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a  b  s  t  r  a  c  t

In  this  study,  we  have  fabricated  TiO2 nanotube  arrays  by  the potentiostatic  anodic  oxidation  of  Ti foils  in
fluoride-containing  electrolyte  and  explored  them  as  versatile  devices  for  biosensing  applications.  TiO2

nanotubes  have  been  chemically  modified  in  order  to  bind  Protein  A  as  a specific  target  analyte  for the
optical  biosensing.  The  obtained  structures  have  been  characterized  by scanning  electron  microscopy,
Fourier  transform  infrared  spectroscopy,  water  contact  angle,  fluorescence  microscopy,  spectroscopic
eywords:
iO2 nanotubes surface functionalization
rotein A
nterferometry
hotoluminescence

reflectometry  and  photoluminescence.  Investigations  show  that  the  prepared  TiO2 nanotubes,  2.5  �m
long  and 75  nm  thick,  can be easily  and  efficiently  bio-modified,  and  the  obtained  structures  are  strongly
photoluminescent,  thus  suitable  for the label-free  biosensing  applications  in  the  range  of  �M, due to  their
peculiar  optical  properties.

©  2017  Elsevier  B.V.  All  rights  reserved.

io-sensing

. Introduction

A growing demand of fast, efficient, low-cost and portable
evices for real-time detection of specific analyte has meant
iosensing one of the most rapidly expanding research field [1].
he term “biosensor” refers to an integrated receptor-transducer
evice able of providing selective analytical information by using
iological recognition element (i.e., bioprobe). The transducer con-
erts the changes caused by the reaction between the bioprobe and
he target into an analytical signal, depending on the technology
sed [2]. Over the last two decades, several types of electrochemi-
al, optical or electrical biosensors have been developed, resulting
alid label-free analytical tools for clinical diagnostics, biomedicine,
nvironmental monitoring, veterinary and food quality control and
ther areas in which fast and reliable analysis are needed [3]. Tita-
ium dioxide (TiO2) is a widely studied non-toxic semiconductor
nd has been investigated as potential transducer material for sens-

ng application due to its unique physicochemical properties [4–7].
t has been observed that the properties of TiO2 can be enhanced
y the nanoscale architectural features [8]: Lu and co-workers
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demonstrated that the anatase TiO2 nanosheets show higher pho-
tocatalytic activity for the degradation of organic molecules than
anatase TiO2 crystals [9]. These results encouraged the material
science research to focus mainly on nanostructured TiO2. Recently
it was  demonstrated that the TiO2 nanotube arrays directly grown
on metallic titanium foil by means of electrochemical anodization
are very attractive functional materials in the design of biosen-
sors for biomedical applications owing their high surface area,
large refractive index (n = 2.5), high orientation and uniformity,
as well as the good biocompatibility, great aqueous and chemi-
cal stability [10,11]. Herein, we  fabricated TiO2 nanotubes (NTs)
by means of electrochemical anodization and investigated the pre-
pared samples as the platform for label-free optical monitoring of
biomolecules. The use of TiO2 NT in biosensor development as a
transducer surface, required the creation of coupling points for the
immobilization of biomolecules (the so-called bioconjugation pro-
cess), preserving the specific functionalities of biological receptors
through a good control of their orientation and organization on the
inorganic surface [12]. To this aim, the surface of nanostructured
titania was  chemically modified in order to covalently bind the
protein A by using the well-known silane and silanol chemistries

[13,14]. Protein A immobilization was monitored by the optical
methods based on the spectroscopic reflectometry and the steady-
state photoluminescence. Our results show that the TiO2 NTs can be
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Fig. 1. SEM images of the obtained TiO2 NTs: (A) and (B) surface morphologies of the nanotube arrays with the different resolutions, (C) and (D) cross-sectional view of the
nanotubes with the different resolutions.
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Fig. 2. Schematic representation of th

pplied as versatile platform for sensing of biochemical molecules
ased on two different optical methods.

. Experimental

.1. Fabrication and functionalization of TiO2 nanotubes

TiO2 NTs were fabricated by means of electrochemical anodiza-
ion performed in the electrochemical cell with the two-electrode
ystem. Pt foil was used as a counter electrode. The metallic foils
ere anodized in NH4F and H2O containing glycerol. The anodiza-

ion was carried out by potentiostatic mode at room temperature.
fter anodization the prepared samples were washed in distilled
ater and dried at room temperature. Then, as-prepared NTs were

rystallized in the anatase structure using the thermal treatment
egimens reported in our previous study [15,16]. The surface of
iO2 NTs was first activated by Piranha solution (H2O2: H2SO4 1:4)
or 30 min, in order to create OH groups. Then, the samples were

xtensively washed in milli-Q water to remove any adsorbed acid
n the surface. The structures were silanized by immersion in 5%
-aminopropyltriethoxysilane (APT) solution in anhydrous toluene
or 30 min  at room temperature [13]. The prepared samples were
NTs functionalization with Protein A.

rinsed in toluene three times for 2 min  to remove silane excess.
Afterwards, the silane was cured on the heater at 100 ◦C for 10 min.
Fluorescein isothiocyanate (FITC) was  used to attach a fluorescent
label to Protein A (PrA, MW 42 kDa). The labelled Protein A (PrA*)
and the not labelled protein A (PrA) were immobilized on the sur-
face of TiO2 NT arrays using bis(sulfosuccinimidyl)suberate (BS3)
crosslinker [13]. The scheme of samples’ functionalization process
is reported in Fig. 2. The obtained samples were incubated with
150 �l of 1.6 mM BS3 in PBS solution (0.1 M;  pH = 7.4) at 4 ◦C for 4 h.
N-hydroxysulfosuccinimide (NHS) ester reacts (through SN2) with
primary amines of silanized surface forming stable amine bonds
and releasing a NHS group. Then, the functionalized samples were
incubated overnight (ON) at 4 ◦C with 150 �l of 2 mg/ml  PrA in PBS
(0.1 M;  pH = 7.4) buffer. NHS ester reacted with primary amines in
the side chain of lysine residues of PrA forming stable amine bonds
and releasing another NHS group. The chemicals and the solvents
used for the experiments were purchased from Sigma-Aldrich.
2.2. Analyses of the samples

The morphologies of the obtained NTs were analyzed using
LEO 1525 scanning electron microscope (SEM) equipped with
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Fig. 3. FTIR spectra of TiO2 NTs after each step of functionalization: a indicates Ti–O–Ti bond, b CHx stretching vibration, c the bending mode of the free NH2 and the C N
stretching, e C O stretching vibration, d the rocking CHx vibration, respectively.
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Fig. 4. Water contact angle measurements performed

eld emission gun. The chemical composition of TiO2 NTs before
nd after surface modification was investigated by Fourier trans-

orm infrared spectroscopy (FTIR) spectra. The Fourier transform
nfrared spectra of all samples were obtained using a Nicolet
ontinu�m XL (Thermo Scientific) microscope in the wavenum-
er region of 4000–650 cm−1 with a resolution of 2 cm−1. Sessile
2 NTs before and after each step of functionalization.

drop technique was  used for the water contact angle (WCA) mea-
surements on the First Ten Angstroms FTA 1000C Class coupled

with drop shape analysis software. The WCA  values reported in
this work are the average of at least three measurements.

A Leica Z16 APO fluorescence microscope equipped with a Leica
camera DFC320 was  used to evaluate the bioconjugation of TiO2
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Fig. 5. Fluorescence characterization of the negative control (A) and TiO2 NTs-APT-BS3 (B) after the incubation with the solutions containing Protein A*. Scale bar, 100 �m.
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ig. 6. Reflectivity spectra (A) and corresponding Fourier transforms (B) of TiO2 NTs
f  the references to colour in this figure legend, the reader is referred to the web ve

Ts with PrA*. The filter used for the acquisition was  I3 consisting
f a 450–490 nm band-pass excitation filter, a 510 nm dichromatic
irror and a 515 nm suppression filter. Reflectivity spectra of TiO2
Ts were acquired before and after the functionalizations by a sim-
le experimental setup: a white light was sent on PSi through a Y
ptical fiber (Avantes). The same fiber was used to guide the output
ignal to an optical spectrum analyser (Ando AQ6315A). The spec-
ra were acquired at normal incidence over the range from 800 to
600 nm with a resolution of 5 nm.  Reflectivity spectra reported

n the work are the average of three measurements. Steady-state
hotoluminescence (PL) spectra before and after TiO2 NTs sur-
ace functionalization were excited by a continuous wave He–Cd
aser at 325 nm (KIMMON Laser System). PL was collected at nor-

al  incidence to the surface of samples through a fiber, dispersed
n a spectrometer (Princeton Instruments, SpectraPro 300i), and
etected using a Peltier cooled charge coupled device (CCD) camera
PIXIS 100F). A long pass filter with a nominal cut-on wavelength of
50 nm was used to remove the laser line at monochromator inlet.

. Results and discussion

Fig. 1 shows the SEM images of the prepared TiO2 NTs. The sur-

ace (Fig. 1(A) and (B)) and the cross-sectional (Fig. 1(C) and (D))

orphological analyses of the samples show that were obtained
ell-aligned and highly ordered TiO2 NTs with the inner diam-

ter of 75 nm and the length of 2.5 �m.  In order to fabricate
e (blue line), after APT+ BS3 (red line) and after PrA (black line). (For interpretation
of this article.)

biosensors based on prepared TiO2 NTs, the material was  firstly
hydroxylated by Piranha solution (Fig. 2, I) Thus, increasing the
reactivity of TiO2 surface by the introduction of OH groups
and making it able to graft alkylsilane molecules of APT (Fig. 2,
II) [13]. Alkylsilane strategy generated self-assembled monolay-
ers with well-defined packing. The formation of covalent Ti–O–Si
bonds between hydroxyl group induced on TiO2 NTs surface and
hydrolyzed organosilane molecules, improves the surface stability
and introduces coupling points (–NH2 groups) for the immobiliza-
tion of amino-terminated bioprobes [17]. Protein A (PrA), derived
from Staphylococcus aureus bacteria, is a part of a small collection
of proteins known to specifically bind to the constant domain of a
number of antibodies. This protein was used as specific bio-receptor
for the realization of TiO2 NTs biosensor. Moreover, since PrA is
secreted by and displayed on the cell membrane of S. aureus,  it
is an important biomarker for this bacterium. Therefore, its rapid
and specific detection facilitate the pathogen identification and
initiation of proper treatment [18]. The protein was covalently
conjugated to amino-modified surface (TiO2 NTsA-APT) using the
crosslinker BS3 (Fig. 2, III and IV).

The chemical modification of TiO2 NTs was  analysed by FTIR
spectroscopy (Fig. 3). FTIR spectrum of bare TiO2 NTs showed

−1
a typical peak of titania at 948 cm [19]. After the silanization
process, the TiO2 NTs-APT displayed characteristic bands of APT
corresponding to the CHx stretching at 2960 and 1720 cm−1 [20,21],
the bending mode of free NH2 at 1520–1330 cm−1 [22,23] and at
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70 cm−1 the rocking CHx vibration of Si–OCHx bond [20]. After
he BS3, the TiO2 NTsA-APT-BS3 showed the stretching bands of
Hx at 2960–2849 cm−1, the C H bending vibrations at 1722 cm−1

20,23], the amide I band at 1640 cm−1 associated with the C O
tretching vibration, the amide II resulting from the C N stretching
ibration at 1360 cm−1. This result confirmed the covalent binding
f the BS3 molecule onto TiO2 NTsA surface [23]. After incubation
ith the protein, the TiO2 NTs-APT-BS3-PrA showed bands of CHx

t 2960–2849 cm−1, the C H bending vibrations at 1722 cm−1 (20,
1), the amide I band at 1640 cm−1 associated with the C O stretch-

ng vibration and the amide II resulting from the C N stretching
ibration at 1360 cm−1. Consequently, confirming the covalent
inding of the PrA onto TiO2 NTs surface [20,23]. The surface wetta-
ility (generally referred to as hydrophobicity/hydrophilicity) plays

 key role for the development of biosensors affecting surface bio-
unctionalization, biomolecular interaction and consequent target
ecognition [24]. The variation of surface wettability of TiO2 NTs
efore and after each step of functionalization processes was char-
cterized by measurements of WCA, as shown in Fig. 4. The TiO2
Ts are quasi hydrophobic (Fig. 4A), resulting in a WCA  value of

86 ± 3)◦. APT, with its amino-terminal alkyl chain induces a weak
ecrease of the WCA  to (80 ± 1)◦ (Fig. 4B). BS3, due to the intro-
uction on the surface of hydrophilic N-hydroxysulfosuccinimide
roups (NHS), decreases the WCA  down to (41 ± 6)◦, thus making
he sample surface more hydrophilic than before and therefore suit-
ble for PrA bioconjugation (Fig. 4C). The bioconjugation of TiO2
TsA device to PrA was confirmed by a further decrease of WCA
alue to (35 ± 2)◦ due to the hydrophilic nature of the protein. The
iofunctionalization of TiO2 NTs with the PrA has been monitored
y spectroscopic reflectometry (Fig. 5). To compare the results,
he samples were also monitored by the fluorescence microscopy
Fig. 6).

The optical thickness (OT) of the obtained TiO2 NTs device was
alculated from the reflectivity spectrum by FFT, which displayed

 peak whose position along the x-axis corresponded to two times
he optical thickness (2OT) of the layer [25]. Normal incidence
eflectivity spectra of TiO2 NTs before and after APT + BS3 modi-
cation (TiO2 NTsA-APT-BS3) and after the functionalization with
he PrA (TiO2 NTsA-APT-BS3-PrA) are shown in Fig. 5 together with
he corresponding FFTs (Fig. 5B). Since the physical thickness d of
he TiO2 NTs layer was fixed, the FFT peak shift of about 10 nm
fter APT + BS3 and 50 nm after PrA was really due to an increase
f the average refractive index (n), i.e.  more matter in the pores,
hich was the confirmation of a successful bio-functionalization

17]. In Fig. 6 are reported the fluorescence images of negative
ontrol (Fig. 6A) and TiO2 NTsA-APT-BS3 after incubation with the
rA* (Fig. 6B). The TiO2 NTs-APT-BS3-PrA* showed a high green
uorescence, contrary to the dark negative control, confirming the
io-conjugation of the biological molecule to surface device.

Steady-state PL spectra of TiO2 NTs before and after each func-
ionalization step are reported in Fig. 7. TiO2 NTs showed a PL peak
t about 390 nm corresponding to 3.2 eV which is well matched
ith the band gap energy of anatase TiO2 [26,27]. The broad visible

mission is due to recombination of oppositely charge-carriers at
efect energy levels. In the visible region of spectrum is well evident
hat the PL emission increased after each functionalization step of
iO2 NTsA surface. This feature is due to the extra free electrons
upplied by the molecular complexes (i.e. APT, BS3, PrA), which
articipated to excitation-relaxation dynamic between the surface
nergy levels. This phenomenon was less evident in case of the
eak at 390 nm,  since this last was due to the radiative transitions
etween conduction and valence bands that were not affected by

unctionalization treatments. It must be mentioned that TiO2 NT
rrays are excellent photocatalyst for light degradation of many
ubstances [26], but in the presented case, the chemical passiva-
Fig. 7. Photoluminescence spectra changes of TiO2 NTs after each step of function-
alization.

tion of titania nanotubes surface, due to the organic layers added
(APT ± BS3), created enough distance between the biological active
molecule (PrA) and the photocatalytic titania surface so that protein
degradation was  prevented.

4. Conclusions

In summary, we  fabricated and investigated the properties of
TiO2 NTs for their application in biosensor devices. In order to
develop biosensor based on TiO2 NT arrays the obtained devices
were grafted by APT alkylsilane compound, providing coupling
points to immobilize the bioprobe, and then bioconjugated to
PrA via BS3 molecule. The device bio-functionalization was  con-
firmed qualitatively and quantitatively by several complementary
techniques, such as FTIR spectroscopy, WCA  measurements, flu-
orescence microscopy, and label–free optical methods based on
spectroscopic reflectometry followed by FFT and PL analysis. PrA
was covalently grafted on TiO2 NTs surface in the range of �M
and monitored as a large variation in the PL intensity (more than
1000 a.u) with a corresponding increase of the optical thickness of
the sample (about 50 nm). In a label-free optical biosensing experi-
ment, a primary antibody of PrA should be immobilized and used as
the bio-probe, and the optical response in binding to PrA should be
monitored. Many photoelectrochemical (PEC) sensors using TiO2
nanotubes array have been reported in literature [29–31], some of
them showing very high sensitivity. Even if very sensitive, PEC sen-
sors often require extra decoration of nanotubes (by polymers or
metals) in order to get these performances, and they must use a
light source and electrical equipment for signal detection. In our
case, the experimental results, even if represented only a proof-of-
concept for the application of TiO2 nanotube arrays as transducer
materials, were fabricated and modified by standard and well-
established procedures, easily reproducible in other laboratories.
Moreover, the experimental setup required only a light source (pas-
sive for reflection measurements or active for photoluminescent
ones) and simple signal elaboration, making the proposed system
very attractive for the development of label–free optical biosensors
that could be used for a wide range of applications, from biomedical
diagnostic and environmental monitoring to food quality control.
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