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The cascade of events that regulate cell-substrate interactions is not yet fully understood. However, it is now
generally recognized that proteins adsorbed on a substrate prior to its colonization have a major influence on
initiating and directing cellular activities. Protein adsorption and the characteristics of the adsorbed layer are
determined in part by the physical/chemical properties of the underlying surface. Chemical oxidation can be
used to generate nanoscale textures on various metals used as implants in medicine. In this study, we exploit
a mixture of H2SO4/H2O2 to etch sputtered titanium, and we evaluate the adsorption of a broad range of
proteins on the resulting nanoporous surface. Untreated and nanoporous surfaces were characterized by
scanning electron microscopy (SEM), atomic force microscopy (AFM) and Fourier-transform infrared
spectroscopy (FTIR). Protein adsorption was assessed by using a quartz crystal microbalance in conjunction
with dissipation monitoring (QCM-D). Our results demonstrate that the network of nanometric pits resulting
from controlled chemical oxidation confers to titanium the capacity to differentially regulate protein
adsorption. The observed selectivity in adsorption may have a significant impact on initial molecular events
that ultimately dictate cell fate and activity.
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1. Introduction

The biocompatibility of implanted materials and the success of
prosthetic devices depend on biological events such as cellular ad-
hesion, proliferation, and differentiation, which occur on surfaces in
the early stages of tissue integration [1]. Initiation and development of
these cellular processes are believed to be affected by an adlayer of
proteins adsorbed from bodily fluids onto the implant surface prior to
cellular colonization [1–5]. It has been shown that such protein
adsorption is sensitive to specific physical/chemical properties of the
implant surface under in vitro conditions. Wettability [6–9], the
charge distribution at the surface [10–12], and morphology [13–15]
can all affect the kinetics and thermodynamics of processes involving
proteins, including adsorption, orientation, and denaturation [16–18].
It is believed that only topographical features with dimensions similar
to those of surface-bound proteins (∼10 nm) can significantly affect
their morphology and activity [19]. For this reason, recent studies
have focused on the influence of nanometric surface features on the
adsorption of relevant bioeffector proteins [10,20–23].

In previous work, we demonstrated that simple chemical oxi-
dation with H2SO4/H2O2 can be exploited to create a nanoporous
sponge-like texture on biologically relevant metals such as titanium
[24,25], Ti6Al4V [26,27], and CrCoMo [28]. Such nanotopography has
been shown to have unique effects on various cellular processes,
including the expression of genes and proteins, as well as the
differentiation, adhesion, and proliferation of cells [26–31].

In this study, we use this chemical treatment to nanopattern
titanium films deposited by sputtering directly on the sensor of a
quartz–crystal microbalance (QCM-D), thereby evaluating the influ-
ence of oxidative nanopatterning on protein adsorption. The QCM-D
technique has been widely used for non-destructive real-time stud-
ies of the adhesion of biological entities on different substrates at the
liquid–solid interface [32]. Such entities have included proteins
[13,20–22], cells [33–35], and bacteria [36,37]. While the majority of
the studies in the field focuses on establishing how specific proteins
interact with a particular nanostructured surface [10,20–23], in
general characterized by nanosized protrusions, our objective was
to determine whether the generated nanoporous structure exerts a
differential effect on the adsorption of a broad spectrum of proteins.
These proteins were selected without any biological bias to reflect
differences in molecular weight and isoelectric point. Considering the
large number of proteins tested, we have opted to carry out mea-
surements at a single concentration within the range of previously
reported studies [16,21,22,38]. In addition, we investigated the effects
of the generated nanostructure on platelet adhesion. The results
obtained highlight the capacity of nanoporous titanium surfaces
obtained by chemical oxidation to differentially modulate protein
adsorption in vitro.
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Table 1
Adsorption time, molecular weight (MW), isoelectric point (pI), and concentration of the proteins used in the study.

Protein Adsorption time (min) MW (kDa)a pIb Concentration (µg/mL) Reported dimension

Bovine serum albumin (BSA) [59] 20 65 4.8–5.1 100 14×4 nm
Collagen Type I [60] 20 65 4.5–5.5 100 300×1.5 nm
Fibronectin [61] 60 ∼2×(220) 5.8–6.3 50 20 nm (diameter)
Fibrinogen [18,62] 60 340 5.1 50 45×9×6 nm
Rabbit immunoglobulin anti-sheep (IgG) [62] 240 ∼150 7.4–7.8 100 14.5×8.5×4 nm
Goat immunoglobulin anti-rabbit Alexa 488 (Anti-IgG) 240 ∼150 (1:500) N/A
Human growth/differentiation factor-5 (GDF-5) [49,63] 240 26.8 9.8 100 9.7×9.7×4.8 nm (crystals)
Lysozyme [58,64,65] 60 14.6 10.5–11.0 100 3×3×4.5 nm

a Molecular weights were provided by the supplier.
b Isoelectric points were either calculated by using the algorithm from ExPASy's computer pI/MW program or retrieved from the literature.

Fig. 1. SEM images of sputtered titanium before (a) and after (b) treatment with H2SO4/
H2O2.
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2. Materials and methods

2.1. Substrate preparation

Titanium-sputtered gold-coated QCM sensors 14 mm in diameter
(QSX 301, Q-Sense, Västra Frölunda, Sweden) were nanopatterned
with a 1:1mixture of 10 N H2SO4 (J. T. Baker, Phillipsburg, NJ) and 30%
aqueous H2O2 (Fisher Scientific, Fair Lawn, NJ), according to a pre-
viously established protocol [24]. The titanium-coated sensors were
immersed in the oxidizing mixture at room temperature, and etching
was arrested after 1 h by adding distilled water. The etched sen-
sors were then washed further with ultra-pure deionized water
(18.2 MΩ/cm) in an ultrasonic bath. Prior to QCMmeasurements with
dissipation monitoring (QCM-D) and surface characterization, etched
sensors and untreated controls were both rinsed with 100% ethanol
and dried in air.

2.2. Protein solutions

Proteins were purchased from Sigma-Aldrich (St. Louis, MO) and
were dissolved in D-PBS one day before use. Collagen Type I was first
dissolved overnight in 0.1 M acetic acid at 4 °C to produce a
concentration of 1 mg/mL. This primary solution was centrifuged at
4500 rpm for 60 min, and the supernatant was removed and brought
to a final concentration of 0.1 mg/mL in D-PBS. Detailed information
about proteins used and their concentration is summarized in Table 1.

2.3. Platelet preparation

Blood was drawn from the femoral artery of a male Wistar rat
(∼225 g, Charles River, Wilmington, MA), immediately mixed with
citrate solution (3.8 mg/mL of citrate in D-PBS) at 1:10 (v/v) and
centrifuged at 160 g (30 min) to eliminate erythrocytes and white
blood cells. The supernatant was collected and further centrifuged for
30 min at 3000 g. The resulting platelet-rich plasma plug was re-
suspended in citrate solution. Platelets were counted with a hemato-
cytometer and the solution adjusted with the PBS-citrate solution to a
concentration of 5×106 platelets per mL.

2.4. Surface characterization

Surfaces of etched sensors and untreated controls were examined
by using a JEOL-JSM 7400F field-emission scanning electron micro-
scope (SEM, JEOL, Tokyo, Japan) operated at 2 kV. Images were
processed by ImageTool (UTHSCSA, Houston, TX) to determine the
diameter of the nanopores resulting from chemical oxidation. Atomic
force microscopy images of 1×1 μm2 size were obtained in the
tapping mode using a JEOL SPM 5200 microscope. Ultra-sharp silicon
tips (SSS-NCHR, Nanosensors, Neuchatel, Switzerland) with a curva-
ture radius of 2 nm were used to minimize the tip-convolution effect.
The surface root-mean-square roughness (RMS) was determined
from the images using WSxM software (Nanotec Electrónica S.L.,
Madrid, Spain).

A Nexus 870 Fourier-transform infrared (FTIR) spectrometer
equipped with a SAGA (smart aperture grazing angle) accessory
(Thermo Nicolet, Madison, WI) was used to probe the native and
modified titanium oxide layer resulting from chemical oxidation.
Analysis of the thin oxide layer was performed in grazing angle mode
at an angle of 80° with respect to the surface normal, using a spectral
resolution of 4 cm−1 in the 475–4000 cm−1 range. Spectroscopic
information was collected from an 8 mm diameter area. A gold
substrate was used to collect a background spectrum. Spectra were
finally fitted by PeakFit software (SPSS, Chicago, IL) as reported
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Fig. 2. FTIR spectra of sputtered titanium before (Control) and after (Nano) treatment
with H2SO4/H2O2.

Fig. 3. Representative plots ofΔD as a function ofΔf for the 3rd overtone (15 MHz) of a) IgG (1
e) fibrinogen (50 mg/mL); f) GDF-5 (100 mg/mL); and g) lysozyme (100 mg/mL), on sputte
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previously [25]. The integral area of the absorption band in the 475–
1100 cm−1 range was used to estimate the oxide thickness [27,28,39].
2.5. QCM-D

Prior to each measurement, the QCM-D chamber (Q-Sense AB,
Gothenburg, Sweden) was rinsed thoroughly with ultra-pure deio-
nized water equilibrated with D-PBS to obtain a stable Δf and ΔD
baseline signal. After QCM-D readings in D-PBS reached a stable value,
protein solutions were injected. Frequency (Δf) and dissipation (ΔD)
shifts were measured in real-time during protein injection and for
variable periods required by each protein to reach adsorption
equilibrium (Table 1). Simultaneous measurements of Δf and ΔD
data were acquired for the 3rd overtone (15 MHz). After each
measurement, the chamber was washed twice with D-PBS and then
rinsedwith 10 mMsodiumdodecyl sulfate (SDS) for 30 min. Similarly,
sensors were sonicated for 30 min in 10 mM SDS, placed in an UV-
ozone oven for 10 min, and successively rinsed twice with ultra-pure
deionized water before reuse. All experiments were performed at
37 °C and replicated three times. For data acquisition and data analysis,
the software packages QSoft and QTools, respectively, were used.
00 mg/mL); b) collagen I (100 mg/mL); c) BSA (100 mg/mL); d)fibronectin (50 mg/mL);
red (Control) and nanoporous (Nano) titanium.
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Fig. 5. |ΔD/Δf | values of the measurements illustrated in Fig. 3 for proteins adsorbed on
untreated (Control) and nanopatterned (Nano) surfaces.
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3. Results

Figure 1a and b displays SEM micrographs of titanium surfaces
grown by sputtering, before and after chemical treatment. Untreated
substrates exhibited no distinctive topographical patterns. The
coating process produced surfaces with a grainy appearance similar
to those produced by e-gun evaporation of tantalum (Fig. 1a)
[20,21,40]. In contrast, oxidized surfaces showed an array of
nanopores across the surface (Fig. 1b). Detailed image analysis
determined that the main pit diameter was 12±5 nm.

Quantitative changes in the surface root-mean-square roughness
(RMS) assessed by AFM analysis confirmed that a significant topo-
graphical alteration is produced by chemical treatment. Before etching,
titanium-coated substrates showed a roughness value of 1.7±0.2 nm,
which increased to 2.5±0.4 nm after etching.

Figure 2 displays shows IR absorption in the 475–1100 cm−1 range
for etched substrates and untreated controls. The two bands located at
approximately at 600 and 800 cm−1 were assigned to Ti–O stretching
vibrations [41,42]. The total area of the Ti–O absorption peak was
demonstrated to be proportional to the thickness of the oxide layer
[27,43]. The ratio of the thicknesses of the oxide layers of untreated and
treated substrates can be thus approximated by the ratio of integral
areas, whichwas estimated to be about 10. Because the thickness of the
native oxide layer on titanium is about 5 nm [25,44], we can estimate a
thickness of about 50 nm on nanopatterned substrates.

In the QCM technique, the adsorption of a thin layer of mass on the
surface of a quartz sensor induces a decrease in its resonant frequency
(f). For a rigid layer, the frequency shift is correlated with the ad-
sorbed mass according to the Sauerbrey relation: Δm=−CΔf/υ,
where υ is the overtone number (1, 3, 5, 7) [45] and C is equal to
17.7 ng/cm2 Hz for the AT-cut crystal used in the experiment.

Frequency and dissipation shifts for the proteins used in this study
exhibited only a small (b10%) overtone dependence and a relatively
low dissipation (ΔDnb∼8–10×10−6) [46]. In such cases, the
experimental results can be approximated by the Sauerbrey rela-
tion [18,46]. Differences in adsorbed mass were estimated in terms of
percentage difference referred to controls, ðΔfNano− ΔfControlÞ

ΔfControl
*100

� �
,

between frequency shifts measured on control (ΔfControl) and etched
(ΔfNano) substrates. The slope of the ΔD/Δf plots was used to compare
the viscoelastic properties (i.e. dissipation of the layer, directly related
to its rigidity) of adlayers adsorbed on control and etched substrates.
Fig. 4. Influence of nanotopography on the adsorption of proteins. The results
illustrated derive from three measurements and are expressed in terms of percentage
difference between frequency shifts on unmodified and nanopatterned titanium
surfaces compared to untreated substrates (controls). Error bars indicate the standard
deviation over three sets of measurements.
Figure 3a–g displays theΔD/Δf plots of the seven different proteins
dissolved in phosphate buffer (pH 7.4). The frequency shift values
were normalized by n=3 according to the Sauerbrey equation [45].
Clearly, the QCM response varies significantly according to the sub-
strate, as measured by the total mass adsorbed and the viscoelasticity
of the adsorbed layer. In fact, all ΔD/Δf plots presented in Fig. 3 show
adsorption curves for control and nanopatterned surfaces that differ
in the final frequency shift (proportional to the mass uptake) and/or
in the slope (proportional to the viscoelasticity of the adsorbed layer).
To better present these variations in protein adsorption on the two
different substrates, we plotted the percentage differences of
frequency shifts (Fig. 4). At the chosen concentration, adsorption of
proteins such as fibrinogen and lysozyme was considerably promoted
on nanopatterned surfaces, for an average total mass uptake increase
of 70 and 40%, respectively, compared with untreated controls.
Similarly, the adsorption of GDF-5 was affected by the nanoporous
surface, but to a lesser extent (30%). On the other hand, the adsorption
of collagen, fibronectin, IgG, and BSA was significantly limited (minus
20–50%) on treated substrates.

The ΔD/Δf ratios presented in Fig. 5 illustrate the viscoelastic
properties of the adsorbed protein layers. For some proteins
(fibrinogen and GDF-5), the ΔD/Δf ratio presents similar values on
treated and untreated surfaces, thus indicating similar viscoelastic
properties of the adsorbed layers. However, others (lysozyme, IgG,
BSA, fibronectin, and collagen) show significantly different behaviors.
We also monitored the adsorption of anti-IgG on the IgG adlayer
(Fig. 6). As observed for IgG, the adsorbed mass of anti-IgG is about
35% less on nanoporous surfaces compared with the control.

In the case of platelets, Fig. 7a demonstrates that frequency shifts
(i.e. Δf/υ) measured by the QCM-D technique are higher (about 25%)
on nanoporous surfaces. The Sauerbrey equation cannot be applied to
this case due to the high variations of Δf at different overtones and to
Fig. 6.ΔD/Δf plot (at 15 MHz) of anti-IgG adsorbed on control and nanoporous titanium
surfaces after initial adsorption of IgG.
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Fig. 7. a) Evolution of Δf/υ (at 15 MHz) during adsorption of platelets on control and
nanoporous surfaces. b)ΔD/Δf plot for platelets on untreated (Control) and nanoporous
(Nano) titanium surfaces.
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high dissipations (Fig. 7b); however we can infer that the adsorption
of platelets is enhanced on nanoporous surfaces.

4. Discussion

Our observations show that chemical oxidation with H2SO4/H2O2,
which was developed for bulk implantable metals, also efficiently
creates nanoscale patterns on thin layers of sputtered titanium.
However, analysis of SEM images demonstrated that the resulting
nanoporosity differs from that observed with bulk metals. The surface
of oxidatively treated sputtered titanium showed an array of well-
defined nanosized pits, whereas those of similarly treated cpTi,
Ti6Al4V, tantalum, and CrCoMo are characterized by a nanoscale
network [28]. The mean diameter of the pores on sputtered titanium
(∼11 nm) was found to be significantly smaller than what has been
previously found (∼20 nm) for nanopores constituting the sponge-
like network on bulk titanium (cpTi) [25]. The nanosized pits that
form on sputtered titanium are similar to the ones created on poly
(methyl methacrylate) (PMMA) by electron-beam lithography (EBL)
and used to evaluate the effects of nanometric cues on the diffe-
rentiation of stem cells [47].

Although oxidative patterning on bulk and sputtered titanium
gives rise to different topographical features and surface roughnesses,
the process leads to similar increases in the thickness of the surface
oxide layer, suggesting that the extent of oxidation is independent of
the initial surface features. Oxidative treatment yielded a significant
increase in the surface RMS roughness of the sputtered titanium
layers (2.5±0.4 nm vs. 1.7±0.2 nm). It is well known that roughness
affects the frequency and dissipation responses of the QCM technique
[40,48]. Effects of surface topography on Δf and/or ΔD can thus be
misinterpreted as variations in the adsorbed mass and/or in the
viscoelastic properties of the adlayer. However, it was demonstrated
that surface roughnesses below ∼3 nm do not affect frequency and
dissipation responses, and that only those larger than ∼6 nm cause
significant frequency shifts [40]. Because RMSmeasurements for both
control and treated surfaces were all below 3 nm, and because these
measurements are not likely to be significantly affected by tip-de-
convolution effects (minimized by the use of ultra-sharp AFM tips),
we conclude that the observed frequency and dissipation shifts must
therefore be mainly derived from protein adsorption.

Even though our results do not quantitatively address the kinetics
and thermodynamics of adsorption of the proteins we tested, they
nonetheless allowus to conclude that nanoporosity created by chemical
oxidation gives sputtered titanium the capacity to enhance or limit
protein adsorption selectively. At the tested concentration, adsorption
of proteins such as lysozyme, fibrinogen, and GDF-5 was promoted,
whereas the adsorption of collagen, fibronectin, BSA, and IgG was
significantly reduced. The ability to enhance the adsorption of GDF-5 is
particularly noteworthy because this growth factor stimulates the
adhesion and differentiation of osteogenic cells [49–51].

The size of proteins may in part explain this behavior. In fact, the
two proteins that have overall dimensions that can be accommodated
within the nanopits, GDF-5 and lyzozyme, exhibit enhanced adsorp-
tion, suggesting that 1) the surface array of pitsmay function at least in
part as a physical entrapment and/or 2) the greater surface area
resulting from the creation of the nanoporous structure providesmore
binding sites. In addition, in the case of fibronectin and fibrinogen,
although these two proteins are characterized by similar molecular
weights and isoelectric points, the size of fibronectin (round shape,
20 nm in diameter)may have prevented it from integratingwithin the
pores (approximately 11 nm in diameter), whereas the geometry of
fibrinogen (elongated shape) could permit accommodationwithin the
nanotexture. If so, it would be expected that the more complex
sponge-like network created on bulk titanium, whose nanopores are
larger in diameter, would be more efficient in adsorbing molecules.
This property could therefore be exploited to improve the adsorption
of small bioactive peptides on the surface of implantable biomaterials.
However, it is important to note that the behavior of proteinsmay vary
when they are components in complex mixtures, where competitive
adsorption and protein displacement together determine the final
adsorption profile [52].

The quantity |ΔD/Δf | expresses the dissipation shift per frequency
unit and estimates a characteristic relaxation time of the adlayers [21].
Changes in dissipation are attributed to conformational changes in the
structure of the protein layer and/or to the amount of water bound in
the layer [18]. The higher the |ΔD/Δf | slope, the higher the dissipation
per unit added mass, signaling a less rigid protein layer [53]. Also, the
higher the |ΔD/Δf | slope, the lower the affinity of a particular protein
for the substrate, resulting in a layer that is more weakly attached to
the surface and contains more water [18,53]. ΔD/Δf plots should be
interpreted with caution, because ΔD/Δf varies with concentration
[18]. However, based on these considerations, we can conclude that
the nanotexture generated by oxidative nanopatterning with H2SO4/
H2O2 creates nanometric physical/chemical cues that can affect the
final viscoelastic characteristics of the protein adlayers. In particular,
our results suggest that proteins whose adsorption is limited by the
nanotextured surface (i.e. BSA, IgG, fibronectin, and collagen) create a
more dissipative adlayer (the |ΔD/Δf_| slope for these proteins is
higher on treated surfaces than on controls). This implies that the
nanometric pattern affects intermolecular cohesion. It cannot be ruled
out that some of the changes in these properties may in part be due to
protein denaturation. However, the percentage difference between
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the mass adsorbed on control and nanopatterned surfaces remains
constant following exposure to anti-IgG. This indicates that pre-
sentation and availability of the antigenic sites is not affected by
nanoporosity, thereby suggesting minimal denaturation, at least for
immunoglobulin.

Several earlier studies have assessed how micron- or submicron-
scale modifications of surfaces affect the adsorption of proteins.
Surfaces that have beenmachined, acid-etched, and blasted [15,54,55],
as well as submicrometric porous titanium surfaces [14], all show
increased adsorption of plasma proteins such as albumin, IgG,
fibronectin, and fibrinogen. Although such surface modifications are
apparently effective, the origin of the phenomenon is unclear because
the modifications are too coarse in lateral size to influence the
adsorption of proteins directly. As a consequence, surfaces with
nanoscale roughness have been generated on titanium [56], tantalum
[20,21], and platinum [22], with the aim of creating surface cues with
dimensions similar to those of proteins. These studies have indicated
that the adsorption of fibrinogen, albumin, and fibronectin is generally
enhanced by nanoroughness, although the effect is not always
significant [56]. In agreement with these previous results, our data
confirm that the adsorption of fibrinogen is promoted and that the
fibronectin adlayer is more rigid on surfaces with nanoscale features.
Conversely, our results differ from those reported for the adsorption of
albumin, IgG, and fibronectin. The differences may arise from the fact
that our surfaces present a network of nanometric pits, whereas other
surfaces exhibit nanoscale protrusions. In addition, other experimen-
tal parameters known to affect adsorption, including adsorption time
[13] and protein concentration [14], are different in other studies. The
ability to promote the adsorption of GDF-5, while limiting that of
fibronectin, is expected to result in the differential capacity of nano-
patterned surfaces to selectively dictate cell behavior, since these two
proteins are believed to stimulate the adhesion of bone cells and
fibroblasts respectively [49,50,57]. This may partially explain why
Ti6Al4V treated with H2SO4/H2O2 under our conditions has a uniquely
selective ability to promote adhesion and proliferation in the case of
osteoblasts, but to hamper in the case of fibroblasts [26,27].

The enhanced adsorption of fibrinogen on nanopatterned surfaces
would be expected to affect the adsorption of platelets, since
fibrinogen plays an important role in the blood coagulation cascade
[18]. In fact, this is what we observed, but further studies are needed
to determine whether the enhanced adhesion of platelets results from
the promoted adsorption of any fibrinogen present in the platelet-rich
plasma or from a direct effect of the surface. Platelets are believed to
stimulate bone repair and formation [58], so any increase in their
adsorption will likely stimulate osteogenic events. Therefore, nano-
patterning titanium-coated implants can become a valuable strategy
to improve the osseo-integration of biomedical devices. In addition,
deposition of thin films of titanium on materials that are not readily
amenable to chemical oxidation can be advantageously exploited to
create nanotextures on them.

5. Conclusions

In this paper, we have demonstrated for the first time that a simple
chemical approach can be efficiently exploited to create an array of
nanopores on thin titanium films deposited on a QCM-D sensor. This
approach can be further exploited for detailed studies of the effects of
nanoporosity on the in vitro adsorption of biological molecules.

Our results add additional support to the concept that nanoscale
surface cues are pivotal in controlling and guiding biological and
molecular events. Using a variety of biologically-relevant proteins, we
have shown that their adhesion, as well as their viscoelastic prop-
erties, strongly depend on the physical/chemical features of surfaces.
In particular, we have reported clear evidence that surfaces exert a
differential activity on proteins by promoting or limiting their ad-
hesion to the substrate.
To understand in detail the dynamics of adsorption of each protein
tested, further studies will be needed. Caution must be exercised in
extrapolating results from in vitro analyses to the complex biological
environment of the body, but our results reaffirm that QCM sensors
with selectively nanostructured surfaces are a powerful tool that can
be used to more fully explain biological responses to nanostructured
materials.
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