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ABSTRACT Optical interferometry of a thin film array of titanium dioxide (Ti0,) nanotubes allows the label-
free sensing of rabbit immunoglobulin G (IgG). A protein A capture probe is used, which is immobilized on the inner
pore walls of the nanotubes by electrostatic adsorption. Control experiments using IgG from chicken (which does
not bind to protein A) confirms the specificity of the protein A-modified Ti0, nanotube array sensor. The aqueous
stability of the Ti0, nanotube array was examined and compared with porous silica (Si0,), a more extensively
studied thin film optical biosensor. The Ti0, nanotube array is stable in the pH range 2 to 12, whereas the porous
Si0, sensor displays significant degradation at pH > 8.
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abel-free biosensors allow monitor-

ing of biomolecular interactions in

real-time without a molecular marker
and are desired for applications in disease
diagnostics, drug discovery, environmental
monitoring, and food safety." © Various
label-free biosensors have been developed
to provide simple and rapid detection by
converting biomolecular interactions into
optical, electrical, thermal, or acoustic
signals.”'° For label-free optical
biosensors,'''2 the transduction methods
can be divided into two categories: optical
interferometric’*~ "> and surface plasmon
methods.'®" '8

Porous silicon has been demonstrated

to be an effective optical interferometric
sensing material because of its large inter-
nal surface area, ease of fabrication, and its
chemically modifiable surface.?'®~22 How-
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10.1021/nn901312f provides substantial improvement in stabil-
ity under low pH conditions; however,
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range porous silicon surfaces are subject to
various degrees of corrosion and dissolu-
tion, which can produce unacceptable zero-
point drift when used as a biosensor.??32*
In an attempt to find porous materials that
might be more stable in aqueous media, we
recently reported an optical biosensor
made of porous alumina (Al,05).%° This de-
vice used antibody capture probes and was
found to be more stable than porous Si or
SiO,-based systems, while retaining the
high sensitivity of the optical interferomet-
ric method. While stable at pH 7, porous alu-
mina is amphoteric, with a limited pH range
over which it is stable. The discovery of po-
rous forms of titanium oxide (TiO,), in par-
ticular TiO, nanotube arrays, provides an-
other candidate material for an optical
sensor.®?°~2° |n addition to its greater
aqueous stability, TiO, possesses a larger in-
dex of refraction than either Al,O; or SiO,
(n = 2.5 vs 1.65 or 1.7, respectively®®~32),
The larger index contrast between the po-
rous host and the aqueous matrix in which
the biomolecular binding measurement is
carried out is expected to provide greater
contrast in the interferometric spectrum,
leading to lower noise and higher
sensitivity.

Prepared from titanium (Ti) metal using
anodic oxidation,?”33>~ 3¢ TiO, nanotube ar-
rays have attracted significant interest for
solar cell, drug delivery, and lithium-ion bat-
tery applications owing to their large sur-
face area and well-ordered, stable
structures.?”*337 =41 Most recently, an
antibody-based sensor using optical reflec-
tivity from a TiO, nanotube array was dem-
onstrated.”® We hypothesized that the large
internal surface area, the negative surface
charge,®*? and the high effective refractive
index of TiO, nanotube arrays could allow
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TABLE 1. Properties of Porous SiO, and TiO, Samples Used in This Study”

sample thickness (um) porosity (%)
Ti0, 6.71 £ 0.15 40 =1
Si0, 6.69  0.03 49 +1

optical thickness, nL (nm)
pore diameter (nm)

air ethanol
100 12 600 = 200 13 600 = 300
30 9000 = 200 10 300 = 300

“Thickness and porosity values determined from SLIM analysis as described in the text. Nominal average pore diameters determined by SEM. Results are means =+ stan-
dard deviation of the mean of three porous samples. One measurement was obtained from each sample.

convenient incorporation of biomolecules and high an-
alyte sensitivity. In this work, we demonstrate the use
of TiO, nanotube arrays for label-free optical interfero-
metric biosensing using a protein A capture probe and
an immunoglobulin G (IgG) analyte. We investigate the
fundamental response of the material to liquid infiltra-
tion and compare the aqueous stability of porous TiO,
to porous silica (SiO,) in the pH range 2—12.

TiO; nanotube arrays and porous SiO, with similar
values of thickness and porosity (within 10%) were pre-
pared (Table 1). Porous SiO, was prepared by thermal

oxidation of electrochemically etched porous Si
samples.”® The setup for the biosensing and aqueous
stability experiments is shown in Figure 1 and consists
of a thin film of porous TiO, or porous SiO, mounted
in a transparent poly(methyl)methacrylate flow cell. Re-
flectance spectra were collected and transmitted
through fiber optic cables as previously described.*®
The reflectance spectrum consists of fringes due to
thin-film Fabry—Perot interference. Sensing is achieved
by extracting the refractive index of the porous matrix
by applying a fast Fourier transform (FFT) to the fre-
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Figure 1. Schematic diagram of the flow cell setup used in stability and biosensing experiments, and representative reflec-
tivity spectra of porous SiO, and TiO, nanotube samples showing the characteristic interference fringes. Each sample is illu-
minated with focused white light, and reflected light is collected through the same lens positioned along an axis normal to
the sensor surface, and transmitted to a CCD spectrometer. The reflectivity spectra shown were obtained with the samples
immersed in phosphate buffered saline solution at pH 7.4, and they are uncorrected for instrumental spectral response.
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Figure 2. Reflective interferometric Fourier transform spec-
troscopy (RIFTS) data obtained by Fourier transform of the
reflectivity spectra from a porous SiO, thin film (blue) and
TiO, nanotube array (red). Spectra were obtained from
samples in air (solid traces) and immersed in ethanol
(dashed traces). Red shifts in the reflectivity spectra corre-
spond to changes in refractive index of the porous films
upon replacement of air (n = 1) with ethanol (n = 1.3611).

quency reflectance spectrum. The method is referred
to as reflective interferometric Fourier transform spec-
troscopy (RIFTS).** Details of the Fourier transform and
spectral data fitting routines are published elsewhere.*®
Figure 2 presents the RIFTS spectra obtained from rep-
resentative porous SiO, and porous TiO, films in air
and the corresponding spectra of the films submerged
in neat ethanol.

The position of the peak along the x-axis in the
RIFTS spectrum corresponds to the optical thickness,
nL, where n and L are the total refractive index and
thickness of the porous layer, respectively. The total re-
fractive index is a composite refractive index of the as-
prepared TiO, or SiO, component and any material re-
siding within the pores; in this case, air or ethanol. The
porosity and thickness of the films can be determined
using the spectroscopic liquid infiltration method
(SLIM):*® The change in optical thickness determined
from the film filled with air and with ethanol is least-
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Figure 3. Optical thickness response curves of TiO, nanotube ar-
rays and porous SiO, upon exposure to buffer solutions in the
range pH = 2—12. The cell was flushed with pH 7.4 PBS buffer so-
lution between each buffer exposure.
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squares fit to a two-component Bruggeman effective
medium approximation. The values of porosity and
thickness calculated using the SLIM approximation for
representative porous SiO, and TiO, samples are pre-
sented in Figure 2 (inset), and averages of three samples
are presented in Table 1.

The value of nL is significantly larger for the TiO,
film relative to the SiO; film, and this is a consequence
of the larger index of refraction of TiO, (n = 2.5) versus
Si0, (n = 1.7)°%32 and the lower porosity of the TiO,
sample. The addition of ethanol (n = 1.3611) causes an
increase in position and a decrease in amplitude of the
RIFTS spectral peak for both TiO, and SiO, films. The
percent change in optical thickness of the porous TiO,
film (AOT/OT,, 7.75%) is less than that of porous SiO,
(12.40%). The larger percent change in OT of the porous
SiO, samples is due to the larger porosity of the SiO,
samples (49%) versus the TiO, nanotube arrays (39%).
In both samples there is a significant decrease in inten-
sity of the RIFTS peak upon immersion in ethanol, rep-
resentative of the decrease in index contrast between
the porous host matrix and the filling medium. This in-
tensity decrease is less severe for the porous TiO,
system because of the larger refractive index of TiO,
relative to SiO,.

The stability of the TiO, nanotube arrays was quan-
tified in various buffer solutions covering the pH range
2—12. The buffers were introduced at a flow rate of
~0.7 mL/min and the spectral responses recorded. The
value of nL (optical thickness) obtained from the RIFTS
spectrum as described above are presented in Figure 3.
The refractive index of each buffer was measured inde-
pendently with a refractometer and they were all close
to the value of 1.3345 recorded for the pH 7.4 buffer at
22 °C (phosphate buffered saline solution, PBS). At pH
values <5, the optical thickness of the porous SiO, layer
tracks well with the refractive index of the correspond-
ing buffer solutions. However, for buffer solutions with
pH > 8, a significant time-dependent decrease from the
baseline nL value is observed, and the measured nL
value no longer tracks the refractive index of each
buffer solution. This result is caused by degradation of
the SiO, matrix in basic solutions and demonstrates the
poor utility of porous SiO, sensors at pH > 8. In con-
trast, the optical thickness value measured from the
TiO, nanotube arrays consistently follows the refractive
index of each buffer solution, and the baseline is stable
over the entire pH range studied.

The morphology of the TiO, nanotube array was ex-
amined by scanning electron microscopy (SEM, Figure
4) before and after the pH stability tests represented by
Figure 3 were performed. The porous TiO, layer shows
a highly ordered nanotube array structure, with an as-
pect ratio of ~70. The thickness (~7 wm) and pore size
(~100 nm) of the nanotube arrays is maintained after
exposure to the test solutions of the pH stability experi-
ments. The lack of microstructural degradation of the
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Figure 4. Field emission scanning electron microscope (FESEM) images of TiO, nanotube arrays before (a) and after (b) the
pH stability experiments of Figure 3. Film fragments are shown in cross-section in the main images; close-up, plan-view im-

ages are shown in the insets.

TiO, nanotube arrays supports the optical interferomet-
ric measurements, indicating that the material is stable
in the pH range 2—12.

Specific biomolecular binding experiments were
performed using a protein A (MW ~ 42 kDa) capture
probe and immunoglobulin G (IgG, MW ~ 150 kDa) an-
alyte. Protein A is derived from Staphylococcus aureus
bacteria and is part of a small collection of proteins
known to specifically bind to the Fc domain of a num-
ber of antibodies. The antibody binding affinity of pro-
tein A is species specific; it has a strong affinity for IgG
derived from rabbits, but it will not bind chicken IgG.*”
The interactions were observed by time-resolved mea-
surement of optical thickness as the different proteins
were introduced into the flow cell (Figure 5). To estab-
lish a baseline, PBS buffer solution was introduced to
the cell containing the nanotube array sample and al-
lowed to equilibrate for several minutes. A solution of
0.1 mg/mL protein A in PBS buffer was then introduced,
and the solution was allowed to circulate under con-
tinuous flow for 1 h. An increase in the measured value
of optical thickness of 50 nm was observed during this
period, indicating that protein A is electrostatically ad-
sorbed to the negatively charged surface®*? of the TiO,
nanotubes.*®*° Rinsing with PBS buffer produces a
small decrease in optical thickness of ~3 nm, due to re-
moval of unbound or weakly bound protein A-IgG com-
plex from the TiO, nanotube arrays.

The protein A that was electrostatically bound to
the TiO, nanotube array was removed with a surfac-
tant solution and quantified using a colorimetric pro-
tein assay (bicinchoninic acid, BCA). Typical loading val-
ues were 46 g in a sample, corresponding to a mass
loading of 15% (180 g of protein per mg of TiO,), or a
volumetric loading of 115 mg/mL (mg of protein A con-
tained per mL of apparent volume). The optical mea-
surement yields a somewhat lower value of 46.1 mg/mL
for the volumetric loading of protein. The optical mea-
surement assumes a density of 1.17 g/mL and a refrac-
tive index of 1.47 for protein A.>° Relative to the traces
of Figures 5 and 6, the amount of protein present in the
sample is thus 1—2 g per nm of shift in the value of
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optical thickness (nL). The detection limit of the system
corresponds to 14 ng of protein in the ~1 mm diameter
cylindrical volume probed by the optics.

Introduction of a solution containing 0.1 mg/mL of
rabbit 1gG results in an increase in optical thickness of
~20 nm. This change in optical thickness is attributed
to specific binding between protein A and rabbit IgG
based on a control experiment performed with non-
binding chicken IgG (see below). However, the rate of
increase in optical thickness upon binding is slower in
comparison to IgG binding curves obtained in the po-
rous SiO, system,*? indicating slow diffusion of the large
antibody (150 kDa) into the protein A-coated pores of
the TiO, nanotube arrays. A subsequent rinse with PBS
buffer showed no change in optical thickness, demon-
strating the strong binding affinity between protein A
and rabbit I1gG.

To confirm that the change in optical thickness was
due to specific binding between protein A and rabbit
IgG, 1gG from chicken was introduced to a protein
A-modified TiO, nanotube array (Figure 6). It is known
that protein A does not bind chicken IgG, and no
change in optical thickness is observed in this experi-
ment. However, when chicken IgG is introduced to bare
TiO, nanotube arrays (not containing a protein A cap-
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Figure 5. Time-dependent optical thickness measurements show-
ing sequential binding of Protein A and rabbit IgG within TiO,

nanotubes.
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Figure 6. Binding profile for TiO, nanotube array sequentially exposed
to protein A, chicken IgG, and then rabbit IgG. The inset shows time-
dependent binding curve of a bare TiO, nanotube array (no protein A
adsorbed) exposed to chicken IgG.

ture probe), an increase in optical thickness of ~50 nm
is observed. This demonstrates that chicken IgG will
strongly adsorb to the negatively charged internal sur-
face of bare TiO, nanotube arrays (Figure 6 inset), but
not to protein A-modified TiO, nanotubes. The com-
bined results show that the surface of TiO, nanotube ar-
rays can be sufficiently covered by protein A that the
nonspecific binding of other proteins (IgG in this case)
is inhibited.

The protein A-coated surface remains selective for
rabbit 1gG, indicating that the strong interaction of pro-
tein A with TiO, does not completely inactivate this pro-
tein’s ability to bind IgG. However, only a relatively
small fraction of protein A on the porous TiO, surface
participates in IgG binding. The interferometric mea-
surement produces an optical thickness signal that
scales with analyte mass,? and so the data can be used
to estimate the mass fraction of active protein A. If all
the protein A on the surface were active, the magnitude
of the optical thickness change expected for binding
of (rabbit) IgG is expected to be ~180 nm (50 nm shift

EXPERIMENTAL SECTION

Fabrication of Porous Layers. Highly ordered TiO, nanotube ar-
rays were prepared by anodization of 0.127 mm thick titanium
foil (99.99% purity, Sigma Aldrich Chemical Co. Inc.). Ti metal foil
was anodized in a two-electrode configuration at a constant ap-
plied voltage of 60 V (initial ramping rate 1 V/s, 30 °C) for 1 h in
an ethylene glycol solution containing 0.3 wt % NH,F. To obtain
a stable microstructure and the anatase phase, the amorphous
TiO, nanotube arrays were annealed at 500 °C for 1 h in air. Ana-
tase phase was confirmed by X-ray diffraction (XRD) analysis.>>>®

Porous Si layers possessing a thickness and porosity similar
to the TiO, nanotube arrays were prepared by electrochemical
etch of a p-type Si wafer (boron doped, resistivity 2.9 (1 - cm,
(100) face) in a 1:1 solution (by vol) of 48% aqueous hydrofluo-
ric acid and ethanol. Silicon was etched using a constant current
density of 200 mA/cm? for 4 min (for the sample of Figure 2), or
100 mA/cm? for 4 min (Figure 3 sample). The samples were then
annealed in air at 800 °C in a tube furnace for 1 h to form oxi-
dized porous SiO,.

QR AN 17 . .
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for protein A multiplied by the mass ratio of protein
A/lgG = 50 X 150/42). The observed shift for rabbit IgG
binding of ~20 nm suggests that only 10% of the pro-
tein A bound to the surface is able to bind IgG. This
lower binding activity is attributed to a combination of
two factors: (1) some of the protein A molecules are ori-
ented with their IgG binding domain face-down, or in
a suboptimal orientation on the TiO, surface; and (2)
binding to the TiO, surface results in partial denatur-
ation of protein A, negating its ability to bind IgG.

In summary, the reflectivity spectra of anodized TiO,
nanotube arrays display optical interference fringes that
efficiently report infiltration of liquids and adsorption
of molecules from solution. TiO, nanotube arrays dis-
play superior chemical stability in the pH range 2—12
in comparison to porous SiO,, which degrades in basic
solutions, or porous Al,Os, which is unstable in acidic
conditions. The stability of TiO, nanotube arrays sug-
gests that the material is appropriate for sensor applica-
tions involving a wide range of acidic, basic, and physi-
ological pH conditions. The surface affinity of porous
TiO; is sufficient to allow strong noncovalent binding
of the capture probe protein A, which can then act as
a specific and effective sensor for IgG. Adsorption of
protein A is attributed to electrostatic interactions be-
tween the negatively charged TiO, surface and the pro-
tein, and it effectively minimizes the nonspecific bind-
ing of proteins subsequently introduced. While not
demonstrated in this work, the ability of the material
to capture IgG enables the use of anodized TiO, thin
films in a cascaded sensing scheme, in which the cap-
tured IgG antibody can then become the capture probe
for an additional target analyte in an immunoassay.?
For the protein A/IgG system, analyte diffusion into the
pores is slower than the fundamental binding rate of
protein A to IgG, which places a lower limit on the re-
sponse time of the sensor and on the ability of this sys-
tem to yield kinetic binding constants.

Optical Interference Spectroscopy. White light from a tungsten
lamp (Ocean Optics) was fed through one end of a bifurcated
fiber-optic cable and focused through a lens onto the surface of
the TiO, nanotube array or porous SiO, film at normal incidence.
The light source was focused onto the center of the sample sur-
face with a spot size approximately 1.5 mm in diameter. Light re-
flected from the film was collected through the same optics,
and the distal end of the bifurcated fiber optic cable was input
to a CCD spectrometer (Ocean Optics S-2000). Reflectivity spec-
tra were recorded in the wavelength range 600—1000 nm, with
a spectral acquisition time of 100 ms. Typically 50 spectral scans
(5 s total integration time) were averaged. The data spacing of
the spectrometer was 0.4 nm. To perform the Fourier transform
of the spectrum, the x-axis was inverted, and a linear interpola-
tion was applied such that the data were spaced evenly in units
of nm~". A Hanning window was applied to the spectrum; it was
redimensioned to 4096 data points and zero-padded to the
power of two. A discrete Fourier transform using a multidimen-
sional fast prime factor decomposition algorithm from the Wave-
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metrics Inc. (www.wavemetrics.com) IGOR program library (FFT)
was applied. The Fourier transform of the spectrum yields a peak
whose position on the x-axis corresponds to the value 2nL, cor-
responding to the effective optical thickness for a reflection
mode experiment. The x-axis in the FFT spectra displayed in
this work is divided by 2, to present the data as a function of
nL. This peak was monitored in real-time for optical thickness
changes during the liquid infiltration and the biosensing
experiments.

Porous Materials Characterization. Optical thickness and porosity
were measured using optical reflectance spectroscopy in which
the value of nL (optical thickness) was monitored upon the addi-
tion of ethanol. The change in the reflectance spectra as the me-
dium in the pores is changed from air to ethanol is attributed
to changes in optical thickness assuming all voids in the film are
filled with the liquid. The optical thickness data were least-
squares fit to a two component Bruggeman effective medium
approximation, yielding values for porosity and thickness of the
porous layer.*® The refractive indices of the host matrix used for
the analysis were n = 2.5 for TiO, and n = 1.7 for SiO,. Refractive
index of the liquid ethanol (1.3611 at 22 °C) was measured us-
ing a Bausch & Lomb Abbe-3 L refractometer. Thickness and pore
size of the porous TiO, films were also determined by field emis-
sion scanning electron microscopy (FESEM, Phillips XL30).

Stability Test of Porous Materials in Various pH Buffers. Stability of TiO,
nanotube arrays and porous silica (SiO,) samples were tested in
buffer solutions (VWR, BDH buffers, from pH 2—12) by monitoring
the value of optical thickness as a function of time. Phosphate buff-
ered saline (PBS, 1X Cellgro, pH 7.4) was used for a baseline and a
rinse between introduction of the other buffer solutions. The refrac-
tive indices of the buffer solutions were determined by refractom-
etry (Bausch & Lomb Abbe-3 L) at 22 °C. For time-resolved sensing,
a custom-built poly(methyl)methacrylate flow cell was used.** The
TiO, nanotube array or porous SiO, substrate was mounted in the
flow cell containing inlet and outlet ports and each solution was in-
troduced at a flow rate of 0.7 mL/min using a peristaltic pump
(Fisher Scientific). The flow cell contained a transparent window
that allowed the acquisition of spectral reflectance data using the
spectrometer system described above.

Ti0, Nanopore Array Biosensing Experiments. The change in optical
thickness of the TiO, nanotube array was monitored as a func-
tion of time, during which a PBS buffer solution of the biomole-
cule of interest was introduced via the flow cell. A baseline was
first established with PBS (pH 7.4) for 15—20 min. A solution of
0.1 mg/mL protein A (EMD Calbiochem, 42 kDa) was subse-
quently introduced and allowed to circulate for 1 h. The cell con-
taining the porous layer was then rinsed with PBS for 15—20
min. The solution of 0.1 mg/mL rabbit IgG (Sigma-Aldrich, >95%,
150 kDa) or 0.1 mg/mL chicken IgG (Sigma-Aldrich, >95%, 150
kDa) was introduced and allowed to circulate in the cell for 1 h.
All solutions except the PBS rinsing solution were continuously
recirculated from a reservoir with a total volume of ~3 mL dur-
ing the course of the experiments.

Independent verification of the amount of protein loaded
was performed using a bicinchoninic acid (BCA) protein assay
(Micro BCA Protein Assay Kit, No. 23235, Pierce division of
Thermo Scientific). The TiO, nanotube array sample, loaded
with protein A as described above, was removed from the flow
cell and immersed in a 0.2% solution of Triton X-100 nonionic
surfactant (Sigma-Aldrich) in PBS buffer and ultrasonicated for
30 min. The assay was performed following the instructions pro-
vided by the manufacturer. To confirm mass balance, separate
BCA assays were performed on the protein A loading solutions,
both before and after protein loading.
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