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Facile yet simple platforms for the immobilization of biomolecules have always been a substantial requirement
for the fabrication of proficient biosensors. In this study, we report a naphthyl substituted acetate functionalized
ionic liquid (NpAc-IL) for the covalent anchoring of horseradish peroxidase (HRP), usingwhich the direct electro-
chemistry of HRPwas successfully accomplished and a H2O2 biosensorwas developed. The naphthyl substitution
on theNpAc-IL was utilized for theπ-π stackingwith theMWCNTmodifiedGCE and the terminal -OCH3 group of
NpAc-IL was used for the covalent attachment with the free -NH2 group of HRP via amide bond formation. High
conducting nature of the newly designed ionic liquid (NpAc-IL), facilitated an improved communicationwith the
deeply buried redox centre of the HRP, while the covalent bonding provided enhanced stability to the fabricated
biosensor by stably holding the water soluble HRP enzyme on the electrode surface. Furthermore, incorporation
of MWCNT on the sensor setup synergistically enhanced the sensitivity of the developed biosensor. Under opti-
mized conditions, the fabricated biosensor showed an enhanced electrocatalytic reduction of H2O2 in the range of
0.01 to 2.07 mMwith a limit of detection and sensitivity of 2.7 μM and 55.98 μA mM−1 cm−2 respectively. Fur-
ther, the proposed biosensorwas utilized for the sensing ofH2O2 spiked in real samples.Moreover, the newly fab-
ricated biosensor demonstrated excellent stability with improved sensitivity and selectivity towards H2O2

reduction. The superior analytical characteristics are attributed to the facile fabrication strategy using this
newly developed acetate functionalized ionic liquid platform.

© 2020 Published by Elsevier B.V.
1. Introduction

Sensitive and selective determination of trace analytes in a complex
system is highly challenging and thus there is always a persuasive need
to develop facile and affordable analytical techniques [1,2]. Electro-
chemical sensors and biosensors play an attractive role in virtue of
their simplicity, selectivity, rapid response towards the target analytes,
ease of handling and the ability to scale down an extended and compli-
cated system in a much simpler way [3–5]. The choice of electrode ma-
terial is of paramount importance in determining the performance of
fabricated sensors and biosensors and thus researchers have designed
and utilized various advanced materials and molecules to improve the
performance of the sensors in terms of electronic conductivity, sensitiv-
ity, stability, etc. [6–10]. These nonenzymatic sensors have the advan-
tages of easy fabrication, high storage stability and so on, whereas
their selectivity is a major concern [11,12]. The selectivity issue could
be surpassed by the utility of suitable enzymes and the electrochemical
enzymatic biosensors are highly selective towards the target analytes
i@gmail.com (K. Thenmozhi).
even in a highly complex reaction mixture or real sample solution
[13,14]. Holding the biomolecules on the electrode surface and
accessing their redox centres while preserving their nativity in the bio-
sensor setup is a predominant criterion for any fabricated biosensor
[15–19]. Significant efforts have been taken to develop enzyme
nanoflowers in order to address the issues associated with immobilized
enzymes [20–25]. Several organic-inorganic based new materials with
enzyme mimicking activity were reported with impressive perfor-
mances [26–28]. Further, carbon nanomaterials, metallic and bimetallic
nanoparticles, redox mediators, ionic liquids, etc. were incorporated in
the electrode setup to improve the conductivity as well as the perfor-
mance of the biosensors effectively. However, the design of novel mate-
rials or new combinations of these materials is still demanding in order
to develop facile platforms to ensure the desirable performance of these
biosensors at device levels.

Multiwalled carbon nanotubes (MWCNTs) are an important class of
nanomaterials, which have improved electronic properties as compared
to other materials along with excellent chemical and mechanical stabili-
ties aswell as larger surface area. They could be effectively stacked on the
surface of the electrodes along with various electrode modifiers through
their π electron clouds, which could concurrently improve the
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conductivity [29–31]. On the other hand, ionic liquids (ILs) also have
drawn tremendous attention due to their fascinating characteristics
which include enhanced ionic conductivity, good electrochemical stabil-
ity and improved biocompatibility alongwith negligible vapour pressure
[32–34]. They possess good synthetic versatility and can be rationally de-
signed and synthesized depending on the need aswell as for task specific
applications [35,36]. These characteristics enable ILs as strong candidates
towards the development of platforms for electrochemical biosensing
[37–39]. Therefore, integration of ILs togetherwithMWCNTs in themod-
ified electrode set up could afford multifaceted benefits. However, phys-
ical immobilization of biomolecules with MWCNTs or ILs may result in
leaching of biomolecules from themodified surface, whichwould dimin-
ish the performance of the biosensor. Thus, covalent immobilization of
these biomolecules on suitably designed IL matrix could be a better
methodology for the effective anchoring of biomolecules, which would
enhance its stability as well as the electrocatalytic performance.

In our previous studies, amine and carboxylic acid functionalized
ionic liquids were synthesized and utilized for the covalent linking of
hemoglobin and cytochrome c through appropriate crosslinkers
[40,41]. In our continuous strive on different IL based platforms, we fur-
ther intended to simplify the biosensor fabrication,wherein the biomol-
ecule could be immobilized on the IL directly without any crosslinker.
This motivated us to synthesize an acetate functionalized IL for the di-
rect immobilization of enzyme through amidation reaction and to ex-
plore its efficacy towards biosensing. H2O2 is a versatile reagent and a
multipurpose chemical, which finds variety of applications in arenas of
pharmaceutical, food, paper and textile industries aswell as plays varied
roles in clinical anddomestic purposes. Excess concentrations ofH2O2 in
the biological system causes diseases varying from simple irritations to
life threatening conditions like apoptosis, Parkinson's disease,
Alzheimer's disease and even cancer [42,43]. Horseradish peroxidase
(HRP) is a simple heme containing metalloenzyme and commonly
used redox enzyme for the selective determination of H2O2 [44,45].

In the present work, we have strategically designed and synthesized
a naphthyl substituted acetate functionalized ionic liquid (NpAc-IL) and
explored its efficacy as a platform for the direct immobilization of HRP
enzyme and to develop a H2O2 biosensor. The naphthyl substitution on
the NpAc-IL was utilized for the π-π stacking on MWCNT/GCE and the
terminal -OCH3 group of NpAc-IL was used for amide bond formation
with HRP. Moreover, the deeply buried redox centre of the HRP was
accessed and the direct electrochemistry of HRP was successfully
achieved. Covalent immobilization ofHRP onNpAc-IL/MWCNT/GCEma-
trix facilitated an improved conductivity and an enhanced stability to
the fabricated biosensor. Thus, fabricated HRP-NpAc-IL/MWCNT/GCE
biosensor was utilized for the enzymatic determination of H2O2 and
showed an excellent stability with improved sensitivity and selectivity.
2. Experimental

2.1. Chemicals and materials

Imidazole (≥99%), 1-chloromethyl naphthalene (≥97%), sodium hy-
dride (NaH, 60% in mineral oil), methyl bromoacetate (97%), potassium
Fig. 1. Scheme for the sy
hexafluorophosphate (KPF6, ≥99%), MWCNT (N98%) were procured
from Sigma-Aldrich, India. Peroxidase ex. horseradish (HRP), NaH2PO4

(99%) and Na2HPO4 (99%) were received from Sisco Research Laborato-
ries, India. Hydrogen peroxide (30%) was procured from Merck, India.
Other reagents and solvents were of analytical reagent (AR) grade and
used as purchased. Glassy carbon electrode (GCE) with 0.071 cm2 geo-
metric area was received from CH Instruments. Milli-Q water obtained
fromMillipore water system (resistivity 18.2 MΩ cm at 25 °C) was uti-
lized for the preparation of phosphate buffer (0.1 M, pH 7.0) solutions
using NaH2PO4 and Na2HPO4. All the electrochemical experiments
were performed at room temperature (RT) and, the fabricated biosen-
sor was stored at 4 °C.
2.2. Instrumentation

FTIR (Fourier transform infrared) spectral studieswere conducted in
Shimadzu, IR Affinity-1 FTIR spectrophotometer using ATR (Attenuated
total reflectance) mode between thewavenumbers 4000 and 400 cm−1

to measure the functional changes occurring in the molecules. NMR
(Nuclear magnetic resonance) spectra were performed in Bruker, As-
cend (400 MHz) spectrometer using the deuterated DMSO-d6 solvent.
The chemical shift (δ) values were represented in ppm against TMS
(δ = 0.0) as the internal reference and spectra were interpreted using
Topspin 4.0.5 software. HRMS (High-resolution mass spectrometry)
spectrum was recorded in JEOL (GC Mate-II) spectrometer by electron
impact ionization (70 eV) method. Cyclic voltammetry (CV) and
amperometry were carried out using CHI 620E electrochemical work-
station from CH Instruments (Austin, Texas). EIS (electrochemical im-
pedance spectroscopy) was performed in Autolab PGSTAT 204
potentiostat from Metrohm, Netherlands. A customary three-electrode
system comprising of unmodified or modified GCE as working elec-
trode, platinum coil as the auxiliary electrode and Ag/AgCl as reference
electrodewasutilized for electrochemical studies. Electrochemicalmea-
surements such as CV and amperometry were performed under nitro-
gen saturated phosphate buffer solution (0.1 M, pH 7.0).
2.3. Synthesis of naphthyl substituted acetate functionalized ionic liquid

Naphthyl substituted acetate functionalized ionic liquid (NpAc-IL)
has been synthesized in the following steps and the stepwise synthesis
is presented in Fig. 1.

2.3.1. Synthesis of 3-(2-methoxy-2-oxoethyl)-1-(naphthalen-1-ylmethyl)-
1H-imidazol-3-ium bromide

Initially, 1-naphthylmethylimidazole was dissolved in acetonitrile
and constantly stirred at RT. To the above solution, methyl
bromoacetate dissolved in acetonitrile was added slowly under same
condition and the resulting mixture was refluxed at 75 °C, for 20 h.
After completion of the reaction, solvent was removed by evaporation
and the residue was washed with ethyl acetate, followed by diethyl
ether, yielding naphthyl substituted acetate functionalized ionic liquid
with bromide counter anion.
nthesis of NpAc-IL.



Fig. 3. FTIR comparison spectra of NpAc-IL (Green), HRP (Magenta), HRP-NpAc-IL (Blue).
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2.3.2. Synthesis of 3-(2-methoxy-2-oxoethyl)-1-(naphthalen-1-ylmethyl)-
1H-imidazol-3-ium hexafluorophosphate (NpAc-IL)

NpAc-IL obtained with bromide anion is water soluble and hence
anion exchange was carried out with potassium hexafluorophosphate
to make it water insoluble NpAc-IL. A methanolic solution of KPF6 was
added to a constantly stirred methanolic solution of bromide anion
based NpAc-IL and the stirring continued at RT for 24 h. After the reac-
tion, MeOH was removed under vacuum and the obtained residue was
washed with dry diethyl ether, then dried to furnish water insoluble
PF6− anion based NpAc-IL with 88% yield. 1H NMR (400 MHz, DMSO-
d6): δ 3.71 (s, 3H, O-CH3), 5.22 (s, 2H, -CH2-CO-), 6.02 (s, 2H, Ar-CH2-
), 7.53–7.62 (m, 4H), 7.76 (s, 1H), 7.86 (s, 1H), 8.02–8.04 (d, 2H),
8.12–8.13 (d, 1H). 9.19 (s, 1H, acidic imidazolium) ppm. 13C NMR
(100 MHz, DMSO-d6): δ 50.14, 50.50, 53.27, 123.08, 123.33, 124.61,
126.13, 126.96, 127.71, 128.16, 129.39, 130.24, 130.41, 130.89, 133.94,
138.02, 167.77 ppm. 31P NMR (162 MHz, DMSO-d6) δ −157.38,
−152.98, −148.59, −144.20, −139.81, −135.43, −131.03 ppm. 19F
NMR (376 MHz, DMSO-d6) δ −71.07, −69.18 ppm. HRMS (EI):
[C17H17N2O2]+, calculated mass (281.3345), obtained (281.3342).

2.4. Fabrication of HRP-NpAc-IL/MWCNT/GCE biosensor

Alumina slurries of different grades were used for polishing the GCE
and then ultrasonicated in ethanol and water (1:1) mixture for 3 min.
After drying at RT, 5 μL ethanolic solution of MWCNT (1 mg/0.5 mL)
was dropcasted on theGCE to prepareMWCNT/GCE. Further, 5 μLmeth-
anolic solution of NpAc-IL (2mg/100 μL) was immobilized on MWCNT/
GCE to form a π-π stacking of naphthalene ring of IL over the π-
conjugations of MWCNT modified GCE. After drying at RT, HRP was co-
valently immobilized by dropcasting 5 μL (1 mg/100 μL) of it on NpAc-
IL-MWCNT/GCE and incubated for 2 h to form HRP-NpAc-IL/MWCNT/
GCE, which forms a stable amide bond by the reaction between the
-OCH3 of NpAc-IL and free -NH2 of HRP. The developed sensor was
washed thoroughly with copious amount of phosphate buffer in order
to eliminate the unbound enzymes on the fabricated biosensor. For
comparison, HRP-NpAc-IL/GCE (without MWCNT) was also fabricated
by following a similar strategy. The loading of MWCNT, NpAc-IL and
HRP during the fabrication of biosensor were optimized and the details
are presented in the Supplementary information (Fig. S4).
Fig. 2. Stepwise fabrication of HRP-N
3. Results and discussion

The synthesis of naphthyl substituted acetate functionalized ionic
liquid in different steps was monitored using 1H, 13C, 31P & 19F NMR
and mass spectroscopy techniques (Figs. S1–S3). The NpAc-IL on
MWCNT was employed as a platform towards the direct covalent
linking of HRP. The acetate functionality on the NpAc-IL was utilized
for covalent immobilization with free amino groups of the HRP enzyme
and naphthyl ring for the π-π stacking with the MWCNT. Fabrication of
the modified electrode has been demonstrated stage by stage in Fig. 2.

3.1. Covalent immobilization of horseradish peroxidase on NpAc-IL

The covalent immobilization of HRP on NpAc-IL was characterized
by FTIR spectral analysis and is shown in Fig. 3. The green curve repre-
sents the synthesized NpAc-IL, which shows C_O stretching frequency
pAc-IL/MWCNT/GCE biosensor.



Fig. 4. (A)Nyquist plots of BareGCE (Black), MWCNT/GCE (Violet), NpAc-IL/MWCNT/GCE (Pink), HRP-NpAc-IL/GCE (Red) and HRP-NpAc-IL/MWCNT/GCE (Blue) in 2.5mM [Fe(CN)6]3−/4

− solution in 0.1MKCl obtained during fabrication. Inset: Equivalent circuit and (B) CVs of stepwise fabricated biosensor of bareGCE (Black),MWCNT/GCE (Violet), NpAc-IL/MWCNT/GCE
(Pink), HRP-NpAc-IL/GCE (Red) and HRP-NpAc-IL/MWCNT/GCE (Blue) (Scan rate: 50 mV s−1).
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at 1735 cm−1 and -OCH3 stretching as three vibration bands around
1250–1160 cm−1 which confirms the presence of acetate group on
NpAc-IL [46]. The peak around 830 cm−1 confirms the presence of P–F
stretching frequencies of hexafluorophosphate anion in NpAc-IL. FTIR
of native HRP shows (magenta curve) amide I and II stretching vibra-
tions around 1643 cm−1 and 1542 cm−1, respectively [47]. Upon the co-
valent linking of HRP onNpAc-IL via amide bond formation between the
-NH2 group of HRP and free -OCH3 group of NpAc-IL as shown in blue
curve, there is a disappearance of -OCH3 stretching vibrations of
NpAc-IL with a little broadening of amide I peakwhich indicates the co-
valent bonding.Moreover, appearance of amide I and II peaks of HRPde-
picts that the enzyme retains its secondary structures as well as
preserves its nativity even after being covalently attached to NpAc-IL.
FTIR spectral results demonstrate the successful covalent linking of
HRP enzyme on the newly synthesized NpAc-IL, which serves as an an-
choring site as well as provides a biocompatible microenvironment for
the enzyme immobilization.
3.2. Electrochemical impedance spectroscopy (EIS)

EIS is an effective tool to study the impedance changes between the
electrode and electrolyte interface, which helps in understanding the
interface properties of the fabricated biosensor and the EIS results are
shown as Nyquist plots in Fig. 4A. The EIS results of different modified
electrodes are displayed as a linear part and a semicircle part, whose di-
ameter correspond to the charge transfer resistance (Rct). The results
obtained data were fitted with a Randle's circuit and shown as inset to
Fig. 4A. The EIS of bare GCE (black) showed a Rct of 526 Ω indicating a
poor redox process of the unmodified electrode in 0.1 M KCl containing
2.5 mM [Fe(CN)6]3−/4− solution. After the incorporation of MWCNT
(MWCNT/GCE, violet), the Rct reduced to 293 Ω which denotes the
high conducting nature of MWCNT. Further, immobilization of NpAc-
IL on MWCNT/GCE (NpAc-IL/MWCNT/GCE, pink) through π-π stacking
over MWCNT, enhances the conductivity (low resistance) and shows a
lowest Rct of 165 Ω. Covalent immobilization of HRP on the NpAc-IL/
GCE (HRP-NpAc-IL/GCE, red) was confirmed by the predominant in-
crease in the Rct to a largest value of 1333Ω, which significantly reduced
to 802 Ω after the incorporation of MWCNT (HRP-NpAc-IL/MWCNT/
GCE, blue) into the biosensor setup. EIS results substantiate that the
newly developedNpAc-IL/MWCNT/GCEmatrix provides enhanced con-
ductivity, which facilitates the rapid electron shuttling for the
immobilized biomolecules at the electrode surface.
3.3. Direct electrochemistry of HRP and electrocatalytic behaviour of HRP-
NpAc-IL/MWCNT/GCE towards H2O2 biosensing

The stepwise fabrication of themodified electrodewas characterized
by recording their CVbetween thepotentialwindowof 0.1Vand−0.6V
in N2 saturated 0.1 M phosphate buffer solution (scan rate: 50 mV s−1)
and the corresponding CVs are shown in Fig. 4B. The black, violet and
pink curves represent the voltammetric response of bare GCE,
MWCNT/GCE and NpAc-IL/MWCNT/GCE, respectively. There are no ob-
vious redox peaks within the potential window studied, revealing the
non-redox nature of the bare GCE, MWCNT/GCE and NpAc-IL/
MWCNT/GCE. After covalent immobilization of HRP on NpAc-IL/GCE
(HRP-NpAc-IL/GCE, red curve), an apparent redox peak appeared with
a formal potential (E°) of −0.34 V, which corresponds to the FeIII/FeII

redox centre of the HRP enzyme [48], shown in Eq. (1).

HRP FeIII
� �

þ Hþ þ e−↔HRP FeII
� �

Direct Electron Transferð Þ ð1Þ

This gives an evidence about the high conducting and biocompatible
nature of the rationally synthesized NpAc-IL, which effectively commu-
nicates the signal received from the deeply buried redox centre of the
enzyme as well as preserves the activity of the covalently immobilized
HRP enzyme. Moreover, incorporation of MWCNT in the fabrication of
biosensor (HRP-NpAc-IL/MWCNT/GCE, blue curve), enhanced both the
peak currents and also the E° sufficiently reduced to−0.32 V. CV inves-
tigations revealed the high conducting and biocompatible environment
of the developedNpAc-IL/MWCNT/GCEmatrix for the effective covalent
anchoring of the HRP enzyme, which could ultimately provide a facile
environment and improve the efficiency of the developed biosensor.

The effect of pH on the fabricated biosensor was investigated from
pH 5 to 9 in 0.1 M phosphate buffer solution (Fig. S5). On increasing
the pH from5 to 7, therewas a steady increase in the cathodic peak cur-
rent, which further reduced as the pH changes from 7 to 9. The results
denote that maximum electrochemical behaviour of the fabricated bio-
sensor could be attained at physiological conditions (pH 7.0) and there-
fore, neutral pH was chosen as the optimum condition for the
electrochemical studies. Similarly, the effect of temperature on the fab-
ricated biosensor was investigated in the temperature range from 15 to
50 °C (Fig. S6). Since, the current response wasmaximumand similar in
the temperature range from 25 to 35 °C, we have chosen 25 °C (RT) as
the optimum temperature for further experiments. Further, the effect
of scan rate on the fabricated biosensor was performed from 10 to



Fig. 5. (A) and (B) CVs of HRP-NpAc-IL/GCE and HRP-NpAc-IL/MWCNT/GCE obtained for different concentrations of H2O2 at a scan rate of 50 mV s−1. Inset: CVs of (A) Bare GCE and
(B) MWCNT/GCE and NpAc-IL/MWCNT/GCE in the absence and presence of 0.5 mM H2O2 respectively. (C) Amperometry response for HRP-NpAc-IL/GCE (Red) and HRP-NpAc-IL/
MWCNT/GCE (Blue) on successive additions of H2O2. (D) A plot of electrocatalytic current vs. concentration of H2O2. Electrolyte: N2 saturated 0.1 M phosphate buffer (pH 7.0).
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200mV s−1 inN2 saturatedphosphate buffer (Fig. S7). On increasing the
scan rate, there was a linear increase in both the peak currents without
any noticeable change in the peak potentials, which signifies a surface
confined redox process. The total amount of charge (Q) passed or
liberated through the modified electrode during the redox process of
HRP was obtained by integrating the CV peak of HRP-NpAc-IL/
MWCNT/GCE in Fig. 4B. Using Faraday's law, the average surface cover-
age (Γ*) of electroactive HRP in the biosensor was estimated to be
8.51 × 10−11 mol cm−2 from the equation, Γ* = Q/nFA (A = electrode
area; n = no. of electrons involved; F = Faraday constant (96,485 C
mol−1)), which is ~1.7 times larger than the theoretical monolayer cov-
erage (5 × 10−11 mol cm−2) for the immobilized HRP [49]. Thus, HRP
was sequentially immobilized over the NpAc-IL/MWCNT/GCE platform,
which is ascribed to the covalent anchoring of HRP on NpAc-IL moiety.

After successful characterization of the fabricated biosensor, it was
then utilized for the electrocatalytic reduction of H2O2 in N2 saturated
0.1 M phosphate buffer solution. Fig. 5A shows the CV responses of
HRP-NpAc-IL/GCE for the sequential additions of H2O2 (0.1, 0.2, 0.3,
0.4, 0.5, 0.6mM) concentrations at 50mV s−1 and the red curve denotes
the CV of HRP-NpAc-IL/GCE in the absence of H2O2. After the addition of
H2O2, immediate increase in the cathodic peak current of HRP was ob-
served, which signifies the electrocatalytic reduction of H2O2 at the de-
veloped biosensor [50]. When H2O2 is added to the electrolyte, the
reduced form of HRP, i.e., HRP (FeII) reduces H2O2 available on the
electrode surface and gets oxidised back to HRP (FeIII) as shown in
Eq. (2) [51]. This HRP (FeIII) in turn immediately gets reduced to HRP
(FeII) as presented in Eq. (1) and these reactions proceed in a cycle as
long as H2O2 is available on the electrode surface, resulting in enhanced
cathodic peak current. The increase in cathodic current is directly pro-
portional to the concentration of H2O2 added into the electrolyte. On
the other hand, bare GCE (inset to Fig. 5A), MWCNT/GCE and NpAc-IL/
MWCNT/GCE (inset to Fig. 5B) showed a relatively feeble current re-
sponse at a higher reduction potential for the addition of 0.5 mM
H2O2. These observations further confirm the high electrocatalytic be-
haviour of the developed biosensor, which could be attributed to the ef-
fective covalent linking of HRP as well as high conducting nature of the
newly developed NpAc-IL/GCE platform. Incorporation of MWCNT into
the biosensor setup (HRP-NpAc-IL/MWCNT/GCE), tremendously in-
creased the cathodic peak current for the same concentrations of H2O2

(Fig. 5B), which attributes to the synergistic effect of π-π stacked
MWCNT on the NpAc-IL network and augment the conductivity [52].

HRP FeII
� �

þH2O2 þ 2Hþ ! HRP FeIII
� �

þ 2H2O ð2Þ

Further, amperometry was performed at an applied potential of
−0.4 V under dynamic conditions by constantly stirring (350 rpm)
the electrolyte solution with a magnetic stirrer and incremental



Table 1
Comparison of performances of various enzymatic H2O2 biosensors.

Electrodes Linear
range
(mM)

Sensitivity
(μA mM−1 cm−2)

LOD
(μM)

Ref.

Cyt c-PAN-PDA/GCE 0.02–0.38 24 7.3 [53]
HRP-OANWs 0.02–0.5 31 5 [54]
HRP/ZnO-AuNp-Nf/GCE 0.015–1.1 – 9 [48]
HRP-Fe3O4/CS-GC 0.2–12 9.38 100 [55]
HRP/GA/PAMAM/CtRGO/GCE 0.05–0.8 29.86 25 [56]
HRP/ERGO/SPCE 0.009–0.195 90 – [57]
HRP/polyAuNP/Au 0.005–1.1 0.498 1.5 [58]
HRP-AuNPs-SF/GCE 0.01–1.8 – 5 [59]

HRP-NpAc-IL/MWCNT/GCE 0.01–2.07 55.98 2.7
This
work
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additions of H2O2 were spiked into the electrolyte solution (Fig. 5C). For
every addition, HRP-NpAc-IL/MWCNT/GCE showed an instantaneous
increase in the catalytic current and the response current gets stabilized
within less than 3 s, which depicts the rapid response of the fabricated
biosensor towards reduction of H2O2. Although, HRP-NpAc-IL/GCE also
showed catalytic current, the obtained response was very less for the
same concentrations of H2O2, denoting the higher conducting nature
of the NpAc-IL/MWCNT/GCE platform due to the complementary
Fig. 6. (A) CVs of HRP-NpAc-IL/MWCNT/GCE (50 continuous cycles) at 50 mV s−1. (B) Cur
(C) Selectivity study of HRP-NpAc-IL/MWCNT/GCE for the sequential additions of 0.1 mM H2O
responses obtainedwith 5 independently developed HRP-NpAc-IL/MWCNT/GCE without (blue
behaviour of NpAc-IL over MWCNT. On plotting current versus concen-
tration of H2O2, a linear range of 0.01 to 2.07 mM with sensitivities of
55.98 & 29.79 μA mM−1 cm−2 and detection limits of 2.7 & 6.2 μM for
HRP-NpAc-IL/MWCNT/GCE and HRP-NpAc-IL/GCE were obtained re-
spectively (Fig. 5D). The attained analytical parameters were compara-
ble or better than the recently reported literatures and the data are
shown in Table 1.
3.4. Stability, selectivity and reproducibility of HRP-NpAc-IL/MWCNT/GCE

The cyclic stability of the developed biosensor was accessed by
performing 50 continuous potential cycles in N2 saturated 0.1 M phos-
phate buffer solution at a scan rate of 50 mV s−1 (Fig. 6A). Thus,
obtained voltammograms were highly stable even after 50 continuous
scans without any change in the peak behaviour, which denotes the
high stability of the immobilized HRP in the fabricated biosensor.
Further, the long-term storage stability of the developed biosensor
was investigated for 30 days in the absence as well as presence of
0.5 mM H2O2 under similar condition (Fig. 6B). Even after 30 days the
biosensor could retain 94.2% and 92.5% of its initial current response
in the absence as well as presence of H2O2 respectively. This enhanced
stability of the developed biosensor could be attributed to the stable co-
valent immobilization of water soluble HRP enzyme on the favourable
rent response of HRP-NpAc-IL/GCE over 30 days in the absence and presence of H2O2

2 and 1 mM of common co-existing species by amperometry. (D) Bar diagram of current
) andwith (pink) 0.5 mMH2O2. Electrolyte: N2 saturated 0.1M phosphate buffer (pH 7.0).
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microenvironment of naphthyl substituted acetate functionalized ionic
liquid through the amide bond.

The selectivity of the developed biosensor was tested for the com-
monly interfering as well as co-existing electroactive analytes by
amperometry in a constantly stirred 0.1 M phosphate buffer (Fig. 6C).
For every addition of 0.1 mM H2O2, there was an immediate increase
in the catalytic current, but no change in current was observed for
even 10-fold excess concentrations of interferents such as NaNO2,
KBrO3, KIO3, glucose (Glu), dopamine (DA), uric acid (UA), ascorbic
acid (AA), L-cystine (L-cys), L-tyrosine and L-dopa, which shows the
high selectivity of the fabricated biosensor. Reproducibility studies
were performed for five individually fabricated biosensors and their
performance in the absence as well as presence of 0.5 mM H2O2 under
aforementioned conditions was tested and shown in Fig. 6D. The fabri-
cated biosensor showed excellent reproducibility with the individually
developed biosensors having an RSD value of 2.94% and 4.08% in the ab-
sence and presence of H2O2 respectively.

3.5. Determination of H2O2 in real systems

The proposed biosensor was evaluated for its applicability in the de-
tection and estimation of H2O2 spiked in real samples like human serum
and whole milk. The obtained serum and milk samples were diluted
using phosphate buffer (0.1 M, pH 7.0) and known concentrations of
H2O2were spiked using standard additionmethod and the amperomet-
ric response was shown in Fig. S8. The recoveries were obtained in the
range of 98.8% to 103.2% as shown in Table 2. The obtained results indi-
cate the suitability of the developed biosensor for the analysis of H2O2 in
real samples, which could be attributed to the high sensitivity, selectiv-
ity, rigidity and facile fabrication methodology of the proposed HRP-
NpAc-IL/MWCNT/GCE biosensor.

4. Conclusions

Herein, we report a highly facile and stable anchoring platform for
the direct and effective covalent anchoring of HRP enzyme without
any crosslinker. The scaffold encompasses of a naphthyl group contain-
ing acetate functionalized ionic liquid (NpAc-IL) over MWCNT coated
GCE surface. The -OCH3 groupofNpAc-ILwas effectively used for the co-
valent immobilization of HRP via amide bond formation, whereas the
naphthalene group was utilized for the π-π stacking with the MWCNT
network. The enhanced conductivity and high stability of developed
biosensor even in the dynamic conditions is due to the covalent linking
of HRP on a highly conducting, biocompatible NpAc-IL along with the
synergistic behaviour of MWCNT. This biosensor set up afforded prom-
ising performance towards H2O2 detection, besides excellent recovery
in complex real samples. Hence, the newly developed NpAc-IL/
MWCNT matrix elicits diverse approaches in the design and develop-
ment of various bioanalytical devices, where the stable and efficacious
immobilization of biomolecules remains a daunting challenge.
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