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Abstract. The present study describes the fabrication of Indium Tin Oxide /gold nanoparticles/nickel oxide/poly(Pyrrole-
N-propionic acid) (ITO/GNPs/NiO/poly(PPA)) multilayered film, and its modification with Tyrosinase (Ty). The ITO/GNPs/
NiO/poly(PPA) electrode was fabricated by sequential electrochemical assembly onto ITO substrate which electrochemical
deposition provides a facile, inexpensive technique for synthesis of multilayered film within the adherent morphology with
controllable film thickness. Cyclic voltammetry (CV), Fourier transform infrared spectroscopy-attenuated total reflectance
(FTIR-ATR), scanning electron microcopy (SEM), and atomic force microcopy (AFM) were used to characterize the film
assembly processes. The properties of a semiconductor/electrolyte interface were investigated based on the Mott—Schottky
(M-S) approach for the modified electrodes, with the flat band potential (Erp) according to the potential intercept and the
carrier density (Np) according to the linear slopes. The Np and Erg of ITO/GNPs/NiO/poly(PPA) were obtained as
2.48-10?! em= and 0.26 V, respectively. Tyrosinase was immobilized using carbodiimide coupling reaction. The bioelectrode
was characterized by FTIR-ATR, SEM, AFM, electrochemical impedance spectroscopy (EIS). A Randles equivalent circuit
was introduced for modeling the performance of impedimetric biosensing for the detection of the dopamine (DP) and the
interface of bioelectrode/electrolyte. The EIS of the ITO/GNPs/NiO/poly(PPA)-Ty exhibited significant changes in the charge
transfer resistance (Rct) value toward the detection of dopamine over a linear range of 80 uM to 0.2 mM with a limit of de-
tection (LOD) of 5.46 uM.
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1. Introduction biomolecules. Hence, they are preferred as an im-
Conducting polymers (CPs) have been widely used in ~ mobilization matrix that provides significant advan-
advanced technologies. They are utilized for techno-  tages due to their good conductivity and mechanical
logical devices such as biosensors [1], photovoltaic  properties, and good adhesion to the electrode sur-
cells [2], light-emitting diodes [3], and supercapac-  face [5—7]. Recently, the pyrrole derivative, pyrrole-
itors [4]. Selection of a suitable solid matrix that fa-  1-propionic acid (PPA), has emerged as a novel
cilitates immobilization of the desired biomolecules  polymer matrix (poly(pyrrole-N-propionic acid)) for
is important for biosensor construction. In this context,  biosensor applications [§—10]. PPA has been applied
CPs are one of the best candidates for immobilizing  for this purpose because its carboxylic acid group
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provides immobilization for covalent linking of en-
Zymes.

In recent years, advances in bioelectrochemistry have
centered on investigations of nanomaterials. Among
a variety of nanomaterials, gold nanoparticles (GNPs),
which can be easily obtained through electrochemi-
cal techniques, are one of the most attractive due to
their interesting properties arising from larger active
surface area and improved electron transport in bio-
sensor studies [11, 12]. Metal oxide nanoparticles as
ananomaterial have drawn great attention due to their
optical, magnetic, and electronic properties [13].
Among them, nickel oxide (NiO) is a promising ma-
terial for the development of biosensors due to its high
chemical stability, high electron transfer properties,
high electrocatalytic properties, nontoxicity, and bio-
compatibility [14]. It is reported that nickel oxide
nanoparticles modified electrodes exhibited high
electrocatalytic activity toward different biological
materials [15, 16]. GNPs and NiO nanoparticles have
been reported in literature to improve the electrode's
surface area as well as its sensitivity toward analyte
[17]. It is believed that nanomaterials together with
CPs as a transducer will be widely used in the con-
struction of biosensor devices when the physico-
chemical properties of produced composite are mod-
ified for more and more particular needs [18]. In this
context, to improve the performance of electrochem-
ical biosensors, the above mentioned nanomaterials
have been composed of conductive polymer in gen-
eral, such as polyaniline, polypyrrole, and polythio-
phene [19-23]. It is expected that these composites
offer a synergic effect to overcome the limitation
(low electron mobility) of conducting polymer-based
technological applications [24]. Therefore, conduct-
ing polymers have been of great interest with both
the metal and the metal oxide nano-structures due to
their ability to generate additional electro-catalytic
sites as well as the probable electronic interactions
between these nanostructures and groups in the poly-
mer [25].

Multi-layered structures have been of interest in recent
years due to improved physical properties such as
high hardness, fracture toughness, chemical inertness
and resistance to corrosion [26, 27]. In these multi-
layer structures, multiple functions can be integrated
into a single system with their different electrochem-
ical properties [28]. To obtain multilayer configura-
tions, various alternative approaches, such as layer-
by-layer [29], bio-interactions [30], electrodeposition

[31], and covalent binding [32] have been reported.
The electrodeposition technique is useful due to its
rapidity, and simplicity. The properties of the result-
ing structures can be controlled by altering assembly
conditions, which is an advantage for obtaining the
desired properties [33].

Development of simple and reliable methods for the
immobilization of enzymes is a crucial step in the fab-
rication of biosensors. The stability, reproducibility,
and sensitivity as well as the lifetime of the biosensor
depend on the strategy of immobilization of the en-
zymes. Many methods such as adsorption of enzyme
on to the solid surface [34], incorporation into con-
ducting polymers [35], and covalent immobilization
[36], or crosslinking to a matrix [37] have been used
as valuable techniques for immobilization. Of all these
immobilization methods, covalent coupling has an
advantage in terms of leaking of enzyme during reuse,
limited electron flow and storage stability [38].

The aim of this work was to construct an impedimet-
ric dopamine biosensor based on tyrosinase which was
covalently immobilized onto a novel multilayered
film formed by electrodepositon of poly(pyrrole-N-
propionic acid), nickel oxide, and gold nanoparticles
(GNPs) onto ITO. The ITO/GNPs/NiO/poly(PPA)
electrode assembly was performed by sequential elec-
trochemical deposition. The multilayer films assem-
bling and characterization were studied by CV, FTIR-
ATR, SEM, AFM, and Mott-Schottky analysis. To
prepare enzyme electrodes, the covalent immobiliza-
tion of tyrosinase Ty was achieved by reacting amino
(-NH,) groups of Ty with a carboxyl (-COOH) group
containing poly(PPA) by using ethyl(dimethylamino-
propyl) carbodiimide/N-hydroxy succinimide (EDC/
NHS) activation (Figure 1). The performance of the
Ty based electrode (ITO/GNPs/NiO/poly(PPA)-Ty)
was investigated using impedance spectroscopy tech-
nique for detection of dopamine. This multilayered
configuration is suitable for an efficient enzyme-im-
mobilization matrix, enhancing the sensitivity and
selectivity of the biosensor.

2. Experimental

2.1. Materials and apparatus

Hydrogen tetrachloroaurate (99.99%, 254169, Sigma
Aldrich, USA), pyrrole-N-propionic acid (97%,
687545, Sigma Aldrich, USA), sodium perchlorate
(99% 381225, Sigma Aldrich, USA), acetonitrile
(99.8% 271004, Sigma Aldrich, USA), potassium
hexacyanoferrate (II1), (99%, 393517, Sigma Aldrich,
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Figure 1. Schematic diagram of electrode fabrication process and tentative mechanism of polymerization of PPA

USA), potassium hexacyanoferrate(Il) trihydrate,
(99.5% 60279, Sigma Aldrich, USA), sodium sulfate,
(99%, S6547, Sigma Aldrich, USA), tyrosinase from
mushrooms (EC 1.14.18.1, T3824, Sigma Aldrich,
USA), N-(3-Dimethylaminopropyl)-N'-ethylcarbodi-
imidehydrochloride (99%, 03449, Sigma Aldrich,
USA), N-hydroxysuccinimide (98% 130672, Sigma
Aldrich, USA), Glucose (99.5%, G8220, Sigma
Aldrich, USA), and ascorbic acid (99%, A5960, Sigma
Aldrich, USA) were used as received. The phosphate
buffer solution (pH 7.0, 0.2 M and pH 7.4, 0.1 M)
was freshly prepared using sodium phosphate dibasic
anhydrous (98.5%, 71642, Sigma Aldrich, USA), and
sodium phosphate monobasic (99%, 71505, Sigma
Aldrich, USA). An acetate buffer solution (0.1 M
pH = 4) (sodium acetate trihydrate (99%, S7670,
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Sigma Aldrich, USA), and acetic acid (71251, Sigma
Aldrich, USA) was also freshly prepared. Nickel (II)
nitrate hexahydrate, (98.5%) was purchased from
Carlo Erba Reagents. ITO-coated glass slides with
surface resistivity values of 8-12 Q/sq (703192)
were also obtained from Sigma Aldrich. Ultrapure
water (18.2 MQ-cm™) produced by ElgaPurelab Op-
tion Q (USA) was used in all experiments.

A conventional three-electrode cell configuration
was used for modified ITO substrates as a working
electrode, platinum wire served as an auxiliary elec-
trode, and Ag wire served as the reference electrode
which was checked by ferrocene. CV was performed
using Ivium vertex (software, Ivium soft and Fara-
day cage, BAS Cell Stand Cs3). SEM was performed
with a Gemini Leo Supra 35 VP. AFM analysis was
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performed using a Nanosurf Easy Scan AFM with a
scan tip of 10 um. AFM images were obtained using
a non-contact mode. EIS measurements were taken
in PBS (0.1 M pH7.4) containing 2.5 mM
[F e(CN)%’/ *+ redox probe to investigate electrodes/
electrolyte interface properties of Ty modified elec-
trode with parstat 2263 (software; Powersuit, USA).
The impedance spectra were analyzed using a ZSim-
pWin V3.22. IR spectra were recorded using FTIR
reflectance spectroscopy (Perkin Elmer, Spectrum
One B, with an ATR attachment Universal ATR-with
a ZnSe crystal, C70951, USA). The Raman spectrum
of NiO was taken using a DXR Raman spectrometer
(Thermo Scientific, Massachusetts, USA) at 532 nm.
The Crystalline structure of NiO was analyzed by
XRD (Shimadzu XRD-6000). The semiconducting
properties of modified electrodes were determined
by employing the M-S approach, using Ivium vertex
equipment. The capacitance measurements were per-
formed at a frequency of 5 kHz with applied various
biases at successive steps of 20 mV (vs. Ag). Dis-
solved oxygen was removed by bubbling nitrogen
gas for 10 minutes before M-S analysis.

2.2. Electrochemical synthesis of
ITO/GNPs/NiO/poly(PPA) electrode

GNPs and NiO nanoparticles were synthesized ac-
cording to literature [39, 40]. Electrochemical depo-
sition of GNPs and NiO were performed onto the ITO
substrate under N, saturated buffer solution due to
eliminate contribution of reduction peak current of O,
during the cathodic scan. ITO was cut in rectangular
pieces of 1X2 c¢cm and cleaned ultrasonically with di-
luted ammonia, ethanol, and distilled water for 5 min,
and then immersed in a solution of 1 mM HAuCly
ina 0.2 M phosphate buffer solution (PBS, pH = 7.0)
to the deposited GNPs, where the potential range was
from 0.1 to—0.9 V for 20 cycles and the scan rate was
0.05 V/s. After the GNP-modified ITO was cleaned
using distilled water, the NiO was deposited by scan-
ning the potential of the GNP-modified ITO (ITO/
GNPs) between —1.2 and 0 V vs. Ag wire at a scan
rate of 0.05 V/s for 20 cycles in a 0.1 M acetate
buffer solution (0.1 M ABS, pH 4.0) containing
10 mM Ni(NO3),. The modified electrode was once
again rinsed with distilled water. The polymerization
process was performed in 0.1 M NaClO4/ACN solu-
tions containing initial monomer (PPA) concentra-
tions of 10 mM onto ITO/GNPs and ITO/GNPs/NiO
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in the potential range from 0 to 1.4 V at a scan rate
of 0.05 V/s.

2.3. Covalent immobilization of tyrosinase

Ty was immobilized onto the poly(PPA) modified
electrodes using the EDC/NHS activation procedure.
The carboxyl (—COOH) groups of poly(PPA) were
activated by shaken gently for 2 h at room tempera-
ture with 5 mL of EDC/NHS solution (1:1 molar ratio,
10 mM in 0.1 M PBS buffer with pH 7.4). Activated
electrodes were then washed twice with PBS buffer
and treated with Ty solution with a concentration of
0.5 mg/mL for another 2 h at +4 °C and shaken gen-
tly. Finally, the electrodes were removed, washed twice
with PBS buffer to remove the physically absorbed
enzyme, and dried for characterization. The resulting
Ty-immobilized electrodes were named as ITO/
GNPs/poly(PPA)-Ty and ITO/GNPs/NiO/poly(PPA)-
Ty. The enzyme modified electrodes were character-
ized using FTIR-ATR, SEM, AFM, and EIS measure-
ments. Ty based electrodes were stored at 4 °C when
not in use.

3. Results and discussion
3.1. Fabrication of ITO/GNPs/NiO/poly(PPA)
electrode
The electrodeposition of GNPs, GNPs/NiO, GNPs/
poly(PPA) and GNPs/NiO/poly(PPA) are presented
in Figure 2. The application of a low potential is im-
portant in CV to grow metallic nanoparticles onto
substrates. Metallic nanoparticle deposition includes
two basic processes: nucleation arising from the large
overpotential required for nucleation onto ITO com-
pared to the deposition of gold onto gold [41], and a
particle growth step [42]. According to Figure 2a,
the curve exhibited a characteristic nucleation loop
in the first cycle [43]. The CV in the 5" cycle exhib-
ited two peaks: a reduction peak of Au** and an ox-
idation peak of Au. The reduction peak potential of
Au*" occurred at —0.48 V and the oxidation peak po-
tential of Au at —0.09 V. The reduction peak current
increased with an increase in the number of cycles
due to the growth of the GNPs [44, 45].
We deposited NiO onto the GNP-modified ITO elec-
trode by performing a cathodic potential scan (1.2 to
0.0 V) at an initial concentration of 10 mM Ni(NOs),.
NiO formation takes place via an intermediate step.
Figure 2b displays the CV of NiO onto the GNP
modified ITO. The weak peak current at —0.41 V
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Figure 2. CV scans of a) electrodeposition of GNPs onto ITO electrode at a scan rate of 0.05 V/s containing 1 mM of HAuCly
in 0.02 M phosphate buffer solution (pH 7.0), 20 cycle, b) deposition of NiO onto ITO/GNPs in 0.1 M ABS
(pH 4.0) containing 10 mM Ni(NOs3), at a scan rate of 0.05 V/s, 20 cycle, ¢) electrogrowth of poly(pyrrole-N-pro-
pionic acid) onto ITO/GNPs, d) electrogrowth of poly(pyrrole-N-propionic acid) onto ITO/GNPs/NiO; polymer-
ization conditions: [PPA]y = 10 mM, potential range: 0—1.4 V, scan rate: 50 mV-s~!, in 0.1 M NaClOg/can, 8 cycle

was due to reduction of Ni*? [39]. A large cathodic
current beyond the potential of —0.5 V in the CV in-
dicated the growth of NiO (Figure 2 b) [46]. The an-
odic peak during the anodic scan, nearly at —0.14 V,
corresponded to the dissolution of the formed metal-
lic Ni.

The CV for pyrrole-N-propionic acid (PPA) during
the electrogrowth process on the ITO/GNPs and ITO/
GNPs/NiO is presented in Figures 2c and 2d, respec-
tively. The current of the oxidative wave increased
with increasing cycle number, indicating the forma-
tion of a poly(PPA) film onto the GNPs and GNPs/
NiO modified ITO electrodes (Figures 2c, 2d). Better
polymerization was obtained in the ITO/GNPs/
poly(PPA) electrode due to the higher conductivity
of GNPs. The oxidation and reduction potentials of
the polymers shifted to slightly cathodic values in
the following order: Ep,; = 042V, Eypn = 086V,
Epc1 =030V, Epr = 0.69 V (ITO/GNPs/poly (PPA)),
Epa1= 041V, Eppp= 083V, E,;= 029V, and
Ey2 = 0.68 V (ITO/GNPs/NiO/poly (PPA)) [47].
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3.2. Electrochemical characterization of
ITO/GNPs/NiO/poly(PPA) electrode in
redox couple of Fe(IIl)/Fe(II).

The modified electrodes were characterized on basic

electrochemical redox probe of potassium ferro-

cyanide-ferricyanide. The CV scans of the bare ITO,

ITO/GNPs, ITO/GNPs/NiO, and ITO/poly(PPA) in

a redox probe of 10 mM [Fe(CN)¢]*”* containing

0.1 M KCI were recorded in the range of —0.2 to

+0.6 V and they are presented in Figure 3. ITO/GNPs/

poly(PPA) and ITO/GNPs/NiO/poly(PPA) are shown
in the inset of Figure 3. A pair of well-defined peaks
is observed for the both bare ITO electrode and the
modified ITO. The AE, of the redox couple waves
was 0.37 V for the bare ITO. An increase in the peak
current (I,aGNps/IpaBare 1o = 1.33) and a decrease in

AE, (0.35 V) were observed upon attachment of the

GNPs, indicating an increase in the source of elec-

tron transfer rate. This is attributed to the fact that the

GNPs could enhance the electrodes’ effective surface

area and conductivity. Deposition of the NiO onto the
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ITO/GNP electrode resulted in the sluggish electron
transfer of redox couple (ZpagnpsNio/IpaBare ITO =
1.25) due to presence of NiO, which has lower con-
ductivity than that of GNPs (Figure 3). However, it
showed an enhanced AE, which was 0.27 V. This in-
dicates that the surface was effectively improved by
depositing NiO. The modification of poly(PPA) with
the ITO/GNPs/NiO and ITO/GNPs electrodes result-
ed in a decrease in peak current, indicating the inhib-
ited electron transfer between the poly(PPA) modi-
fied electrodes and redox probe [Fe(CN)g]*/#~ (inset
in Figure 3). The AE, of ITO/GNPs/NiO/poly(PPA)
was 0.14 V when compared to that for ITO/GNPs/
poly(PPA), which was 0.23 V. These results indicat-
ed that the ITO/GNPs/NiO/poly(PPA) was more elec-
troactive than ITO/GNPs/poly(PPA), and the surface
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Figure 3. CV scans for bare ITO, ITO/GNPs, ITO/GNPs/NiO,
and ITO/poly(PPA) in 10.0 mM [Fe(CN); "] redox
probe containing 0.1 M KCI. Inset shows ITO/
GNPs/poly(PPA) (a) and ITO/GNPs/NiO/poly
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was effectively improved under the same process of
electrochemical deposition because of the existence
of NiO.

The stepwise assembly in the fabrication process was
also investigated using EIS. Figure 4 show the EIS
of different modified electrodes in 10 mM Fe(CN)g’/ +
as a redox probe containing 0.1 M KCl in the frequen-
cy range 10°-0.1 Hz. Figure 4 shows a well-defined
semicircle curve, indicating the charge transfer
process was obtained for both bare and modified
electrodes. The charge Rt values were obtained using
equivalent circuit model of R(Q(RW)). The R¢t for
bare ITO and ITO/GNPs were 50.51 and 8.09 Q, re-
spectively (Figure 4a). The decrease in Rct value in
the presence of GNPs revealed that the electron trans-
fer via redox couple was enhanced with the modifi-
cation of GNPs. This result is ascribed to the conduc-
tivity of GNPs. After NiO was deposited onto the
ITO/GNPs electrode, the value of Rcr increased
from 8.09 to 29.04 Q due to low conductivity of NiO
compared with the ITO/GNPs (Figure 4a). In the case
of the ITO/poly(PPA) electrode (inset in Figure 4b),
the Rct was 166.10 Q. This result is attributed to the
fact that the poly(PPA) is not a good conductor com-
pared with GNPs and NiO which can obstruct the
electron transfer of redox probe [Fe(CN)g]* 74", There-
fore, the impedance value increased for ITO/poly
(PPA). After the poly(PPA) was deposited onto the
ITO/GNPs/NiO electrode, the Rcr value for ITO/
GNPs/NiO/poly(PPA) decreased from 24.34 to
20.12 Q, implying that NiO facilitates the electron
transfer between the redox probe and the electrode
(Figure 4b).
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Figure 4. Electrochemical impedance spectra for a) bare ITO, ITO/GNPs, and ITO/GNPs/NiO, b) ITO/GNPs/NiO/poly(PPA),
ITO/GNPs/poly(PPA), and ITO/poly(PPA) in 10.0 mM [F e(CN)g’M’] redox probe containing 0.1 M KCl in the fre-
quency range 10°-0.1 Hz. The AC voltage amplitude was 10 mV and the applied potential was 200 mV
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3.3. Redox behavior of
ITO/GNPs/NiO/poly(PPA) electrode in PBS
The redox behavior of ITO/GNPs/NiO/poly(PPA)
was compared with that of ITO/GNPs/poly(PPA) to
investigate the effect of NiO. Figure 5a represents
the cyclic voltammograms of ITO/GNPs/poly(PPA)
and ITO/GNPs/NiO/Poly(PPA), and the inset of Fig-
ure Sa shows the cyclic voltammograms of ITO/
GNPs/poly(PPA) and ITO/poly(PPA) in 0.02 M PBS
(pH = 7) at a scan rate of 100 mV-s™!. As shown in the
inset of Figure 5a, no clear electrochemical response
was observed at poly(PPA) for the neutral solution,
indicating the absence of reaction peak current in the
scanning potential range. The CV of the ITO/GNPs/
poly(PPA) electrode (Figure Sa inset) exhibited peaks
at ~0.42 and ~0.94 V, which corresponded to two
well-established redox couples of electro-reduction
and electro-oxidation of Au [48]. A pair of well-de-
fined redox peak couples were also observed for
ITO/GNPs/ NiO/poly(PPA), with an enhanced redox

activity (the peak currents were obviously enhanced
nearly ten times when compared to ITO/GNPs/poly
(PPA)), which can be related to the strong effect of the
modification of NiO that can intensify currents due
to the contribution of a redox couple (Ni** <> Ni*")
of NiO [49] (Figure 5a).

The influence of potential scan rate on the electro-
chemical behavior of ITO/GNPs/NiO/poly(PPA) and
ITO/GNPs/poly(PPA) was also investigated. The
redox behavior of GNPs/NiO/poly(PPA) is given in
Figure 5b, and the inset of Figure 5b shows ITO/
GNPs/poly(PPA) obtained at different scan rates in
0.02 M PBS (pH = 7). As shown in Figure 5b, the peak
currents linearly increased with the scan rate, which
ranged from 50 to 500 mV-s~!. The peak-to-peak sep-
aration widened with the increase in scan rates. The
effect of varying scan rate with the peak current re-
sponse of modified electrodes is shown in Figure 5c.
According to Figure 5c, both the anodic and cathodic
peak currents are proportional with the scan rate
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Figure 5. CV scans of a) ITO/GNPs/poly(PPA) and ITO/GNPs/NiO/Poly(PPA)-modified ITO. Inset of a) shows ITO/poly(PPA)
and ITO/GNPs/Poly(PPA) at 100 mV-s™! in 0.02 M PBS (pH = 7), b) scan rate dependences of CV for ITO/GNPs/
NiO/Poly(PPA); inset of b) shows scan rate dependences of CV for ITO/GNPs/Poly(PPA) scan rate: 50, 100, 150,
200, 300, 400, 500 mV-s~! in 0.02 M PBS (pH = 7), ¢) anodic and corresponding cathodic peak current vs. scan rate
of ITO/GNPs/poly(PPA) and ITO/GNPs/NiO/Poly(PPA)
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(correlation coefficients of Ra, = 0.9988 and Ry =
0.9976 for ITO/GNPs/NiO/poly(PPA) and Ra, =
0.9991 and Ry = 0.9939 for ITO/GNPs/Poly(PPA)
in the range of 50 to 500 mV-s~! (Figure 5c). These
findings indicate that electrochemical processes are
surface controlled [50].

3.4. Interfacial properties of
ITO/GNPs/NiO/poly(PPA)
electrode/electrolyte

M-S analysis provides important information about

the semiconducting properties of modified electrodes

in contact with electrolytes, and it is commonly used
to estimate the dopant density and flat band potential
of a semiconductor/electrolyte interface. Charges are
transferred between the semiconductor and the so-

lution phase when they come into contact [51]. M-S

analysis occurred through the graphing of the inverse

square of space-charge capacitances (1/Csc?) against
the various applied potentials. M-S analysis was per-
formed in an aqueous solution of 1 M Na,;SOy4. The

M-S plots of ITO/NiO, ITO/GNPs/NiO, ITO/GNPs/

poly(PPA), and ITO/GNPs/NiO/poly(PPA) are shown

in Figure 6. The M-S equation can be expressed in

Equation (1) [52]:

1 _ 2 knT
T%CA2 (88peND><E_EFB_ ]Z ) Q)

where Csc is the space-charge capacitance, 4 is the
area, Np is the carrier density, £ is the applied volt-
age, Eypp is the flat band potential, kg is Boltzmann’s
constant, 7 is the absolute temperature, e is the elec-
tronic charge, € is the vacuum permittivity, &, is relative
permittivity of NiO or poly(PPA), and Np is the
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carrier density. In the present study, we assumed &,
was 10 for poly(PPA) and 12 for NiO [53, 54]. It was
reported in the literature that NiO exhibits p-type
conductivity [55]. In this study, the resulting NiO was
a p-type semiconductor, presenting negative slope in
the linear region of the M-S plot. The negative slope
of the M-S plot also revealed that the GNPs/poly(PPA)
and GNPs/NiO/poly(PPA) hybrid electrodes were
p-type semiconductors (Figue 6b). Np was calculated
from the slope of the M-S plot. The results are shown
in Table 1. GNPs/NiO showed remarkably higher
slopes in the M-S plot as compared to NiO, indicat-
ing a lower value of Cgc at the GNPs/NiO-elec-
trolyte interface than at the NiO-electrolyte interface
[56]. The Np of NiO and GNPs/NiO was 3.48-107!
and 0.24-10?! cm™3, respectively. The GNPs/NiO/
poly(PPA) (2.48-10%' cm™) electrode showed slight-
ly higher carrier concentration than that of GNPs/
poly(PPA) (2.19-10?! cm™) (Table 1). The flat band
potential (Egg) of the semiconductor is provided as
the intersecting E-axis of the plot. Epg for GNPs/poly
(PPA) was 0.25 V and Erg of GNPs/NiO/ poly(PPA)
was 0.26 V. The values of Np and Egg for ITO/GNPs/
NiO/poly(PPA) and ITO/GNPs/poly(PPA) were very
similar, indicating that the last coated poly(PPA) film
manifested the interfacial properties.

Table 1. Semiconducting parameter of modified electrode

. Eyp Np 102" | Carrier
Modifed ITO
[Vl [em~] type
NiO 0.29 3.48 P
GNPs/NiO /poly(PPA) 0.26 2.48 P
GNPs/ poly(PPA) 0.25 2.19 P
GNPs /NiO 0.27 0.24 P
4
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& GNPs/NiO/poly(PPA)
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Figure 6. M-S plots for modified electrodes a) ITO/GNPs/NiO and ITO/NiO —inset corresponds to NiO and b) ITO/GNPs/

poly(PPA) and ITO/GNPs/NiO/poly(PPA)
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3.5 Spectroscopic, structural, and
morphologic characterization of
fabricated electrodes and tyrosinase
immobilization

Figure 7 shows the XRD patterns of the NiO film.

The peaks at 38.19, 44.1, 64.61, 75.38, and 77.45° can

be assigned to (111), (200), and (220) (311) (222) re-

flections of cubic the NiO phase [57]. The FTIR

ATR spectra of NiO, poly(PPA), GNPs/NiO/poly

(PPA), GNPs/poly(PPA)-Ty, and GNPs/NiO/poly

(PPA)-Ty are shown in Figure 8. As shown in Fig-

ure 8a, NiO exhibited a weak absorbance peak at

3311 cm™, related to the stretching vibration of the

interlayer water molecule [58] The peaks at 1246,

903, and 786 cm™! are attributed to the stretching band

of NO; [59]. The weak peak of stretching vibration

at413 cm™! can be attributed to nickel-oxygen inter-
action. The strong peak at 638 cm™! belongs to the for-
mation of hydroxide phase [46]. The Raman spec-
trum of NiO is shown in the inset of Figure 8a. The

bands at 564 cm™! indicated the presence of NiO [58].

As shown in Figure 8b, the strong peak observed at

1704 cm™! belongs to the C=0 vibration of the car-

boxylic acid substituent of the pyrrole ring. The ab-

sorbance peaks observed at 1550 and 1393 cm™! are

attributed to the stretching vibrations of the C-C,

C=C and C—-N groups in the PPy ring, respectively

[60]. The peak at 1181 cm™! is attributed to C—H or

C—N in-plane vibration [61]. The bands at 912 and

771 cm™! were attributed to the =C—H in-plane vi-

bration and out-of-plane vibration, respectively [62].

The strong absorption bands at 1086 cm™! indicate

that poly(PPA) film is highly doped with the anion

of Cl1O4 [63]. GNPs/NiO/poly(PPA)-Ty and GNPs/
poly(PPA)-Ty samples showed new peaks around

=
—

(200)

Intensity [a.u.]

26[°]

Figure 7. XRD pattern of NiO film
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1710-1590 and 1510-1490 cm™!, which is charac-
teristic of the —C=0 stretching of amide I and the N-H
bending of amide II for the -CO-NH- bond formed
between the enzyme and polymer, respectively (Fig-
ure 8c) [64].

SEM and AFM measurements were performed to in-
vestigate the surface modification process and to
monitor the success of enzyme immobilization. SEM
images of ITO/GNPs, ITO/GNPs/NiO, ITO/GNPs/
poly(PPA), ITO/GNPs/NiO/poly(PPA), ITO/GNPs/
poly(PPA)-Ty, and ITO/GNPs/NiO/poly(PPA)-Ty are
shown in Figure 9. As shown in Figure 9a, GNPs with
a quasi-spherical shape were covered with a relatively
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Figure 8. FTIR-ATR spectra of a) NiO b) poly(PPA), GNPs/
NiO/poly(PPA), and c¢) GNPs/poly(PPA)-Ty and
GNPs/NiO/poly(PPA)-Ty; the inset of a) shows the
Raman spectrum of NiO
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Figure 9. SEM images of a) ITO/GNPs, b) ITO/GNPs/NiO, c¢) ITO/GNPs/poly(PPA), d) ITO/GNPs/NiO/poly(PPA)
¢) ITO/GNPs/poly(PPA)-Ty, and f) ITO/GNPs/NiO/poly(PPA)-Ty; insets show EDS spectrum

uniform distribution and with an average particle size
of 74.49 nm, measured by using ImageJ1.48v. The
deposition of NiO on top of the GNP-modified ITO,
as shown in Figure 9b, resulted in large spherical
nano-agglomerates. They did not cover an entire por-
tion of the GNPs and were located sparsely on top
of the GNPs. The growth characteristic of NiO was
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found to be enlarged to 357.96 nm. The GNPs and
GNPs/NiO were also characterized by the EDS to
show the presence of GNPs and NiO in the modifi-
cation process (see inset in Figure 9a, and 9b). The
results revealed the presence of Au, Ni, and oxygen,
and this further confirmed the existence of GNPs and
NiO in the electrode assembly. Figure 9¢ and 9d
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show the SEM image of poly(PPA) films onto the
ITO/GNPs and ITO/GNPs/NiO electrodes. The image
of poly(PPA) film onto GNPs (Figure 9¢) showed a
homogeneous morphology with a spherical granular
shape covering the GNPs, whereas the image of
poly(PPA) film onto GNPs/NiO showed porous
structures (Figure 9d). Images of immobilized Ty
onto GNPs/poly(PPA) and GNPs/NiO/ poly (PPA)
are shown in Figures 9e, and 9f. The enzyme-immo-
bilized electrodes showed a very distinctive structure
as compared to that of pure ITO/GNPs/ poly(PPA)
and ITO/GNPs/NiO/poly(PPA). ITO/GNPs/poly
(PPA)-Ty displays a swelled spherical granular-like
structure as compared to the non-immobilized poly-
mer matrix (ITO/GNPs/poly(PPA)), and the diameter
of granules is larger than that of ITO/GNPs/ poly(PPA)
(Figure 9¢). After immobilization of the Ty onto the
ITO/GNPs/NiO/poly(PPA), the pores of ITO/GNPs/
NiO/poly(PPA) disappeared, and the enzyme-loaded

swelled granules were observed clearly on the ITO/
GNPs/NiO/poly(PPA)-Ty electrode (Figure 9f). These
results confirm that Ty was successfully immobilized
onto the ITO/GNPs/poly(PPA) and ITO/GNPs/NiO/
poly(PPA) electrodes.

The two-dimensional (2D) and three-dimensional
(3D) surface topographies of modified electrodes are
illustrated in Figure 10. Modification of the ITO sur-
face results in variation in surface topographies. The
RMS surface roughness value of bare ITO (the graph
is not shown here) increased from 4.34 to 23.01 nm
with the modification of GNPs (Figure 10a). The
other RMS surface roughness values were 10.57,
10.72, and 21.31 nm for ITO/GNPs/poly (PPA), ITO/
GNPs/NiO, and ITO/GNPs/NiO/poly (PPA), respec-
tively. The roughness changed from 10.57 (ITO/GNPs/
poly(PPA)) to 14.21 nm (Figure 10e) and from 21.31
(ITO/GNPs/NiO/poly(PPA)) to 8.62 nm (Figure 10f)
after Ty immobilization onto the electrodes. The

Figure 10. 2D-3D AFM topographies of a) ITO/GNPs, b) ITO/GNPs/NiO, c¢) ITO /GNPs/poly(PPA), d) ITO/GNPs/NiO/
poly(PPA), e) ITO/GNPs/poly(PPA)-Ty, and f) ITO/GNPs/NiO/poly(PPA)-Ty
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change in surface roughness also confirmed that the
Ty immobilization onto the ITO/GNPs/NiO/poly
(PPA) and ITO/GNPs/poly(PPA) electrodes was suc-
cessful.

3.6. Electrochemical impedance spectroscopy
study of Ty based electrode
(ITO/GNPs/NiO/poly(PPA)-Ty)

EIS is a versatile technique describing the response

of an electrochemical process taking place at the

electrode solution interface [65]. It has been demon-
strated that EIS measurements can provide signifi-
cantly more sensitive responses than amperometric
techniques for the detection of some biomolecules

[66, 67]. To investigate the dopamine (DP) sensing

characteristics of the [ITO/GNPs/NiO/poly(PPA)-Ty,

EIS was performed in the frequency range 100 mHz

to 10° Hz. The optimal working potential was set to

+0.200 V. Dopamine (from 80 uM to 1.2 mM) was
injected into the 0.1 M PBS (pH = 7.4) containing

2.5 mM [Fe(CN)g’M’] redox probe In order to rep-

resent the variation of the impedance with variation

of dopamine concentrations, the Nyquist and Bode

Magnitude plots of the ITO/GNPs/NiO/poly(PPA)-

Ty after exposure to different concentration of

dopamine have been provided in Figure 11. As shown

in Figure 11a, The Nyquist plot presents a semicircle
region at the high frequency region due to the elec-
tron transfer process, followed by a straight line due
to diffusion transfer limited process. Bode magni-
tude plots given in Figure 11b. Considerable changes
were obtained in the |Z] values with the variation of
dopamine concentration at the frequency of below
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150 Hz. However, negligible changes were observed
in the |Z] values in the high frequency region for the
ITO/GNPs/NiO/poly(PPA)-Ty, showing a purely re-
sistive behavior due to the presence of solution re-
sistance Rg [68]. Figure 12 shows the Bode phase
plot. In the intermediate frequency region, a phase
angle, reached greater than 30° but less than 90°, was
observed to increase, and shifted with increasing con-
centration of dopamine to higher value of frequency,
indicating a dielectric pseudo capacitive behavior at
the bioelectrode/solution interface [68, 69].

The of R(Q(RW)), given in inset Figure 12, comprises
a solution resistance (Rg), a charge transfer resist-
ance (Rcr), a constant phase element (CPE) used in-
stead of Cy in equivalent circuit due to inhomoge-
neous electrode, roughness or fractional geometry and
electrode porosity [70], and Warburg element (/)
was used to fit impedance diagrams.

CPE can be represented by Equation (2)

1

Y, (joo)' @
where j is /(= 1), Yy is CPE parameter which is fre-
quency-independent, » is the angular frequency
[71], and n describes the deviation from an ideal ca-
pacitor and arises from the slope of the logZ versus
logf plot. If an n value is 0, Zcpg corresponds to a
pure resistor; when n is 0.5, Zcpg denotes Warburg
behavior [72], while n = 1, Zcpg represents an ideal
capacitor. The deviation of frequency (o) exponent
n from ideal values, where 7 is equal to 1 for a smooth
surface, is attributed to the inhomogeneities of ana-
lyzed layer, such as roughness or defects.

ZCPE

Blank
80 uM
100 pM
120 uM
140 uM
160 uM
180 uM
200 uM
300 uM
400 pM
600 puM
100 Q 800 uM
—_ 1000 pM
— 1200 uM

600 4 N

T
.
l.-
/ + Dopamine

» Mixtures

Z,

€

400

1Z] [€2]

200 4

102 10" 10° 10' 10® 10° 10* 10° 10°

b) Frequency [Hz]

Figure 11. a) Nyquist b) Bode magnitude plots of ITO/GNPs/NiO/poly(PPA)-Ty electrode in PBS (0.1 M pH = 7.4) buffer

solution at various dopamine concentrations containing 2.5 mM [Fe(CN);

2% redox probe; frequency range was

10°-0.1 Hz. The AC voltage amplitude was 10 mV, and Epc = 0.2 V; Inset of b) shows the selectivity of

ITO/GNPs/poly(PPA)-Ty electrode.
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Figure 12. Bode phase plots of GNPs/NiOx/poly(PPA)-Ty
electrode in PBS (0.1 M pH = 7.4) buffer solution
at various dopamine concentrations containing
2.5 mM [Fe(CN)g’M’] redox probe; frequency
range was 10°—0.1 Hz. The AC voltage amplitude
was 10 mV, and Epc=0.2 V.

The impedance parameters extracted from equiva-
lent circuit modeling using the software ZSimpWin
V3.22 are given in Table 2. A Small Chi-squared func-
tion (y2) is found in the order of 10~* suggesting an
appropriate equivalent circuit. A comparison the
changes in the values of different circuit elements
after each obtained impedance spectrum with subse-
quent addition of dopamine are shown in Table 2. The
values of Rct decrease with the increasing concen-
tration of dopamine as shown in Table 2. In an enzy-
matic reaction, the generated electrons during the ox-
idation of DA are transferred to ferricyanide ion. Thus,
ferricyanide is reduced to ferrocyanide. Ferrocyanide
is finally oxidized to ferricyanide at the electrode

surface. The change in the Rct value during DA
detection arises from generation of electrons during
enzymatic reaction, and hence, reduction of ferri-
cyanide to ferrocyanide [73]. A decrease in Y value
was also observed with subsequent addition of
dopamine, indicating a decrease in capacitive behavior
of the ITO/GNPs/ NiO/poly(PPA)-Ty bioelectrode
(Table 2) [69].

The calibration curve is constructed using the
charge transfer resistances (ARct = ReTBlank — ReTn)
(Figure 13), and using the modulus of impedance
(1Z]) which result at a frequency of 11.72 Hz from
the Bode magnitude plot vs. concentration of
dopamine. A linear relationship between change in
ARct and |Z] concentration of DA (80 uM—0.2 mM
) has been observed (Figure 13) with best fitting to
the linear regression equation of ARct [kQ-cm?] =
0.681 — 1.20-1072-C/(uM), with a correlation coef-
ficient (R*) of 0.95, and |Z][kQ-cm?]=
0.087 + 4.16-10*-C/(uM) with a correlation coeffi-
cient (R?) of 0.98. The sensitivity of the ITO/GNPs/
NiO/poly(PPA)-Ty electrode was determined as
1.20-102 kQ-cm?/uM. The LOD was calculated
from the standard deviation of blank signal (Sg) and
slope of calibration curve (b) using the equation of
3Sg/b, which was 5.46 uM.

The selectivity of ITO/GNPs/NiO/poly(PPA)-Ty bio-
electrode (inset in Figure 11b) studied in presence of
DA (100 uM) with the equal molar of interferents
which are ascorbic acid (100 uM) and glucose
(100 uM). ITO/GNPs/NiO/poly(PPA)-Ty bioelec-
trode is not significantly affected in the presence of

Table 2. The system parameters obtained arising from the fitting of the Nyquist diagram of ITO/GNPs/NiO/poly(PPA)-Ty
electrode with the equivalent circuit of R(Q(RW) concentration range of 0—1200 uM

[DA] R, Q(CPE) (Y,/S) Rer W (YolS) Chi-squared
[uM] [Q-cm?] [s™cm™2 " [kQ:-cm?] [s%5-cm2 error-10~*
0 71.14 1.63-1073 0.52 1.97 1.91-102 14.70
80 70.81 1.53-1073 0.52 1.62 1.38-10°! 14.00
100 69.84 1.54-1073 0.60 1.51 3.27-102 14.80
120 70.46 1.48-1073 0.49 1.33 1.04-107 8.22
140 69.29 1.31-1073 0.48 0.88 2.69-102 11.10
160 68.43 1.00-1073 0.50 0.52 7.92:1073 5.56
180 68.80 8.02-10* 0.53 0.41 1.02:1073 8.17
200 69.16 6.30-10* 0.55 0.34 9.37-1073 8.43
300 68.82 4.17-10* 0.59 0.27 1.08:102 7.06
400 68.40 4.71-10* 0.58 0.23 1.30-102 7.70
600 68.41 3.88:10* 0.59 0.24 1.52:102 7.44
800 68.35 3.22:10* 0.61 0.22 1.82:102 7.23
1000 69.02 2.32:10* 0.65 0.21 1.99-102 6.12
1200 69.16 2.08:10* 0.66 0.21 2.33-102 6.19
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Figure 13. a) RerBlank — Rea Vs. dopamine concentration for ITO/GNPs/NiOx/poly(PPA)-Ty electrode, b) |Z| vs. dopamine
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responding calibration curve

Table 3. Comparison of different tyrosinase based biosensors for DA detection

Lineari LOD

Electrode Method (M] ty (M] Ref.
Glutaraldehyde/Egg-shell membrane-Ty DPV 5-10°-2.5-10* 2.500-107 [74]
MEAs-SV-hfr CA 5:10°-2.5-10* 1.460-107 [75]
PEDOT-Ty CA 1-10°-1.5-10* 5.580-107° [76]
polyacrylamide microgels-Ty CA 1.2:10%-3.6-10* 3.960-107° [77]
Ty/NiO/ITOPET (6\% 2:10°-1-10* 1.038-10°6 [78]
PEDOT-CNT-Ty cv 1-104-5-10* 11.000-10°¢ [79]
Ty—-SWNTs—Ppy CcvV 5:10°%-5-107° 5.000-107° [80]
GNps/NiO/poly(PPA)-Ty EIS 8:10°-2-10* 5.460-10°° This Study

interferents during DP detection. The analytical
performances of the proposed biosensor are compa-
rable with other reports previously published in the
literature (see Table 3).

4. Conclusions

GNPs/NiO/poly(PPA) multilayered film was elec-
trochemically deposited onto the ITO substrate. The
electrode assemblies were characterized by CV,
SEM-EDX, AFM, and FTIR-ATR analysis. A strong
relationship was observed among electrochemical
and morphological features of the modified elec-
trodes. The NiO based electrodes showed improved
properties compared with those of Au included alone.
An M-S approach was used to examine the semicon-
ducting properties of the modified electrodes. Cova-
lent immobilization of Ty onto the electrodes was per-
formed using EDC NHS chemistry. Morphologic and
spectroscopic results have proven that the enzyme
successfully immobilized onto the electrode. The bio-
sensing characteristic of Ty based electrode (GNPs/
NiO/poly(PPA)-Ty) vs. dopamine was investigated
with the equivalent circuit of R(Q(RW)) using the

EIS technique. The sensitivity and LOD of the ITO/
GNPs/NiO/poly(PPA)-Ty electrode was determined
as 1.20-1072 kQ-cm?/uM, 5.46 uM, respectively.
These findings demonstrate that the GNPs/NiO/poly
(PPA) film is a promising electrode material to inte-
grate enzymes via EDC NHS coupling, which could
provide an analytical access to a large group of en-
zymes for biological applications including bio-
Sensors.
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