
ess data are summarized inTable 5. After protein adsorption
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Fig. 3. (a) AFM image of control TiOx/Ti–Si-wafer oxide surface after pi-
ranha solution treatment, (b) AFM image of oxide surface of the sol–gel
TiOx layer prior to SAM modification. A 1�m× 1�m images using MAC
mode.

the water contact angles of both samples decreased indicat-
ing adsorption of the protein. For the TiOx–sol–gel/SiOx–Si-
wafer, the lowest contact angle (most hydrophilic) surface
was on samples (NH2) and benzophenone (p= 0.103) and
the highest on the least hydrophilic samples (CF3) and
( CH3) with p= 0.980. The average thickness of protein de-
posited was similarly highest on samples benzophenone and
( CH3), while the least is on sample (CF3). For the control
TiOx/Ti-Si-wafer, the contact angles followed the trend on

Table 4
Water contact angle after albumin adsorption

TiOx–sol–gel on
SiOx–Si-wafer
mean (S.D.)

Control–evaporated
TiOx–Ti/Si-wafer
mean (S.D.)

CF3 75 (5) 82 (2)
CH3 74 (5) 68 (2)
NH2 66 (5) 54 (2)

Benzophenone 69 (5) 62 (2)

sol–gel which is dependent on the chemistry of the silanes de-
posited underneath. But the thickness of adsorbed protein was
different, where sample (NH2) was thicker on the control
compared to the sol–gel (p< 0.05) and the protein adsorbed
on ( CF3) was thicker on modified sol–gel compared to the
control (p< 0.05). On the other hand, the thickness of the ad-
sorbed proteins on samples benzophenone and (CH3) were
not significantly different for both substrates (p= 0.075).

To compare the effect of morphologies, protein adsorp-
tion was first made on the sol–gel TiOx and the control
TiOx/Ti–Si-wafer without the silane modification. From the
AFM images, the morphology and the roughness of sol–gel
coated and vacuum deposited substrates were not signifi-
cantly different after protein adsorption (Fig. 6). However, the
average rms roughness after protein adsorption was higher in
sol–gel derived TiOx (4.4 nm) than on the control TiOx–Ti/Si-
wafer (1.8 nm). The ellipsometric thickness data after protein
adsorption on silanized surfaces are summarized inTable 4. In
general, the thickness of the adsorbed proteins on the sol–gel
TiOx layers is greater than the control TiOx. Thicker layers
were observed on samples benzophenone and (CH3) and
the least on sample (CF3). For the control TiOx–Ti/Si-wafer,
the highest thickness was observed on sample (NH2), fol-
lowed by sample (benzophenone) and the least on samples
( CF3) and ( CH3). The surface morphologies of sol–gel
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erived TiOx is shown inFig. 7. The surfaces were unifor
n larger scans of 10�m× 10�m but non-homogeneous

he submicron range. Samples (benzophenone) and (CH3)
ere more patchy in appearance. For the control TiOx, sam-
le ( NH2) had a very different morphology compared to
ther substrates as shown inFig. 8. Samples (CF3), (ben-
ophenone) and (CH3) consist of closely packed spheri
omains while sample (NH2) was more flat and patchy.

The rms roughness was 5.8, 6.2, 3.3, and 5.9 nm
amples (CF3), (CH3), ( NH2), and benzophenone r

able 5
hickness of albumin after adsorption mean (S.D.)

TiOx–sol–gel on
SiOx–Si-wafer
mean (S.D.)

Control–evaporated
TiOx–Ti/Si-wafer
mean (S.D.)

CF3 1.58 (0.04) 0.28 (0.13)
CH3 2.65 (0.29) 0.50 (0.13)
NH2 2.07 (0.23) 4.10 (0.21)
enzophenone 2.53 (0.37) 1.97 (0.18)
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Fig. 4. The SAM formation on the sol–gel prepared TiOx for (a) CF3, (b) benzophenone, (c)CH3, and (d) NH2. A 1 �m× 1�m images using MAC
mode.

spectively. Again, the roughness in this scale is independent
of the average thickness as measured by ellipsometry, which
measures over the laser spot size in mm2 as compared to
what is observed in a 1�m× 1�m in this scale.

The BSA protein surface coverage on the silanized sol–gel
surfaces was estimated using a formula previously deter-
mined [14]. The constants and values used in the formula

were in accordance with studies investigating the non-specific
adsorption of albumin[14,21]. The surface coverage is shown
in Fig. 9. This indicates a higher coverage of protein ad-
sorbed on sample benzophenone and sample (CH3) in con-
gruence with optical thickness measurements while the least
was on sample (CF3). The adsorbed mass ranged from 0.2
to 0.3�g/cm2. In the case of control TiOx, the adsorbed
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Fig. 5. The SAM formation on the TiOx/Ti–Si-wafer control substrate (vacuum evaporated) for (a)CF3, (b) benzophenone, (c)CH3, and (d) NH2. A
1�m× 1�m images using MAC mode.

mass of albumin for the different SAMS ranged from 0.05 to
0.5�g/cm2. The highest BSA surface coverage was on sam-
ple NH2 while the least is on sample (CF3). This indicates
that the sol–gel treated samples in general gave higher protein
surface concentrations while the control-TiOxSAMs can give
either very low or very high adsorbed protein concentrations.

Clearly, the differences in wettability and thickness after
protein adsorption were also consistent with the chemistry
of the layers. For instance, the thickness of sample (NH2)
on control-TiOx can be attributed to the presence of amino
groups which promotes the adsorption of albumin regard-
less of the underlying substrate. In addition, secondary reac-
tions of silane with the amino group and self-crosslinking to

form aggregates can contribute to this better wettability[24].
The surface morphology after protein adsorption consists of
amorphous spherical domains that have also been demon-
strated in previous adsorption studies of serum albumin[26].
In the presence of silane layers, the contact angle of the sur-
faces and roughnesses after protein adsorption varied. With-
out the presence of silanes, the AFM images and roughness
of sol–gel coated and vacuum deposited substrates were not
significantly different after protein adsorption. This indicates
that the protein could adsorb through different modes other
than electrostatic attraction and with different morphologies.
It also indicates the crucial effect of the SAM surface modifi-
cation step even for the sol–gel derived coatings, i.e. the last
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Fig. 6. BSA protein adsorption on the (a) sol–gel prepared TiOx and (b) vac-
uum deposited TiOx/Ti–Si-wafer control substrates. A 1�m× 1�m images
using MAC mode.

layer of the SAM plays a dominant role in the adsorption,
regardless of the morphology of the underlying layers.

The adsorbed mass of albumin on all silane surfaces was
greater than the theoretical values assuming either a close-
packed monolayer or a random sequential adsorption (RSA)
model[23]. A possible explanation for the higher saturation
values compared to the theoretical values is the surface
diffusion of the macromolecules, allowing reorganization of
the randomly adsorbed proteins into a more tightly packed
layer [23]. In addition, the highest surface concentrations
were found on surfaces with higher roughness after protein

adsorption indicating that surface topography could also be
responsible together with a higher surface area in a rougher
morphology. The structural rearrangement of protein
molecules during the slow adsorption process as the
serum protein binds to the oxidized surface should also be
considered[27].

3.5. XPS investigation

By XPS, the elemental composition (expressed in atomic
percent) of Ti, Si, O, and C on the different substrates can be
determined as shown inTable 6. TiOx (Ti 2p) peak at 459 eV
was found in both the vacuum deposited TiOx/Ti control and
sol–gel TiOx substrates. Elemental Ti was only detected on
vacuum deposited samples (453.8 eV). Peak analysis of O
(not shown) revealed predominantly adsorbed water on vac-
uum deposited substrate and oxides (OH−, CO3

−) on the
sol–gel TiOx layer. The binding energy of O occurred at
529.5 eV which was assigned to TiO2, and 533 eV which
is due Ti OH groups. Binding energies of Si were observed
to be present in both substrates but higher in the sol–gel TiOx

consistent with the thickness and lower density of the former
[22]. Contaminants and impurities such as C, and Zn were
present in small amounts. Zn contaminant was found only
on the bare vacuum deposited sample. This was probably
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Fig. 7. BSA protein adsorption on the sol–gel prepared TiOx substrate with SAM modification for (a)CF3, (b) benzophenone, (c)CH3, and (d) NH2. A
1�m× 1�m images using MAC mode.

Table 6
Atomic concentration (%) by XPS with reference to C 1s BE at 285 eV

XPS signals/peaks (eV) TiOx/Ti (C) TiOx/Si (SG) Prot. TiOx/Ti (C) Prot. TiOx/Si (SG)

O 1s (532.5) 57.96 45.63 49.04 40.57
Ti 2p (458.7) 19.01 13.05 12.84 9.73
Si 2p (103.0) 3.00 12.16 – –
C 1s (284.5) 3.03 2.91 29.81 35.98
Zn 2p (1021) 4.02 – – –
N 1s (398.9) – – 6.84 7.74
S 2p (162.7) – – 0.02 0.6
Na 1s (1072) – – 1.4 0.5
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Fig. 8. BSA protein adsorption on the vacuum deposited TiOx/Ti–Si-wafer control substrates with SAM modification for (a)CF3, (b) benzophenone, (c)
CH3, and (d) NH2. A 1 �m× 1�m images using MAC mode.

Si substrate because of the porosity, and given the thickness
of the overlaying silane (2) the penetration depth of the XPS
is sensitive to the underlying Si-wafer. After protein adsorp-
tion, XPS analysis of the samples indicated conclusively the
presence of proteins on the substrate surface (Fig. 9). Peak fit
of C 1s and N 1s (not shown) revealed the typical C environ-
ments are present on the sample surface: CC, C H, C O,
C O, CN, CO3, which confirms the presence of organic moi-
eties. The N:Ti atomic ratio was 53% for vacuum deposited
TiOx/Ti, while it was 80% for the sol–gel TiOx layer despite
a higher overlayer of C 1s. These results indicated that the
composition of the sol–gel oxide was similar to the native

oxide. Contaminants in very low intensities were not consid-
ered undesirable as the amorphous native oxide of titanium
has been shown to contain carbon-dominated contaminants
and trace amounts of N, Ca, P, Cl, S, Na and Si[11,28]. Fur-
ther XPS measurements will be made on the different SAMs
with adsorbed BSA.

3.6. Future studies

SAMs have been used to immobilize streptavidin and bi-
otinylated DNA on sol–gel silicon oxide and investigated
by surface plasmon spectroscopy[13]. Again, studies have
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Fig. 9. Surface coverage of adsorbed bovine serum albumin (BSA) on
silanized sol–gel substrates. Mean value plus standard error.

been made on ideal surfaces of mica and Au, modified with
SAMs. However, oxide surfaces are generally more corru-
gated in their morphology compared to these ideal substrates.
To our knowledge though, this is the first time that SAMs
have been deposited on top of sol–gel derived TiOx by this

surface sol–gel processing technique and the protein adsorp-
tion investigated systematically. Furthermore, the effect of
the surface properties such as topography, wettability, surface
chemistry and oxide thickness of these modified titanium sur-
faces on adsorption in vitro of protein were investigated. We
are currently investigating control of the surface properties of
metallic implants such as titanium alloys for example using
this surface sol–gel method. It is well known that exposed
surfaces of titanium metal alloys are spontaneously covered
by a passive 3–6 nm layer of native noncrystalline TiOx [11].
However, these alloys also have unpredictable biocorrosion
properties. This could affect the adsorption of serum proteins
and ability of the surface to form bone. By modifying such
substrate with a sol–gel TiOx layer, it should be possible to
passivate the surface more uniformly. The results presented
in this study may be useful in controlling the non-specific ad-
sorption of proteins. The titanium surface may be modified to
enhance or resist the adsorption of albumin (a non-adhesive
protein to osteoblast cells) and will be useful in the design
of implants that both contact bone and smooth muscle tis-
sue. Thus, an important outcome of this study is its possible
application to titanium and titanium alloy bioimplant modi-
fication.

F
N

ig. 10. XPS scans: (a) XPS survey scan after BSA protein adsorption on Tx/Ti–
1s (400.9) high resolution scans.
iOSi-wafer vacuum deposited and sol–gel TiOx, (b) TiOx 2p (458.7) and (c)
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4. Conclusions

Our results showed the effect of sol–gel processing and
SAM modification on the non-specific adsorption of proteins.
In addition, this study showed subtle differences in surface
properties and in vitro effects on protein behavior of TiOx

films prepared by conventional vacuum deposition and sur-
face sol–gel process. The rough surface morphology primar-
ily determined the thicker SAM formation and at the same
time influenced higher protein adsorption. On the other hand,
the trends on the surface energy of the SAMs (hydrophobic
or hydrophilic) are consistent regardless of the underlying
oxide layer. Furthermore, in the absence of the SAMs, there
is no observable difference in the protein adsorption behavior
between the two oxides. Thus, the study confirms that the sur-
face sol–gel is an effective alternative method to synthesize
TiOx layers with precise nm thickness. Sol–gel processing
has the advantage of precise control of the nanostructure and
thickness of these ultrathin coatings. Surface modification of
sol–gel derived TiOx by SAMs may further influence in vitro
protein adsorption due to changes in the chemical compo-
sition of the surface, wettability and roughness. There is a
need to confirm any protein specificity on the TiOx gel sur-
faces by SAMs through the use of other protein derivatives,
e.g. RGD specific, and other surface sensitive spectroscopic
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