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Abstract A novel polyaniline and titanium carbide (PANI-
TiC) nanocomposite was synthesized by an in situ chemical
oxidative polymerization method, and a hydrogen peroxide
(H,0O,) biosensor was fabricated by PANI-TiC with hemo-
globin (Hb)-modified glassy carbon electrode (GCE).
Scanning electron microscope and energy dispersive X-ray
spectroscopy showed the morphology and ingredient of
PANI-TiC. Electrochemical investigation of the biosensor
showed a pair of well-defined, quasi-reversible redox peaks
with E,,=-0.318 V and E,.=—0.356 V (vs SCE) in 0.1 M,
pH 7.0 sodium phosphate-buffered saline at the scan rate of
150 mV s~ '. Transfer rate constant (k) was 2.01 s '. The Hb/
PANI-TiC/GCE showed a good electrochemical catalytic re-
sponse for the reduction of H,O, with the linear range from
0.5 to 285.5 uM and the detection limit of 0.2 uM (S/N=3).
The apparent Michaelis—Menten constant (K,,,) was estimated
to be 1.21 uM. Therefore, the PANI-TiC as a novel matrix
opened up a further possibility for study on the design of
enzymatic biosensors with potential applications.

Keywords Biosensor - Electrochemical - Hemoglobin -
PANI-TiC nanocomposite - Hydrogen peroxide

Introduction

Direct electrochemistry behavior of redox proteins is important
for the research of their metabolic processes and construction of
biosensors and bioreactors. In recent years, the direct electron
transfer (DET) of biologically important proteins has become
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one of the hottest research areas due to its significance in both
theoretical and practical application [1, 2]. Heme-based proteins
such as hemoglobin (Hb), myoglobin (Mb), horseradish perox-
idase (HRP), and cytochrome ¢ (Cyt c) have been investigated.
Among those proteins, Hb is generally used as a model for the
DET process between redox proteins and the modified elec-
trode in the biological systems, due to the advantages of com-
mercial availability, well-documented structure, and excellent
electrocatalytic abilities. However, the DET between proteins
and bare solid electrode is difficult because the electroactive
centers of proteins are deeply embedded in its structure, as well
as adsorptive denaturation and unfavorable orientations of pro-
teins onto electrode surfaces [3—5]. Hence, different biocom-
patible immobilizing materials, including polymer [6-8] and
nanomaterials [9—17], are used to promote the DET.
Immobilization of redox proteins is a significant step in
constructing biosensors or bioreactors [18]. Biocompatible ma-
terials have been used widely by entrapment or encapsulation
of an enzyme or protein within them to realize direct electro-
chemistry of redox proteins for their desirable properties, such
as nontoxic, biocompatible, and potential applications for the
fabrication of biosensors [19]. For example, Asberg et al. have
utilized a highly conducting poly(3,4-ethylenedioxythiophene)/
poly(styrenesulfonate) aqueous dispersion to build a
conducting hydrogel matrix [20]. Pan et al. have reported the
synthesis of multifunctional polyaniline (PANI) hydrogel with
high surface area and three-dimensional porous nanostructures,
which exhibited excellent electronic conductivity and electro-
chemical properties [21]. Zhai et al. have also fabricated a
highly sensitive glucose enzyme sensor based on PtNPs-
PANI hydrogel heterostructures [22]. Polymer nanocomposites
through a small amount of polymer matrix are scattered with
nanometer-sized packing particles, such as together, inside the
ester/layer has clay nanocomposite materials. Because nano-
particles have some special properties such as the nanometer-
scale effect, large-specific surface area, volume effect, and
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polymer matrix strong interface interaction, which make poly-
mer nanocomposites improved in mechanic and thermodynam-
ic properties. PANI is one of the most important conducting
polymers due to its ease of synthesis at low cost, good process
ability, high polymerization yield, high conductivity, good re-
dox reversibility, and environmental stability. It has a wide
range of applications for super capacitors [23, 24], fuel cells
[25], electrocatalysis [26], biosensors [27], etc. TiC is typical of
transition metal carbide. Its key type is held together by ionic
bond, covalent bond, and metallic bond. Nano-TiC has many
advantages like high purity, small size, distribution uniformity,
specific surface area, and high surface activity. And, it exhibits
high electrical conductivity, low density, and catalytic activity.
The TiC is also widely applied, such as biosensors [28], the
methanol electrooxidation applications [29], supercapacitor
[30], direct fuel cells [31, 32], thermal stability [33], Li-ion
batteries [34], and energy-related applications [35]. Those re-
search data above about PANI and TiC provide favorable
conditions for enzyme or protein immobilization.

In this work, we prepare the novel PANI-TiC nanocom-
posite by the in situ chemical oxidative polymerization meth-
od. And, we describe the direct electrochemistry of Hb
immobilized on PANI-TiC composite matrix. The electro-
chemical behaviors of the composite film are thoroughly
investigated by cyclic voltammetry and electrochemical im-
pedance spectroscopy. The resulting biosensor can catalyze
the reduction of hydrogen peroxide (H,0,). Accordingly, the
PANI-TiC composite matrix can be applied as a useful mate-
rial for the design of enzymatic biosensors and bioelectronics
based on bioelectrochemistry.

Experimental
Reagents

Bovine hemoglobin (Hb, MW 67000) was from Sigma (St.
Louis, USA) and used without further purification. TiC powders
(>99 % purity, 40 nm in diameter) were purchased from Kaiser
Company (China). Aniline (Beijing Chemical Co.) was distilled
under reduced pressure. A 0.1 M sodium phosphate-buffered
saline (PBS) with various pH values was prepared by mixing
stock standard solutions of Na,HPO, and KH,PO, and adjusting
the pH value with 0.1 M H3PO, or NaOH. The solution of Hb
was prepared in 0.1 M PBS (pH 7.0) just before each experiment.
Other reagents were of analytical reagent grade, and double-
distilled water was used in all the experiments.

Apparatus
Cyclic voltammetry (CV) and electrochemical impedance

spectroscopy (EIS) were carried out on a CHI 660D electro-
chemical workstation (Shanghai CH Instrument Co., Ltd.,
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China). A traditional three-electrode system was used with
an Hb-modified electrode as working electrode, a platinum
wire as auxiliary electrode, and a saturated calomel electrode
(SCE) as reference electrode. Thus, all the potentials reported
in this work had been measured versus SCE reference elec-
trode. The rotating disk electrode voltammograms were per-
formed on a glassy carbon rotating disk electrode (3.0 mm
diameter, Princeton Applied Research) with a motor-
controlled rotor (Princeton Applied Research). Scanning elec-
tron microscopy (SEM) was done with a JSM-6700 F scan-
ning electron microscope (Japan Electron Company, Japan).
Transmission electron microscopy (TEM) images were ac-
quired with a JEOL JEM-3010 high-resolution transmission
electron microscope using an accelerating voltage of 150 kV.
All the tested solutions were purged with highly purified
nitrogen for at least 20 min prior to a series of voltammetric
experiments and maintained under nitrogen atmosphere dur-
ing the measurements. All the electrochemical experiments
were conducted at room temperature (25+2 °C).

Preparation of the PANI-TiC

PANI-TiC nanocomposite was prepared as follows: A certain
amount of cetyltrimethylammonium bromide (CTAB) was dis-
solved in 250-mL double-distilled water; then, 0.60-g TiC
powder was added with stirring for 1 h, after which, 0.66-g
oxalic acid was added. After 10-min stirring, 2.86 g ammonium
persulfate dissolved in 20-mL solution was added to the mix-
ture. At last, 0.90 mL aniline was added to the above mixture
and maintained the system at 0 to 10 °C for 24 h. Finally, the as-
prepared PANI-TiC was washed with double-distilled water
and ethanol and dried in vacuum oven at 60 °C for 24 h.

Preparation of the modified GCE

GCE of 3-mm diameter, before use, was first polished to a
mirror-like with 1.0, 0.3, and 0.05 mm ALO; slurry on a
polish cloth and rinsed with double-distilled water, and then
sonicated in ethanol and double-distilled water for 5 min,
respectively. A traditional three-electrode system was used
with modified electrode as working electrode, a platinum wire
as auxiliary electrode, and a SCE as reference electrode. Thus,
all the potentials reported in this work had been measured
versus SCE reference electrode. Ten milligrams of PANI-TiC
and 1 mL of double-distilled water were mixed, and then, to
use ultrasound makes material scattered evenly. And, 40 puL of
20 mg/mL Hb was added, shaking in a rocking incubator at 37
+0.2 °C mixed for 24 h, and then, 10 uL of the mixture was
cast onto the surface of the bare GCE using a syringe to
prepare Hb/PANI-TiC/GCE. For comparison, Hb/GCE and
PANI-TiC/GCE were prepared under the same condition.
Without use, the modified electrode was stored at 4 °C in a
refrigerator.
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Results and discussion

Characterization of the PANI-TiC
and the Hb/PANI-TiC/GCE

The morphology, size, and the status of agglomeration of the
samples were analyzed by SEM. As shown in Fig. la, the
structure of PANI-TiC consisted of film flake and that of the
whole looks like coral reefs’ shape. TEM image of the PANI-
TiC showed a cubic structure of the TiC and a composite
structure of the PANI-TiC (Fig. 1b). Furthermore, the EDS
(Fig. lc) certified strongly that the materials were composed
of C, Ti, and N.

EIS is an effective method of probing the features of surface-
modified electrodes, which provide useful information on the
impedance changes of the electrode surface during the fabrica-
tion process [36, 37]. The respective semicircle diameters at the
high frequencies corresponded to the charge transfer resistance
(R) at the electrode surface. Thus, the charge transfer resis-
tance was used as a sensor signal. R is the electrolyte solution
resistance and Ry, is the polarization resistance. R,, obtained at
zero potential is described as surface charge resistance (Ry). Cq
can be calculated from the frequency associated with maximum
Z"(w) and R. The EIS results of different electrodes are de-
scribed in Fig. 2. The semicircle of the PANI-TiC/GCE (b) was
obviously smaller than that of the Hb/PANI-TiC/GCE (c) and
Hb/GCE (d). It meant that the use of the PANI-TiC in the
modified electrode provided excellent binder between the elec-
trode and electrolyte, leading to the promotion of the electron
transfer rate. The presence of Hb led to the increase of the
impedance of the Hb/PANI-TiC/GCE than that of the PANI-
TiC/GCE but smaller than that of the Hb/GCE. It further
indicated that Hb was effectively immobilized in the composite
film and further increased the thickness of the composite film.
Inset of Fig. 2 was the equivalent electrical circuit used for
fitting the obtained impedance spectra.
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Fig. 1 a SEM and b TEM images and ¢ EDS of PANI-TiC

In N,-saturated 0.1 M PBS (pH 7.0), the bare GCE had no
peaks (shown in Fig. 3, curve a). The Hb/GCE (curve c) only
showed one cathode peak at —0.337 V due to the unstable
electron transfer. When adding the PANI-TiC-modified GCE,
the Hb/PANI-TiC/GCE (curve d) obviously showed a pair of
symmetric redox peaks, which was attributed to the redox
process of heme Fe(Ill)/Fe(IT) couple. The above electrochem-
ical performance of different electrodes indicated that PANI—
TiC could provide a favorable microenvironment for Hb to
retain its natural structure and to realize its direct electrochem-
istry. PANI-TiC played important roles to facilitate the elec-
tron transfer from Hb the synergistic effect of Hb/PANI-TiC
which was useful to amplify the signal output.

Direct electrochemistry of Hb/PANI-TiC/GCE

The direct electrochemistry of Hb in the Hb/PANI-TiC/GCE
was studied by CV. Cyclic voltammograms (CVs) of Hb at the
Hb/PANI-TiC/GCE with different scan rates are shown in
Fig. 4. The modified electrode showed a pair of well-
defined, quasi-reversible redox peaks with E,,=—0.318 V
and £,,=—0.356 V (vs SCE) in PBS (0.1 M, pH 7.0) with
the formal potential £°=—0.337 V. The peak-to-peak separa-
tion AE, was 38 mV and about 1 ratio of cathodic to anodic
current intensity at the scan rate of 150 mV s™', indicating that
the DET for Hb-Fe(Ill)/Fe(Il) was nearly reversible. The
redox process of Hb at the Hb/PANI-TiC/GCE gave roughly
symmetric anodic and cathodic peaks at relative slow scan
rates. When the scan rate increased, the redox potentials
(Epa and E,) of Hb hardly shift. Meanwhile, the redox peak
current changed linearly (inset, Fig. 4): ,,=0.018—7.1x 107
v, ¥=0.9989; ,.=0.91+8.0x 103, 7=0.9993. This indicated
that the electron transfer process for Hb at the Hb/PANI-TiC/
GCE was a surface-confined mechanism in the above-
mentioned potential scope, manifesting the characteristics of
thin-layer surface-controlled electrochemical process.
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Fig. 2 EIS plots for the bare GCE (a), Hb/GCE (b), PANI-TiC/GCE (c),
and Hb/PANI-TIiC/GCE (d) in a solution of 1 mM [Fe(CN)e]>7* +
0.1 mol/L KCl as the supporting electrolyte. The frequencies swept from
10° to 1072 Hz. Inset shows the equivalent electrical circuit used for fitting
the impedance spectra
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The anodic and cathodic peak potentials were linearly
dependent on the logarithm of the scan rates (n) with slopes
of —2.3RT/anF and 2.3RT/(1—a)nF, respectively. Hence, the
charge transfer coefficient & was calculated as 0.53.
Heterogeneous electron transfer rate constant (ks) was further
estimated according to the following equation [38]:

logks = alog(1-«) + (1—a)loga—log(RT /nFv)—(1-«)
aFAE,/(2.3RT)
(1)

where « is the charge transfer coefficient and 7 is the number
of electron transfer. R, 7, and F' symbols have their conven-
tional meanings. AFE, is the peak-to-peak potential separation.

-2 .
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E/V (vs.SCE)

Fig. 3 CVs of the bare GCE (@), PANI-TiC/GCE (b), Hb/GCE (c), and
Hb/PANI-TiC/GCE (d) in N,-saturated PBS at the scan rate of
150 mVs™
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Fig. 4 CVs of the Hb/PANI-TiC/GCE in N,-saturated PBS with differ-
ent scan rates (from 100, 150, 200, 250, 300, 350, 400, 450, 500, 600,
700, 800, and 900 mV s~ ). Inser shows the relationship between cathodic
and anodic peak currents with scan rate v
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As known, k reflects the local microenvironment of the Hb
immobilized on the electrode. The value obtained here is for
typical surface-controlled quasi-reversible electron transfer
processes. It neglects rate limiting ion entry or ejection, elec-
tron self-exchange, and molecular interactions within the
films. Thus, ks obtained by this method is probably best
interpreted as a measure of the rate of the overall electron
transfer process dependent on film and electrode properties.
The model used here was based on the Butler—Volmer equa-
tions [39] for diffusionless and thin-layer-controlled system.
The result was 2.01 s~', which was higher than that 0.332 s
of the Nafion/Mb/multiwalled carbon nanotubes/carbon ionic
liquid electrode (CILE) [40], 1.34 s of silk fibroin [41], and
1.02 s' of DNA/CILE [42]. To compare the electron transfer
rate of Hb, the kinetic constant for DET was also calculated
from rotating disk electrode experiments. The calculated value
of k, was 2.6 s ', which was close to the results obtained from
the CV experiments. Thus, the PANI-TiC could provide a
favorable environment for Hb to undergo a facile electron
transfer reaction, which might pave the way for elucidating
the relationship between the heme protein structures and bio-
logical functions.

Effect of pH values on the DET

The effect of pH values of the solution on the DET of the Hb/
PANI-TiC/GCE was investigated (Fig. 5). Results showed
that an increase of pH value of the solution from pH 4.0 to
9.0 led to a negative shift of both reduction and oxidation peak
potentials of the Hb/PANI-TiC/GCE. By comparison, a better
electrochemical response of the immobilized Hb was obtained
at pH 7.0. This was contributed to that neutral pH value that
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Fig.5 Influence of the pH value on the CVs of the Hb/PANI-TiC/GCE,
pH values (from left to right) 4.0, 5.0, 6.0, 7.0, 8.0, and 9.0. Inset shows
the relationship between £° and pH

was close to the physiological environment and could retain
activity of the Hb effectively. Thus, all the experiments were
performed in pH 7.0 PBS unless specially stated. In general, all
changes in the peak potentials and currents with the solution
pH value were reversible in the pH value range from 4.0 to 9.0.
That was, the same CVs could be obtained if the electrode was
transferred from a solution with a different pH value to its
original solution. The formal potential £ had a linear relation-
ship with pH values. The linear regression equation was ob-
tained as £ (mV)=24.2—60.0 pH (n=6, 7=0.9977). The shift
of E” depending on the pH value suggested that the redox
reaction took place accompanied by the transfer of proton. The
slope (—60.0 mV pH ') was close to that expected theoretically
—59 mV pH ' for a one-electron, one-proton reaction [43],
indicating that a single proton transfer was accompanied in the
electrochemical process of Hb. The electrochemical reduction
of Hb could be simply expressed as follows:

Hb [heme (Fe'")| + ¢~ + H' sHb[H*—heme (Fe")| (2)

Electrocatalytic ability of the Hb/PANI-TiC/GCE

It is well known that proteins containing heme groups, such as
Hb, Mb, and HRP, were able to reduce H,O,
electrocatalytically [44-47]. As shown in Fig. 6, the Hb/
PANI-TiC/GCE exhibited good catalytic activity toward
H,0,. When H,0, was added into PBS (0.1 M, pH 7.0), the
catalytic reduction peak current at —0.370 V (curve a) in-
creased (curve b—p). Meanwhile, the oxidation peak current
of Hb was decreased. The possible mechanism of electrocat-
alytic reduction of H,O, at Hb-based enzyme electrode could
be expressed as follows (Compound I, denoted by
Hb[heme(Fe')O - *)):

0.0 0.5 1.0 1.5 20
1/C(uM)’

-4 . .
0.4 0.0 -0.4

E/V (vs.SCE)

Fig. 6 CVs of the Hb/PANI-TiC/GCE in N,-saturated PBS with differ-
ent concentration of H,O, (from a to p, 0 to 235.5 pM), respectively. Inset
A shows the linear relationship of 7,. and H,O, concentration. Inset B
shows the determination of the apparent Michaelis—Menten constant

Hb [heme (Fe™) | + H,0,5Compound I + H,0 (3)
Compound I + H,O,5Hb [heme(Fem)] +H,0+0, 4

Hb[heme (Fe')] + H' + " 5Hb[heme(Fe'")] at electrode

(5)
Hb[heme (Fe'")] + 0,5Hb [heme (Fe'') | -0, fast (6)
Hb [heme(Fe'")] -0, + H* + e sHb [heme(Fe'') ]
+H,0,at electrode
(7)

The overall reaction of Egs. (2)-(6) would be as follows:

HQOQ +2H + 2e7‘:>2HzO (8)

The cathodic peak current had a linear relationship with the
concentration of H,O, in the range between 0.5~285.5 uM,
as shown in the insert A of Fig. 6, which indicated that the Hb/
PANI-TiC/GCE can be used for the detection of H,O,. And,
the linear regression equation was /s (LA)=0.414C (uM)+
2.55, with a correlation coefficient 0.9983 (n=20). The detec-
tion limit was estimated to be 0.2 uM at a signal-to-noise ratio
of 3. According to Michaelis — Menten kinetic mechanism,
the apparent Michaelis—Menten constant K, could be
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obtained from the electrochemical version of the Lineweaver—
Burk equation [48, 491]:

1/Is = 1/Ina + K/ (I;max C) )

Here, I is the diffusion limiting current after the addition of
the substrate. C is the bulk concentration of the substrate, and
Lnax 1s the maximum current measured under the saturate
substrate conditions. The value of K,,, and /,,,,, can be obtained
by the slope and the intercept of the plot of the reciprocals of
the steady-state current versus H,O, concentration. The appar-
ent Michaelis — Menten constant K,,, value was calculated to be
1.21 uM, which was much lower than some previous reports
[50-58]. It is well known that low value of K, represents a
higher biological affinity of Hb in the catalytic reaction of
H,0,. And, Hb can retain higher activity in the Hb/PANI-TiC.

In the case where reduction of H,O, at the Hb/PANI-TiC/
GCE surface is controlled solely by mass transfer in the
solution, the relationship between the limiting current and
rotating speed should obey the Levich equation [59]:

I = 0.620 nFAD>3 v/ W12 ¢ (10)
where D/cm? sfl, viem? sfl, w/rad sfl, and C/mol cm > are the
diffusion coefficient, the kinematics viscosity, the rotation

speed, and the bulk concentration of the reactant in the solu-
tion, respectively, and all other parameters have their

Fig. 7 a Rotating disk electrode

voltammograms at 100 mV s ™' of

the Hb/PANI-TiC/GCE in 0.1 M 9
PBS (pH 7.0) containing 0.2 mM

H,0,. Levich (b) and Koutecky—

Levich (c) plots at —0.40 V for the

H,0, reduction reaction 6

conventional meanings. The rotating disk electrode voltam-
mograms exhibited an increase in current with increasing rate
of rotation (Fig. 7a). Based on Eq. (10), the plot of limiting
current /;_ as a function w'”? should be a straight line. Accord-
ing to the Levich plot (Fig. 7b), the current increases with
increasing electrode rotation speed. For an irreversible reac-
tion, the relation between the limiting current and rotating
speed has been given by the Koutecky—Levich equation [59]:
I =Ig ' +0" (11)
where [i;,=nFkC. It can be seen that the intercepts of all linear
plots are positive, clearly indicating the kinetic limitations of
the electrode process. Considering that the oxidation of the
H,O, substrate is the rate-determining step, the Koutecky—
Levich relation was used to construct the plot displayed in

Fig. 7c from which the rate constant, k;, was calculated as
14x10*M's™

Stability and reproducibility of the composite-film-modified
electrode

The stability of the Hb/PANI-TiC composite-film-modified
electrode was first evaluated by examining the cyclic
voltammetric peak currents of Hb after continuously scanning
for 50 cycles. No decrease of the voltammetric response was
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observed, indicating that the Hb/PANI-TiC composite-film-
modified electrode was stable in buffer solution. The stability
of the composite-film-modified electrode was also checked by
measuring the current response of the Hb/PANI-TiC
composite-film-modified electrode daily over a period of
30 days. When not in use, the electrode was stored dry at
4 °C in a refrigerator. It was found that the composite-film-
modified electrode maintain its 92 % initial activity after
30 days. Conversely, without the presence of PANI-TiC, the
current response of the Hb-modified electrode decreased dra-
matically and maintains its 65 % initial activity after 7 days,
after which, the composite film was easily collapsed and falls
off from electrode surface. The above results indicated that the
PANI-TiC could greatly improve the composite film stably
attached on the GCE surface. The repeatability and reproduc-
ibility of the biosensor were determined. The repeatability of
one electrode was conducted by adding 100 pL of 1.0 mM
H,0, into 20 mL of 0.1 M PBS. The relative standard devi-
ation was 3.2 % for six successive assays. Five Hb/PANI-TiC/
GCEs prepared by following the identical steps were used to
estimate the reproducibility of the biosensor by measuring the
current responses of the Hb/PANI-TiC/GCEs to 5.0 uM
H>0,. The relative standard deviation was 4.9 %.

H,0, may be used as a preservative or decolorant in food
industry and additive in production of cosmetic. The sufficient
sterilization is considered at 0.03 % H,O, in milk and 0.08 %
in bean products. Moreover, the leftover amount did not
inspect. The determination of H,O, in milk sample was per-
formed on the sensor utilizing standard addition method. After
the current response was determined in 5.0 mL of 0.1 M
pH 7.0 PBS containing sample of 500 uL, 40.0 uM of H,O,
solutions was successively added to the system for standard
addition determination. The concentration of H,O, in milk
sample was found to be 1.25x107 mg mL™"' (n=5).

Conclusions

In the present work, we successfully prepared PANI-TiC
nanocomposite by the in situ chemical oxidative polymeriza-
tion method. And, the direct electrochemistry of Hb fabricated
using a composite matrix based on PANI-TiC was achieved
with a larger electron transfer rate constant of 2.01 s .
Compared with the absence of PANI-TiC used to fabricate
the biosensor, the presence of PANI-TiC accelerated the DET
rate between Hb and the substrate electrode significantly. The
resulting biosensor showed excellent electrocatalytic activity
toward the reduction of H,O, with a wider linearity range and
a lower detection limits. The excellent performances of the
resulting biosensor might be that the PANI-TiC substantially
improved the protein stability. The synergistic effects of Hb/
PANI-TiC not only improved the electron transfer ability of
our system but also exhibited the signal amplification of

nanosize materials. The promising feature of the biocompati-
ble hybrid materials could serve as a versatile platform for the
fabrication of electrochemical biosensors.
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