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Abstract

Spectroscopic ellipsometry was used to characterize the optical properties of thin (<5 nm) films of
nanostructured titanium dioxide (TiO,). These films were then used to investigate the dynamic
adsorption of bovine serum albumin (BSA, a model protein), as a function of protein
concentration, pH, and ionic strength. Experimental results were analyzed by an optical model and
revealed that hydrophobic interactions were the main driving force behind the adsorption process,
resulting in up to 3.5 mg/m? of albumin adsorbed to nanostructured TiO,. The measured thickness
of the adsorbed BSA layer (less than 4 nm) supports the possibility that spreading of the protein
molecules on the material surface occurred. Conformational changes of adsorbed proteins are
important because they may subsequently lead to either accessibility or inaccessibility of bioactive
sites which are ligands for cell interaction and function relevant to physiology and pathology.
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Introduction

Interaction of proteins and cells with biomaterials dictates the clinical success of implant
devices. Depending on the specific application, such interactions may be desirable or not.
For example, in the case of orthopaedic and dental implants (where implant integration in
bone is the desirable outcome), interaction of proteins that mediate subsequent functions of
osteoblasts pertinent to new bone tissue formation are needed [1]. In the case of
cardiovascular implants, adsorption of fibrinogen induces activation of platelets and of the
blood coagulation cascade; these events lead to blood coagulation, a major complication of
vascular prostheses [2]. In such cases, adsorption of albumin (the most abundant protein in
blood plasma) “passivates” the surface of biomaterials and prevents platelet adhesion and
activation [3]. The type, concentration, distribution, and conformation of proteins on
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material substrates are key parameters of the mechanisms underlying subsequent cell
interactions.

For these reasons, research efforts have focused on elucidating the mechanisms that govern
protein interactions with various biomaterials including polymers [4-6], metals [7-9], and
ceramics [10-12]. Various strategies have been proposed and used to describe protein
adsorption in thermodynamic, molecular and experimental terms [13,14]. One of the most
recent developments is the Biomolecular Adsorption Database [15], which is a free, online
interactive program that has combined and organized published data regarding protein
adsorption under various experimental conditions. This database allows users to predict the
amount of protein adsorbed as a function of solution pH, protein concentration, ionic
strength, and hydrophobicity of the material surface.

A recent development of great promise proved to be nanostructured formulations which,
compared to their respective conventional counterparts (that is, micrometer-size surface
features), promoted functions (such as adhesion [16], proliferation [17], etc.) of select cells
(for example, osteoblasts versus fibroblasts). To date, few studies have investigated the
interactions of proteins with nanostructured materials such as TiO, [18,19], ceramics [20],
hydroxyapatite [21], diamond [22], and carbon nanotubes [23-26]. Adsorption of various
proteins, specifically albumin, laminin, fibronectin, vitronectin and denatured collagen from
single component solutions on nanostructured ceramics (specifically, titania, alumina and
hydroxyapatite) was compared to that obtained on the respective conventional substrates
[16,17,27]. The results of these studies revealed differences in the type of protein interacting
with the substrates tested and provided insight into the observed differences in the
subsequent adhesion of mammalian cells (specifically, rat calvarial osteoblasts, rat foreskin
fibroblasts and bovine artery endothelial cells [17,27,28]). Investigations of protein
adsorption as a function of solution parameters (such as concentration, pH, and ionic
strength, which are known to affect protein adsorption on material substrates), however,
were outside the scope of the aforementioned studies.

Among the techniques used to investigate protein interactions with material substrates
spectroscopic ellipsometry offers distinct advantages: it can provide information regarding
the microstructure of the substrate, the protein adsorption processes, and the conformation of
the adsorbed protein layer [29,30]. In addition, ellipsometry allows conducting experiments
under aqueous conditions and collecting protein adsorption data in a dynamic mode [29].

Ellipsometry is an optical technique that measures changes in the reflectance and phase
difference between the parallel (Rp) and perpendicular (Rs) components of a polarized light
beam upon reflection from a material surface. Using Equation 1,

A R
tan(W)e'* ===
R; Equation 1

the intensity ratio of Rp and Rg can be related to the amplitude ratio (y) and the phase
difference (A) between the two components of polarized light [31]. Because ellipsometry
measures the ratio of two values originated by the same signal, the data collected are highly
accurate and reproducible. Most importantly, the changes in polarization measured by
ellipsometry are extremely sensitive to the thickness (down to the monolayer level),
microstructure, and optical constants of adsorbed protein films.

For the aforementioned reasons, ellipsometry was chosen as the main characterization
technique in the present study to investigate the “real-time” adsorption of bovine serum
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albumin (BSA), a model protein, to nanostructured TiO,. Several fabrication techniques
were used to prepare the substrates tested; the resulting topography of the substrate surfaces
as well as the compatibility with ellipsometry were compared and evaluated. Then, the
nanostructured substrates were characterized, and used for the albumin adsorption
experiments.

Materials and Methods

Reagents

All chemicals were analytical reagent grade and used as received. Citric acid was purchased
from Sigma-Aldrich (St. Louis, MO) and was used in conjunction with 18 MQ-cm water
(NANOpure Diamond, Barnstead; Dubuque, lowa) to prepare a 10 mM citrate buffer which
was stored at 4 °C for no longer than seven days. Citrate (pKa;=3.13, pKay=4.76, and
pKa3=6.40) was selected as the buffer system because it provides a means to control the pH
of the solution in the pH range selected for the experiments (specifically, pH=3.55,
pH=4.60, pH=5.60, and pH=7.51). The pH of the solutions was adjusted using 1 M NaOH
(Fisher Scientific; Pittsburg, PA), and the ionic strength of the buffer was adjusted by adding
NaCl (Mallinckrodt; Hazelwood, MO).

Selected Protein

Substrates

Bovine serum albumin is a “soft” [32,33] globular protein with an isoelectric point (IEP) of
4.6 [34], approximate molecular dimensions of 4x4x14 nm, and a molecular weight of 66.5
KDa [35]. Besides the abundance and physiological functions of albumin (control of
osmatic pressure, buffer, and transport), there is rich literature supporting its use as a model
system to study adsorption to solid surfaces. The bovine serum albumin (BSA, Fraction V)
used in the present study was purchased from Fisher Scientific (Pittsburg, PA) and stored at
—4 °C until used in experiments. Protein solutions were freshly prepared by dissolving a
known amount of the protein in citrate buffer and used the day of each experiment.

Either silicon (Si/SiO,) or titania-coated silicon surfaces (Si/SiO,/TiO,) were used for the
present studies. In both cases, <111> silicon wafers (Sumco, Phoenix, AZ) were first cut
into strips (1 cm x 3 cm) following the crystallographic plane of the wafer, cleaned ina 1:1
H,S04:H,0, solution, thoroughly rinsed with deionized water, and dried in a convective
oven in air at 60 °C. In all cases, the thickness of the native layer of silica (SiO,) was
measured by ellipsometry (spectroscopic scan in the 300 nm — 900 nm range). Titania-
coated surfaces (Si/SiO2/TiO,) were prepared by depositing thin films of nanostructured
TiO, using a sol-gel technique adapted from literature reports [36,37]. Briefly, a sol-gel was
prepared by mixing one volume of titanium isopropoxide (Sigma-Aldrich, St. Louis, MO)
with nine volumes of absolute ethanol (Sigma-Aldrich, St. Louis, MO) and 0.1 volumes of
glacial acetic acid (EM Science; Lawrence, KS). Dry strips of Si/SiO, wafers were then
sequentially immersed in the sol-gel solution for one minute, sonicated in an acetone bath
for five minutes, allowed to dry at ambient conditions for one hour, and finally heat-treated
in a 550 °C furnace (Thermo Scientific; Dubuque, IA) for 30 minutes. Atomic force
microscopy (Nanoscope llla, Digital Instruments) was used to verify the presence of TiO,
films on the surface of the Si/SiO5 substrates and to estimate the thickness of the TiO, layer.

Spectroscopic ellipsometry—The substrate characterization as well as the dynamic
protein adsorption experiments were performed at room temperature using a variable angle
spectroscopic ellipsometer (VASE, J.A. Woollam Co; Lincoln, NE). This ellipsometer
system consisted of a monochromator and light source, an input unit (to manipulate the state
of the light beam incident upon the sample), a detector unit, and an analyzer connected to a
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personal computer. A goniometer base connected the input and detector units to the sample
stage and was used to control the angle of incidence between the sample and the light beam.
Spectroscopic ellipsometry was chosen because it has proven suitable to study adsorption of
proteins, and provides useful information about the optical constants and structure of the
adsorbed protein film [29,38-41].

Dynamic adsorption experiments were performed in a commercial electrochemical cell (J.A.
Woollam Co; Lincoln, NE) mounted directly on the vertical base of the ellipsometer [42]. In
order to control the protein supply to the material substrate tested, the cell was modified by
fixing a L-shaped stainless-steel tube (R = 0.254 mm) to the cell. One end of the tube faced
the substrate at the same spot where the incident light beam hits the surface at a distance of
1.27 mm. The other end of the tube was connected to a peristaltic pump (Minipuls3, Gilson;
Middleton, WI; flow rate = 1.77 mL/min) and a 2-way valve (V100D, Upchurch Scientific;
Oak Arbor, WA) to enable rapid switching between the background electrolyte and the
solution containing BSA. These modifications provided control of the hydrodynamic
conditions as well as the flux of protein to the titania surface. Although characterization of
the flow cell was outside the scope of the present manuscript, the experimental setup is an
alternative to the ones used by either Arwin [29,43] or Logothetidis [44] and enables
performing adsorption experiments under stagnation-point conditions.

The titania-coated substrates were initially characterized in air, varying the incident angle
between 60° and 70° (with respect to the substrate), and the wavelength between 400 nm
and 900 nm. Dynamic protein adsorption experiments were performed by following the
variation of ¥ and A as a function of time at 400, 550, 700, and 850 nm, at an angle of
incidence of 70 ° (as defined by the inlet/outlet of the UV fused-silica windows), and using
water as the ambient medium. This procedure allowed verification of the thickness of each
substrate, thus improving the accuracy of the optical model. The experiment was then
initiated by pumping background electrolyte through the cell (for ~5 min) to establish the
baseline. Next, the valve was switched, protein solution was introduced, and the adsorption
process started. An initial fast adsorption process, followed by a slower one was always
observed. When no significant change in the signal was observed (usually within one hour),
the dynamic scan (using 4 wavelengths) was stopped and a more accurate spectroscopic scan
was collected in the 400-900 nm range (using 10 nm steps). These data were used to verify
the thickness of the protein layer adsorbed to the Si/SiO,/TiO, substrate. Experiments were
performed using six different BSA concentrations (0.001, 0.005, 0.01, 0.05, 0.1, and 1 mg
ml~1), four pH values (3.55, 4.60, 5.60, and 7.51), and three different ionic strengths (10
mM citrate, 10 mM citrate with 20 mM NaCl, and 10 mM citrate with 100 mM NaCl). The
collected data were used to calculate the initial adsorption rate (dI'/dt ;_,q) and the saturation
amount (I'saT) under the experimental conditions tested in the present study.

Optical Model and Data Analysis—In all cases, the collected data (amplitude ratio (‘)
and phase difference (A) as function of either wavelength or time) were modeled using the
WVASE software package (J.A. Woollam Co; Lincoln, NE). Differences between the
experimental and model-generated data were assessed by the mean square error (MSE)
using Equation 2,

2

1 5
_2N—MX

exp

exp
@i o

[ Amod _ AEXP )2
i i
+

A

[‘I“.‘“’d - ‘P‘.:XP]
1 1

Equation 2

where N is the number of ¥ and A pairs used in the measurement, M is the number of
parameters varied in the regression analysis, and o is the standard deviation of the
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experimental data points. Although smaller MSE values indicate better fittings, MSE < 15
are typically acceptable [45,46].

Results

Characterization of TiO, Thin Films

The thickness of the nanostructured TiO films produced was determined using atomic force
microscopy (AFM). As illustrated in Figure 1, the chosen technique resulted in the
formation of a uniform film of TiO, with grain size and thickness of 18 nm and less than 5
nm, respectively. These results were used to develop an optical model to interpret the
ellipsometric measurements. An additional advantage of the chosen sol-gel method over dip-
coating [47] or electrophoresis [48] was that the possibility of preparing transparent samples
suitable for ellipsometry without the instrument requirements of other techniques such as
chemical vapor deposition [49] or direct-current reactive magnetron sputtering [50]. It is
also worth noting that films prepared by depositing either TiO, nanoparticles or colloidal
TiO,, rendered substrates surfaces highly dispersive and thus unsuitable for ellipsometry.

In order to develop an optical model that describes the substrate microstructure in terms of
the refractive index (n), extinction coefficient (k), and thickness (d), these TiO, substrates
where initially characterized as function of incident angle and wavelength in air using
spectroscopic ellipsometry (data points in Figure 2A). These data was used to calculate the
optical constants of the TiO, nanostructured films produced (Figure 2B). The refractive
index (n) and extinction coefficient (k) did not change significantly in the region from 500 to
900 nm. For wavelength values less than 500 nm, the reflective index and extinction
coefficient gradually increased with decreasing wavelength and sharply increased at
wavelength less than 350 nm. This wavelength threshold, which corresponds to a band-gap
of approximately 3.3 eV, suggests that the nanostructured films produced were crystalline in
nature with anatase structure [36, 51].

Using the information collected from the AFM images and the spectroscopic scans collected
by ellipsometry, an optical model consisting of a series of layers with the optical axis
parallel to the Si/SiO,/TiO, substrate was proposed to describe the dielectric functions of
the substrates. The model (schematically illustrated in Figure 3A) composed of a layer of Si
(bulk; d=1 mm), a layer of SiO5 (d=2.5 + 0.5 nm), and a layer of nanostructured TiO,. For
the latter, optical constants of bulk TiO, were used. As can be observed in Figure 2A, the
agreement between the experimental (data points) and the model-generated data (lines) was
very good (MSE < 5), supporting the use of the chosen optical model. As different models
can be used to describe the optical properties of the substrate, it is worth noting that the use
of Cauchy, Bruggeman effective medium approximation (EMA, with different % of void
space) or Tauc-Lorentz models did not yield significant improvements in the MSE value. It
is also worth noting that an ambient layer (H,O) was also included in the optical model to
account for the buffer when the liquid cell was used (for simplicity this layer was omitted in
Figure 3A and B).

To represent the adsorbed proteins, a fourth layer, was added to the optical model (Figure
3B). This layer was represented by a non-absorbing layer according to the Cauchy model
using Equation 3,

B C
l’i“):A‘F - + -
A= A Equation 3
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where n is the index of refraction, A represents wavelength in microns, and A, B, and C are
computer-generated values obtained by fitting the optical model to the experimental data.
Under the experimental conditions of the present study, the protein layer thickness (d) was
used to determine the amount of the adsorbed protein, I" (mg/m?) using Equation 4,

_d(n —ng)
(dn/dc) Equation 4

where n and ng are the refractive index of the protein and the ambient solution, respectively
[52]. In accordance with literature reports, the refractive index increment for the molecules
in the layer (dn/dc) was assumed to be 0.18 cm3 g~1 [4,53].

Adsorption of BSA to Nanostructured TiO, Films

Spectroscopic ellipsometry was used to study of the dynamic adsorption of BSA to
nanostructured TiO, thin-films as a function of various parameters, specifically protein
concentration in aqueous solution, pH, and ionic strength.

The effect of protein concentration on the amount of adsorbed BSA (I') onto the
nanostructured TiO, surfaces was evaluated in “real-time”; the results are graphically
presented in Figure 4. Both the amount of adsorbed BSA and the initial adsorption rate
increased as function of protein concentration. By representing the saturation amounts
(I'saT, derived from the steady-state values of the I'y) curves in Figure 4) as functions of the
respective BSA concentrations, the adsorption isotherm was obtained (data not shown). In
that case, a curve with an abrupt initial slope and a single plateau was obtained, indicating
that an adsorbent was deposited in a single layer, with high affinity for the TiO, surface.
Further analysis of the data in Figure 4 revealed that the initial protein adsorption rate
increased linearly with the concentration of BSA in solution, until a plateau (2.1 mg min~1
m™2) was reached at approximately 0.1 mg/mL.

The amount of BSA adsorbed on the nanostructured TiO5 as a function of time and in
response to changes in the pH of the buffer solution was also determined using
spectroscopic ellipsometry. For these experiments, four pH values were selected considering
the isoelectric point of the substrate (IEPTio2 = 6) and of the protein (IEPgga = 4.6). As
shown in Table 1, the range of pH values used enabled the evaluation of the electrostatic and
hydrophobic interactions between the protein and the material surface and between adsorbed
proteins. As shown in Figure 5, altering the charge of BSA by changing the pH of the buffer
affected protein adsorption to the nanostructured TiO, substrates. In agreement with
previous reports [8,25,34,53,54], the amount of protein adsorbed was highest at the
isoelectric point of BSA (specifically, 4.6). Similarly, the initial rate of BSA adsorption to
the surface of the substrate was fastest at the isoelectric point of BSA and decreased as the
pH of the solution moved further away from the isoelectric point of the protein. In order to
probe the effects of electrostatic interactions on the adsorption process, the ionic strength of
the buffer was varied by adding NacCl to the citrate buffer used for the protein adsorption
experiments. Addition of either 20 mM or 100 mM NaCl did not affect either the total
amount of protein adsorbed to the TiO, substrates or the Kinetics of that interaction (data not
shown).

Discussion

The present study utilized spectroscopic ellipsometry to investigate the dimensions of TiO,
thin (<5 nm) films deposited on Si/SiO, substrates and to monitor in situ the dynamic
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adsorption of BSA (a model protein) to nanostructured surfaces. Ellipsometry is a reliable
and powerful technique that has proven suitable for the characterization of various materials
[30,38,45,52,55-61] and for the investigation of the dynamics of protein interactions [62—
67]. However, none of these literature reports have specifically addressed the dynamic
adsorption of albumin to nanostructured TiO5 as a function of protein concentration, pH, and
ionic strength.

The results of the present study provided insights into the amount of BSA adsorbed to
nanostructured TiO5 thin films and of the arrangement of the adsorbed molecules on that
surface. The highest amount of BSA (approximately 3.6 mg m~2) was adsorbed when the
pH of the buffer solution was at the isoelectric point of the protein. This observation is in
agreement with the fact that, due to minimal charge interactions and structural
rearrangements of the adsorbing molecules, proteins exhibit increased adsorption at, or near,
their isoelectric point [32,33,68]. Although some exceptions have been reported in the
scientific literature, most protein interactions with material surfaces are driven by a
combination of hydrophobic and electrostatic interactions. As shown in Figure 5 (which
shows adsorption of BSA onto TiO» at different pH values) and summarized in Table 1, the
importance of hydrophobic interactions is evidenced by the strong adsorption observed even
under unfavorable (specifically, pH = 3.55 and pH = 7.51) electrostatic interactions. It is
important to note that the maximum amount of BSA adsorbed to nanostructured TiO,
(specifically, 3.6 + 0.1 mg m~2) occurred when the protein was neutral (pH = 4.6); under
these conditions the electrostatic (protein-protein and surface-protein) interactions are
minimized. It is also important to note that under favorable (pH = 5.6) surface-protein
electrostatic conditions only 3.2 + 0.1 mg m~2 of BSA were adsorbed to the nanostructured
TiO, substrate. The results of the present study are in agreement with those conducted under
different ionic strengths which showed neither significant difference in the adsorption rate
nor maximum amount of the adsorbed albumin [69,70].

In the present study, the calculated amounts of adsorbed BSA on nanostructured TiO,
(Figure 4 and Figure 5) were higher (up to 30%) than those predicted by the Biomolecular
Adsorption Database [15]; which assumes smooth substrate surfaces. Consequently, it is
reasonable to assume that differences in T'sat can be attributed to the topography (nm scale)
of the TiO, substrates. Furthermore, because the changes in ionic strength tested did not
render significantly different albumin adsorption profiles (data not shown), it can be
concluded that the main driving force for the observed albumin interaction on
nanostructured TiO, were hydrophobic interactions. Although direct comparison is not
possible because of differences in experimental conditions, the results of the present study
are in agreement with adsorption of BSA to TiO, electrochemically-grown films on titanium
electrodes [53] and to TiO, colloidal particles [34].

Because the thickness (less than 4 nm) of the adsorbed BSA layer measured by ellipsometry
is smaller than the size of the protein molecule (4 x 4 x 14 nm) under all experimental
conditions tested, the results of the present study support the possibility that spreading
(which affects conformation) of the protein molecules on the material surface can occur.
This explanation is in agreement with other reports regarding the adsorption of soft proteins
such as albumin (both bovine and human) to titanium dioxide [12,34,53] and other material
surfaces [14,32,33,62,71-74]. Conformational changes of proteins adsorbed on material
surfaces may change their biofunctional properties; such events are very important because
they may subsequently lead to either accessibility or inaccessibility of bioactive sites which
are ligands for cell interaction and function relevant to physiology and pathology.

In summary, the present study supports the use of variable angle spectroscopic ellipsometry
as a valid technique to study the dynamic adsorption of proteins to nanostructured material
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rfaces. The optical model and experimental set-up developed and tested could be used to

expand the range and capabilities of scientific investigations as well as enrich current
knowledge of protein interactions with nanomaterials.
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Figure 1.

AFM image of a representative thin film of TiO, deposited on a Si/SiO, wafer.
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(A) Spectroscopic scans measured (points) and calculated with the optical model (lines)
corresponding to a Si/SiO, substrate coated with a layer of nanostructured TiO, (1.69 £+ 0.01
nm, MSE = 4). ¥ and A values are represented with solid and open symbols, respectively.
Angle of incidence: 65° (m and o), 70° (e and o), and 75° (A and A). (B) Optical constants
corresponding to the nanostructured TiO, thin film, calculated from ellipsometry
experimental data. Other conditions are described in the Materials and Methods section.
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Figure 3.

Schematic illustration (not to scale) of (A) the optical model used to characterize the
nanostructured TiO, thin film and of (B) the optical model used to characterize the layer of
protein adsorbed to the nanostructured TiO5 thin film. The ambient layer (air or buffer) was
omitted.
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Figure 4.

Time course of adsorption of different concentrations of BSA, specifically, 0.001 mg ml~1
(w), 0.005 mg mi~1(e), 0.01 mg mI~1 (A), 0.05 mg mI~L, (¥), 0.1 mg mi~1 (@), and 1 mg
ml~1 («) to nanostructured TiO, thin film. Other conditions are described in the Materials
and Methods section.
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Figure 5.

Time course of adsorption of BSA (1 mg mI™1) to nanostructured TiO, thin film at different
pH values: 3.55 (m), 4.60 (), 5.60 (A), and 7.51 ('¥). Other conditions are described in the
Materials and Methods section.
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Table 1
Charge and I'sat as function of pH for BSA and TiO».

pH 3.55 4.60 5.60 7.51
Charge of BSA + 0 - -
Charge of TiO, + + + -

Fsar(mgm™) 22%01 36301 3201 1901
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