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Abstract

In situ synthesis of novel hybrid organic—inorganic nanopetals (HNPs) of Copper (Cu**) and gold-conjugated hemoglobin
(Au@HD) is reported. The presence of Au within the protein matrix prevents the formation of a flower-like assembly of
the formed nanopetals of Au@Hb and Cu?* via the co-precipitation method. Morphological, chemical, and electrocatalytic
activities of in situ synthesized Au@Hb-Cu HNPs were examined systematically. The hybrid nanopetal (Au@Hb-Cu HNP)-
modified screen-printed PET electrodes show enhanced electrocatalytic activity toward the oxidation of H,O, compared to
electrodes modified with Hb-copper hybrid nanoflowers (Hb-Cu HNFs) without Au conjugation. The proposed biosensor
exhibits excellent electrochemical performance with broad linear responses over a H,O, concentration ranging from 5 to
1000 uM (R?>=0.99) and showed a lower detection limit of 1.46 uM at 0.30 V vs. pseudo Ag/AgCl. Enhanced electrochemi-
cal performance is attributed to heterogeneous active sites over hybrid nanopetal surfaces. Moreover, the hybrid nanopetal—
modified electrodes showed excellent stability and anti-interference performance in the presence of ascorbic acid, uric acid,
fructose, and glucose. These results demonstrate that Au@Hb-Cu HNPs offer a better and more promising alternative for

the electrochemical detection of H,0, sensitively.
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Introduction

Hydrogen peroxide (H,0,) is a common chemical used in
many industries such as food, biomedical, and pharma-
ceutical and is generally found in various biological envi-
ronments as an important intermediate or final product of
various enzymatic reactions which involve enzymes such
as glucose oxidase (GOx) and alcohol oxidases [1, 2]. H,O,
also plays a crucial role in cellular mechanisms, is required
in the production of various reactive oxygen species (ROS),
serves as cellular signaling molecules, and governs various
physiological processes such as cell differentiation, prolif-
eration, and cellular metabolism [3]. Higher concentrations
of H,0, involve oxidative stress; can damage DNA, cellu-
lar proteins, and lipids; and cause diseases such as cancers,
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myocardial infarction, Alzheimer’s, and atherosclerosis [4,
5]. In food and beverages, H,0, residues can be found in the
final products after pasteurization, sterilization, and packag-
ing. H,0, concentration above a certain threshold is consid-
ered hazardous for consumption [6]. For these diverse roles
of H,0, in industrial and biological processes, monitoring
H,0, has been an attractive target for researchers for many
years. Currently, there are numerous analytical techniques
available to detect H,O, which include titrimetry [7], chro-
matography [8], chemiluminescence [9, 10], fluorometric
[11, 12], spectrophotometric [13, 14], and electrochemical
methods [1, 15-17].

For developing a H,O, sensor, usually, strong redox activ-
ity of H,O, was exploited through colorimetric method (via
formation or degradation of dye) or electrochemical method
(oxidizing a mediator) [6]. Among different transducing
principles employed for H,0,, electrochemical methods
have the advantages of simple instrumentation, low cost,
high sensitivity, and fast response [18]. Numerous electro-
chemical H,0, sensors, including enzyme and non-enzyme-
based sensors, have previously been reported. In particular,
electrochemical biosensors based on enzymes and other
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proteins such as horse radish peroxidase (HRP) [7, 19, 20],
catalases [21, 22], cytochrome C, and hemoglobin (Hb)
[23-25] are the main focus in developing selective detection
platform for H,0O, sensing. Among these heme proteins, Hb
is mostly preferred because of its structural stability, com-
mercial availability, and low cost, even though it displays
weak catalytic activity compared to HRP, which is due to
the deeply buried iron-containing heme active site [26]. A
common strategy mostly utilized to enhance catalytic activ-
ity and improve stability is the immobilization of Hb on vari-
ous nanomaterials which favorably exposes active sites and
enhances activity. Notably, Hb immobilization on porous
iron oxide, palladium, and multi-walled carbon nanotube
(MWCNT) composite electrode [27], CNT-mesoporous
silica hybrid electrode, Hb-DNA conjugate on nano-porous
gold electrode [28], and graphene nanocomposite with
different morphologies has been explored by the previous
researcher. Conventional immobilization strategies such as
adsorption, covalent, crosslinking, and entrapment ensure
stability but often fail to maintain biological activity for
longer periods. Recently, a novel immobilization approach
was reported by Ge and co-workers when they discovered
that the flower-like organic—inorganic hybrid nanostructure
composed of enzyme and Cu®* ion exhibited much higher
enzyme activity and stability than free and conventional
immobilized enzymes [29]. This has encouraged research-
ers to explore various enzymes, metal ions, and combina-
tions of different enzymes to design new and innovative
hybrid nanoflowers (HNFs) tailored for applications such
as sensing, catalysis, biomedicine, and adsorption [30-34].
Previously, dual colorimetric/fluorescence biosensors were
developed utilizing Hb and copper phosphate HNFs to
detect H,O, [31]. The same group utilized Hb-Mn;(PO,),
HNFs as a biocatalyst applied in an electrochemical plat-
form to detect H,O, on a glassy carbon electrode surface
[35]. These studies prove that the hybrid structure facilitates
adequate exposure of heme active sites of Hb and improves
bio-catalytic and electrochemical performance. Apart from
these, the electrochemical performances of these nanostruc-
tures are rarely explored, although these hybrid materials
possess reasonably good design in terms of stability and
catalytic activity. To efficiently utilize these nanostructures
for electrochemical-based assay, HNFs of glucose oxidase
(GOx) and HRP were utilized in combination with gold nan-
oparticle (AuNP)-decorated graphene fibers [36] for highly
sensitive glucose sensing. A highly robust redox probe was
also developed for electrochemical immunoassay by utiliz-
ing AuNP-conjugated HNFs of BSA and copper [37]. These
methods exploit the unique properties of HNFs post-modi-
fied with nanomaterials to create high-performance probes
for electrochemical sensing. Recently, in situ modification
HNFs with nanomaterials such as magnetic nanoparticles
[37] and carbon nanotubes (CNTs) [26] were demonstrated
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as a highly effective design strategy to create conjugates of
HNFs with nanomaterials for highly sensitive glucose and
peroxide sensing, respectively. The electrochemical method
offers an affordable and easy-to-use solution yet provides a
sensitive response with a fast response time. An effective
immobilization strategy such mineralization of enzymes or
proteins into flower-like structures not only enhances the
stability of the enzymes but also increases catalytic activ-
ity. Furthermore, conjugation with nanomaterials such as
AuNPs and graphene enables the utilization of hybrid nano-
flower for enhanced electrochemical detection. However, the
process of conjugation with nanomaterials usually involves
additional steps [36, 37].

In this work, we report the in situ synthesis of Au-con-
Jjugated Hb-Cu,(PO,), organic—inorganic hybrid nanopetals
(Au@Hb-Cu HNPs) through a facile synthesis strategy for
the first time. These hybrid nanopetals were utilized for sen-
sitive electrochemical detection of H,O, by depositing over
a screen-printed carbon electrode (SPCE) on a flexible poly-
ethylene terephthalate (PET) substrate. We revealed that the
Au@Hb-Cu HNP-modified electrodes observed enhanced
electrocatalytic activity toward the oxidation of H,0, com-
pared to electrodes modified with Hb-copper hybrid nano-
flowers (Hb-Cu HNFs) without Au conjugation. The elec-
trochemical biosensor based on Au@Hb-Cu HNPs exhibits
high selectivity and good stability for determining H,O,.

Materials and Methods
Chemicals and Reagents

Hemoglobin (Hb) from human blood, H,0, (30%, w/v), ascor-
bic acid (AA), glucose, uric acid (UA), fructose, copper sulfate
pentahydrate, phosphate buffer saline (PBS) tablet, gold (III)
chloride trihydrate (HAuCl,), and Ag/AgCl conductive ink
were purchased from Sigma-Aldrich (St. Louis, MO, USA).
Polyethylene terephthalate (PET) transparent film was pur-
chased from a local store. Carbon ink was purchased from
Asahi CRL (Gifu, Japan). All other reagents were of analytical
grade and used without further purification. All solutions were
prepared using deionized water (18.2 MQ).

Instrumentation

Screen printing on PET sheets was conducted on a custom-
made screen-printing apparatus with a silk screen frame
with a mesh size of 100. The three-electrode system with
carbon ink as working and counter electrode and Ag/AgCl
ink as pseudo reference ink was screen printed on the PET
substrate. All electrochemical work including cyclic vol-
tammetry (CV), amperometry, and electrochemical imped-
ance spectroscopy (EIS) experiments was carried out using
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Scheme 1 Schematic represen-
tation of Au@Hb-Cu nanopetal
formation ®
HAuCI,

Incubation
(37 °C, 24H)

Hemoglobin (Hb)

PalmSens4 (Netherland) electrochemical interface. The
surface morphologies of the synthesized hybrid nanopetals
were characterized by the field emission scanning electron
microscope (FESEM) equipped with energy dispersive
X-ray (EDX) analyzers (SU8220, Hitachi). Ultraviolet—vis-
ible (UV-vis) absorption spectra were obtained using a
USB4000-UV-VIS spectrometer (Ocean Optics, USA).
X-ray photoelectron spectra (XPS) of hybrid nanopetals
were characterized by an X-ray photoelectron spectrometer
(NEXSA, Thermo Fisher).

Synthesis of Au@Hb-Cu HNPs

In a typical experiment, an aqueous solution of HAuCl,
(5 mM, 5 ml) was added to 5 ml of Hb (1 mg ml~!) in PBS
(0.1 M. pH 7.4). Both solutions were mixed together for
10 min and kept for incubation overnight at 37 ‘C. CuSO,
(120 mM, 60 pl) was added to the above solution and incu-
bated for 72 h at room temperature (RT). After incubation,
the precipitates were collected by centrifugation (3500 rpm
for 5 min), and the precipitate was washed several times with
ultra-pure water and stored at 4 °C. The representation of
the synthesis of Au@Hb-Cu HNPs was shown in Scheme 1.
Furthermore, for comparison studies, Hb-Cu,;(PO,), HNFs
were also prepared under similar concentration and experi-
mental conditions.

Preparation of Au@Hb-Cu HNP-Modified SPCE

The preparation of the modified electrode was carried out by
drop casting 3 pl of Au@Hb-Cu HNP solution (1 mg m1™!)
on the working electrode area and later allowed to dry at
RT. The modified electrodes were stored at 4 °C. Similarly,
Hb-Cu HNF-modified electrodes were also prepared for the
comparison analysis.

Measurement of Electrochemical Properties

Electrochemical measurements for the characterization of the
prepared sensor were carried out by using CV, EIS, and chrono-
amperometric (CA) methods. UA, AA, fructose, and glucose
were selected as coexisting substances to evaluate the anti-
interference ability of the prepared hybrid electrodes.

—_—

Cuso,

Crystal formation
& growth

(RT, 72H)

Au@Hb-Cu Nanopetals

Results and Discussion
Chemical Characterization of Au@Hb-Cu HNPs

The synthesized nanostructures were characterized by
using UV-vis and XPS techniques. Figure 1A represents
the UV-visible spectra of Hb, Hb-Cu HNFs, and Au@
Hb-Cu HNPs and inorganic copper phosphate (Cu;(PO,),)
nanocrystals (NCs). The typical Soret band corresponding
to pure Hb (red trace) was observed around 405 nm, which
is due to the specific absorption of the heme prosthetic
group [38]. Cu;(PO,), NCs (blue trace) do not have any
features around this region, whereas Hb-Cu HNF spectra
(green trace) show a broader Soret absorption peak around
410 nm, with a 5 nm shift from pure Hb sorbet peak. This is
accounted for by the interaction between the Hb and copper
phosphate. The absorption spectra for Au@Hb-Cu nano-
structure and the signal intensity of the Soret band decreased
and broadened, and its peak position was also revealed to be
slightly blue-shifted from 405 nm, as shown in the UV—-vis
absorption spectrum as represented in Fig. 1 A (black trace).
The decrease in the signal intensity and blue-shift of the
peak position observed can be attributed to changes in the
hydrophobicity of heme groups due to the formation of Au
conjugation on the Hb molecule [39]. Moreover, the reac-
tion at physiological temperature produces small gold clus-
ters after 24 h incubation, whereas the formation of bigger
nanoparticles of different shapes and sizes was reported to
be produced at higher temperatures [40].

The chemical compositions of Au@Hb-Cu HNPs were
analyzed by XPS. Figure 1B represents the survey spectrum
of the synthesized Au@Hb-Cu HNPs. The spectrum clearly
reveals that the synthesized Au@Hb-Cu HNPs are mainly
composed of C, N, O, Cu, and Au. Figure 1C depicts the
C 1 s spectrum where de-convoluted peaks at 284.69 eV,
285.61 eV, and 287.73 eV are attributed to aliphatic, aro-
matic, and carbonyl carbon atoms of Hb protein moiety,
respectively. The N 1 s spectrum (Fig. 1D) has a peak at
399.53 eV which corresponds to amide in the Hb protein
in the hybrid nanostructure. The spectrum of O 1 s shows a
peak at 531.28 eV and corresponds to OH and C =0 groups
(Fig. 1E). The XPS spectrum of Au 4f (Fig. 1F) shows bind-
ing energy peaks of 88.3 eV and 84.6 eV and corresponds
to Au 4f5,, and Au 4f,,, respectively, which are attributed
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Fig.1 (A) UV-vis spectra of Hb (red trace), Cu;(PO,), nanocrys-
tals (pink trace), Hb-Cu HNFs (green trace), and Au@Hb-Cu HNPs
(black trace). XPS spectra of Au@Hb-Cu HNPs (B) survey spectrum,
Cl1s(C),N1s(D),O1s(E),Au4f (F), Cu2p (G), and Fe 2P (H)

to spin—orbit coupling state of Au. XPS spectrum for Cu 2P
which belongs to the inorganic part (Cu;(PO,),) is repre-
sented in Fig. 1G. The peak corresponds to Cu 2p,,, and Cu
2p;,, and was observed at 955.08 eV and 936.08 eV, respec-
tively, representing the adequately exposed Cu active sites
on the surface of the hybrid nanopetals [41]. The binding
energy peak of Fe 2p (710 eV) in the XPS spectra (Fig. 1H)
also indicates that Fe exists in Au@Hb-Cu HNP hybrid
nanostructures.

Morphological Characterization of Au@Hb-Cu HNPs
The formation mechanism of hybrid organic—inorganic nano-
flowers (HNFs) was studied previously [42]. Accordingly,

the mechanism of HNF growth begins with the formation of
nucleation sites and subsequent growth to form nanopetals
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and the arrangement of nanopetals into 3D hierarchical
nanoflower-like structures. Firstly, crystals of copper phos-
phate formed when Cu?" ions interact with phosphate ions of
PBS solution. Then, the amide backbone of the protein forms
coordination with copper phosphate crystal to form a protein-
Cu complex. These complexes act as nucleation sites, grow
with reaction time, form nanopetals, and are arranged subse-
quently to form hybrid nanoflowers [29]. Figure 2 represents
FESEM images of Cu;(PO,), nanocrystals (A), Hb-Cu HNFs
(B), and Au@Hb-Cu HNPs (C and D). In the absence of pro-
tein, irregular-sized, non-uniform morphology nanocrystals
of Cuz(PO,), formed as shown in Fig. 2A. In the presence
of Hb, a 3D hierarchical hybrid nanoflower-like structure
appeared with uniform architecture as shown in Fig. 2B. The
average diameter of these Hb-Cu HNFs was found to be ~6 um
(Supplementary Fig. S1), which is consistent with the previ-
ously reported Hb-Cu HNFs [31]. Figure 2C, D represents the
FESEM images of the Au@Hb-Cu nanostructure. Uniform,
nano-seized, flower petal-like structures were observed. Nota-
bly, flower-like morphology was not observed when Au@Hb
was utilized instead of Hb for the construction of a hybrid
organic—inorganic nanostructure. Instead, uniform-sized
nanopetals with uniformly decorated AuNPs were observed,
indicating that the Au prevented the nanopetals from being
arranged into nanoflower-like structures. Previously, it was
also reported that the presence of Au NPs did not aid the for-
mation of nanoflowers [43].

The elemental X-ray mapping of control and Au@Hb-Cu
HNPs was also carried out using EDX analysis. Figure 2E, F
represents the SEM images and corresponding X-ray map-
ping analysis images of Hb-Cu HNFs and Au@Hb-Cu HNPs,
respectively. These clearly show the presence of Au, Cu, and
Fe confirming the gold nanoparticle—decorated Hb-Cu hybrid
nanopetal structure as compared to Hb-Cu HNFs. The presence
of Au in these hybrid nanopetal structures was also confirmed
in the previous section by XPS studies.

Electrochemical Characterization of the Au@Hb-Cu
HNP-Modified Screen-Printed Carbon Electrode
(SPCE)

Electrochemical features of the Au@Hb-Cu HNP- and Hb-Cu
HNF-modified SPCEs were studied by EIS and CV tech-
niques. Figure 3A represents EIS spectra as Nyquist plots of
the modified electrodes in a PBS solution containing 5.0 mM
[Fe (CN)¢]*™*~ and 0.1 M KCI. The plots were fitted with
the equivalent circuit shown in the inset of Fig. 3A [44]. The
high-frequency intercept at the Z, axis corresponded to the
ohmic resistance (R,), which represented the resistance of the
electrolyte, and the semicircle in the middle-frequency range
indicated the resistance to charge transfer (R). These values
vary and are strongly dependent on different modifications of
the electrode surface. The extrapolated data from the Randell
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Fig.2 FESEM images of A
Cu3(PO,), nanocrystals, B
Hb-Cu HNFs, C Au@Hb-Cu
HNPs, and D magnified view of
Au@Hb-Cu HNPs. Elememtal
X-ray mapping of E Hb-Cu
HNFs and F Au@Hb-Cu HNPs

2 5.0kV x20.0k

1-2 5.0kV x40.0k

circuit is fitted with EIS data from individual electrodes and
tabulated in table S1. From the fitted parameters, the charge
transfer resistance of Hb-Cu HNFs was relatively higher than
that of bare electrodes, which is attributed to the fact that most
of the biological molecules are poor electrical conductors and
cause hindrance to electron transfer [45], whereas, after the
modification of the electrode with Au@Hb-Cu HNPs, the R,

3 5.0kV x11.0k

1-1 5.0kV x100k

Tam

O Ka1

0
Tum

decrease significantly, and a semicircle of the Nyquist plot
was approximately a straight line compared to the bare elec-
trode (Fig. 3A red trace). These studies suggest that the in situ
formed Au@Hb conjugate of the hybrid nanopetals facilitated
the electron transfer. Previous reports of enhanced electron
transfer kinetics of Hb-Au nanocomposite [46] and hybrid

—
Tam
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Fig.3 A, B EIS spectra
represented as Nyquist plot of
bare (black trace) and Hb-Cu
HNF-modified (blue trace) and
Au@Hb-Cu HNP-modified (red
trace) SPCE:s. Inset: equivalent
circuit diagram. CV curves of
Hb-Cu HNF- and Au@Hb-Cu
HNP-modified electrode in the

absence (blue and black trace) A jeee,
Lasfan o® ° R, R. 2,
and presence of H,O, (green = %
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and red trace), respectively
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nanoflower—conjugated AuNPs [34] suggest the favorable role
of Au nanostructure for facile electron transfer.

The CV studies were carried out to investigate the cata-
lytic activity of the Au@Hb-Cu HNP- and Hb-Cu HNF-
modified electrodes. Figure 3B represents the cyclic voltam-
mogram of the Hb-Cu HNF- and Au@Hb-Cu HNP-modified
electrode in the absence (blue and black trace) and presence
of H,O, (green and red trace), respectively. The background
current on Au@Hb-Cu HNPs is higher than that of Hb-Cu
HNF-modified electrodes, indicating improved electro-
catalytic surface area. Both electrodes respond with the
increased anodic and cathodic current when H,0, is intro-
duced. Hb-Cu HNF-modified electrodes provide a weak
response, while Au@Hb-Cu HNP-modified electrodes dis-
play a more current response demonstrating that the hybrid
nanopetal-modified electrode possesses good electrocata-
lytic activity toward the oxidation of H,O,. In the case of
Au@Hb-Cu HNP-modified electrode, the presence of nano-
sized, uniform petals decorated from Au prevented larger
flower formation and provided a larger electroactive surface
with more electroactive center for enhanced electrocatalytic
activity toward H,0,. Besides this, both Cu and Au have
excellent electronic conductivity, while Cu is known to pos-
sess excellent electrocatalytic activity. According to previ-
ous studies, the coordination between the Cu atom and the
carboxyl O atom from amino acid results in the formation
of the Cu—O bond on nanopetal formation. In this hybrid
structure, CuO was deemed as the dominant sensing part
catalyzing H,O, oxidation [47]. The reaction mechanism
of hybrid nanopetal structure towards oxidation of H,0, is
demonstrated through the following equation:

2Cu0 + H,0, - Cu,0 + H,0 + 0,

The improvement of electrochemical performance of
Au@Hb-Cu HNP-modified electrode toward electro-catal-
ysis of H,O, may be attributed to the unique heterostructure
with the presence of exposed electroactive sites made from
the clusters of Au and Cu over nano-sized petals of Au@
Hb-Cu hybrid structure. It is reported that nano-micro-sized
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Voltage (V v/s pseudo Ag/AgCl)

gold structure—decorated CuO framework was demonstrated
to be the effective design for the electro-catalysis of H,0,,
where the presence of Au enhances the higher adsorption of
H,0, and enhanced charge distribution toward H,0, cataly-
sis [48]. This might be the reason that the electrode modified
with Au@Hb-Cu HNPs expressed an increase in both oxida-
tion and reduction current in the presence of H,O, compared
to Hb-Cu HNF-modified electrodes.

Figure 4A illustrates the CVs recorded using Au@Hb-Cu
HNPs with different scan rates from 10 to 100 mV s~! in
0.1 M PBS. When the scan rate increases, the redox peak
currents corresponding to the Au@Hb-Cu HNPs are
increased. At the same time, the peak potential was shifted
a bit toward the higher positive potential. The linear plot was
made between the scan rate and the redox peak currents of
Au@Hb-Cu HNPs which showed the linear regression equa-
tion with the R values of 0.98 and 0.99 for the oxidation and
the reduction peak currents, respectively (Fig. 4B), which
is anticipated for successful immobilization and surface-
confined Au@Hb-Cu HNP-modified electrode (Fig. 5).

Au@Hb-Cu HNP-Modified SPCE for H,0, Sensing

The CV curves of a Au@Hb-Cu HNP-modified SPCE in
the presence of H,O, display the increases in anodic current
beyond 0.3 V vs. pseudo Ag/AgCl (as shown in Fig. 3D).
Chronoamperometry (CA), which measures current in the
sensor over time with the analyte, is conducted to gener-
ate current—time (I-T) curve. Figure 4A shows the CA
curves recorded at the Au@Hb-Cu HNP-modified SPCE
at various concentrations of H,O, at an applied potential
of 0.3 V vs. pseudo Ag/AgCl. The steady-state current for
each H,0, concentration is plotted against H,O, concentra-
tion to extract a linear fit and thus a sensitivity, as shown
in Fig. 4B, where the current recorded at 10 s is plotted
against the corresponding H,0, concentration. To compare
the advantage of Au@Hb-Cu HNP- over Hb-Cu HNF-mod-
ified SPCE, CA measurements were also carried out for
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Fig.4 A Cyclic voltammogram A
responses of Au@Hb-Cu HNP-

modified SPCE at different scan
rates. B The fitted curve of peak
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Hb-Cu HNF-modified SPCE at different H,0, concentrations
at 0.3 V vs. pseudo Ag/AgCl. At an applied potential of 0.3V,
the Au@Hb-Cu HNP-modified electrode exhibited a long lin-
ear response range from 5 uM to 1.0 mM and an excellent
sensitivity of 22.53 +0.6 pA mM~! cm™ and a low theoretical
detection limit of 1.46+0.8 uM which is calculated from the
3 x SD of blank/slope of the response curve generated at lower
H,0, concentration (supplementary Fig. S2). Compared with
the Hb-Cu HNF-modified SPCE (supplementary Fig. S3A and
B), the Au@Hb-Cu HNP-modified electrode exhibited supe-
rior performance (Fig. 3C and D) largely due to the sufficient
synergetic effect between heterogeneous active sites and larger
specific area of these hybrid Au@Hb-Cu HNPs, which con-
tributes to the excellent electrocatalytic activity toward H,O,.

The sensing performance of the prepared Au@Hb-Cu
HNP-modified SPCE is also compared with recently
reported enzymatic and non-enzymatic electrochemical sen-
sors and tabulated in Table 1. Compared with the reports,
our biosensor possesses a wider linear range compared with
enzymatic sensors and exhibits extremely good sensitivity
comparable with both enzymatic and non-enzymatic sen-
sors, indicating the superior electrocatalytic ability of this
heterostructure with the abundant active site available for
the electro-catalysis and electron transfer on the nanopetal
surface. Moreover, our sensors fabricated on a disposable
flexible PET platform offer a simple and inexpensive way for

Fig.5 A Amperometric A

0.25 0.50 20 40 60 80 100
Voltage (V vs. pseudo Ag/AgCl)

rapid on-site analysis. Thus, the Au@Hb-Cu HNP-modified
electrode holds the promising potential to be applicable in
real sample applications, where high sensitivity is required.

Selectivity, Repeatability, and Stability Analysis
of the Biosensor

The selectivity of the developed Au@Hb-Cu HNP electro-
chemical biosensor was examined by monitoring the effect
of possible interfering substances on H,0, determination.
For this purpose, the CA measurements were performed for
H,0, (1.0 mM) and potentially interfering compounds such
as ascorbic acid, glucose, fructose, and uric acid in the same
concentration (1.0 mM) at optimized working conditions.
With the addition of the interferent molecules, a negligible
change in the current signal intensity was observed, but with
the introduction of H,O,, a significant increase in the current
response (Fig. 6A) indicates that the developed disposable
biosensor based on Au@Hb-Cu HNPs can be utilized for
interference-free detection of H,0,.

The current response on three different Au@Hb-Cu
HNP-modified SPCEs at 1.0 mM H,0, concentration was
represented in Fig. 6B. Relative standard deviation (RSD)
value of 4.20 was obtained between the electrodes indicating
that the Au@Hb-Cu HNP-modified SPCE is highly repro-
ducible. The current response Au@Hb-Cu HNP-modified

responses of the Au@Hb-Cu
HNP-modified SPCE with dif-
ferent concentrations of H,0,.
B Calibration curve generated
from the response of modified
electrode on H,0, concentration

Current (uA)

Time (sec)

10

Current (uA)

04 T

T T T
0.0 0.2 0.4 0.6 08 1.0
H,0, concentration (mM)
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Table 1 Comparison of sensing performance of recently published H,O, sensors

Electrode modifification Applied Limit of detection Sensitivity (LA Detection range Reference
potential (V) (LOD) mM~! cm™2)?
Iridium complex MS/CPE 0.6 2.6 yM NA 51.5 to 508.2 uM [49]
Vertically aligned Au-NW -0.3 12 pM 250 40 pM to 15 mM [15]
Hb-Mn HNFs -0.15 0.007 pM 68.94 20 nM to 3.6 pM [35]
CuO/BP 0.3 0.03 pM 1.70 40 to 480 pM [41]
0.58 480 pM to 9.20 mM

AGCE -0.4 53 yM 0.17 0.1 to 10 mM [50]
AuNFs/Fe;0,@ZIF-8-MoS,/GCE -0.55 0.9 yM 41.7 5to 120 mM [51]
AuNFs/(PEI/PAA)/GR/GCE -0.4 4.5 M 50.07 5 to 5000 pM [52]
Au@Hb-Cu HNPs/SPCE 0.30 1.46 pM 22.53 5 to 1000 pM Current work

MS microsphere, CPE carbon paste electrode, Au-NW gold nanowire, Hb-Mn HNFs hemoglobin-manganese hybrid nanoflowers, CuO cop-
per oxide, BP black phosphorous, AGCE activated glassy carbon electrode, AuNFs gold nanoflowers, Fe304 iron oxide, MoS2 molybdenum

disulfide, GR graphene.*Normalized results.

SPCE was repetitively measured five times for 1.0 mM H,0,
concentration and found an RSD value of 3.64 between the
measurements which proves the repeatability of the biosen-
sor (Fig. 6C). The long-term stability of Au@Hb-Cu HNP
electrodes was examined by measuring current response
to 1.0 mM of H,0, for 5 consecutive weeks. The modified
electrodes maintained almost the same response at the end of
the 5th week compared to the 1st week (Fig. 6D). All these
results suggest that the Au@Hb-Cu HNP-modified biosen-
sor demonstrated excellent performance for H,O, detection.

The amperometric measurement of the H,O,-spiked tap water
sample was performed to examine the potential of the devel-
oped sensor to analyze real samples. The tap water samples
were spiked with a known concentration of H,0,, and the
amperometric current response of Au@Hb-Cu HNP-modified
SPCE was monitored at 0.30 V (vs. pseudo Ag/AgCl). The
results were tabulated in supplementary table S2. The present
method exhibited good recovery of 97-98%, with the least
RSD values, suggesting that the developed bio-electrode can
be implemented for measuring H,O, in real samples.

Fig.6 A Effect of interfer- A B
ing species ascorbic acid, uric 30
acid, fructose, and glucose on 254
the amperometric response of 27 T / ]
Au@Hb-Cu HNP-modified = 2 20+ / %
electrode for H,0, detection. B é 1 &1\
Reproducibility of three differ- E 154 E’ 15+
ent Au@Hb-Cu HNP-modified S 2
electrodes for the detection of O Ll 3 104
H,0, and C repeatability of
Au@Hb-Cu HNP-modified 54 Ascorbioacid Urioacid Fructose 5
electrode for five successive uoose H,0,
measurements of H,O,. D 0 i . . . : 0 Z 4 .
Stability studies of Au@Hb-Cu 0 50 100 150 250 300 Electrode1 Electrode2 Electrode3
HNPs for 5 weeks Time (sec)
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25 100 = i 1 ; i
20 / Z Z % Z 2
~ =
g g 90
=15 ©
c [
o 2
5 104 &
O & 804
54
0 f 2 1 . 70 T T T T T
1 2 3 4 5 1st 2nd 3rd 4th 5th
Measurement Time (week)

@ Springer



Electrocatalysis

Conclusion

In summary, we have successfully fabricated an electrochemi-
cal biosensor based on Au@Hb-Cu hybrid nanopetals for sen-
sitive detection of H,O,. The hybrid nanopetal-based sensors
demonstrated good catalytic activity toward H,O, due to the
presence of a highly dense active site over the hybrid nan-
opetal surface and the availability of a larger surface area.
Uniform-sized nanopetals of Au@Hb conjugates prevent the
assembly of these nanopetals into dense flower-like struc-
tures. Moreover, the presence of heterogeneous active sites
of Au and Cu has a synergetic effect on the electro-catalysis of
H,0,. Consequently, the Au@Hb-Cu HNP-modified electrode
has better performance than the Hb-Cu HNF-modified elec-
trode. The constructed biosensor possesses a good low limit of
detection and has a wide linear detection range. Additionally,
the biosensor shows interference-free detection of H,0, and
has favorable reproducibility with good stability.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s12678-024-00886-7.
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