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The high conductive TiO; nanoneedles film is first
employed as a support matrix for immobilizing model
enzyme, cytochrome c (cyt c) to facilitate the electron
transfer between redox enzymes and electrodes. Re-
versible and direct electron transfer of cyt c is suc-
cessfully achieved at the nanostructured TiO» surface
with the redox formal potential (E*) of 108.0 + 1.9
mV versus Ag|AgCl and heterogeneous electron trans-
fer rate constant (k) of 13.8 &+ 2.1 s !. Experimental
data indicate that cyt c is stably immobilized onto the
TiO, nanoneedles film and maintains inherent enzy-
matic activity toward H>O,. On the basis of these
results, the cyt ¢c—TiO» nanocomposits film is capable
of sensing H»O, at a suitable potential, 0.0 V (vs
Ag|AgCl), where not only common anodic interferences
like ascorbic acid, uric acid, 3,4-dihydroxyphenylacetic
acid but also a cathodic interference, O,, are effectively
avoided. Besides high selectivity, the present biosensor
for H>O» shows broad dynamic range and low detection
limit. These remarkable analytical advantages, as well
as the characteristic of TiO» nanoneedles film such as
high conductivity, biocompatibility, and facile ability
to miniaturize establishes a novel approach to detection
of extracellular H>O» released from human liver cancer
cells.

Reactive oxygen species (ROS), including superoxide anion
(02°7), hydrogen peroxide (H;0,), hydroxyl radical (*OH),
peroxynitrite (ONOO™), and so on has gained increasing
attention in a variety of research fields, because they are
considered as the mediators of the biochemistry of cellular
pathology and may be involved in the etiology of aging and
progressive neurodegenerative diseases, such as Parkinson’s
disease.!~” Under normal metabolic conditions, ROS is produced
at a rate which is matched by the capacity of tissue to catabolize
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them. When its production exceeds the body’s natural ability to
deal with the potentially cytotoxic species, a variety of pathological
conditions may result, including cancer, stroke, and neurodegenera-
tion.®?

Among the ROS, H,0, is the most stable species and can
diffuse across membranes through water channels and cause
oxidative protein modifications at distal areas from its produc-
tion.'° H,0, is one of the productions of O,°~ dismutation from
superoxide dismutase (SOD),'* and forms *OH in the presence
of transition metals such as iron and copper (Fenton reac-
tion).*2 As a consequence, the physiological levels of H,O, are
closely associated with the degradation and formation of
reactive free radials, such as O,°~ and *OH.'® Therefore, a
selective and sensitive method for reliable and durable deter-
mination of HyO, with abroad linear range is essential and very
useful for gaining a full understanding of the role that H,O»
and ROS play in pathology and physiology and the relationship
between H»0, and environmental stresses and lipid peroxidation.

Over the past years, considerable efforts have been paid on
the development of electrochemical methods for determination
of Hy,0, due to their direct and real-time measurements.'*
Mostly, the third-generation biosensors for H,O, based on
direct electron transfer of proteins have paved an elegant way
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to detect H,O, due to excellent selectivity and high sensitivity,
in which cytochrome ¢ (cyt ¢),'® horseradish peroxidase
(HRP),'® myoglobin (Mb),'” and hemoglobin (Hb)'® were
widely employed. For construction of enzyme-based third-
generation biosensors for H,O,, an amount of effort have been
made on the direct electron transfer of enzymes, since direct
contact between enzymes and electrodes leads to significant
structural and/or functional changes of the enzymes.'® Cyto-
chrome ¢ is an excellent model for studying the electron
transfer of typical enzymes from a structure point of view. In
addition, in the view of further applications, a cyt c-based H,0,
biosensor is capable of avoiding the interference of O, under
a reasonable applied potential, since cyt ¢ is not a specific
protein for O,, unlike Hb and Mb which are the carriers of O,
in biological systems. Therefore, in the past couple of decades,
numerous applications of chemically or nonchemically modified
methods to direct electron transfer of cyt ¢ have been
exploited.?>*! With the development of nanostructured materials,
Natan et al. did the pioneering work to realize reversible
electrochemistry of cyt ¢ with 12 nm diameter gold nanoparticles
(AuNPs) and suggested that the size of AuNPs plays an important
role in protein electrochemistry.?? We have successfully fabricated
three kinds of gold nanostructures and realized the direct and
reversible electron transfer of cyt ¢ at nanopyramidal and nano-
rodlike gold surfaces. Meanwhile, cyt ¢ processes the biological
activity after being immobilized on nanopyramidal and nanorodlike
surfaces. Subsequently, the third-generation biosensor for H,O,
has been achieved with a linear detection range of 5 uM~1.5
mM at the applied potential of —100 mV versus Ag|AgCl1.**
In view of the practical applications, the above H,O, biosensor
is still up against the following requirements: one is selectivity,
another is linear detection range. An H,0, sensor for use in a
biological system must overcome great interferences from
other species, in particular ascorbic acid (AA) and the changes
in the endogenous levels of O, that are associated with the
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formation of HyO, under pathophysiological conditions.?* With
most of the third-generation H,O, biosensors which are based
on direct electron transfer of proteins with high selectivity and
sensitivity, including our above-mentioned H,O, biosensor, it
is easy to avoid the anodic interferences like AA, uric acid (UA),
and 3,4-dihydroxyphenylacetic acid (DOPAC). However, the
reductive potential of O, is commonly more positive than that
of H,Oy; therefore, it is very hard to detect H,O, free from the
interference of O, at those negative potentials, regardless that
0, exists extensively in the biological system and is associated
with the formation of HyO,. On the other hand, under normal
physiological conditions, H,O, holds a rather low physiological
concentration. Increases in the activity of H,O, occur in
response to traumatic brain injury ischemia-reperfusion, envi-
ronmental stresses, and so on, and the concentration of H,O,
may increase to ~1073 M. Therefore, it is very essential to
provide quantitative information on H,O, concentration in a
broad linear range for tracking the role that H,O, plays in
physiological and pathological processes.

In order to challenge these key analytical problems, in the
present work, it is the first time that direct electron transfer of
cyt ¢ was exploited at a highly conductive TiO, nanoneedles
surface with a formal potential of 108.0 + 1.9 mV versus
Ag|AgCl. A combination of direct electrochemistry of cyt ¢ at
TiO, nanoneedles and enzymatic catalytic activity of cyt ¢
toward H,O, paved a way for constructing a third-generation
H,0, biosensor. As a matter of fact, the analytical properties,
in particular selectivity and sensitivity of electrochemical
biosensors, are strongly dependent on the applied potentials
of the biosensors. For the biosensors for H,O, based on the
direct electron transfer of proteins, the redox formal potentials
of proteins play the key role in choosing the applied potentials
of H,0, biosensors. The more positive redox potential of cyt ¢
obtained at the present TiO, nanoneedles, in particular the
more positive reductive potential of oxidized cyt ¢, compared
with those of proteins at SiO,, TiO», and ZnO surfaces®® %7 is
greatly benefits for the cathodic detection of H,O, with a relatively
high selectivity, avoiding not only anodic interferences like AA,
UA, and DOPAC but also more importantly cathodic interfer-
ence, O,. Besides high selectivity, the present H,O, biosensor
exhibited other excellent analytical performances: broad dy-
namic linear range from 1077 to 1072 M, relatively long stability,
and good reproducibility. These characteristics, together with
the remarkable properties of the nanostructured TiO, film,
sufficiently opened an electrochemical way to the determination
of extracellular H,O, from human liver cancer cells.
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EXPERIMENTAL SECTION

Chemicals and Materials. UA was purchased from Alfa
Aesar, and AA, DOPAC, KNO3;, NaNO,, and Na,SO; were
obtained from Sinopharm Chemical Reagent Co., Ltd. Horse
heart cyt ¢ (MW 13 000) was obtained from Sigma and used
as received. Other reagents were of analytical grade and used
as received. All the solutions were prepared with Milli-Q water
and were deaerated with high purity nitrogen before experi-
ments. Indium tin oxide (ITO)-coated glass plates with a square
resistance of ~10 Q cm™2 were obtained from Shenzhen Nanbo
Display Technology Co. Ltd. (Shenzhen, China). All electro-
chemical experiments were carried out at room temperature.

Preparation and Modification of TiO, Nanoneedles Film.
ITO-coated glass plates were thoroughly cleaned in the following
solvents: soapy water, neat ethanol, 1 M NaOH, and water. A
nanoneedles film was prepared by coated nanoneedles TiO, sol
onto an ITO glass plates by the spin-coating method and then
sintered at 723 K for 1 h. The nanostructured TiO, film was
modified with cyt ¢ by immersing the TiO, film into a phosphate
buffered-saline (PBS) solution (pH 7.0) of cyt ¢ (0.2 mM) for
about 0.5—3 h at 3 °C in the refrigerator. Hereafter, the cyt ¢
modified-nanostructured TiO, electrode will be referred as
TiOy/cyt c.

Apparatus and Measurements. SEM images were taken by
a Quanta 200 FEG (FEI Company). The UV—vis absorption
spectrum was recorded by an Agilent 8453 UV—vis-NIR spectro-
photometer (Agilent Instruments). CHI 660 and CHI 832 electro-
chemical work stations (CH Instruments) were employed in all
electrochemical measurements, which were carried out with a
three-electrode electrochemical cell. The reference electrode was
a KCl-saturated Ag|AgCl electrode, while the auxiliary electrode
was a platinum wire.

Detection of Extracellular H,O». Human liver cancer cell
lines Hep G2 were obtained from Japanese Cancer Research
Resources Bank (Tokyo, Japan). The cells were maintained in a
culture medium consisting of Delbecco’s modified minimum
essential medium (DMEM; Wako Pure Chemicals, Japan) and
subcultured every 5 days. The Hep G2 cells were centrifuged to
obtain a cell-packed pellet (1.0—1.5 x 10° cells cm™2) for the
electrochemical experiments. Real sample measurements were
performed in PBS containing 100 mM glucose. The device was
viewed under a microscope.

RESULTS AND DISCUSSION

Surface Properties of the TiO, Nanoneedles Film. The
morphology of a TiO, nanoneedles film was characterized by
scanning electron microscopy (SEM). As demonstrated in
Figure 1, the TiO, nanoneedles are typically ~50—100 nm
in width and ~3—5 um in length and almost homogenously
disperse on a whole sheet.

To characterize the electrochemical properties of the nano-
structured TiO, surface, cyclic voltammetry of an electron
transfer indicator like Fe(CN)*~/*~ was studied at the TiO,
nanoneedles electrode, compared to that at an ITO substrate.
The surface of TiO, was considered to be covered with
hydroxyl groups. Therefore, the TiO, surface covered with
hydroxyl groups exhibits a negative charge at pH 7.0, which
is supported by comparison with the electrochemical re-
sponse of Fe(CN)*~/4~ at the TiO, nanoneedles film and

Figure 1. SEM images of TiO, nanoneedles film. The bar
demonstrated in the inset corresponds to 1.0 um.
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Figure 2. (A) Cyclic voltammograms (CVs) obtained at ITO (a)
and the nanostructured TiO, surface (b) in 0.1 M KCI solution
containing 1 mM [Fe(CN)g]>#~. Potential scan rate: 100 mV s™'.
(B) Nyquist plots of [Fe(CN)s]>*~ obtained at ITO (a) and the
nanostructured TiO, surface (b).

bare ITO electrode, as depicted in Figure 2A. A severe
decrease in the redox peak and a great widening of the peak-
to-peak separation (AE,) was observed at the TiO, nanon-
eedles film, which may be ascribed to the electrostatic
repulsion between the Fe(CN)¢*~ or Fe(CN)¢*~ anion and
the negatively charged nanostructured TiO, surface. This
result was further confirmed by electrochemical impedance
spectroscopy (EIS). The charge transfer resistance (R.) of
the Fe(CN)g*/4~ redox couple is near 50 Q at the ITO
substrate (Figure 2B, voltammogram a) but it increases to
~150 Q at the nanostructured TiO, surface (Figure 2B,
voltammogram b). The increase in the charge transfer resis-
tance at the TiO, film, not only the resistance of film (Rg,),
suggests again that the negatively charged TiO, nanoneedles
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Figure 3. CVs obtained at the ITO substrate (a), bare TiO,
nanoneedles film (b), and TiOy/cyt ¢ film (c) in 10 mM PBS (pH
7.0). Potential scan rate: 100 mV s .
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Figure 4. Relationship between anodic and cathodic peak currents
of the TiOy/cyt c film and potential scan rate.

surface inhibits the electron transfer of Fe(CN)¢*~ and/or
Fe(CN)¢*~ anion due to electrostatic repulsion. On the other
hand, at pH 7.0, cyt ¢ with pI = 9.5 has a net positive charge.
Therefore, the nanostructured TiO, surface with a negative
charge may greatly benefit from the adsorption of cyt ¢
molecules and subsequently enhance the electron transfer
of cyt c.

Electrochemical and Spectroscopic Characterization of
Cytochrome c at the TiO» Nanoneedles Film. As expected,
a pair of well-defined redox peaks was observed at the TiO,/
cyt ¢ surface (CV c¢), while only the charge current was
obtained at either the ITO substrate (a) or the TiO,
nanoneedles surface (b) in 10 mM PBS (pH 7.0) in the
absence of cyt ¢ (Figure 3). The formal potential (E” = (E, .
+ E, o) /2) of cyt ¢ obtained at the TiO, nanoneedles film is
estimated to be 108.0 + 1.9 mV (# = 4) versus Ag|AgCl and
a peak width at half-peak height (AE,1,2) of AE, is calculated
to be 68.3 £ 2.7 mV (n = 4).

CVs of the TiOy/cyt ¢ electrode at various scan rates were
also obtained in fresh buffer solution in the absence of cyt
¢ (Supporting Information, Figure S1). As demonstrated in
Figure 4, both the anodic and cathodic peak currents (/,* and
[,°) vary linearly with potential scan rate (v) suggest the
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Figure 5. Nyquist plots obtained at the (a) bare TiO, nanoneedles
film (enlarged in the inset) and (b) TiOJ/cyt ¢ electrode in 0.1 M
KCI solution containing 1 mM [Fe(CN)gl*~4~.

surface-confined process. According to Laviron’s equation,®
the relevant kinetic parameters of the electrode reaction,
i.e., the rate constant of the electrochemical process (k) and
cathodic transfer coefficients (o), were calculated: ks = 13.8
+21s ! a. =047 £ 0.02 (n = 4) at the nanostructured
TiO, surface. ks of cyt ¢ obtained at this nanostructured TiO,
film is 1 order of magnitude greater than those obtained at
TiO, nanotubes and other metal oxides surfaces, such as
Sn0,, WOs, ITO, and SiO, surfaces,?’ indicating that direct
electron transfer of cyt ¢ is remarkably enhanced at the TiO,
nanoneedles surface. TiO./cyt ¢ nanocomposites show
reversible electrochemistry with formal potential of 108.0 +
1.9 mV vs Ag|AgCl and a kg value of 13.8 + 2.1 s\,

Figure 5 shows the Nyquist plots obtained at the bare TiO,
nanoneedles film and TiOy/cyt ¢ electrode in 0.1 M KCl
solution containing 0.1 M [Fe(CN)4]*~/4~ to confirm the
adsorbed behavior of cyt ¢. The charge transfer resistance
(R.) of Fe(CN)¢* /4~ redox couple is about 137 Q at TiO,
nanoneedles film (a), but it increases to 1.9 KQ after cyt ¢
was immobilized on the nanostructured TiO, surface as
(Figure 5b). These data suggested that cyt ¢ adsorbed onto
the nanostructured TiO, surface might inhibit the electro-
chemical communication between the electron transfer
indicator, Fe(CN)s* /4 and the TiO, nanoneedles electrode,
resulting in a greater increase of the Ry of the Fe(CN) /4~ redox
couple.

Next, it is desirable to clarify whether cyt ¢ retains inherent
activity toward H,O, after immobilized on the TiO, nano-
structures. The Soret band of heme protein is usually
employed as an indicator of the microenvironment where
the heme center is located. The peak will be diminished if
the protein is denaturated.>® Figure 6 depicts the UV—vis
absorption spectra of 0.2 mM cyt ¢ in solution (a) and cyt ¢
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Figure 6. UV—vis absorption spectra of (a) 0.2 mM cyt ¢ solution
and (b) cyt ¢ confined on the TiO, nanoneedles film.

confined on the optical transparent TiO, nanoneedles surface
(b). The band for cyt ¢ adsorbed on the nanostructured TiO,
film is located at 408 nm, a 2 nm blue shift compared with
that of the native cyt ¢ solution (410 nm), revealing that cyt
¢ almost processed its intrinsic activity toward H,0, after
adsorbed on the TiO, nanoneedles film.

Sensitivity and Selectivity of the H.O. Biosensor. As
demonstrated above, the direct electron transfer of cyt ¢ was
enhanced at the TiO, nanoneedles surface, and cyt ¢ im-
mobilized on the nanostructured TiO, film almost processed
the enzymatic activity. These results provided a platform for
constructing the third-generation biosensor for H,O, because
the heme has been well documented as the active site for
the catalysis of the reduction of H,0,.

As a matter of fact, the sensitivity of electrochemical
biosensors is strongly dependent on the applied potential. The
present H,O, biosensor is not an exception. The cathodic
current intensity of H,O, obtained at the TiO./cyt ¢ film
increased with the negative shift of the operating potentials
(Supporting Information, Figure S2). This observation indi-
cates that the more negative the operating potential, the higher
sensitivity the H,O, biosensor shows. On the other hand,
selectivity of electrochemical biosensors is also potential-
dependent. Figure 7 demonstrates seven kinds of potential
interferences under different applied potentials. Similar to the
H,0; biosensors previously reported, at the negative poten-
tials, e.g., —0.05 and —0.1 V, the present H,O, biosensor
were free from the anodic interferences like AA, UA,
DOPAC, NO,~, NOs;~, and SOs*>", but 0.84 and 1.91% of
cathodic response currents of 200 uM O, were observed
relative to 100 «M H,0,. On the other hand, at the positive
potentials +0.05 and +0.1 V, 10.88 and 18.95% of anodic
currents of 100 uM AA were obtained relative to 100 uM
H,0,. Fortunately, at the suitable potential of 0.0 V, both
anodic and cathodic potential interferences were negligible.
Therefore, for fulfillment of both the selectivity and sensitiv-
ity of the present biosensor, 0.0 V (vs Ag|AgCl) was selected
as the optimized operating potential.

Linear Range, Detection Limit, and Stability. Amperomet-
ric responses of TiO, nanoneedles and TiO,/cyt ¢ films to

% / ®dusisla)u)

Figure 7. The selectivity profile of the present H,O, biosensor
obtained at different applied potentials: —0.10, —0.05, 0.00, 0.05,
0.10 V versus Ag/AgCl.

successive concentration changes of H,O, were conducted
at the optimized potential of 0.0 V, and the corresponding
current—time responses are shown in Figure 8A. No response
was observed at the bare TiO, nanoneedles surface, while
well-defined steady-state current responses were obtained
and the currents increased stepwise with successive addi-
tions of H,O,. The calibration plot of steady-state currents
obtained at the TiO,/cyt ¢ film against concentration of H,O,
is depicted in Figure 8B. The analytical performance of the
present H,O, biosensor at the optimum conditions was
summarized in Table 1. For comparison, other previously
attained third-generation H,O, biosensors based on direct
electron transfer of proteins at nanostructured TiO, or
titanate nanostructures®® were also listed in Table 1. Com-
pared with other H,O, biosensors reported so far, besides
higher selectivity, the present H,O, biosensor shows excel-
lent analytical performance, for instance, wider linear detec-
tion range and lower detection limit. In particular, the
dynamic linear range for detection of H,O, from 8.5 x 1077
to 2.4 x 1072 M at the applied potential of 0.0 V, is greatly
wider than those obtained in previous H,O» biosensors and
fulfill the requirement of in vivo or online tracking of H,O,
concentration.

The TiOy/cty ¢ electrode was stored in a black box at 3
°C in the refrigerator between tests for avoiding light
irradiation. The response current for H,O, was recorded
three times daily, and the current responses had almost no
changes for at least 1 month, indicating the good stability
of the present biosensor. Moreover, the deviation of the
current responses of over 10 sensors prepared with the same
method did not exceed 5.8% (RSD).

Detection of Extracellular H>O> Released from Human
Liver Cancer Cells. Figure 9 depicts amperometric responses
obtained at the (a) TiO, nanoneedles film and (b) TiO/cty ¢
electrode located near the human liver cancer cell lines Hep
G2 in 10 mM PBS (pH 7.0) containing 100 mM glucose at
the applied potential of 0.0 V vs Ag|AgCl after the injection
of (A) 10 mM phobol 12-myristate-13-acetate (PMA) and (B)
300 U mL™! catalase. The increased cathodic current was
observed at the TiOs/cyt ¢ electrode with the addition of
PMA, which was reported to induce H,O, production from
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Figure 8. (A) Typical amperometric responses of (a) the TiO, nanoneedles film and (b) the TiOJ/cyt ¢ film to successive additions of 100
uM H,0, at applied potentials of 0.0 V versus AglAgCl in 10 mM PBS (pH 7.0). (B) Calibration plot of steady-state currents obtained at

the TiOy/cyt ¢ electrode against concentrations of H,O,.

Table 1. Analytical Performance of the H,0, Biosensor Based on TiO,/Cytochrome ¢ Nanocomposites

potential (mV vs SCE)

cytochrome ¢/TiO, nanoneedles —45 (0.0 V vs Ag|AgCl)
Hb/CMC-TiO, nanotubes —-300

Mb/titanate nanotubes
Mb/titanate nanosheets
HRP/TiO; nanoparticles
HRP/Th-TiO, nanotubes —645
HRP-PMS-TiO; sol—gel —250

nanocomposites

(CV peak potential) ~—290
(CV peak potential) ~—310
0

linear range («M) detection limit («M) ref
0.85—24 000 0.26 @
4-64 4.637 26a
2—160 0.6 26b
2—-160 0.6 26¢
7.5—123 2.5 26d
10—3000 26e
4-1000 0.8 26f

“The present work.

8 nA
«—>

>
30s
A: PMA
a
b
B: catalase

Figure 9. Amperometric responses obtained at the (a) TiO,
nanoneedles film and (b) TiOx/cyt ¢ electrode in 10 mM PBS (pH
7.0) containing 100 mM glucose at the applied potential of 0.0 V
vs AglAgCl with the addition of (A) 10 mM PMA and (B) 300 U
mL~" catalase.

the cells,*! and a reduction current of ~4.9 nA was obtained
in 20 s, while no response was attained at bare TiO,
nanoneedles film with the same addition of PMA. In addition,
after injected 300 U mL™' catalase solution, a selective
scavenger of H,O, into the solution, the current shown in
curve b decreased down to almost the background. Accord-
ingly, we can conclude that the generated increase of
cathodic current at the TiO,/cyt ¢ electrode located near
the cells is ascribed to the enzymatic reduction of H,0,,

(31) Lin, Q.; Jin, L.; Cao, Z.; Lu, Y.; Xue, H.; Xu, Y. Phytother. Res. 2008, 22,
740-745.
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which is effectively mediated by the cyt ¢ confined on the
electrode. This observation substantially demonstrates that
the presently developed third-generation H,O, biosensor
with a nanostructured TiO, surface establishes an approach
for reliable and durable determination of extracellular HyO,
and could be potentially useful for further physiological and
pathological investigations.

CONCLUSIONS

Direct and fast electron transfer of cyt ¢, an excellent model
for investigation of the electron transfer of enzymes, was first
exploited at the highly conductive TiO, nanoneedles surface.
The formal potential was estimated to be 108.0 + 1.9 mV (vs
Ag|AgCl), and the electrochemical process was reversible
with a heterogeneous electron transfer rate constant of 13.8
+ 2.1 s7L. Experimental results revealed that cyt ¢ was stably
confined onto the nanostructured TiO, film, and spectro-
scopic data suggested that cyt ¢ held inherent enzymatic
activity toward H,0,. On the basis of these experimental
results, an H,O, biosensor was developed with high selectiv-
ity, free from not only anodic interferences, including UA,
AA, and DOPAC, but also cathodic interference, O,. Besides
this advantage, the present H,O, biosensor exhibited a broad
dynamic linear range and low detection limit. The striking
analytical characteristics, together with the intrinsic proper-
ties of TiO, nanostructures, such as biocompatibility, easy
to prepare, and facile miniaturization, sufficiently offered an
electrochemical approach to determine extracellular H,O,
released from human liver cancer cells. This investigation
not only provided a methodology for the direct electron



transfer of enzymes on the nanostructured semiconductors,
and on the basis of this platform to construct biosensors for
ROS, but also established a novel approach for durable and
reliable detection of H,O, in the biological system.
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