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materials [1]. Among them, polyaniline (PANI) has been widely
applied to the development of photovoltaic devices [2], electro-
chromic devices [3], lithium batteries [4], and gas sensors [5]. In
these applications, the organic polymer PANI exhibits high elec-
trical conductivity, strong photocatalytic capability and good
environmental and thermal stability [6]. Notably, the oxidative
polymerisation of aniline is known to form PANI with tuneable
electrical conductivity, which is a desirable feature for practical
(photo)electrochemical applications [7,8]. In general, chemically
oxidised aniline in an acid solution will form a conductive emer-
aldine salt of PANI ([CsH4NH]2[CsHaN12)n; (ES)-PANI). ES-PANI can
be further chemically or electrochemically converted to the highly
oxidised pernigraniline (CgH4N),) or reduced to leucomeraldine
(CeH4NH),,) [7,8]. However, both pernigraniline and leucomeraldine
are less conducting than ES-PANI and are therefore not ideal for use
in the development of electrochemical sensing devices.

Recently, inorganic TiO, or Na,Ti;O4(OH), (titanate) nano-
materials have also been extensively applied to the construction
of electrochemical and photoelectrochemical sensors to exploit
their biocompatibility, chemical inertness, mechanical stability,
photocatalytic ability, high porosity and large specific surface area
[9,10]. For example, Xie et al. have synthesised nanosheet-based
TiO, microspheres with a hollow core—shell structure and
applied this nano-platform to the construction of a horseradish
peroxidase (HRP) mediator-free biosensor [9]. While the excellent
biocompatibility and porous geometry of this TiO, nano-material
has facilitated direct electron transfer of HRP at the biosensor, the
semiconducting TiO, exhibited low electrical conductivity
(<01 S m~1). Therefore, the synergistic application of TiO, and
PANI, in which the respective attributes are integrated, will benefit
the development of electrochemical biosensors [11].

In spite of the advantages of PANI and TiO (or titanate), PANI-
TiO, or PANI-titanate composite-based electrochemical biosensors
have to-date not been reported. In fact, only one electrochemical
glucose biosensor was developed by sequentially applying
nanometer-sized TiO; and PANI on a glassy carbon electrode (GCE)
[12]. In the detection of glucose, this biosensor showed a linear
range between 0.02 mM and 6.0 mM, a sensitivity of
6.3 pA mM~! cm 2 and a limit of detection of 18 pM. However, a
deficiency in this work is the poor contact between PANI and TiO»,
which may have negatively affected the biosensor performance. In
contrast, as reported by Kim et al. [13], chemical oxidation poly-
merisation of PANI on TiO5, rather than a layer-by-layer assembly of
TiO, and PAN], is an effective way to offer more intimate conduction
through a larger contact area between PANI and TiO, nano-
materials for efficient interfacial charge transfer.

In comparison to TiO, nanoparticle-based biosensors, titanate
nanotube (TNT)-based biosensors have dramatically improved
performance arising from their large surface area, biocompatibility,
conductivity and porous structure of tubular titanate [14]. The large
surface area and porous structure of the TNT matrix aid in immo-
bilising an appreciable load of biomolecules and providing a
biocompatible microenvironment. In addition, the unique hollow
structure of TNTs will potentially facilitate stable immobilisation of
small biological molecules on the inner wall of the nanotubes.
Therefore, a composite consisting of TNTs, instead of TiO, nano-
particles, and PANI is expected to further enhance the performance
of the material.

Recently, gold nanoparticles (GNPs) immobilised on an elec-
trochemical biosensor were demonstrated to not only increase the
electrical conductivity, but also to improve the direct electron
transfer between a biomolecule and the electrode [10]. For
example, our group has previously employed a conventional
chemical reduction method [10,14]| and a photo-reduction method
[14], respectively, to deposit GNPs on TNTs and applied them to the

development of enzyme biosensors. However, we found such a
simple reductive deposition of GNPs resulted in sparsely distrib-
uted GNP accumulations on the substrate material. Alternatively,
the amino groups on PANI can be exploited as a chemical linker
between GNPs and TNTs [15]. More specifically, by oxidatively
polymerising aniline in a strong acid environment, the amino
groups on PANI are easily protonated. Hence, the positively charged
PANI will be electrostatically attracted to AuCly to yield GNP con-
jugated PANIs. In this way, PANI can not only facilitate a well-
dispersed, dense deposition of GNPs on TNTs and enhance the
contact between GNPs and TNTs in a GNP-PANI-TNT composite, but
also improve the conductivity of TNTs, which can benefit the per-
formance, electrochemical and chemical stability of the ternary
composite.

In the present work, a ternary composite consisting of TNTs,
PANI and GNPs with improved conductivity was prepared and
applied as a scaffold of an enzyme biosensor. In brief, TNTs were
initially prepared by hydrothermally reacting TiO, nanoparticles
with aqueous NaOH, followed by an in situ chemical oxidation
polymerisation of aniline on TNTs to form a TNT-PANI composite. In
this way, defects formed on TNTs will in turn offer a large surface
support for amorphous PANI, while PANI will increase the con-
ductivity and enhance the deposition of GNPs. Next, GNPs were
deposited on the TNT-PANI surface using PANI as a linker. We
expect these procedural steps will provide a more intimately
bonded TNT-PANI-GNP structure, which will directly improve the
analytical performance of a biosensor consisting of such a scaffold,
compared to a previously reported layer-by-layer assembly of TNTs
and GNPs [10,14]. The as-prepared composite of TNTs-PANI-GNPs,
pure PANI and TNTs were all characterised by microscopic and
spectroscopic techniques. To further enhance the stability and
direct electron transfer of HRP at the biosensor interface, HRP
molecules were thiolated using a dithio linker to enhance the
contact between HRP and TNTs-PANI-GNPs through the strong
interaction between the sulfhydryl groups and GNPs [16]. Finally,
the TNT-PANI-GNP composite, the room temperature ionic liquid,
1-decyl-3-methylimidazolium bromide ([Demim|Br), and Nafion
were assembled as a biosensor scaffold for immobilising the thio-
lated HRP on the electrode surface. In our work, [Demim|Br and
Nafion acted as anchoring agents of the assembly on the electrode
surface. The electrochemical behaviour, analytical performance,
precision and stability of the TNT-PANI-GNP, TNT-PANI and TNT
modified HRP biosensors were then systematically investigated.

2. Experimental
2.1. Materials and reagents

Aniline monomer (99.5% purity) and ammonium persulfate
(98% purity) were purchased from J&K Scientific Ltd., Beijing, China.
TiO, nanoparticles (type P25) were obtained from Tianjin Chemical
Reagent Co. Ltd., China. HRP, n-succinimidyl 3-(2-pyridyldithio)
propionate (SPDP), dithiothreitol (DTT), ethylene diamine tetra-
acetic acid (EDTA), bicinchoninic acid (BCA) QuantiPro Protein
Assay Kit, [Demim|Br, HAuCly-3H,0 and dimethylsulfoxide (DMSO)
were purchased from Sigma—Aldrich, USA. Zeba spin desalting
columns were purchased from Thermo Fisher Scientific Inc. All
solutions were prepared in Milli-Q ultrapure water.

2.2. Apparatus

Electrochemical measurements were performed using a
CHIB30C electrochemical workstation (CH Instruments, Shanghai,
China) with a conventional three-electrode system consisting of a
modified 3-mm diameter GCE, a platinum wire counter electrode
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and a Ag|AgCl (3.0 M KCl) reference electrode. All electrodes were
purchased from Gaozhiruilian Co. Ltd., Wuhan, China. The chemical
composition of the composites was investigated by X-ray diffrac-
tion (XRD, X-PertPro, Netherland) with a Cu Ko radiation
(A = 1.5406 nm) and Fourier transform infrared spectroscopy (FT-
IR, Nicolet 170, USA). Electrochemical impedance spectroscopy
(EIS) was conducted using an IM6ex electrochemical workstation
(Zahner, Germany). The morphology and chemical composition of
the prepared nano-materials were characterised by transmission
electron microscopy (TEM) (Tecnai G2 20, USA), selected area
electron diffraction (SAED) (Tecnai G2 20, USA), scanning electron
microscopy (SEM) (JSM-7500F, JEOL, Japan) and energy dispersive
X-ray (EDX) (JSM-7500F, JEOL, Japan).

2.3. Preparation of TNT-PANI-GNP composites

TNTs were prepared by initially delivering a mixture of 0.6 g
TiO, nanoparticles and 120 mL (10 M) aqueous NaOH to a Teflon-
lined autoclave for a hydrothermal reaction at 120 °C for 48 h. A
white coloured crude product obtained was washed with 0.1 M HCI
three times, and then adjusted with distilled water to achieve pH 7.
The product was again washed with Milli-Q water three times,
followed by centrifugation and drying in a 60 °C oven for 2 h. The
product of TNTs was then ground to a powder.

Initially, a TNT-PANI composite was synthesised by stirring,
using a magnetic stirrer, a mixture of 0.3 g TNTs, 4.83 mL aniline
hydrochloride solution (0.1 M) and 10 mL HCI solution (0.1 M) in a
reaction vessel placed in an ice water bath for 1 h to obtain a uni-
form suspension. Next, a second 4.83-mL ammonium persulfate
aliquot (0.1 M) was added dropwise to the well-dispersed sus-
pension over a 2-h duration with continuous stirring at 0—5 °C. The
mixture was allowed to react in an ice bath for another 3 h before a
dark green precipitate was obtained. The solution was left undis-
turbed at 4 °C overnight to facilitate complete chemical reaction.
The dark green precipitate was then repeatedly washed with Milli-
Q water until pH 7 was achieved. Finally, the product was dried at
60 °C for 2 h before it was ground to a powder.

In preparing the TNT-PANI-GNP composite, a suspension of
18 mg TNTs-PANI in 18 mL Milli-Q water was sonicated to obtain a
homogeneous dark green solution. Then, 1 mL HAuCl4 (0.01 M) and
1 mL sodium citrate (0.01 M) were added and stirred. Next, 1 mL icy
cold and freshly prepared NaBH4 solution (0.1 M) was added to the
solution with stirring. Herein, citrate serves as a capping agent
because it cannot reduce the gold salt at room temperature (25 °C).
The solution was stirred for 0.5 h at room temperature before it was
left undisturbed for a night. The final product was centrifuged and
sequentially washed with Milli-Q water and ethanol, before it was
dried in a 60 °C vacuum overnight.

2.4. Thiolation of HRP

In the thiolation procedure, 1 mg SPDP was initially dissolved in
160 uL DMSO. Then, 12.5 pL of this SPDP solution (20 mM) and 1 mg
HRP were added to 500 pL phosphate buffered saline (PBS) con-
taining 1 mM EDTA. This mixture was allowed to react for
30—60 min at room temperature to obtain SPDP-modified HRP.
Desalt spin columns (that can directly purify, desalt and buffer-
exchange protein samples, and thus circumventing any chromato-
graphic system, cumbersome preparation and equilibration pro-
cedures) were centrifuged at 2500 rpm for 5 min to remove storage
solution and then exchanged using acetate buffer 2—3 times to
equilibrate them. The SPDP-modified HRP was then introduced in a
desalt spin column, which was centrifuged to remove reaction by-
products and unreacted SPDP. Next, 200 pL DTT solution was added
to 500 pL of SPDP-modified HRP solution, followed by a 30-min

incubation to produce thiolated HRP. Finally, PBS-EDTA was
employed to equilibrate the desalting columns, and thiolated HRP
was desalted using the equilibrated columns to remove the excess
DTT. The concentration of thiolated HRP was determined by esti-
mating the quantity of residual protein content in the final solution
using a BCA-based QuantiPro Protein Assay Kit, as previously re-
ported by Fowler et al. [16]. By assessing the UV absorbance dif-
ference of pyridine-2-thione before and after DTT cleavage, the
molar ratio of SPDP to HRP was estimated to be ~3.9.

2.5. Preparation of thiolated HRP modified electrodes

A 3-mm diameter GCE was polished using 0.3 um alumina
powder, and then sequentially washed with deionised water and
ethanol before being dried at room temperature. A mixture con-
sisting of 300 L of HRP solution (2 mg mL~1), 20 mg of TNTs-PANI-
GNPs, 4 mg of [Demim|Br and 50 pL Nafion (5%) was agitated at 4 °C
in a full temperature oscillation incubator for 4 h. Then, a TNT-
PANI-GNP|[Demim|Br|Nafion|HRP|GCE was prepared by applying
4 uL of the suspension on the GCE. A similar procedure involving
mixing of 20 mg of TNTs-PANI with 300 pL of HRP solution, 4 mg of
[Demim]Br and 50 pL Nafion was adopted to prepare a TNT-PANI|
[Demim]Br [Nafion|HRP|GCE.

2.6. Electrochemical measurements

During electrochemical measurements, all working solutions
were deoxygenated by nitrogen gas for 15 min and a nitrogen at-
mosphere was maintained over the solutions. In amperometry, a
constant potential of —0.4 V was applied to the working electrode.
A current response was recorded after acquiring a stable baseline
signal following an injection of H,0, into the electrochemical cell.
EIS was performed in the presence of 5.0 mM Kjs|[Fe(CN)g] and
5.0 mM Ky4[Fe(CN)g] in 0.1 M KCl with an AC peak-to-peak voltage
amplitude of 4 mV superimposed on the half-wave DC potential of
0.28 V over a frequency range from 100 kHz to 1 mHz. All results
obtained were presented as Nyquist plots and fitted with a SIM
software associated with the IM6ex impedance analyser (Zahner,
Germany).

3. Results and discussion

3.1. Characterisation of the TNTs, PANI, TNT-PANI and TNT-PANI-
GNP composites

In this work, a ternary TNT-PANI-GNP nanocomposite was
developed. Before applying the nanocomposite as a scaffold on a
biosensor, we have characterised the surface chemistry of the
nanocomposite using a range of spectroscopic techniques. The
morphology of TNTs, TNTs-PANI and TNTs-PANI-GNPs was initially
examined by FETEM and the micrographs obtained are shown in
Fig. 1(A)a, b and c, respectively. In Fig. 1(A)a, the well-separated
TNTs show a relatively uniform geometrical dimension with a
mean diameter of approximately 8—10 nm and length of a few
hundred nm, indicating the nanoscale of TNTs. The inset in Fig. 1(A)
a is a magnified portion of a, from which the wall thickness of the
TNTs was estimated to be 1.5 nm. In Fig. 1(A)b, the TNTs appear to
be enclosed by semitransparent amorphous PANI and they tend to
stack together, demonstrating that PANI was polymerised on top of
TNTs [17]. In Fig. 1(A)c, the GNPs that appear as dark spheres are
observed to be quite evenly dispersed in the TNT-PANI matrix and
are well separated from each other, indicating the successful
reduction deposition of nano-gold on TNTs-PANL. A magnified
portion of Fig. 1(A)c, shown in Fig. 1(A)d, presents a clearer image of
the TNT-PANI-GNP composite. This was used to estimate the



62 X. Liu et al. / Analytica Chimica Acta 911 (2016) 59—68

10 1/nm 10 1/nm
O —
N - — - |

Fig. 1. (A) Transmission electron micrographs of (a) TNTs, (b) TNT-PANI (c) and (d) TNT-PANI-GNP composite at different scales; (B) (a)scanning electron micrograph of a TNT-PANI
composite, (b) scanning electron micrograph of a TNT-PANI-GNP composite and (c) EDX spectrum of a TNT-PANI-GNP composite; (C) SAED patterns of (a) PANI, (b) TNT-PANI and (c)
TNT-PANI-GNP composite.
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average particle size of GNPs as 5—8 nm.

The scanning electron micrographs of TNTs-PANI and TNTs-
PANI-GNPs are used to further confirm the formation of the bi-
nary and ternary nanocomposites. The micrograph of TNTs-PANI
(Fig. 1(B)a) displays long tubular structures with<12 nm di-
ameters and several hundred nm axial lengths, which are consis-
tent with the dimensions estimated based on TEM results shown in
Fig. 1(A)a. However, PANI is not clearly observable in this figure,
most likely because of the semitransparent amorphousness of
PANI In Fig. 1(B)b, spherical particles, assumed to be GNPs, of
~8—10 nm average particle size were deposited on TNTs-PANI
without noticeable agglomeration. EDX spectrum shown in
Fig. 1(B)c was also used to investigate the elemental composition of
TNTs-PANI-GNPs. In this spectrum, the Ti and O peaks originated
from TNTs and the peak of C are attributed to PANI [18]. Most
importantly, an Au peak appearing at ~2.10 keV, contributed ~17.5%
weight to the ternary composite. The EDX results are therefore in
agreement with those obtained using TEM and SEM, supporting the
successful preparation of the ternary composite.

SAED was used to characterise the crystalline nature of PANI, the
TNT-PANI and TNT-PANI-GNP composite. In Fig. 1(C)a, the SEAD
pattern of PANI displays some diffuse and blurry rings, indicative of
the amorphous phase of the external structure of HCl doped-PANI
[19,20]. On the contrary, as shown in Fig. 1(C)b, clearer and more
distinct rings appeared in the SEAD pattern of the PANI-TNT com-
posite, which is attributed to the reflection of polycrystalline TNT
structure [21]. After the reduction of AuCl; on PANI-TNT, four
visibly bright circular rings are observed in the corresponding SAED
pattern of the ternary composite, as displayed in Fig. 1(C)c. This is in
agreement with results obtained in characterising gold
nanoparticle-doped lead lanthanum [22,23], where several clear
and bright rings in the SAED patterns of GNPs were labelled as
(111), (200), (220) and (311) reflections. Accordingly, the four rings
displayed in Fig. 1(C)c are indicative of the presence of pure crys-
talline gold nanoparticles in the ternary composite.

The corresponding characteristic X-ray diffraction patterns of
PANI (trace a), TNTs (trace b), TNTs-PANI (trace c) and TNTs-PANI-
GNPs (trace d) are displayed in Fig. 2(A). In trace a, PANI exhibi-
ted a typical 20 crystalline peak at 25.2° and two characteristic
amorphous peaks at approximately 15.1° and 20.5°, which are in
agreement with the XRD pattern of ES-PANI reported by Srivastava
et al. in characterising a TiO,-doped polyaniline composite for
hydrogen gas sensing [24]. We use this as a support for the for-
mation of ES-PANI in our work. According to Srivastava et al., the
intensity of the crystalline peak at 25.2° is noticeably larger than
the amorphous peaks, indicating that ES-PANI is not fully amor-
phous. The partial crystallinity of ES-PANI, originated from =-m
interchain stacking, has resulted in an improved charge transfer
capability and therefore electrical conductivity, which will benefit
the development of electrochemical and photoelectrochemical
biosensors [25,26]. In trace b, the 20 diffraction peaks at 9.6°, 24.7°,
28.3°, 48.9° and 61.8° are assigned to (200), (110), (600), (020) and
(002) crystal planes of orthorhombic TNTs, by comparing to the
XRD spectra of the same type of TNTs synthesised previously
[27,28]. These peaks ascribed to TNTs are also clearly observable in
the XRD pattern in trace c, in addition to the two minor peaks at
~15.6° and 20.5° that originated from ES-PANI, indicating the for-
mation of the TNT-PANI composite. Notably, the 20 peaks arising
from the TNT crystal planes have slightly shifted to 9.5°, 24.9°, 27.9°,
48.8°, and 63.1°, respectively, owing to the crystal change caused by
the strong interaction between PANI and TNT. In trace d, the peaks
at ~38.6°, 44.8°, 64.9°, and 77.8° are assigned to (110), (200), (220),
and (311) reflection of gold nanoparticles, which are consistent
with the 20 peak position of gold nanoparticles synthesised by
Paramasivam et al. [29]. In addition to the 20 peaks assigned to
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Fig. 2. (A) XRD pattern of (a) PANI, (b) TNTs, (c) TNTs-PANI and (d) TNTs-PANI-GNPs;
(B) FT-IR spectra of (a) TNTs, (b) PANI, (c) TNTs-PANI, and (d) TNTs-PANI-GNPs; (C)
Nyquist plots of 5.0 mM [Fe(CN)s]*~ and 5.0 mM [Fe(CN)s]*" at (a) a bare GCE, (b) a TNT]
[Demim|Br|Nafion|GCE, (c) a TNT-PANI| [Demim]|Br|Nafion|GCE and (d) a TNT-PANI-
GNP |[Demim]Br|Nafion|GCE in 0.1 M KCI. The two insets respectively show the cy-
clic voltammogram of 5.0 mM [Fe(CN)s]> and 5.0 mM [Fe(CN)s]* at a TNT-PANI-GNP
|[Demim|Br|Nafion|GCE in 0.1 M KCl and the equivalent circuit used in the computer
simulations of the experimental impedance plots.

GNPs, all the peaks in trace c are also identifiable in trace d,
demonstrating that GNPs were successfully deposited on the TNT-
PANI surface.

Next, FT-IR was conducted to gain structural information of
TNTs, PANI, TNTs-PANI and TNTs-PANI-GNPs and the corresponding
spectra obtained are displayed as trace a, b, c and d in Fig. 2(B). In
these traces, the O—H stretching vibration from surface hydroxyl on
all the materials has produced the broad absorption from 3000 to
3700 cm~! [30]. In trace a, the Ti—O stretching and Ti—O—Ti



64 X. Liu et al. / Analytica Chimica Acta 911 (2016) 59—68

bridging vibration can be represented by the low frequency ab-
sorption at 400-700 cm™, which is a characteristic absorption of
TiO, or titanate nanomaterials [31]. In trace b, the peak at
1242 cm™! is attributed to C—N** stretching vibration in ES-PANI
[32]. The peaks at 1299, 1126 and 797 cm™! correspond to the
C—N stretching of the secondary aromatic amine, the N=Q = N (Q
represents the quinoid ring) stretching and the aromatic C—H out-
of-plane bending vibration [33]. The peaks at 1561 ¢cm~' and
1474 cm~! are ascribed to the C—=C stretching vibration of quinoid
and benzenoid rings, respectively [34]. All these characteristic ab-
sorption peaks arise from the highly electrical conductive ES-PANI
[33,35]. As shown in trace c, both the characteristic bands of PANI
(700-1600 cm™ 1) and the absorption band attributable to Ti—O—Ti
and Ti—O vibration (400-700 cm~!) are clearly observable, indi-
cating successful formation of the PANI-TNT composite. In the FT-IR
spectrum of PANI-TNTs, characteristic PANI absorption peaks at
1561, 1474, 1299 and 1126 cm™! (shown in trace b), corresponding
to the stretching mode of C=C, C—N and N = Q = N bands, have
respectively shifted to 1574, 1490, 1305 and 1145 cm™! (in trace c).
We interpreted this as the result of strong bonding formed between
nitrogen atoms in PANI and titanate during the polymerisation step
[36]. This strong bonding would restrict the PANI chain vibration
and the electron attracting capability of titanate may then deloc-
alise some of the electrons around the nitrogen in PANI, which will
likely lead to the shifts of the FT-IR peaks of PANI to higher wave-
numbers [7]. The deposition of GNPs on the TNT-PANI has resulted
in further positive shift of the stretching mode of C=C, C—N and
N = Q = N bands, as shown in trace d, which is most likely caused
by the strong interaction between GNPs and ES-PANI [37]. The OH
stretching band of TNTs-PANI-GNPs has increased by 32 cm™!
compared to that of TNTs-PANI. This shift is probably induced by
the cleavage of OH groups from TNTs following the deposition of
GNPs [38].

EIS of [Fe(CN)6]3’/4’ was also used to study the surface features
of the four electrodes, (a) a bare GCE, (b) a TNT modified GCE, (c) a
TNT-PANI modified GCE and (d) a TNT-PANI-GNP modified GCE. In
this experiment, an AC potential of 4 mV was superimposed on the
half-wave potential of 0.28 V (see cyclic voltammogram of 5.0 mM
[Fe(CN)s]>" and 5.0 mM [Fe(CN)g]* in 0.1 M KCI in the inset of
Fig. 2(C)). The AC current was then measured to calculate the
impedance over the 100 kHz—1 mHz frequency range. The corre-
sponding imaginary impedance (Zp) versus real impedance (Zge)
Nyquist plots obtained are shown in Fig. 2(C). A semicircle in the
high frequency region and a straight line in the low frequency re-
gion are generally displayed in these Nyquist plots, indicating a
mixed electron transfer and diffusion control mechanism for the
[Fe(CN)g]*/*~ reaction at an electrode surface. The diameter of a
semicircle represents the interfacial electron transfer resistance
(Ret) of the redox probe at the modified electrode surface. Notably,
the Nyquist plot obtained at the bare electrode (trace a) exhibited a
nearly straight line with an indistinguishable semicircle, showing
an almost complete diffusion-control process and thus the best
conductivity of the bare electrode among these electrodes. Based
on an equivalent circuit (shown in the inset of Fig. 2(C)) consisting
of a constant phase element (CPE; which has incorporated the
Helmholtz double layer and surface roughness or heterogeneity of
the electrode) in parallel arrangement with both a Rer and a War-
burg diffusion impedance (Zw), which is then in series with a so-
lution resistance (Rs), theoretical Nyquist plots were generated by
optimising the parameters of these circuit elements to fit the
experimental Nyquist plots. In this way, Ret was estimated to be
255 Q at the TNT-PANI-GNP|GCE, 755 Q at the TNT-PANI|GCE and
1735 Q at the TNT|GCE. As expected, the incorporation of both PANI
and GNPs enhances electrical conductivity of the composite,
resulting in the lowest R at the TNT-PANI-GNP modified electrode.

In summary, the characterisation results have supported strong
interaction or chemical bonding formation between TNTs, PANI and
GNPs, which is expected to enhance the electrochemical charac-
teristics and chemical stability of the ternary composite. According
to previous reports [39], during the hydrothermal process, the TiO;
nanoparticles were firstly converted into planar fragments after
reacting with concentrated NaOH solution. A monolayer nanotube
was obtained through the covalent bonding and intermolecular
force between the end groups of TiO; planar fragments. Using the
monolayer as a template, multilayer TiO, nanotubes were grown
and and this eventually constituted to the formation of
Na,Ti04(OH),. We will next immobilise the ternary composite as a
scaffold for immobilising HRP on a GCE for the catalytic reaction of
H,0,. The analytical application of the modified GCE to the detec-
tion of H,0, will then be conducted.

3.2. Electrochemical characterisation and analytical applications of
modified electrodes

Fig. 3(A) shows the cyclic voltammograms of 50 mM Ny-satu-
rated PBS obtained at a TNT-PANI-GNP|[Demim|Br|Nafion|GCE
(trace a), a TNT-PANI|[Demim]Br|Nafion|HRP|GCE (trace b) and a
TNT-PANI-GNP|[Demim|Br |Nafion|HRP|GCE (trace c). A featureless
background voltammogram was observed at the TNT-PANI-GNP|
[Demim|Br|Nafion|GCE, indicating that the TNT-PANI-GNP com-
posite will not introduce any electrochemical interference to the
measurement when it is used as a biosensor scaffold. In PBS alone,
an irreversible reduction peak current appeared at ~—0.15 V was
obtained in both trace b and ¢, which has mostly likely arisen from
the direct electron transfer of HRP at both the TNT-PANI|[Demim]
Br|Nafion|HRP|GCE and TNT-PANI-GNP|[Demim]Br|Nafion|HRP|
GCE. Noticeably, the corresponding reduction current at the TNT-
PANI-GNP |[Demim]Br|Nafion|HRP|GCE has increased by ~61.7%
compared to that at the TNT-PANI|[Demim]Br|Nafion|HRP|GCE,
which indicated that the TNT-PANI-GNP matrix has facilitated the
direct electron transfer of HRP.

Fig. 3(B) shows the voltammograms of 1.0 mM H,0, in
50 mM Nj-saturated PBS at (a) a TNT-PANI|[Demim]|Br|Na-
fionlHRP|GCE and (b) a  TNT-PANI-GNP|[Demim|Br|Na-
fion|HRP|GCE. The catalytic mechanism of HRP to HO; has
previously been described by a series of reactions shown below
[40].

HRP(Fe“) + H,0, —Compound 1<Fe4+ - 0) +H,0 (1)
Compound I(Fe4+ = O) +e 4+ H"—Compound II (2)
Compound I + e~ + H* —HRP (Fe3+) +H,0 (3)

In this mechanism, HRP(Fe>™) is firstly converted to Compound I
(“Fe**=0" denotes oxyferrite) by the oxidation of H,0, (Equation
(1)). Compound I is then reduced back to HRP(Fe3*) after succes-
sively gaining two electrons from the electrode, as shown in
Equations (2) and (3).

Accordingly, in both voltammograms displayed in Fig. 3(B), a
catalytic reduction peak observed at —0.1 V is attributed to the
electrocatalytic of H>O, by HRP. However, the catalytic reduction
current towards HpO, was ~75% higher at the TNT-PANI-GNP|
[Demim]Br|Nafion|HRP|GCE (trace b) compared to that at the TNT-
PANI| [Demim|Br|Nafion|HRP|GCE (trace a), demonstrating the su-
perior conductivity and biocompatibility associated with the TNT-
PANI-GNP composite as a biosensor scaffold over the TNT-PANI
composite. Clearly, this enhancement is partly facilitated by the



X. Liu et al. / Analytica Chimica Acta 911 (2016) 59—68 65

: . — . .
0.2 0.1 0.0 -0.1 0.2 -0.3 -0.4 0.5
Potential / V

. . — . .
0.2 0.1 0.0 -0.1 0.2 -0.3 0.4 05
Potential / V

—=—Cathodic current
—»— Anodic current

Current / pA

A1 —
0 20 40 60 80 100 120 140 160 180 200
Scan rate / mVs'!

02 0.1 00 01 02 -03 -04 05
Potential / V

Fig. 3. (A) Cyclic voltammograms at (a) a TNT-PANI-GNP|[Demim|Br|Nafion|GCE, (b) a
TNT-PANI|[Demim]Br|NafionHRP|GCE and (c) a TNT-PANI-GNP |[Demim]|Br|Na-
fion|HRP|GCE in 50 mM Nj-saturated PBS (pH 7.0); scan rate: 100 mV s~'; (B) cyclic
voltammograms of 1.0 mM H,0; at (a) a TNT-PANI |[DemimBr|Nafion|HRP|GCE and (b)
a TNT-PANI-GNP|[Demim|Br|Nafion [HRP|GCE in 50 mM Ny-saturated PBS (pH 7.0);
scan rate: 100 mV s~!; (C) Cyclic voltammograms of 0.1 M N,-saturated PBS (pH7) at a
TNT-PANI-GNP|[Demim|Br|Nafion|HRP|GCE at scan rates ranging from 20 to
180 mV s~'; left inset shows a cathodic peak current versus scan rate plot and right
inset shows an anodic peak current versus scan rate plot.

direct electron transfer of HRP, which has in turn aided the redox
reaction between HRP(Fe>+) and H,0, in Equation (1) above.
Cyclic voltammetry of HRP at a TNT-PANI-GNP|[Demim|Br|Na-
fionlHRP|GCE was conducted with increasing scan rates
(20—180 mV s ') to study the electron transfer of HRP at the

ternary composite modified GCE. The voltammograms obtained are
displayed in Fig. 3(C). The inset of Fig. 3(C) shows that both the
cathodic (Ipc) and anodic peak currents (Ip,) increased linearly with
the scan rates, implying a surface-controlled quasi-reversible pro-
cess at the electrode surface. Using the Laviron equation,

logks = alog(1 — o) + (1 — a)loga — log% B a(l;;#

where ¢ is charge transfer coefficient, v is the scan rate, n, R, Tand F
have their usual electrochemical meaning, o (0.52) was initially
estimated from the slope of an anodic peak potential (Ep) versus
log v plot and a cathodic peak potential versus log » plot. By
substituting o into the Laviron equation, the heterogeneous elec-
tron transfer rate constant, ks, of HRP at the TNT-PANI-GNP modi-
fied GCE was estimated to be 4.1 s~ at 100 mV s~!, which is ~3
times faster than 1.3 s~! at a TNT-PANI modified biosensor. The
above results indicated that the direct electron transfer of HRP was
significantly improved at ternary composite modified electrodes
compared to that at the TNT-PANI modified electrodes.

The analytical performance of the TNT-PANI-GNP|[Demim]
Br|Nafion|HRP|GCE (trace a), TNT-PANI|[Demim|Br|Nafion|HRP|GCE
(trace b) and TNT|[Demim|Br|Nafion|HRP|GCE (trace c) was evalu-
ated using chronoamperometry. Based on the cyclic voltammo-
grams in Fig. 3(B), a constant potential of —0.4 V was selected for
use in the chronoamperometric experiment. Here, a 50-pL aliquot
of 35 mM H,0, was added to 50 mM PBS (pH7.0) with moderate
stirring. As shown in Fig. 4(A), the amperometric responses at the
TNT-PANI-GNP|[Demim|Br|Nafion|HRP|GCE (trace a) and the TNT-
PANI|[Demim|Br|Nafion|HRP|GCE (trace b) increased stepwise with
successive additions of H;0;, while that at the TNT|[Demim]
Br|Nafion|HRP|GCE (trace c) displays indistinguishable enhance-
ment after each addition. Furthermore, the current at the TNT-
PANI-GNP|[Demim|Br|Nafion|HRP|GCE (trace a) is ~57% larger than
that at the TNT-PANI biosensor (trace b) at the same H;0, con-
centration, demonstrating a degree of higher detection capability at
the former biosensor over that of the latter. The inset in Fig. 4(A)
shows the enlarged chronoamperometric responses at the TNT-
PANI-GNP |[Demim]Br|Nafion|HRP|GCE recorded for the first four
additions of H,0. Fig. 4(B) shows the corresponding calibration
plots obtained based on the currents at (a) the TNT-PANI-GNP|
[Demim|Br|Nafion|HRP|GCE and (b) the TNT-PANI |[Demim]Br|Na-
fion|HRP|GCE versus HO, concentration in the solution. At the
TNT-PANI-GNP|[Demim|Br|Nafion|HRP|GCE (trace a), the calibra-
tion plot between 1 and 1200 uM can be represented by the
following linear relationship (with a correlation coefficient of 0.993
(N = 25) that was found to be statistically significant at the 95%
confidence level):

Peak current/pA = 22.7 + 0.157/uA mM~! [H0;] + (1.87 + 0.105)

where the uncertainties represent the 95% confidence intervals.
Based on a signal-to-noise ratio of 3, the detection limit was esti-
mated to be 0.13 uM.

The calibration plot (with a correlation coefficient of 0.994
(N = 18) that is also statistically significant at the 95% confidence
level) for the TNT-PANI|[Demim |Br|Nafion|HRP|GCE (trace b) can be
expressed as:

Peak current/pA = 12.6 + 0.146/uA mM~! [H,0,] + (1.41 + 0.0925)

Accordingly, a linear range from 58 pM to 1050 uM and a
detection limit of 2.6 uM were achieved at this biosensor.

In summary, the analytical performance of the TNT-PANI-GNP|
[Demim|Br|Nafion|HRP|GCE has shown advantages over that of the
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Fig. 4. (A) Chronoamperometric responses of successively added H,0, at (a) a TNT-
PANI-GNP|[Demim]Br|Nafion|HRP|GCE, (b) a TNT-PANI|[Demim|Br|Nafion/HRP|GCE
and (c) a TNT|[Demim]Br|Nafion|HRP|GCE in 50 mM PBS (pH 7.0) at the operating
potential of —0.4 V. Inset: magnified chronoamperometric responses of the first four
successive H,0, additions at a TNT-PANI-GNP |[Demim|Br|Nafion|HRP|GCE. (B) The
H,0, reduction current versus H,0, concentration calibration plot at (a) a TNT-PANI-
GNP|[Demim|Br |Nafion|HRP|GCE and (b) a TNT-PANI|[Demim|Br|Nafion|HRP|GCE.

TNT modified biosensor. A comparison of the analytical perfor-
mance to other HRP biosensor is presented in Table 1, highlighting
the excellent properties of PANI and GNPs. In particular, the

T T
0.2 0.1 0.0 -0.1 -0.2 -0.3 -0.4 -0.5

Potential / V

Fig. 5. Twenty continuous cyclic voltammograms at a TNT-PANI-GNP|[Demim|Br
|Nafion/HRP|GCE in 50 mM PBS solution (pH 7.0); scan rate: 100 mV s~ .

biosensor based on the TNT-PANI-GNP has shown superiority over
those based on the TNT-PANI and GNP-TNT composites in analytical
performance, indicating that PANI as a linker can enhance the
contact between GNPs and TNTs, which has in turn improved the
analytical characteristics of the biosensor. More specifically, posi-
tively charged PANI has strongly adsorbed AuCl, on its surface and
significantly improved the deposition of GNPs. In addition, chem-
ical bonding formed between the transition metal titanium and the
nitrogen atom in PANI has improved the chemical and electro-
chemical stability of the ternary composite, which in turn gave rise
to the significant enhancement of the electron transfer of HRP and
biosensor performance when TNTs-PANI-GNPs replaced TNTs-PANI
and GNP-TNTs as the biosensor scaffold.

3.3. Stability, precision, interference and real-life sample analysis

The stability of the TNT-PANI-GNP|[Demim |Br|Nafion|HRP|GCE
was investigated by cyclic voltammetry in 50 mM PBS (pH7.0) and
the results obtained are shown in Fig. 5. After the electrode po-
tential was repeatedly scanned between 0.15 and —0.45 V at a scan
rate of 50 mV s~ ! for 20 cycles, nearly 96% of the initial peak current
was retained and there was also no observable shift in the peak
potential, demonstrating the good stability of the modified elec-
trode. In terms of long-term stability, ~94% and ~90% of the initial
peak current response was respectively retained after one and
three weeks of storage of the modified electrode at 4 °C.

Table 1

Analytical performance of some recent electrochemical HRP biosensors.
HRP biosensors Linear Range/uM Detection limit/uM Sensitivity/uA mM ! References
ZnO—GNPs—Nafion—HRP/GC 15—-1100 9.0 6.0 [42]
HRP/TiO, microspheres/Nafion/GC 0.4—-140 0.05 20.5 [9]
HRP/GE*—CNT—Nafion/AuPt NPs"/GCE 0.5—100 0.17 370 [43]
Clay-HRP-Clay/AuCS‘-GCE 39-3100 9.0 0.57 [44]
Naﬁon/HRP—GNSSd—TiOZ/GCE 41-630 59 0.33 [45]
HRP/laponite/Chit®/GCE 29-1400 5.0 1.38 [46]
LAM'-CS2@HRP/dpAu"/GCE 2.5-2900 0.83 0.595 [47]
GNP-TNT|[HIL|HRP|GCE 15-750 2.2 235 [14]
thiolated HRP-GNP-PTA-TNT| RTIL|Nafion|GCE 65—1600 5 18.1 [10]
TNT-PANI-GNP|[Demim|Br |[Nafion|HRP|GCE, 1-1225 0.13 22.7 This work
@ Graphene.
b Gold-platinum alloy nanoparticles.
¢ Gold nanoparticles stabilised by chitosan.
4 Gold nano-seeds.
€ Chitosan.
f L-arginine.
& Chitosan.

" Gold nanocrystal film.
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The repeatability of the biosensor was evaluated by 8 successive
measurements in the presence of 0.2 mM H,0, and a relative
standard deviation of 1.6% was obtained. Meanwhile, the repro-
ducibility was studied based on the detection signals at six bio-
sensors (fabricated in the same batch) in 0.2 mM H,0;, and a
relative standard deviation of 5.3% was obtained. Both tests have
demonstrated a good precision of the biosensors.

In the present work, the improved stability, prolonged life span
and satisfactory precision of the TNT-PANI-GNP|[Demim]Br|Na-
fion|HRP|GCE are attributed to the advantages of thiolated HRP and
TNTs-PANI-GNPs. The strong interaction between sulfhydryl of
thiolated HRP and GNPs has minimised the leakage of the enzyme
molecules from the biosensor, which has benefited the stability and
precision of the biosensors. Furthermore, TNT-PANI has aided in
dispersive, rather than agglomerated deposition of GNPs, which
would retain the bioactivity of HRP molecules and therefore pro-
long the life span of the biosensors.

The interference to determination of H,O, by the biosensors was
studied using several commonly coexisting interferences including
ascorbic acid, dopamine, uric acid and cysteine. In this experiment,
the concentration of the interfering species was deliberately set at
that of H,0; of 0.2 mM, although their existing level in real-life
samples is generally not expected to be higher than that of analy-
tes, so that their maximum interference can be studied. The results
showed that the amperometric responses fluctuated by 4.1%, 3.2%,
1.4% and 0.35% after spiking 0.2 mM of each of the interferences
listed above into 0.2 mM H,0; solution respectively, indicating a
high selectivity and strong anti-interference ability of the TNT-
PANI-GNP |[Demim|Br|Nafion|HRP|GCE.

Next, the analytical performance of the biosensor was evaluated
by quantitatively determining H,0- in several local disinfectant and
urine samples and the results are displayed in Table 2. The disin-
fectant samples were diluted 1000 times and the human urine
samples were diluted ten times with PBS (this was defined in line
178) (pH 7.4) to reduce matrix complexity. Some auto-oxidisable
molecules in urine were reportedly able to produce H,0, through
rapid superoxide dependent auto-oxidation reactions on exposure
to air [41]. In this table, H,O, before spiking was detected by KMnOg4
titration method. After the samples were spiked by known stan-
dard Hy0; solutions, the TNT-PANI-GNP|[Demim]|Br|Na-
fion|HRP|GCE was applied to detect the total concentration of H,0,
in the spiked solutions. A 97.6%—104.0% recovery range was ob-
tained for spiked disinfectant samples and 96.8%—105.6% for urine
samples, demonstrating the feasibility of the biosensor for the
detection of H,0; in real-life samples.

4. Conclusions

In this work, a ternary TNT-PANI-GNP composite has been
synthesised and characterised by XRD, FT-IR, TEM, SAED and EIS.
The microscopic results have demonstrated that TNTs were
encapsulated by the PANI and GNPs were evenly deposited on
TNTs-PANIL In this composite, PANI can not only improve the

Table 2
Detection of H,0, in disinfectant samples (1—3) and in urine samples (4—6).
Sample Detected’/mM Added/mM Found’/mM Recovery/% RSD/%
1 0.101 0.100 0.209 104 2.1
2 0.103 0.150 0.247 97.6 2.9
3 0.0980 0.200 0.302 101 2.7
4 0.0180 0.000 0.0190 105 44
5 0.119 0.100 0.122 102 4.1
6 0.221 0.200 0.214 96.8 3.6

2 Detected using KMnO, oxidation method [48].
b Detected at TNT-PANI-GNP|[Demim|Br |Nafion|HRP|GCE.

deposition of GNPs by electrostatic adsorption of AuCly, but also
enhance the conductivity of the TNTs. Then, voltammetric perfor-
mance of the TNT-PANI-GNP composite modified electrodes
showed that the composite has facilitated the direct electron
transfer of HRP to catalyse the reduction of H,05. In our work, HRP
was thiolated to enhance their interaction with GNPs and thus
minimise their leakage from the biosensors, which has significantly
improved the stability, precision and life span of the biosensors.
Most importantly, the analytical performance of HRP at the TNT-
PANI-GNP|[Demim|Br|Nafion|HRP|GCE has shown superiority over
that of other reported HRP biosensors, which was attributed to the
excellent biocompatibility and porous geometry of TNTs, strong
electrostatic binding ability and good conductivity of PANI, and
excellent biocompatibility and conductivity of GNPs.
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