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ABSTRACT: Creation of interfaces with a prudent design for the
immobilization of biomolecules is substantial in the construction of
biosensors for real-time monitoring. Herein, an adept biosensing
interface was developed using a nanoconjugated matrix and has
been employed toward the electrochemical determination of
hydrogen peroxide (H2O2). The anionic gold nanoparticle
(AuNP) was electrostatically tethered to cationic redox ionic
liquid (IL), to which the horseradish peroxidase (HRP) enzyme
was covalently immobilized to form a nanobioconjugate. The
anthracene-substituted, aldehyde-functionalized redox IL (CHO-
AIL) was judiciously designed with the (i) imidazolium cation for
electrostatic interaction with AuNPs, (ii) anthracene moiety to
mediate the electron transfer, and (iii) free aldehydic group for
covalent bonding with a free amine group of the enzyme. Thus, the water-soluble HRP is effectively bonded to the CHO-AIL on a
glassy carbon electrode (GCE) via imine bond formation, which resulted in the formation of the HRP-CHO-AIL/GCE.
Electrochemical investigations on the HRP-CHO-AIL/GCE reveal highly stable and distinct redox peaks for the anthracene/
anthracenium couple at a formal potential (E°′) of −0.47 V. Electrostatic tethering of anionic AuNPs to the HRP-CHO-AIL
promotes the electron transfer process in the HRP-CHO-AIL/AuNPs/GCE, as observed by the reduction in the formal potential to
−0.42 V along with the enhancement in peak currents. The HRP-CHO-AIL/AuNPs/GCE has been explored toward the
electrocatalytic detection of H2O2, and the modified electrode demonstrated a linear response toward H2O2 in the concentration
range of 0.02−2.77 mM with a detection limit of 3.7 μM. The developed biosensor ascertained predominant selectivity and
sensitivity in addition to remarkable stability and reproducibility, corroborating the suitableness of the platform for the effectual
biosensing of H2O2. The eminent performance realized with our biosensor setup is ascribed to the multifunctional efficacy of this
newly designed nanobioconjugate.

KEYWORDS: nanobioconjugate, redox ionic liquid, gold nanoparticles, horseradish peroxidase, hydrogen peroxide,
electrochemical biosensor

1. INTRODUCTION

Electrochemical biosensing devices play an integral role in the
detection of various significant analytes and are in high
demand in healthcare, agriculture, environment, and even in
national security. They have gained stupendous importance in
the effective determination of target analytes owing to their
rapid response time, low cost, simple operation, and high
selectivity with good sensitivity.1−4 These biosensors based on
various enzymes, proteins, and antibodies are essentially
advantageous in selectively detecting the ultralow concen-
trations of target analytes in a complex system.5−7 Despite all
these advantages, the efficacy of these biosensors critically
relies on (i) stable immobilization and suitable orientation of
biomolecules and (ii) communication between the electro-
active prosthetic group in the biomolecule and electrochemical
transducers.8,9 Various redox mediators, nanomaterials, and

conducting polymers are being incorporated in the electrode
setup for surmounting these challenges.
Redox mediators such as azure A, ferrocene, neutral red,

thionine, and toluidine blue are mostly being utilized for
shuttling the electrons between the electrode and the enzyme
molecules.10−12 Meanwhile, noble metal nanoparticles have
emerged as promising materials owing to their distinguished
sensitivity that arises from the increased surface area, excellent
surface-to-volume ratio, and intrinsic electronic properties.
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Especially, the gold nanoparticles (AuNPs) are of high interest
in electroanalytical applications because of their distinctive
electrochemical characteristics and ease of synthesis with
tailor-made protecting groups.13,14 Several reports on AuNPs
suggest that these can be exploited to create an effective
electrochemical interface for various enzymatic reactions.15−17

However, most of these platforms were unable to retain all the
essential qualities of biomolecules to be developed into a
biosensor, especially to hold or preserve the nativity and
functionality of the enzymes, which could considerably affect
the stability of the fabricated biosensors. This inspired us to
develop a highly versatile and facile sensor matrix that can
provide stable anchoring of biomolecules, along with efficacy
to preserve the enzyme’s nativity and further expedite the
electron shuttle between the electrode and biomolecule.
Ionic liquids (ILs) are considered to be exceptionally

promising candidates in diverse and thrust areas of research
including batteries, supercapacitors, solar cells, catalysis, and
sensors and biosensors owing to their fascinating character-
istics, which include wide electrochemical potential window,
low volatility, enhanced thermal stability, and nontoxicity.18−21

In particular, their typical properties of high conductivity and
good biocompatibility are of immense interest in bioelectronics
for establishing a meaningful bridge between the enzymes and
electrochemical probes. Furthermore, ILs offer outstanding
synthetic versatility and these molecules can be judiciously
tuned with an appropriate choice of cations (imidazolium,
phosphonium, pyridinium, etc.) and anions (inorganic to
organic) to suit distinct applications based on the requirement.
ILs comprising different functional groups such as −NH2,
−COOH, −CHO, −OH, −SO3H, and so on have been
designed for accomplishing various task-specific applica-
tions.22−26 Taking all these merits associated with ILs into
account, we intended to design and synthesize a novel IL-
based biosensing interface with multiple efficacies such as facile
immobilization of biomolecules, efficient electrical communi-
cation through a redox mediator, larger surface area, and high
electronic conductivity. AuNPs were chosen to afford a high
surface area and conductivity and could be electrostatically
tethered to the cationic part of ILs. In addition, the IL could be
designed as redox-active via suitable substitution to facilitate
the electrical communication for effectual biosensing. Since we
have obtained promising performance with the aldehyde-

functionalized IL for immobilization of glucose oxidase
enzymes and detection of glucose in our previous work,26 we
sought to leap ahead with an analogous aldehyde functional
group for the covalent immobilization of biomolecules in the
present investigation. Horseradish peroxidase (HRP) has been
adopted to serve as a model biomolecule to demonstrate the
versatility of the newly developed platform. HRP is a
metalloenzyme containing a heme group extracted from the
roots of horseradish and the widely utilized enzyme in the
fabrication of biosensors for the determination of hydrogen
peroxide (H2O2).

27,28 Qualitative and quantitative determi-
nation of H2O2 is a highly crucial and persuasive process
needed in food processing, pharmaceutical industry, pulp and
textile bleaching, clinical diagnosis, and environmental
monitoring.29−31 Thus, the establishment of highly reliable
analytical tools and methodologies toward selective and
sensitive determination of H2O2 remains the need of the
hour.32

Herein, we have prudently framed a nanoconjugated matrix
using an anthracene-substituted, aldehyde-functionalized cati-
onic redox IL (CHO-AIL) electrostatically tethered to anionic
AuNPs on the GCE as a befitting scaffold toward covalent
anchoring of the HRP enzyme and utilized it for selective
biosensing of H2O2. The platform comprises a free aldehyde
group to covalently anchor the HRP enzyme via imine bond
formation and anthracene group in the IL form, which serves
as the redox mediator. Furthermore, negatively charged AuNPs
have been prepared exclusively to facilitate them to be
electrostatically tethered to the bulky positive charge on the
CHO-AIL. A facile electron transfer was achieved by the
anthracene/anthracenium redox couple, and a stable enzyme
immobilization was obtained because of the covalent
anchoring with impressive biocompatibility and synthetic
versatility offered by the CHO-AIL. Electrostatic incorporation
of AuNPs provided a biosensing interface with the enhanced
surface area for the CHO-AIL and good electronic
conductivity for the rapid shuttling of electrons, which
ultimately augmented the biosensor performance.

2. EXPERIMENTAL SECTION
2.1. Chemicals and Reagents. 9-(Chloromethyl)anthracene

(≥98%), imidazole (≥99%), sodium hydride (60% dispersion in
mineral oil), salicylaldehyde (≥98%), formaldehyde (37%), and

Figure 1. (A) Schematic illustration of the synthesis of anthracene-substituted aldehyde IL (CHO-AIL). (B) Step-wise fabrication of the HRP-
CHO-AIL/AuNPs/GCE.
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gold(III) chloride (HAuCl4) (99.99%, 30 wt % in dilute HCl) were
bought from Sigma-Aldrich (India). H2O2 (30%) was obtained from
Merck (India). Sodium citrate tribasic dihydrate (TSC) and HRP
were procured from Sisco Research Laboratories (India). Other
common chemicals were employed as obtained (analytical grade)
without additional treatment. Milli-Q water (resistivity: 18.2 MΩ cm
at 25 °C) was used to prepare all the aqueous solutions. Monosodium
and disodium phosphate salts were used for preparing the phosphate
buffer, and aqueous sodium hydroxide and hydrochloric acid solutions
were used to adjust pH. All glassware used for nanoparticle synthesis
and storage were thoroughly precleaned with aqua regia
(3HCl:1HNO3).
2.2. Instrumentation. Nuclear magnetic resonance (NMR)

spectral analysis was performed on a Bruker Ascend spectrometer
(400 MHz) using CDCl3/DMSO-d6 as the solvent, and the chemical
shift (δ) values are presented in ppm and referred to tetramethyl
silane (δ = 0.00). A Shimadzu IR Affinity-1 spectrophotometer was
used for recording the Fourier-transform infrared (FTIR) spectra
using an attenuated total reflectance method over the range of 4000 to
400 cm−1. A JASCO V-670 spectrophotometer was used for UV−
visible (UV−vis) spectral analysis with a path length (l) of 1 cm. An
FEI-Tecnai G2 20 Twin (200 kV) was used for high-resolution
transmission electron microscopy (HR-TEM). A D8 ADVANCE
(Bruker) diffractometer with a monochromatic source (Cu Kα
radiation, λ = 1.5418 Å) was used to study the X-ray diffraction
(XRD) pattern. A JEOL GC Mate-II spectrometer with electron
impact ionization (70 eV) was used for recording the high-resolution
mass spectra (HRMS). The electrochemical experiments such as
amperometry and cyclic voltammetry (CV) were performed with a
CHI760E (CH Instruments, USA) electrochemical workstation, and
the impedance measurements were conducted in an Autolab
PGSTAT204 (Metrohm Autolab, Netherlands) potentiostat. These
electrochemical experiments were carried out in a regular three-
electrode cell comprising (i) an unmodified/modified glassy carbon
electrode (GCE) as the working electrode, (ii) an aqueous Ag/AgCl
(3 M KCl) as a reference, and (iii) a platinum spiral as the counter
electrode. All electrochemical experiments were performed in a
deoxygenated buffer solution under a nitrogen atmosphere (inert).

2.3. Synthesis of Anthracene-substituted Aldehyde-func-
tionalized IL. An anthracene-substituted aldehyde-functionalized IL
was synthesized by the steps as shown in Figure 1A.

2.3.1. Synthesis of 1-Anthracene-9-ylmethylimidazole. A 21
mmol of sodium hydride (oil free) was stirred in dry THF at an ice-
cold condition. To this stirred solution, 20 mmol of imidazole
solution in dry THF was added slowly. Thereafter, an ice bath was
removed and stirring continued for 1 more hour at room temperature
(RT). Subsequently, 20 mmol of 9-(chloromethyl)anthracene in dry
THF was supplemented to this mixture and refluxed for 15 h at 65 °C.
Afterward, the solid residue was filtered out and THF was removed by
a rotary evaporator. The resulting residue was thoroughly washed
using water and then extracted using chloroform. The collected
extract was subjected to drying over magnesium sulphate (anhy-
drous), and chloroform was evaporated to obtain 1-(anthracene-9-
ylmethyl)-imidazole as a yellow solid (92% yield). 1H NMR (400
MHz, CDCl3): δ 6.01 (s, 2H, −CH2−), 6.85 (s, 1H), 7.00 (s, 1H),
7.47−7.56 (m, 5H), 8.04−8.06 (d, 2H), 8.15−8.17 (d, 2H), 8.53 (s,
1H) ppm. 13C NMR (100 MHz, CDCl3): δ 43.07, 118.93, 123.0,
124.71, 125.34, 127.39, 129.38, 129.50, 130.80, 131.45, 136.85 ppm
(Figure S1).

2.3.2. Synthesis of 1-(Anthracene-9-ylmethyl)-3-(3-formyl-4-
hydroxybenzyl)-imidazol-3-ium Chloride (CHO-AIL). 5-Chlorometh-
yl-2-hydroxybenzaldehyde (15 mmol) in acetonitrile was added
gradually to an acetonitrile (35 mL) solution of 1-(anthracene-9-
ylmethyl)-1H-imidazole (15.1 mmol) under stirring. This mixture was
refluxed at 75 °C for 48 h, after which it was cooled to RT and the
solid was separated. The residue was thoroughly washed using diethyl
ether, followed by vacuum drying to obtain CHO-AIL as a pale-yellow
solid (91% yield). 1H NMR (400 MHz, DMSO-d6): δ 5.25 (s, 2H,
−CH2−), 6.49 (s, 2H, −CH2−), 7.07−7.09 (d, 1H), 7.49−7.52 (m,
1H), 7.59−7.69 (m, 6H), 7.73−7.74 (t, 1H), 8.21−8.23 (d, 2H),
8.44−8.46 (d, 2H), 8.84 (s, 1H), 9.18 (s, 1H), 10.26 (s, 1H, −CHO),
11.13 (s, 1H, −OH) ppm. 13C NMR (100 MHz, DMSO-d6): δ 45.47,
51.55, 118.53, 122.85, 122.94, 123.35, 123.84, 123.95, 126.08, 126.13,
128.25, 128.93, 129.88, 130.61, 131.09, 131.54, 136.15, 136.81,
161.69, 190.58 ppm. HRMS (EI): [C26H21N2O2]

+ calcd, 393.4655;
found, 393.4652 (Figures S2 and S3).

2.4. Synthesis of Negatively Charged AuNPs. In order to form
the nanoconjugate of ILs with AuNPs, we intended to prepare

Figure 2. (A) UV−vis absorption spectrum, (B) XRD, and (C,D) TEM images of AuNPs.
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negatively charged nanoparticles, following the procedure reported in
the literature with minor modification.33 Briefly, a 50 mL aqueous
solution of HAuCl4 (1 mM) was heated to boiling temperature under
the vigorous stirring condition. This was followed by the quick
addition of a 5 mL of TSC solution (38.8 mM). The resulting mixture
was boiled for an additional 20 min, which turned the pale-yellow
solution to deep red, confirming the formation of stable AuNPs. This
colloidal solution was cooled to RT and preserved in a refrigerator at
4 °C.
2.5. Fabrication of the HRP-CHO-AIL/AuNPs/GCE Biosensor.

Initially, a GCE was mirror-polished on a cloth pad with alumina
slurries (1.00, 0.30, and 0.05 μm) successively, sonicated for 5 min in
the ethanol/H2O (1:1 v/v) mixture, and then dried in the open air.
This mirror-polished GCE was coated with 5 μL of anionic AuNPs
and allowed to dry at RT to form a negatively charged AuNP surface
over the GCE (AuNPs/GCE). Then, 5 μL of cationic CHO-AIL (1
mg/50 μL of MeOH) was drop-casted over the AuNPs/GCE to form
a stable electrostatically attracted CHO-AIL/AuNPs/GCE. Further-
more, 5 μL of HRP solution (10 mg/mL) was drop-casted over the
CHO-AIL/AuNPs/GCE and incubated (2 h) to form a stable imine
linkage between the free −NH2 functional group of enzymes and−
CHO functionality of CHO-AIL through Schiff base condensation.
Afterward, the fabricated electrode was repeatedly washed with
phosphate buffer to remove any loosely bound or nonbonded HRP
from the sensor matrix, giving rise to the HRP-CHO-AIL/AuNPs/
GCE. The step-wise construction of the proposed biosensor is
displayed in Figure 1B. For comparison, another electrode was
constructed without employing AuNPs in the sensor matrix and is
referred to as HRP-CHO-AIL/GCE.

3. RESULTS AND DISCUSSION

3.1. Characterization of Gold Nanoparticles. The
absorption spectrum of the as-prepared AuNPs shows the
characteristic localized surface plasmon resonance peak at
around 517 nm, indicating the generation of nanoparticles with
uniform size distribution (Figure 2A). The XRD analysis of

AuNPs, drop-casted on a glass coverslip, revealed the typical
peaks at 37.54, 43.86, 64.01, and 77.55 ascribed to 111, 200,
220, and 311 crystal planes of AuNPs, respectively, which are
in agreement with the data reported in JCPDS 00-001-1172
(Figure 2B). The TEM image analysis corroborates the UV−
visible spectroscopic results and shows the generation of
spherical AuNPs with an average size of 15.65 ± 1.80 nm
(Figure 2C,D). The hydrodynamic size measured by dynamic
light scattering was found to be 34.39 ± 0.64 nm. Furthermore,
the zeta potential of AuNPs was estimated to be −65.76 ±
13.23 mV, which clearly evidences the presence of negative
charges at the AuNP surface by virtue of TSC as the capping
agent.34,35

3.2. Spectral Investigation of HRP-CHO-AIL. The
covalent attachment of HRP on CHO-AIL through the
formation of a strong imine bond was confirmed by
investigations using FTIR spectra. The samples for FTIR
spectra were obtained by scratching off the fabricated electrode
surface with a custom-made needle, followed by drying and
recording of the spectra using the ATR mode. In Figure 3A,
the green curve represents the FTIR spectrum of CHO-AIL,
which shows a sharp band at 1664 cm−1 representing the
aldehydic (CO) stretching frequency of terminal aldehyde
groups, and peaks around 2850 and 1450 cm−1 correspond to
stretching frequencies of aromatic C−H and C−C bonds,
respectively.36,37 The red curve represents the HRP enzyme,
which illustrates typical stretching frequencies for amide I and
amide II around 1646 and 1525 cm−1, respectively.38 The blue
curve denotes the FTIR spectrum of covalently immobilized
HRP on CHO-AIL, which was confirmed through the absence
of aldehydic (CO) stretching (1664 cm−1) frequency and
advent of CN stretching frequency at 1612 cm−1, which
appears as a shoulder peak with an amide I band of HRP.37

Figure 3. (A) Comparative FTIR spectra of CHO-AIL (green), HRP (red), and HRP-CHO-AIL (blue). (B) Nyquist plots of the unmodified GCE
(black), AuNPs/GCE (pink), CHO-AIL/AuNPs/GCE (green), HRP-CHO-AIL/GCE (blue), and HRP-CHO-AIL/AuNPs/GCE (red) in a 0.1 M
KCl electrolyte with 2.5 mM of [Fe(CN)6]

3−/4− (inset: equivalent circuit used to fit EIS data), and (C) CVs of the unmodified GCE (black),
AuNPs/GCE (pink), HRP-CHO-AIL/GCE (blue), and HRP-CHO-AIL/AuNPs/GCE (red) measured in phosphate buffer (0.1 M, pH 7.0) at a
sweep rate of 50 mV/s.
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Furthermore, both the amide peaks of HRP were preserved in
HRP-CHO-AIL, which suggests that the enzyme preserves its
native state even after being covalently bonded to CHO-AIL.
These results confirm the establishment of a covalent linkage
between HRP and CHO-AIL and also the retainment of the
native state of the enzyme in the immobilized form, which is
attributed to the virtuous biocompatibility offered by CHO-
AIL.
3.3. Electrochemical Impedance Measurements on

the HRP-CHO-AIL/AuNPs/GCE. Electrochemical impedance
spectroscopy (EIS) aids in investigating the interface by
following the change in impedance between the electrolyte and
electrode interface during step-wise fabrication of the
biosensor. The Nyquist plot from EIS exhibits a semicircle in
the high-frequency range, and the diameter of this semicircle
represents the charge transfer resistance (Rct). Figure 3B shows
the EIS results obtained for the electrodes in a 0.1 M KCl
electrolyte with 2.5 mM [Fe(CN)6]

3−/4−, and these results
were fitted using the Randle’s circuit [Figure 3B (inset)]. The
unmodified GCE exhibited a Rct of 309 Ω, representing a
sluggish redox behavior; however, after drop-casting AuNPs on
the GCE (AuNPs/GCE, pink curve), the Rct increased to 486
Ω. This is attributed to the repulsion between the [Fe-
(CN)6]

3−/4− anions present in the solution and the negatively
charged AuNP/GCE surface, which confirms that the anionic
AuNPs were effectively immobilized over the GCE surface.39

After immobilization of CHO-AIL on the AuNPs/GCE
(CHO-AIL/AuNPs/GCE, green curve), the negative charge
in AuNPs is compensated by the positively charged ions in the
CHO-AIL and the electrostatic repulsion observed with
[Fe(CN)6]

3−/4− is remarkably subsided. Thus, a very low Rct
of 163 Ω was observed for the CHO-AIL/AuNPs/GCE, which
is ascribed to high conductivity afforded by the CHO-AIL/
AuNPs matrix. Nevertheless, covalent attachment of HRP on

the CHO-AIL/GCE (HRP-CHO-AIL/GCE, blue curve)
increases the Rct of the modified electrode to the highest
value of 1336 Ω, which confirms the firm anchoring of the
nonconducting biomolecule on the surface.40 Furthermore,
incorporation of AuNPs (HRP-CHO-AIL/AuNPs/GCE, red
curve) in the biosensor matrix significantly reduces the Rct to
795 Ω. The EIS outcomes imply that the fabricated CHO-
AIL/AuNPs/GCE nanoconjugate-based sensing interface
provided an enhanced conductivity, which expedited the fast
electron transfer between the electrode and active sites of the
covalently immobilized biomolecules.

3.4. Electrochemical Investigations on the HRP-CHO-
AIL/AuNPs/GCE. The electrochemical response of the HRP-
CHO-AIL/AuNPs/GCE was examined sequentially with CV
in N2 satd. phosphate buffer (0.1 M, pH 7.0) within the
potential window of 0.0 and −0.7 V at a sweep rate of 50 mV/s
(Figure 3C). No apparent redox signals were observed for the
unmodified GCE and AuNPs/GCE within the given potential
window. Immobilization of HRP on the AuNPs modified GCE
(without CHO-AIL) resulted in a highly unstable and
inconsistent CV response (figure not shown). However, the
HRP-CHO-AIL/GCE showed a well-resolved and stable redox
peak for the anthracene/anthracenium couple with anodic
(Epa) and cathodic (Epc) peak potentials at −0.43 and −0.52 V,
respectively.41,42 A distinct redox peak with enhanced redox
peak currents was obtained in the case of the HRP-CHO-AIL/
AuNPs/GCE with an Epa value of −0.37 V and an Epc value of
−0.47 V. Moreover, a less formal potential (E°′) of −0.42 V
was obtained with the HRP-CHO-AIL/AuNPs/GCE com-
pared to that of HRP-CHO-AIL/GCE (E°′ −0.47 V) with an
increased peak current, which is attributable to the highly
conductive nature of AuNPs with the enhanced surface area
along with the electrostatically tethered redox-active CHO-AIL
to the fabricated biosensor.

Figure 4. (A) CVs of the HRP-CHO-AIL/GCE and (B) CVs of the HRP-CHO-AIL/AuNPs/GCE with increasing concentrations of H2O2 at 50
mV/s. Insets: CVs of the (A) unmodified GCE and (B) AuNPs/GCE and CHO-AIL/AuNPs/GCE in the presence (0.5 mM) and absence of
H2O2. (C) Amperometric response for the successive spikes of H2O2 under constant stirring (350 rpm) at −0.45 V and (D) corresponding
calibration plot.
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Furthermore, the electroactive surface areas of the
unmodified GCE, AuNPs/GCE, and CHO-AIL/AuNPs/
GCE were calculated using Randles−Sevick eq 1

= ×I D An Cv(2.69 10 )p
5 1/2 3/2 1/2

(1)

where Ip is the peak current (A), D is the diffusion coefficient
of the species (cm2 s−1), C is the concentration of the species
in solution (mol L−1), A is the electroactive surface area (cm2),
n is the number of electrons transferred, and v is the sweep rate
(V s−1). The electroactive surface areas of various modified
electrodes were estimated to be 0.042 cm2 for the unmodified
GCE, 0.122 cm2 for AuNPs/GCE, and 0.139 cm2 for CHO-
AIL/AuNPs/GCE. It could be noticed that the introduction of
AuNPs has strikingly increased the electroactive area, and
CHO-AIL/AuNPs/GCE has shown 3.3 times increase in the
surface area than that of unmodified GCE, which in turn would
assist better immobilization and orientation of HRP in the
developed sensor. The influence of pH of the electrolyte on the
fabricated biosensor was probed by performing CVs in
phosphate buffers of different pH values, ranging between 6
and 10, at a sweep rate of 50 mV/s (Figure S4A). When the
pH was increased from 6 to 10, the redox peak potentials were
shifted to the more negative region and the plot of peak
potentials versus pH resulted in a linear trend with a slope of
63 mV/pH (Figure S4B), which is closer to the Nernstian
behavior of 59 mV/pH for one proton coupled with one
electron transfer. Moreover, a maximum peak current was
achieved at the neutral pH and hence pH 7.0 was chosen for
probing the electrocatalytic activity. Furthermore, the influence
of the sweep rate on the developed HRP-CHO-AIL/AuNPs/
GCE was examined by increasing the sweep rate between 5
and 120 mV/s, which is shown in Figure S5. On increasing the
sweep rate, the cathodic and anodic peak currents show an
increase with a feeble shift in the peak potential and the plot of
peak currents versus square root of the sweep rate depicts a
linear relationship, corresponding to a diffusion-controlled
redox process.
3.5. Electrocatalytic Behavior of the HRP-CHO-AIL/

AuNPs/GCE for H2O2 Reduction. After the successful
characterization of the fabricated biosensor by EIS and CV,
the electrocatalytic efficacy of the nanobioconjugate toward
H2O2 reduction was probed using CV. Figure 4A displays the
CVs obtained for the sequential additions of H2O2 in
phosphate buffer (N2 satd., 0.1 M, pH 7.0) at a sweep rate
of 50 mV/s using the HRP-CHO-AIL/GCE. For every
incremental addition of the analyte, there was an immediate
increase in the reduction current, along with a subsequent
decline in the oxidation current, implying the electrocatalytic

H2O2 reduction. The nanoconjugated matrix-based HRP-
CHO-AIL/AuNPs/GCE (with AuNPs) showed a significantly
higher catalytic current response with a less onset potential
than the HRP-CHO-AIL/GCE (without AuNPs) for the same
concentrations of H2O2 (Figure 4B). The increase in the
reduction current varied linearly with the amount of H2O2
spiked into the electrolyte solution, which confirms that the
HRP-CHO-AIL/GCE could effectively reduce H2O2. The
higher catalytic current with a less formal potential observed
for the HRP-CHO-AIL/AuNPs/GCE is due to the improved
electronic conductivity and vast electroactive surface provided
by AuNPs along with the electrostatically tethered biocompat-
ible CHO-AIL. Instead, the unmodified GCE (Figure 4A,
inset), AuNPs/GCE (Figure 4B, inset), and CHO-AIL/
AuNPs/GCE (Figure 4B, inset) displayed an ineffectual
response for even 0.5 mM H2O2 under similar conditions.
Thus, effective communication with the heme active site of
HRP was realized in this nanostructured multifunctional
interface through the electrical wiring made over the new
redox-active CHO-AIL and AuNPs, which makes the
fabricated electrode a stable biosensor for the effective
determination of H2O2.
After studying the electrocatalytic activity of the HRP-CHO-

AIL/AuNPs/GCE toward H2O2 in a static condition, the
competence of the developed electrode was verified using
amperometry in dynamic conditions (Figure 4C). Amperom-
etry was performed with the HRP-CHO-AIL/GCE and HRP-
CHO-AIL/AuNPs/GCE in a stirred phosphate buffer (N2
satd., 0.1 M, pH 7.0). Initially, the operating potential for the
amperometric studies was optimized by carrying out the
measurements at increasing potentials between −0.35 and
−0.55 V (Figure S6). Upon increasing the operating potentials,
the current response of the HRP/CHO-AIL/AuNPs/GCE
toward H2O2 determination was also found to increase up to
−0.45 V. Though a slightly higher current was obtained
beyond −0.45 V, the current response was not linear at very
high potentials, and hence, −0.45 V was selected as the optimal
voltage for amperometric H2O2 detection. For every
incremental addition of H2O2 with HRP-CHO-AIL/AuNPs/
GCE at −0.45 V, we observed an immediate increase in the
current response and this gets stabilized in <3 s and attains a
steady state. However, a less catalytic current with a nonlinear
response was observed for the HRP-CHO-AIL/GCE, which
shows that the AuNPs with intrinsic conductivity in the
nanoconjugated matrix afford enhanced sensitivity. The
favorable microenvironment of HRP in the CHO-AIL matrix
with the fast electron shuttling of the anthracene mediator
along with AuNPs synchronously contributes to the quick

Table 1. Comparative Performances of Enzyme-based H2O2 Biosensors

biosensors linear range (mM) sensitivity (μA mM−1 cm−2) LOD (μM) ref.

HRP-OANW 0.02−0.5 31 5 43
HRP-OANP 0.02−0.5 27 8 43
GCE/CtRGO/PAMAM/GA/HRP 0.05−0.8 29.86 25 44
GCE/PAMAM/GA/HRP 0.2−1.1 5.68 50 44
GCE/GA/5%Pt NPs/Cyt c 0.005−1.175 5.3 1.67 45
Hb−AgNPs-PAMAM/GCE 0.006−0.09 4.9 46
HRP/LDH-CMC/GCE 0.02−6.0 220 12.4 47
PCS/Hb/CPE 0.1−5.0 76.43 32 48
Hb-CB-ZE/GCE 0.004−0.39 4.0 49
HRP-CHO-AIL/AuNPs/GCE 0.02−0.72 63.4 3.7 this work

0.72−2.77 51.1
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catalytic response. On plotting the catalytic current versus
H2O2 concentration (Figure 4D), it varied linearly but in two
concentration ranges from 20 μM to 0.72 mM and 0.72 mM to
2.77 mM with sensitivities of 63.4 and 51.1 μA mM−1 cm−2

and a limit of detection of 3.7 μM. Thus, the nano-
bioconjugate-based sensing interface offered promising results
toward the sensitive determination of H2O2. The overall
performance of the nanoconjugated matrix-derived biosensor
toward H2O2 determination was compared with the published
literature, and it is clear that the fabricated biosensor exhibited
a comparable or better electrocatalytic response compared to
previous reports (Table 1).
3.6. Stability, Selectivity, and Reproducibility. An

essential requirement of a biosensing interface is to provide a
stable and reproducible response for a longer time.
Accordingly, the fabricated biosensor was tested for its stability
by subjecting it to 50 continuous scans at a sweep rate of 50
mV/s in phosphate buffer (0.1 M, pH 7.0), as shown in Figure
5A. Noticeably, no significant variation in the peak currents as
well as in peak potentials was observed, which implies the
enhanced cyclic stability of the HRP-CHO-AIL/AuNPs/GCE.
Furthermore, the biosensor was examined for the long-term
storage stability for 30 long days, and it was found that the
biosensor could retain 95% of the original current in the
absence of H2O2 and 92% in the presence of 0.4 mM H2O2
(Figure 5B). The enhanced cyclic stability with acceptable
storage stability was accredited to the firm covalent attachment
of HRP on a CHO-AIL/AuNPs based biocompatible and
highly conducting nanoconjugated matrix. In the electrode
design, the biosensing interface not only performs a pivotal
role as a quick electron shuttle but also serves as a host and
anchoring site to retain the nativity and stability of the highly
sensitive HRP enzyme. The HRP-CHO-AIL/AuNPs/GCE
displayed stable and consistent voltammograms only in the pH

range between 6 and 10 (Figure S4), and the voltammetric
response was not stable under a strongly acidic or basic
environment. We are uncertain at this moment whether the
unstable CV response at strong acidic/basic conditions is due
to the instability of the imine bond or denaturation of the
enzyme. The fabricated biosensor was preserved in a
refrigerator at 4 °C after each experiment.
The selectivity of the HRP-CHO-AIL/AuNPs/GCE was

evaluated by adding some commonly interfering electroactive
species. Figure 5C depicts the amperometric current response
acquired for 0.15 mM of H2O2 along with 1 mM of
electroactive and commonly co-existing compounds like uric
acid, dopamine, ascorbic acid, sodium nitrite, potassium iodate,
potassium bromate, glucose, fructose, and L-cysteine in a
continuously stirred electrolyte. Impressively, the fabricated
biosensor showed a catalytic current response only on H2O2
addition and no significant signal was noticed for other
interfering species, which indicates its high selectivity.
Furthermore, the reproducibility of the developed biosensor
was tested by preparing five different HRP-CHO-AIL/AuNPs/
GCEs by following similar protocols, and their catalytic current
response toward 0.5 mM H2O2 was analyzed, as shown in
Figure 5D. The relative standard deviation (RSD) values were
found to be 2.8 and 1.98% in the presence and absence of
H2O2, respectively, which indicates the acceptable electrode-
to-electrode reproducibility of the constructed electrode.

3.7. Real-Sample Analysis. The practical usability of the
fabricated biosensor was tested by quantifying H2O2 in real-
world samples like apple juice, milk, and goat serum. The
amperometric determination was performed with known
concentrations of H2O2 spiked in the diluted real samples.
The fabricated HRP-CHO-AIL/AuNPs/GCE was adept in
estimating the concentrations of H2O2 with the recoveries
ranging from 97.8 to 102.1% with an acceptable RSD (Table

Figure 5. (A) Effect of potential scans for 50 continuous cycles, (B) long-term stability for 30 days in the presence (0.4 mM) and absence of H2O2,
(C) effect of interference by performing amperometry toward H2O2 addition (0.15 mM) in the presence of various interfering agents (1 mM) in a
stirred phosphate buffer (0.1 M, pH 7.0), and (D) current response bar diagram in the presence (0.5 mM) and absence of H2O2 for five similarly
prepared biosensors.
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2). These observations ensure that the fabricated electrode is
suitable toward sensing of H2O2 in real-life samples, and this is

ascribed to the excellent sensitivity and selectivity originated
from the stable immobilization of HRP on the newly
developed nanoconjugated matrix.

4. CONCLUSIONS
In summary, a nanostructured matrix was designed to be a
novel interface toward effective covalent anchoring of HRP.
The biosensing interface comprises a conjugate of anthracene-
substituted aldehyde-functionalized cationic redox IL electro-
statically tethered to a negatively charged AuNPs. CHO-AIL
facilitated the covalent immobilization of the HRP enzyme
with its aldehyde group, and the anthracene group of this redox
IL effectively mediated the electron shuttling across the deeply
buried redox-active center of HRP and the electrode surface.
Furthermore, AuNPs along with CHO-AIL synchronously
enhanced the conductivity, which significantly augmented the
biosensing. This multifunctional nanobioconjugate-based
biosensor thus obtained provided promising performances,
pertaining to electrocatalytic activity, selectivity, sensitivity,
reproducibility, and stability toward effective determination of
H2O2. The enhanced sensing parameters of the biosensor
could be ascribed to the effectual bonding of enzymes on this
biocompatible and conductive CHO-AIL/AuNPs platform.
Thus, the nanoconjugate-derived matrix reported here could
open new and interesting opportunities toward the fabrication
of various biosensors and immunosensors and also could shed
light on the development of tailor-made platforms for a wide
variety of applications.
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