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Monitoring the concentration levels of hydrogen peroxide (H203) is significant in both clinical and industrial
applications. Herein, we develop a facile biosensor for the detection of HoO5 based on direct electron transfer of
hemoglobin (Hb), which was covalently immobilized on a hydrophobic naphthylimidazolium butyric acid ionic

gier:l:tg:l):ci;ochemistr liquid (NIBA-IL) over a multiwalled carbon nanotube (MWCNT) modified glassy carbon electrode (GCE) to
Biosensor v obtain an Hb/NIBA-IL/MWCNT/GCE. Highly water-soluble Hb protein was firmly immobilized on NIBA-IL via

stable amide bonding between the free —NH; groups of Hb and —COOH groups of NIBA-IL via EDC/NHS
coupling. Thus fabricated biosensor showed a well resolved redox peak with a cathodic peak potential (Ep) at
—0.35 V and anodic peak potential (Ep,) at —0.29 V with a formal potential (E°*) of —0.32 V, which corresponds
to the deeply buried Fe'"/Fe!! redox centre of Hb, thereby direct electrochemistry of Hb was established. Further,
the modified electrode demonstrated very good electrocatalytic activity towards HpoO2 reduction and showed a
wide linear range of detection from 0.01 to 6.3 mM with a limit of detection and sensitivity of 3.2 pM and 111 pA
mM ! em ™2, respectively. Moreover, the developed biosensor displayed high operational stability under dynamic
conditions as well as during continuous potential cycles and showed reliable reproducibility. The superior
performance of the fabricated biosensor is attributed to the effective covalent immobilization of Hb on the newly

developed highly conducting and biocompatible NIBA-IL/MWCNT/GCE platform.

1. Introduction

Hydrogen peroxide (H202) is an essential oxidizing and reducing
agent and plays a vital role in pharmaceutical, food manufacturing,
textile, mining, clinical and environmental applications [1-3]. More-
over, HyO3 is involved in several biological and biochemical processes in
living organism especially apoptosis, immune cell activation, stomatal
closure, vascular remodelling and enzyme catalysis [4]. It is well known
that a high concentration of HyO2 (>millimolar levels) in cell prolifer-
ation will lead to various types of diseases in the body, such as cancer,
Parkinson’s disease, Huntington’s disease, Alzheimer’s disease and
neurodegenerative disorders [5,6]. In view of this, the determination of
H20; concentration is of practical significance in both healthcare and
environmental sector as well. Therefore, there is a crucial need to
develop cost-effective, rapid, sensitive and selective HyO9 sensors. So
far, various analytical methods such as titrimetry, chemiluminescence,
high performance liquid chromatography, fluorescence, colorimetry and
electrochemical methods have been employed to monitor HyO2 con-
centrations [7-11]. Among them, electrochemical determination of
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H,0, stands superior owing to its easy operation, good sensitivity,
selectivity, simple instrumentation and extendable for real-time analysis
[12-14].

The electrochemical determination of HyOy could be performed
either enzymatically or non-enzymatically. Many researchers have made
substantial efforts in designing materials for the non-enzymatic sensing
of HyO, [15,16], however these non-enzymatic sensors often result in
insufficient selectivity. To accomplish good selectivity, sensitivity and
reproducibility, enzymatic sensors can be used as an appreciable probe
for the determination of HyO, owing to the rapid biocatalytic reactions
of the biological recognition element. In this respect, heme containing
proteins and enzymes including myoglobin, cytochrome c, horseradish
peroxidase and hemoglobin (Hb) are widely used in quantification of
H,0; [17-19]. Among them, Hb plays an important role as an oxygen
carrier and the iron present in porphyrin ring can undergo several redox
reactions essential for the biological process of organisms. Further, Hb
has the potential to be incorporated in an electrochemical biosensor to
study the electrocatalytic behaviour of many analytes. Interestingly, Hb
exhibits peroxidase like activity and hence Hb based biosensors are
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commonly used for the quantitative detection of H,O5. However, the
direct electron transfer (DET) between heme redox centre and electrode
surface is more complicated as the active iron centre are deeply
embedded in non-conductive dense polypeptide chain [20]. To
circumvent this communication issue and to facilitate the DET, different
kinds of materials including nanoparticles, biopolymers, bio-membranes
and surfactants, possessing large surface area, tunable porosity,
biocompatibility and higher conductivity are continuously being
explored [21].

Ionic liquids (ILs) have been widely used in the fabrication of elec-
trochemical sensors and biosensors due to their excellent properties such
as superior ionic conductivity (>30 mS cm’l), a wide electrochemical
window (up to 5.0 V), tuneable viscosity and biocompatibility [22,23].
Functionalized ILs are a class of ILs with appropriate functionality
designed for task-specific applications [24,25]. Different functionalised
ILs with hydroxyl (—OH), amine (NHy), aldehyde (—CHO), sulfonic acid
(—SO03H), thiol (—SH) and nitrile (—C=N) groups have been synthe-
sized and utilized for various applications in their respective fields [26,
27]. Meanwhile, platforms with carboxyl functionality (—COOH) have
received significant attention in electrochemical biosensors for covalent
immobilization of biomolecules through amide bond formation [28].
Thus, we have developed a phosphonium based IL comprising carboxyl
functional group and employed towards immobilization of cytochrome ¢
[29]. However, the phosphonium IL affords limited synthetic versatility,
which motivated us to design ILs with tailor-made features to ensure
firm immobilization and enhanced electrical communication. Mean-
while, imidazolium based ILs have received great attention due to their
n-conjugated heterocyclic five-membered ring system and these ILs offer
excellent synthetic versatility and tuneable physicochemical properties.
Accordingly, we sought to prudently design an imidazolium IL with
naphthyl substitution and also carboxyl functional groups for the
effectual immobilization of Hb.

In the present work, naphthylimidazolium butyric acid ionic liquid
(NIBA-IL) was synthesized and immobilized on a multiwalled carbon
nanotube coated glassy carbon electrode (MWCNT/GCE) to afford
NIBA-IL/MWCNT/GCE as a novel and effective platform for the immo-
bilization of biomolecules. In this work, a carboxylic acid functionalised
IL will be used for the covalent immobilization with amine groups of Hb
protein. Further, naphthyl group of IL with extensive n-electron cloud
would aid the firm immobilization on the MWCNT/GCE via 7—r stack-
ing, and the IL form of the molecule would render high conductivity for
the system and biocompatible microenvironment for Hb protein [30].
MWCNTs would provide augmented electronic conductivity along with
IL to facilitate the DET of deeply embedded Fe"/Fe!' redox centre of Hb.
The modified electrode is fabricated by immobilizing Hb on NIBA-IL
based platform through stable amide bond formation using 1-eth-
yl-3-(3-dimethylaminopropyl)carbodiimide hydrochloride (EDC)/N--
hydroxysuccinimide (NHS) coupling reaction to form a
Hb/NIBA-IL/MWCNT/GCE. The proposed biosensor was electrochemi-
cally characterized using cyclic voltammetry and distinct redox peak
corresponding to the redox couple of Hb (Fe''/Fe')) was observed.
Further, the electrocatalytic efficacy of the modified electrode towards
determination of HyO4 under static and dynamic condition was inves-
tigated and the biosensor exhibited a wide linear range with good
sensitivity and low detection limits. Also, the fabricated biosensor has
shown excellent selectivity, stability and reproducibility towards HoO5
determination.

2. Experimental
2.1. Chemicals and materials

Hemoglobin porcine (Iyophilized powder), 1-naphthaleneacetic acid
(>95 %), 1-(3-aminopropyl) imidazole (97 %), 4-bromobutyric acid (98

%), bis(trifluoromethane)sulfonimide lithium salt (99.95 %), EDC (>97
%), NHS (98 %), thionyl chloride (>99 %), and MWCNTSs (>90 % carbon
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basis) were procured from Sigma-Aldrich, India. All solvents and re-
agents of analytical grade were used as received. A GCE (CH In-
struments, USA) with a geometric area of 0.071 cm? was used as the
working electrode. In our work, 0.1 M phosphate buffer (pH 7.0) was
employed as the supporting electrolyte, which was prepared by mixing
NaH,PO4 and NayHPO4. EDC/NHS solutions were prepared using the
0.1 M phosphate buffer (pH 7.0). All aqueous solutions used in elec-
trochemical measurements were prepared using Milli-Q water (18.2 MQ
cm at 25 °QC).

2.2. Instrumentation

1H, 13C, 19F Nuclear magnetic resonance (NMR) spectra were
recorded using a Bruker spectrometer in DMSO-ds and CDCl; deuterated
solvents. Chemical shifts (§) are stated in parts per million (ppm)
downfield from tetramethylsilane (5-0.00). Fourier-transform infrared
(FTIR) spectra were performed in the range between 4000 and 400 cm !
on an IR Affinity-1, Shimadzu spectrophotometer. UV-vis absorption
spectra were recorded on a JASCO spectrophotometer (V-670 PC) in the
wavelength range between 200 and 800 nm. High-resolution mass
spectra (HRMS) were obtained using an EI JEOL GC Mate-II spectrom-
eter with an electron impact (70 eV) ionisation. All electrochemical
experiments were performed using a CHI 760E electrochemical work-
station obtained from CH Instruments, USA. A conventional three
electrode system, consisting of a modified/unmodified GCE as the
working electrode, a Ag|AgCl reference electrode and a platinum wire
counter electrode, was used in all electrochemical experiments.

2.3. Synthesis of naphthylimidazolium butyric acid ionic liquid (NIBA-IL)

Synthesis of NIBA-IL was carried out by following steps schemati-
cally shown in Fig. 1A. The first step is a classical acid to acid chloride
conversion with the help of thionyl chloride. Thereafter, amidation was
performed between the formed acid chloride and aminopropyl imid-
azole in the presence of triethylamine to form the derivative of imid-
azole. Then it was quaternized with bromobutryic acid to form the
bromide based IL, which on metathesis with bis(trifluoromethane)sul-
fonimide yields NIBA-IL.

2.3.1. Synthesis of 3-(5-carboxypentyl)-1-(3-(2-(naphthalen-1-yl)
acetamido)propyl)-imidazol-3-ium bromide

Procedure for the synthesis of 2-(naphthalene-2-yl)acetyl chloride
(1) and N-(3-(1H-imidazol-1-yl)propyl)-2-(naphthalen-1-yl)acetamide
(2) and their spectral characterization using H NMR, 13C NMR and FTIR
spectroscopy are provided in the supplementary material. Acetonitrile
solution (10 mL) of N-(3-(1H-imidazol-1-yl)propyl)-2-(naphthalen-1-yl)
acetamide (1.22 g, 41 mmol) was stirred for 1 h at 70 °C. To this, 4-bro-
mobutryic acid (0.69 g, 41 mmol) in acetonitrile (10 mL) was added
dropwise for 30 min under constant stirring and continued stirring for
another 14 h at 85 °C. After the reaction, the organic layer was filtered
off and the resulting crude was washed with ethyl acetate (2 x 20 mL),
followed by diethyl ether (2 x 30 mL). Finally, the obtained 3-(5-car-
boxypentyl)-1-(3-(2-(naphthalen-1-yl)acetamido)propyl)-1H-imidazol-
3-ium bromide (3) was dried under high vacuum, to give reddish-brown
liquid. Yield: 89 %.

2.3.2. Synthesis of Bis(3-(3-carboxypropyl-1-(3-(2-(naphthalen-1-yl)
acetamido)propyl)-imidazol-3-ium) mono(bis((trifluoromethyl)sulfonyl)
amide) [NIBA-IL]
3-(5-Carboxypentyl)-1-(3-(2-(naphthalen-1-yl)acetamido)propyl)-
1H-imidazol-3-ium bromide (1.0 g, 21 mmol) was dissolved in 15 mL of
methanol, to which bis(trifluoromethane)sulfonimide lithium salt (0.6
g, 21 mmol) in methanol (20 mL) was slowly added and the resulting
mixture was continuously stirred for 12 h at room temperature. The
resultant crude product was washed with diethyl ether (3 x 20 mL) and
then dried at 60 °C under vacuum, to give reddish-brown liquid of NIBA-
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Fig. 1. A) Scheme for the synthesis of NIBA-IL and B) Step-wise fabrication of Hb/NIBA-IL/MWCNT/GCE electrode.

IL (4). Yield: 92 %.

2.4. Fabrication of Hb/NIBA-IL/MWCNT/GCE biosensor

The step-wise modification and covalent anchoring of Hb on NIBA-IL/
MWCNT/GCE is shown in Fig. 1B. Initially, the GCE was mirror polished
using different grades of alumina slurries and then ultrasonicated in
ethanol/water (1:1) mixture for 5 min. Thereafter, 5 pL. of MWCNTs (2
mg/mL in ethanol) was drop-casted on a precleaned GCE surface, and it
was dried at ambient temperature to form a MWCNT/GCE. To this, 5 pL of
NIBA-IL (2 mg/mL in methanol) was drop-casted over MWCNT/GCE to
obtain a NIBA-IL/MWCNT/GCE. Further, the carboxyl group on the
modified electrode was activated through EDC (0.4 M) followed by NHS
(0.1 M) for 1 h each [31]. Finally, the covalent immobilization of Hb on
NIBA-IL was done by drop-casting Hb (2 mg/mL in 0.1 M phosphate

buffer) on the carboxyl activated electrode to allow the free —NHj; groups
of Hb to react with —COOH groups of NIBA-IL to form a stable amide
bond and dried for 1 h to result in Hb/NIBA-IL/MWCNT/GCE. This
fabricated electrode was gently washed with phosphate buffer before
subjecting for electrochemical studies.

3. Results and discussion
The synthesized hydrophobic NIBA-IL was characterized using 'H,

3¢, 19F NMR, FTIR and HRMS spectra and the results are presented in
the electronic supplementary information (Figs. S7 — S9).

3.1. Covalent immobilization of Hb on NIBA-IL

Covalent anchoring of Hb on NIBA-IL was confirmed by performing
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Fig. 2. Comparative A) FTIR and B) UV-vis spectra of NIBA-IL (green), Hb (blue) and Hb/NIBA-IL (red).
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FTIR spectral analysis (Fig. 2A) of NIBA-IL (green), Hb (blue), and Hb/
NIBA-IL (red). The stretching vibration bands at 3429 and 3241 em™!
are assigned to v(—NH) and v(—OH) and the sharp peaks at 1755, 1645,
1164 and 1085 cm ™! correspond to v(—C=Oacid), V(—C=Oamide),
v(—C—O0) and v(—C—F) groups present in the NIBA-IL [32-34]. The
FTIR spectrum of Hb shows two characteristic absorption peaks at 1643
and 1531 cm™! representing the amide I and amide II absorption bands
of polypeptide chains present in Hb protein [35]. The covalent immo-
bilization of Hb on NIBA-IL via amide bond formation between the
—NH; of Hb and —COOH of NIBA-IL was confirmed by the disappear-
ance of vY(—OH) peak of NIBA-IL and formation of new peaks at 3582
and 1723 cm™! due to v(NH) and v(—C=O0) of amide group respectively.
Noteworthily, the amide I and amide II peaks of unmodified Hb were
retained with a slight shift in the frequencies in Hb/NIBA-IL and such
minor changes neither destroy the structure nor alter the fundamental
nature of Hb [36]. These results indicate that the Hb molecules preserve
their native state even after being covalently bonded with NIBA-IL.
Fig. 2B shows the UV-vis absorption spectra of NIBA-IL (green), Hb
(blue), and Hb/NIBA-IL (red). There is no obvious absorption band
observed for NIBA-IL, whereas Hb protein displayed the characteristic
Soret band around 410 nm. Interestingly, Hb/NIBA-IL also exhibited the
Soret band, which indicates that Hb retains its nativity even after co-
valent anchoring on NIBA-IL and is due to the impressive biocompati-
bility afforded by the newly designed NIBA-IL [37].

3.2. Electrochemical impedance spectroscopy on Hb/NIBA-IL/MWCNT/
GCE

Electrochemical impedance spectroscopy (EIS) is an effective tool to
monitor the changes occuring in the electrode/electrolyte interfaces.
Fig. 3A shows the Nyquist plots of bare GCE (brown), MWCNT/GCE
(orange), NIBA-IL/MWCNT/GCE (green), Hb/NIBA-IL/GCE (red) and
Hb/NIBA-IL/MWCNT/GCE (blue) at an applied potential of 0.21 V
(formal potential) between the frequency range of 1 x 10 Hz and 0.1 Hz
with an AC potential amplitude of 0.01 V in a 0.1 M KCI solution con-
taining 5 mM [Fe(CN)6]4_/ 3~ The EIS spectrum consists of a semicircle
region at lower frequencies and a linear part at higher frequencies and
the diameter of the semicircle denotes the charge transfer resistance
(Rc). Bare GCE showed a large R value of 411 Q for the electron
transfer process that occurs between the electrode surface and [Fe
(CN)6]*"%~ solution. After modifying the bare GCE surface with
MWCNTs, the R value reduced to 268 Q, due to the conducting nature
of MWCNTs. Further incorporation of NIBA-IL over MWCNT/GCE
through n--r stacking, has reduced the R value to the lowest of 144 Q,
indicating the high conducting nature of NIBA-IL. Covalent immobili-
zation of Hb on NIBA-IL/GCE significantly increases the R value to the
maximum of 733 Q, demonstrating the effective immobilization of non-
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conducting protein layers that hinder the electron transfer process.
Further inclusion of MWCNTs into Hb/NIBA-IL/GCE reduces the R to
603 Q, denoting the synergic behaviour between the NIBA-IL and
MWCNTs, which enhances the conductivity of the fabricated biosensor.
The EIS results depict the suitability of the newly designed NIBA-IL/
MWCNT/GCE platform for the effective fabrication of Hb based
biosensor.

3.3. Direct electrochemistry of Hb at Hb/NIBA-IL/MWCNT/GCE

The direct electron transfer of covalently immobilized Hb on NIBA-
IL/MWCNT/GCE was demonstrated by performing cyclic voltammetry
in Ny saturated 0.1 M phosphate buffer at a scan rate of 100 mV s~ and
the cyclic voltammograms of step-wise fabrication of Hb/NIBA-IL/
MWCNT/GCE is shown in Fig. 3B. The cyclic voltammograms at a
bare GCE (brown), a MWCNT/GCE (orange) and a NIBA-IL/MWCNT/
GCE (green) did not exhibit any redox peak in the potential range of
0.1 V to —0.8 V, which indicates the non-redox behaviour of these
modified electrodes within the potential window studied. Cyclic vol-
tammogram at a Hb/MWCNT/GCE (in the absence of NIBA-IL) resulted
in a highly unstable response (figure not shown), which shows that
immobilization of Hb occurs only through NIBA-IL and not on MWCNTs.
Noticeably, the Hb/NIBA-IL/GCE (red) showed a set of redox peaks with
a cathodic peak potential (E.) at —0.366 V and an anodic peak potential
(Epa) at —0.304 V to yield a formal potential (E°’) of —0.335 V, and the
obtained E°’ is in accordance with that of the immobilized Hb (E°’ of
—0.338 V) reported earlier [38]. As shown in Eq. (1), the redox active
heme site (Fem/FeH) of Hb undergoes a reversible one electron redox
process with a AE, of 62 mV. These results indicate that the newly
designed NIBA-IL could effectively communicate with the deeply buried
redox centre of Hb, due to the highly conducting and biocompatible
nature of NIBA-IL. Further, inclusion of MWCNTs on the electrode
platform (Hb/NIBA-IL/MWCNT/GCE, blue) enhances both the anodic
and cathodic peak currents by ~45 %, as well as decreases the E°’ to
—0.325 V (with a Ej, Ep; and AE;, of —0.356 V, —0.294 V and 62 mV,
respectively). The increase in peak currents is due to the increase in
surface area of the modified electrode in the presence of MWCNTs and
the decrease in formal potential is accredited to the enhanced conduc-
tivity through synergic behaviour of NIBA-IL and MWCNTs.

Hb-Heme (Fe'!") + e"—Hb-Heme (Fe')) (€8]

Cyclic voltammetry of 0.1 M phosphate buffer (pH 7.0) was con-
ducted at the Hb/NIBA-IL/MWCNT/GCE at potential scan rate ranging
from 5 to 500 mV s~ and the results obtained are shown in Fig. 4. On
increasing the scan rate, the anodic and cathodic peak currents gradu-
ally increased without any significant change in peak potentials and the
plot of peak current against square root of scan rate showed a linear
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Fig. 3. A) Nyquist plot in 0.1 M KCl solution containing 5 mM Fe(CN)2 /4~ and B) Cyclic voltammograms at a bare GCE (brown), MWCNT/GCE (orange), NIBA-IL/
MWCNT/GCE (green), Hb/NIBA-IL/GCE (red), and Hb/NIBA-IL/MWCNT/GCE (blue) at a scan rate of 100 mV s~ in N, saturated 0.1 M phosphate buffer (pH 7.0).
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trend, indicative of a diffusion-controlled process. The effect of elec-
trolyte pH on Hb/NIBA-IL/MWCNT/GCE was studied in 0.1 M phos-
phate buffer of varying pH from 4 to 10 and the fabricated biosensor
exhibited better electrochemical behaviour at neutral pH 7.0. The
maximum cathodic peak current (9.9 pA) obtained at neutral pH could
be due to the favourable biological microenvironment for the immobi-
lized Hb, which preserves its activity and enhances its performance
(Fig. S10).

3.4. Electrocatalytic reduction of H202 at Hb/NIBA-IL/MWCNT/GCE

The electrocatalytic efficacy of the developed Hb biosensor towards
reduction of HoO5 was investigated by cyclic voltammetry with varying
concentrations of HoO2 in 0.1 M phosphate buffer. Fig. SA shows the
cyclic voltammograms of 0.0, 1.0, 2.0 and 3.0 mM H»O; at a Hb/NIBA-
IL/MWCNT/GCE at a scan rate of 100 mV s~'. For every addition of

H50,, there is a linear increase in the cathodic peak current with a slight
decrease in the anodic peak current, representing the electrocatalytic
reduction of HyO4 at the Hb/NIBA-IL/MWCNT/GCE biosensor and the
corresponding calibration plot is shown in Fig. 5B. This could be
explained with Eq. (2) as described below. On the application of
reduction potential to Hb/NIBA-IL/MWCNT/GCE, the reduced Hb-
Heme (Fe') reduces the approaching H20, into HyO and is itself oxi-
dised to Hb-Heme (Fem), which proceeds in a cyclic manner [39]. The
inset to Fig. 5A shows both cyclic voltammograms of 0 mM and 3 mM
H,0, at the Hb/NIBA-IL/GCE (without MWCNTS). A 50 % decrease in
the catalytic current was observed compared to that at a
Hb/NIBA-IL/MWCNT/GCE. For comparison, NIBA-IL/MWCNT/GCE
was also tested for the electrocatalytic reduction of same concentra-
tion of HyO, which showed a feeble current response. The increased
current response for the Hb/NIBA-IL/MWCNT/GCE could be ascribed to
the stable covalent linking of Hb to NIBA-IL which is n--n stacked over

I (A) = 2.89 [H,0,] (mM) + 0.173

Fig. 5. A) Cyclic voltammograms of 0.0, 1.0,
2.0 and 3.0 mM H,0, at a Hb/NIBA-IL/
MWCNT/GCE. Inset: Cyclic voltammograms of
0.0 and 3.0 mM H,0, at a NIBA-IL/MWCNT/
GCE and a Hb/NIBA-IL/GCE in 0.1 M phos-
phate buffer (pH 7.0) at 100 mV s~L. B) Cali-
bration plot for the electrocatalytic reduction of
H50,. C) Amperometric i-t curves obtained
upon consecutive additions of H,O, at a NIBA-
IL/MWCNT/GCE (green), Hb/NIBA-IL/GCE
(pink) and a Hb/NIBA-IL/MWCNT/GCE (blue)
into a constantly stirred electrolyte. Applied
potential: —0.4 V. D) Calibration plots for the
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MWCNT/GCE, which in turn synergistically augmented the electro-
catalytic process and yielded better sensitivity to the fabricated
biosensor.

Hb-Heme (Fe'") + 2H™ + H,0, —Hb-Heme (Fe') + 2H,0 2)

3.5. Amperometric detection of H202 at Hb/NIBA-IL/MWCNT/GCE

The electrocatalytic reduction of HyO2 by Hb/NIBA-IL/MWCNT/
GCE was successfully demonstrated in static conditions, which moti-
vated us to examine the effectiveness of the fabricated biosensor under
dynamic conditions. Accordingly, amperometry was performed in a Ny
saturated phosphate buffer (0.1 M, pH 7.0) and the dynamic flow was
obtained by continuously stirring the electrolyte using a magnetic stirrer
(300 rpm). Initially, the operating potential for the amperometric
sensing was optimized by carrying out the measurements at different
potentials from —0.3 V to —0.5 V (Fig. S11). Upon increasing the po-
tentials, the current response of Hb/NIBA-IL/MWCNT/GCE towards
H,0, determination was also found to increase linearly up to —0.4 V.
Beyond —0.40 V, the current response was not linear and consistent and
hence —0.40 V was chosen as the optimum potential for amperometric
sensing of HyOs. Fig. 5C displays the amperometric i-t curve response at
an operating potential of —0.4 V for NIBA-IL/MWCNT/GCE, Hb/NIBA-
IL/GCE and Hb/NIBA-IL/MWCNT/GCE towards the reduction of
different concentrations of HyO». A small current response was obtained
at the NIBA-IL/MWCNT/GCE, whereas an immediate increase in the
catalytic current was observed for every addition of HyO5 to the Hb/
NIBA-IL/GCE and Hb/NIBA-IL/MWCNT/GCE system and the response
current was observed to stabilise in less than 3 s. Further, the Hb/NIBA-
IL/MWCNT/GCE showed a superior sensitivity of 111 pA mM ™ em™2,
which is ~2.4 and ~18 times higher than that of Hb/NIBA-IL/GCE (46.3
pA mM ' cm™2) and NIBA-IL/MWCNT/GCE (6.2 pA mM ! cm™2),
respectively. The improved sensitivity of Hb/NIBA-IL/MWCNT/GCE is
accredited to the electrocatalytic behaviour of Hb facilitated by the
synergistic behaviour of NIBA-IL along with the MWCNT modified GCE.
Further, the fabricated biosensor showed a linear trend for the concen-
trations from 0.01 to 6.3 mM with a detection limit of 3.2 pM H30,
which is calculated using the equation 36/m, where ¢ is the standard
deviation of blank and m is the slope obtained from the calibration plot
(Fig. 5D). The obtained parameters were compared with that of the
recently reported Hb biosensors (Table 1) and our results are compa-
rable with the literature reports.

3.6. Stability, reproducibility and interference studies of Hb/NIBA-IL/
MWCNT/GCE

Electrocatalytic studies revealed the excellent performance of the
fabricated biosensor towards HyO, reduction. Further, the stability of
the developed biosensor was investigated in terms of continuous po-
tential cycling as well as reanalyzing the stored biosensor. Fig. 6A shows
50 consecutive cyclic voltammograms of the Hb/NIBA-IL/MWCNT/GCE
and the results showed excellent cycling stability without any observ-
able change in the peak behaviour interms of peak currents as well as
peak potentials. Inset to Fig. 6A shows the current response obtained
periodically for 30 days storage of the fabricated biosensor in the
absence and presence of HoO5, during which the biosensor retained 96.4
% (absence) and 93.6 % (presence) of its original response. The
enhanced cyclic stability and improved storage stability of the devel-
oped biosensor could be ascribed to the effective covalent binding of Hb
protein on the newly designed NIBA-IL/MWCNT/GCE matrix.

Selectivity is a predominant tool to evaluate the efficacy of any
developed biosensors as an analytical tool. Fig. 6B shows the results
obtained in a selectivity study on the Hb/NIBA-IL/MWCNT/GCE to-
wards the reduction of 0.4 mM H30; in the presence of 5-fold excess
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Table 1
Comparison of electrocatalytic performances of various H,O, biosensors.
Electrodes Linear Range  Sensitivity(pA LOD Ref.
(mM) mM! cm’z) (M)

PCS/Hb/CPE 0.1-5 76.43 32.0 [40]

Nafion/Hb/MoS,/GCE 0.02-0.18 - 6.7 [41]

Hb/AuNPs@MoS,/GCE ~ 0.01-0.3 - 4 [42]

Nafion/HRP/AuNCs/ 0.01-3.27 0.86 0.9 [43]
GCE

HRP/GA/PAMAM/ 0.05-0.8 29.86 25 [44]
CtRGO/GCE

HRP/Sol-gel/MWCNT/ 0.07-3.0 - 14.0 [45]
GCE

Cyt c/nanoporous Au 0.01-12.0 2.8 6.3 [46]
film

Nf/Cyt c-VAErGO/GCE 0.005-2.0 46.3 2.3 [47]

Cyt ¢/RTIL-PDDA- 0.04-3.45 - 5.0 [48]
AuNPs/MUA-MCH/
Au

Hb/NIBA-IL/MWCNT/ 0.01-6.3 111 3.2 This
GCE work

AuNCs - Gold nanocomposites; CPE - Carbon paste electrode; CtRGO - Carrot
reduced graphene oxide; Cyt C - Cytochrome C; GA - Glutaraldehyde; GCE -
Glassy carbon electrode; Hb - Hemoglobin; HRP - Horseradish peroxidase; MUA-
MCH - 11-mercaptoundecanoic acid-6-mercapto-1-hexanol; Nf - Nafion; NPs -
Nanoparticles; PAMAM - Poly(amidoamine) dendrimer; PCS - PANI/MWCNTs/
starch composite material; RTIL-PDDA - Room temperature ionic liquid- Poly
(diallyldimethylammonium chloride); VAErGO - Vertically aligned electro-
chemically reduced graphene oxide.

concentrations of co-existing and commonly interfering analytes
including dopamine, uric acid, ascorbic acid, NaNO,, NaNO3 KClOs3,
glucose, fructose, catechol, glycine, i-cysteine and epinephrine by
amperometry. Interestingly, the newly fabricated biosensor showed
superior selectivity towards the sensing of H,O5 without any observable
interference from the co-existing species. The predominant selectivity of
the biosensor is likely due to the incorporation of the Hb protein on the
NIBA-IL/MWCNT/GCE platform, which selectively identifies the pres-
ence of HyO,. Further, the reproducibility of the fabricated biosensor
was demonstrated by evaluating the performance of five individually
fabricated Hb/NIBA-IL/MWCNT/GCEs in the absence and presence of 2
mM H305. As shown in Fig. S12 the current response obtained for all 5
biosensors yielded a relative standard deviation (RSD) of 1.96 % in the
absence and 2.52 % in the presence of Hy0,, revealing an impressive
electrode-to-electrode reproducibility. The superior electrode stability,
predominant selectivity and excellent reproducibility of the developed
biosensor could be ascribed to the facile fabrication methodology and
prodigious properties of the individual components integrated judi-
ciously in the single platform of the NIBA-IL/MWCNT/GCE.

3.7. Determination of H20; in real-life samples

The practical applicability of the fabricated biosensor was analyzed
by utilizing the Hb/NIBA-IL/MWCNT/GCE biosensor for the estimation
of Hy0, spiked in the real-life samples of milk and grape juice. The
obtained samples were diluted with the phosphate buffer and known
concentrations of HyO, were spiked into the electrochemical cell by
standard addition method. The results obtained are shown in Fig. S13.
The fabricated biosensor displayed good recovery values ranging from
98.4 % to 102.5 % for the determination of HyO, added in the real-life
samples (Table 2). Therefore, Hb/NIBA-IL/MWCNT/GCE displays itself
as a versatile tool to be used in real-time applications.

4. Conclusion

We report a highly facile and simple biosensor setup for the selective
and sensitive determination of H50,. The biosensor consists of a Hb
protein covalently attached to a hydrophobic NIBA-IL film over a
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Fig. 6. A) Fifty consecutive cyclic voltammograms of 0.1 M phosphate buffer (pH 7.0) at a Hb/NIBA-IL/MWCNT/GCE (scan rate: 100 mV s~ 1. Inset: Plot of day-to-
day current response for 30 days in the absence (red) and presence (violet) of 2 mM H,0,. B) Amperometric response of 0.4 mM H,0, in the presence of 2 mM of
various interfering species in 0.1 M phosphate buffer at a Hb/NIBA-IL/MWCNT/GCE (Operating potential: —0.4 V).

Table 2
Determination of HO- in real samples.

Samples Spiked (mM) Found” (mM) Recovery (%)
. 0.5 0.492 98.4
Milk 1.0 0.985 98.5
Grape Juice 1.5 1.492 99.4
P 2.0 2.051 1025

# Triplicates were performed.

MWCNT/GCE platform. The —COOH group of NIBA-IL and -NH; group
of Hb were chemically coupled by EDC/NHS cross coupling. On the
other hand, naphthyl group of NIBA-IL was employed for n--n stacking
over the MWCNT modified GCE. Thus, fabricated Hb/NIBA-IL/
MWCNT/GCE showed a well defined redox behaviour corresponding
to the deeply buried Fe'l/Fe! redox couple of Hb, thereby direct electron
transfer of Hb was successfully accomplished. Further, the developed Hb
biosensor exhibited an excellent electrocatalytic reduction of HoO5 and
showed a linear range between 0.01 and 6.3 mM with excellent sensi-
tivity (111 pA mM ! cm™2) and a limit of detection of 3.2 pM.
Furthermore, the Hb biosensor showed exceptional stability (50 con-
cecutive cycles) and remarkable electrode-to-electrode (RSD of 2.52 %)
reproducibility due to the covalent immobilization of water soluble Hb.
On the whole, NIBA-IL/MWCNT/GCE could be used as an efficacious
matrix for the development of various biosensors and immunosensors,
with enhanced analytical performance and thus making them befitting
for diverse analytical applications.
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