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Abstract

For the construction of a mediator-free biosensor, hollow BiOBr microspheres (H-BiOBr MS) were hydrothermally synthesized
and combined with reduced graphene oxide (H-BiOBr/rGO hybrids); then, the hybrids were applied to immobilize hemoglobin
(Hb) on the surface of a glassy carbon electrode. The structure and morphology of the H-BiOBr MS and H-BiOBr/rGO hybrids
were examined using scanning electron microscopy (SEM), X-ray diffraction (XRD) and transmission electronic microscopy
(TEM). The experimental results demonstrate that the hollow H-BiOB1/rGO hybrid material has a larger specific surface area and
better biocompatibility, which is beneficial for immobilization of hemoglobin (Hb) and furthermore allows proteins to become
more stable and bioactive. In addition, the as-prepared modified electrode hybrids can improve effectively the direct electron
transfer of Hb. As a result, the hollow BiOBr/rGO microspheres-based H,O, biosensors exhibit a wide linear range of 0.1 to
420 uM and extremely low limit of detection 0.02 uM. The drafted biosensor holds 93.7% of the preliminary feedback to H,O,
after 60-day storage. It is concluded that the mediator-free biosensors containing hollow BiOBr/rGO microspheres have wide

applications in biomedicine and environmental analysis.
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Introduction

Over the last years, investigations demonstrate that a
nanomaterial modified electrode possesses a particular impact
on electrochemical determination and electrocatalysis [1-4].
Specifically, it may perform an essential and extraordinary
role in a direct electrochemical biosensor [5—7]. An additional
reconnaissance of direct electron transfer (DET) of redox pro-
teins or enzymes may not just assist to realize the thermody-
namic and intrinsic kinetic properties of proteins but also to
determine the basis for fabricating mediator-free biosensors
[8, 9]. Nevertheless, as a result of the denaturalization of
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proteins at the bare electrode surface as well as the profound
burying of an electroactive center in the protein structure, this
is complicated for proteins to realize the DET process on the
bare electrode [10, 11]. Thus, it is renowned that the best
morphology and structure of nanomaterials possess a substan-
tial impact on the property of the immobilized enzyme that
ascertains their effect in biosensors [12]. From a recent re-
search, it has been indicated that to fabricate mediator-free
biosensors and to immobilize enzymes, a succession of
nanomaterials with special surface effect and good biocom-
patibility could be utilized [13]. Among them, hollow struc-
tural nanomaterials have drawn substantial attention in differ-
ent applications of sensor because of its corresponding prop-
erties and unique structure, such as high specific surface area,
well-defined interior voids, structural stability and high stabil-
ity [14-17].

The bismuth oxyhalides BiOX (X=Cl, Br, 1) has pulled
significant attention in the area of environment protection
and photocatalysis potential applications because of high
chemical stability and extraordinary structure, as well as low
cost and environmental friendliness [18-21]. Among many of
these bismuth oxyhalides, BiOBr, which have a special lay-
ered structure and an effect of narrow band gap for visible-

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s10008-021-04958-2&domain=pdf
mailto:liuhui@sust.edu.cn
mailto:panglingyan@sust.edu.cn

2116

J Solid State Electrochem (2021) 25:2115-2125

light response, possess an extensive application in the area of
photocatalysis [22, 23]. The intrinsic layered structure endows
high carrier mobility and small recombination possibility of
photo generated charge carriers, which is beneficial to the
electrochemical catalysis activity. Meanwhile, BiOBr nano-
structures with various morphologies, possessing a good
structural stability and biocompatibility, have been widely de-
veloped [24, 25]. Thus, a promising potential application for
three-dimensional (3D) structured BiOBr nanophase materials
is favored in the field of sensors.

However, same as the most inorganic nanomaterials used
in immobilization of enzymes, there is an obvious disadvan-
tage in its conductivity because of the interference of internal
electronic fields. In order to enhance the conductivity proper-
ties of the electronic materials, graphene is usually used to
make an extremely excellent support to improve the deficien-
¢y [26, 27]. Graphene, a two-dimensional material of sp® hy-
bridization carbon atoms, is the thinnest as well as the stron-
gest known material. It consists of a single layer of carbon
atoms and is both pliable and transparent. In recent years, it
has gained much attention owing to its extraordinary mechan-
ical, electronic, magnetic, thermal and optical properties as
well as large specific surface area [28-32]. Here, a unique
hollow BiOBr microspheres (H-BiOBr MS) was designed
and synthesized by a simple hydrothermal process and then
combined with reduced graphene oxide (H-BiOBr/rGO hy-
brids) for fabricating a mediator-free biosensor. As an assis-
tance for enzyme immobilization, this kind of three-
dimensional H-BiOB1r/rGO hybrids showed numerous bene-
fits. Firstly, as shown in Scheme 1, this flower-like hollow
structure of microsphere was sell-assembled by various thin
nanosheets, and the intervals of nanosheets may become tun-
nels for enzymes to migrate to the inside of the microsphere.
Simultaneously, few enzymes could be engrossed at the rGO
exterior surrounding the microsphere. Secondly, to keep their
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W enzyme
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Scheme 1 Schematic illustration of the H-BiOBr/rGO hybrids
encapsulating hemoglobin
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enzymatic activity as well as stability, the interspaces among
BiOBr nanosheets can offer a defensive microenvironment for
the enzymes. Thirdly, the substrate may remain entangled by
graphene with a high surface area due to the nanoscaled
BiOBr nanosheets, which owns a huge surface area accessible
for enzyme entanglement and provides accesses to the inter-
spaces between BiOBr nanosheets. Lastly, absorption of sub-
strate as well as enzyme in the constrained area would enhance
an opportunity of efficient collisions among them [33].
Graphene with the extraordinary mobility of charge carriers
may also become an extraordinary media of effective electri-
cal communication between the electrode and the enzyme.
Thus, such kind of H-BiOBr/rGO hybrids must be an encour-
aging assistance for enzyme immobilization and possess po-
tential applications in biosensors.

In this paper, for construction of the H,O, biosensor, he-
moglobin (Hb) was chosen as a model redox protein. For the
purpose of highlighting the benefits of the H-BiOBr/rGO hy-
brids as an assistance, the efficiency of a sensor consisting of
Hb immobilized in the H-BiOB1/rGO hybrids microspheres
was compared with that of sensors on the basis of pure BiOBr
microspheres.

Experimental
Materials and apparatus

Nafion and Hb solution (5 wt% in lower aliphatic alcohols)
are bought from Sigma Co., Ltd., China. Whereas, all other
chemicals (analytical grade) are bought from Sinopharm
Chemical Reagent Co., Ltd., China. Deionized water is uti-
lized in all experiments. The patterns of X-ray diffraction
(XRD) are recorded on a Rigaku D/max 2200 pc diffractom-
eter by Cu K« radiation of wavelength A = 0.15418 nm at
40 mA and 40 kV. Field-emission scanning electron micros-
copy (FE-SEM) is carried out by using a Hiroba energy-
dispersive X-ray electron microscope and Hitachi S-4800
(Hitachi, Japan). For transmission electronic microscopy
(TEM), FEI Tecnai F20 is employed. UV-vis spectra are doc-
umented with a PerkinElmer Lambda-950 spectrophotometer.
The CHI 660D eclectrochemical workstation (CH Instruments,
Shanghai, China) is employed to carry out all electrochemical
experiments. In all electrochemical experiments, a traditional
three-electrode system that comprises a platinum wire as the
counter electrode, a 3-mm-diameter modified glassy carbon
electrode (GCE) as the functioning electrode and an Ag/AgCl/
3M Kl as the reference electrode is utilized. Whereas, in all
experiments, 0.1 M phosphate buffered saline (PBS, pH 7.0)
is utilized as the supporting electrolyte. For at least 30 min, the
buffer is cleansed with extremely purified nitrogen as well as
nitrogen atmosphere environment is maintained in electro-
chemical measurements.
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Preparation of reduced graphene oxide

Graphene oxide (GO) was synthesized using graphite powder
by means of an altered Hummers method [34]. An ordinary
hydrothermal method was used for the preparation of the re-
duced graphene oxide (rGO). Figure S1 shows the SEM im-
age of GO and rGO along with the Raman spectra of GO (a)
and rGO (b).

Synthesis of hollow BiOBr microspheres

In an ordinary experimental procedure, 1.94 g of Bi(NO;)s:
5H,0 was dispersed in a 60 mL mixture of ethanediolglycol
and isopropanol with a 2:1 volume ratio. After magnetic
stirring for 30 min, 2.91 g of CTAB was added to the
mixture under continuous stirring for 1 h. Subsequently,
the reaction suspension was transferred into a Teflon-
lined autoclave, then hydrothermal treated at 140 °C
for 8 h. The resulting precipitate was naturally cooled to room
temperature, washed with distilled water and collected after
centrifugation. After drying for 10 h at 80 °C in air, the BiOBr
precursors were obtained. The ultimate product of white
BiOBr was prepared at 400 °C for 4 h in air with a slower
heating rate of 5 °C/min.

Preparation of enzyme electrode

Enzyme electrode was collected to examine the electrochem-
ical behavior of Nafion/Hb/H-BiOB1/rGO/GCE. Before uti-
lizing, the GCE were successively polished using 1.0, 0.3 and
0.05 wm alumina powder on a polishing cloth and washed
with deionized water. The electrode was therefore soni-
cated in deionized water along with ethanol. Further, the
electrode was dried out by utilizing a purified nitrogen
stream. A simple casting method was used for preparing
an enzyme electrode. Initially, 0.5 mL of 10 mg mL ™'
Hb and 1 mL of 2 mg mL™' H-BiOBr MS suspension
were blended as well as stirred for 30 min. Further, 0.5
mL of Nafion (5%) and 0.5 mL of rGO (5%) were
inserted to the mixture and then stirred for 10 min.
Ultimately, 4 pL of the mixture was dropped to the surface
of a newly polished GCE to prepare the Nafion/Hb/H-BiOBt/
rGO/GCE. The water may evaporate gradually in air as the
beaker was sheathed through the electrode, and thus the uni-
fied film electrode may be gathered. When the electrode was
not utilized, the dried out Nafion/Hb/H-BiOBr/rGO/GCE
were stored at 4 °C in a refrigerator.

In comparison, rGO and H-BiOBr MS were utilized for the
synthesis of Nafion/Hb/rGO/GCE and Nafion/Hb/H-BiOBr/
GCE by the same processes as mentioned above. All the pre-
pared film electrodes were immersed in pH 7.0 PBS for
30 min to eliminate all residuary components prior to electro-
chemical measurements.

Results and discussion
Characterization of hollow BiOBr-rGO microspheres

The structure of prepared samples was characterized by X-ray
diffraction (XRD). Figure 1 shows the typical XRD patterns
of the H-BiOBr MS (red curve) and H-BiOBr/rGO hybrids
(black curve). The results show that all diffraction peaks of
both samples can be assigned to the tetragonal phase of BiOBr
(JCPDS card no. 09-0393). The obvious and sharp diffraction
peaks of the XRD pattern also indicate that the prepared H-
BiOBr MS and H-BiOBr/rGO hybrid samples are well crys-
talline. Typical SEM and TEM images of the prepared sam-
ples were demonstrated in Fig. 2. From Fig. 2a, it is noticed
that H-BiOBr MS possess a better control result with disper-
sion and homogeneity. Figure 2b shows a representative mag-
nified SEM image of H-BiOBr MS. It can be seen clearly that
the flower-like hollow microspheres consisted of countless
nanometer-sized flakes by self-assembly. Figure 2¢ puts for-
ward the TEM image of the pure BiOBr MS. It possesses a
hollow structure that demonstrates complete coherence with
the noticed outcomes of SEM. Flower-like hollow micro-
spheres within a diameter of 2 to 3 um are tightly self-
assembled by the countless chips. The distance between adja-
cent lattice planes is 0.279 nm, which corresponds to the (110)
planes of the tetragonal BiOBr phase. It can be noted from Fig.
2d, e that the morphology of H-BiOBr MS was not altered
after the wrapped process. It is shown that dissimilar from that
of the pure H-BiOBr MS, the surface of the H-BiOBr/rGO
hybrids put forward a wrinkle-like morphology which dem-
onstrates that the surface of H-BiOBr MS was wrapped by
rGO nanosheets. Figure 2f depicts the TEM image of the H-
BiOB1r/rGO hybrids; it can be seen that the H-BiOBr MS was
regularly covered by scrunched rGO sheets. The crystallo-
graphic spacing of 0.285 nm in the illustration corresponds
well with the (102) crystallographic plane of tetragonal
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Fig. 1 XRD patterns of H-BiOBr MS (a) and H-BiOBr/rGO hybrids (b)
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BiOBr. The nanometer-scale H-BiOBr MS and rGO possess
plenteous active surface area accessible to soak up enzyme
and owns well biocompatibility to provide a protective micro-
environment for enzyme to maintain its bioactivity.
Consequently, the hollow H-BiOBr/rGO hybrids are an ex-
traordinary matrix for enzyme immobilization.

Encapsulation of Hb in the Nafion/Hb/H-BiOBr/rGO
composite film

Figure S2 exhibits a typical SEM image of a Nafion/
Hb/H-BiOBr/rGO MS composite film. It can be clearly
observed that Hb is packaged on H-BiOBr/rGO MS.
Due to plenty of laminated space and the hollow struc-
ture of the nanomicrosphere, a large amount of Hb can
be loaded on the surface and inside of the H-BiOBr/
rGO MS. Moreover, the Hb/H-BiOBr/rGO MS were
embedded in the Nafion to form a stable composite
film, which was essential for the stability of the pre-
pared enzyme electrode.

Fig. 2 SEM and TEM images.
Low and high-magnification
SEM and TEM images

of H-BiOBr MS (a-¢) and
H-BiOBr/rGO hybrids (d-f)
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UV-vis spectroscopy of heme proteins shows a Soret ab-
sorption band, and the location of the Soret absorption band
can express such information of protein structure like integrity
and heme protein denaturation [35, 36]. As demonstrated in
Fig. 3a, the Soret absorption band of Hb immobilized in the
Nafion/H-BiOBr/rGO film is situated at 404.5 nm (curve a),
which is approaching the indigenous Hb at 406 nm (curve c),
signifying that Hb maintained the vital characteristics of its
conformational integrity. At the same time, the Soret absorp-
tion band of Hb immobilized in the Nafion film is situated at
398 nm (curve b in Fig. 3a), which is diverse from that of
indigenous Hb, proposing that the Hb is denatured actually.
This reveals that the H-BiOBr/rGO hybrids can give a defen-
sive microenvironment for Hb to keep its permanence.

FT-IR spectroscopy is an efficient technique to study the
secondary structure of protein macromolecules [37, 38]. The
activity of Hb in this study is also analyzed by infrared spec-
troscopy analysis on the composite film of the electrode sur-
face. In a typical FT-IR spectrum of Hb, the protein has amide
I'and amide II characteristic absorption bands, which may give
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abundant detailed information of polypeptide chain in pro-
teins. In the backbone of protein, the amide I band (1700—
1600 cm ) results from C=O stretching vibration of peptide
linkages. The amide II band (1620—-1500 cm ') is due to the
amalgamation of N-H bending and C—N stretching. Figure 3b
demonstrates the in situ FT-IR spectra of Hb (curve a) and
Nafion/Hb/H-BiOBr/rGO composite film (curve b). As we all
know, Nafion, which is without peptide linkage, does not
contain amide I and amide II absorption peaks. Thus, the
spectra of amide I and amide II bands of Hb in the
Hb/H-BiOBr/rGO composite film (1664 and 1538 cmfl) are
exactly identical with the absorption peak of pure Hb (1654
and 1534 cm ™), suggesting that the native Hb of the compos-
ite film essentially keep the secondary structure, consistent
results of which were seen in Fig. 3b [39]. The resemblance
of two spectra indicates that H-BiOBr/rGO hybrids have an
excellent biocompatibility and can give a suitable microenvi-
ronment for Hb to keep its biological activity. Such type of H-
BiOB1/rGO hybrids with great biocompatibility should be a
promising matrix for biosensor fabrication as well as protein
immobilization.

I/pA
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E/V vs.Ag/AgCl

Fig. 4 Cyclic voltammograms (a) of Nafion/H-BiOBr/rGO/GCE (curve
a), Nafion/Hb/GCE (curve b), Nafion/Hb/rGO/GCE (curve c¢), Nafion/
Hb/H-BiOB1r/GCE (curve d) and Nafion/Hb/ H-BiOBr/rGO/GCE
(curve ¢), in 0.1 M pH 7.0 PBS with a scan rate of 0.1 V s . EIS (b) of
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Direct electrochemistry behavior
of Nafion/Hb/H-BiOBr/rGO/GCE

Figure 4a portrays the usual cyclic voltammograms (CVs) of
various modified electrodes in 0.1 M PBS (pH 7.0) at a scan
rate of 0.1 V's~'. No redox peak is noted at Nafion/H-BiOBr/
rGO/GCE (curve a), which demonstrates Nafion/H-BiOBr/
rGO/GCE is electroinactive in the potential window. The
Nafion/Hb/H-BiOBr/rGO/GCE (curve e) displays a couple
of stable and clearly identified redox peaks at —0.391 V and
—0.339 V vs. Ag/AgCl, which can be attributed to direct elec-
tron transfer (DET) between Hb and the underlying electrode.
As reported by Xu et al. [40], the electron transfer of Hb takes
place between the Fe'" and Fe" site inset Hb itself. The for-
malized potential (E° = (Ep, + Ep,c) / 2) of Hb is —0.365 V vs.
Ag/AgCl, which is in good arrangement with —0.353 V and
—0.348 V reported for the Hb (Fe""™) redox couple in Hb-
ZnO-MWCNTs-Nafion [41] and Hb-TiO,-MXene-Nafion
films [42]. The potential difference (AE,) between the cathod-
ic and anodic peak potential is about 52 mV, marginally larger
than the theoretical value of the reversible surface appended
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reaction process (0 mV) [43], which exposes a quasi-
reversible electron-transfer process. It is noticed that the redox
peaks of the Nafion/Hb/GCE (curve b in Fig. 4a) are much
lower than that of the Nafion/Hb/H-BiOBr/rGO/GCE. As a
result of the denaturation of proteins on the bare electrode
surface and the acute burying of electroactive center in the
protein structure, it is difficult for proteins to realize the
DET process on the bare electrode [44]. Clearly, it could be
spotted that direct electron transfer between Hb molecules and
GCE is significantly improved at the Nafion/Hb/H-BiOBt/
rGO/GCE. For comparison, the typical CV test for Nafion/
Hb/rGO/GCE and Nafion/Hb/H-BiOBr/GCE has also been
performed (curve ¢ and d in Fig. 4a). The intensity of the
redox peaks that belong to these electrodes is lower than that
of Nafion/Hb/H-BiOBr/tGO/GCE. This may infer that H-
BiOBr/rGO hybrids possess a positive promoting effect on
electron transfer that might result from their matchless struc-
ture as well as electrochemical performance.

Electrochemical impedance spectroscopy (EIS) may pro-
vide data on the impedance of different modified electrodes.
The semicircular section observed at high frequencies in the
Nyquist diagrams matches the electron transfer—limited pro-
cess, and its diameter is equivalent to an electron transfer
resistance. Figure 4b displays the Nyquist plots of the EIS of
Nafion/Hb/GCE (curve a), Nafion/Hb/rGO/GCE (curve b),
Nafion/Hb/H-BiOB1/GCE (curve c¢) and Nafion/Hb/H-
BiOBr/rGO/GCE (curve d) in 10 mM K3Fe(CN)¢/
K4Fe(CN)g (1:1) solution including 0.1 M KCI. The electron
transfer resistance (R, of Nafion/Hb/GCE was found to be
5934 ). Whereas, the R values of Nafion/Hb/rGO/GCE and
Nafion/Hb/H-BiOBr/GCE were obtained to be 3199 and 3430
Q, respectively, that were lower than that of Nafion/Hb/GCE.
The results indicate that the conductivity of the composite film
was improved as a result of the existence of H-BiOBr MS or
rGO nanosheets. The R, value of Nafion/Hb/H-BiOB1/rGO/
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Fig. 5 Cyclic voltammograms of the Nafion/Hb/H-BiOBr/rGO/GCE in
0.1 M pH 7.0 PBS with increasing scan rates from 0.1 to 0.8 V s . Inset:
plot of the cathodic and anodic peak current vs. scan rate
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GCE was further reduced to 2255 €2, signifying that Hb/H-
BiOBr/rGO hybrids have the best conductivity.

Figure 5 demonstrates the cyclic voltammograms of
Nafion/Hb/H-BiOBr/rGO/GCE at 0.1 M PBS (pH 7.0) with
increasing scan rate from 0.1 to 0.5 V s~'. With an enhance-
ment of the scan rate, the anodic as well as cathodic peak
currents of Hb enhance concurrently; the anodic and cathodic
peak potentials demonstrate a little shift, and the peak-to-peak
separation also turns into somewhat augmented. The inset
illustration in Fig. 5 demonstrates that both the cathodic (red
curve) and anodic (black curve) peak currents show a linear
change with scan rates from 0.1 to 0.5 V s '. This shows that
the electrode reaction matches a surface-controlled reaction
process. The electron transfer rate constant (k;) of Hb
immobilized in Nafion/Hb/H-BiOB1/rGO/GCE can be evalu-
ated in accordance with Laviron’s model if the value
of nAEp <200 mV [45]:

RT ks
-5 (1)
where m refers to parameter relevant to AEp. The value of k is
estimated to be around 4.1 s~', that is larger than the value
reported for Hb immobilized Au-SBA-15, 0.8 s ! [46], TiO,
nanorods-graphene (0.65 s~ ') and nitrogen-doped graphene
(2.36 s ") [47], implying a quicker electron transfer process.
This further proved that the exceptional structure of H-BiOBr/
rGO hybrids is favorable to the quick direct electron transfer
of Hb.

Meanwhile, the average surface concentration of
electroactive Hb (I™*, mol cm 2) can be estimated from the
charge integration of the reduction peak of the CV using the
formula:

O = nFAT* (2)

where Q is the charge (C) and may be acquired by integrating
the reduction peak of Hb, F'is Faraday constant, and A and n
refer to the geometrical surface area of the electrode and the
number of electron transferred, respectively. In this method,
the surface concentration of electroactive Hb (™) at Nafion/
Hb/H-BiOBr/rGO/GCE is computed as 1.16 x 10~'° mol
cm 2, much more than the theoretical value for monolayer
coverage (1.89 x 107" mol cm ) [48]. This reveals that the
multilayers of Hb immobilized in the Nafion/Hb/H-BiOBr/
rGO composite film are involved in the electron transfer pro-
cess. In addition, the Brunner-Emmet-Teller (BET) of H-
BiOB1/rGO hybrids and the effective electrochemical active
surface area (EASA) of the Nafion/Hb/H-BiOBr/rGO com-
posite film were performed. As shown in Fig. S3, the average
specific surface area of H-BiOBr/rGO hybrids is 34.69 m?/g,
which further indicates that the H-BiOBr/rGO hybrids with a
higher specific surface area can load more Hb. According to
the CV results at different scan rates, the value of EASA for
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Nafion/Hb/H-BiOBr/rfGO/GCE was estimated to be 1.04 X
102 cm 2. These results indicated that the unique hollow
structure of H-BiOBr/rGO hybrids provides a larger specific
surface area for Hb loading.

Figure 6 shows the cyclic voltammograms of Nafion/Hb/
H-BiOBr/rGO/GCE at 0.1 M PBS with different pH values.
Stable as well as clearly defined CVs have been noticed in the
pH range 6.0-8.0. With the increase of the pH value, both the
anodic and cathodic peaks transferred to the negative position
as shown in Fig. 6a, which is in accordance with the partici-
pation of proton transfer in the Hb(Fe™)/Hb(Fe™) redox cou-
ple [49]. Figure 6b exhibited that the E* value of Hb changes
lineally in the range of pH 6.0-8.0, with a slope of =56.5 mV
pH ', which is extremely close to the theoretical value for the
transfer of one proton and electron in a reversible reduction
(58 mV pH ' at 25 °C) [50]. Subsequently, it is worth noting
that the redox peak current of Hb in PBS with pH = 7.0 is the
highest (Fig. 6a), because the higher activity coincides with
the inner biological environment.

Electrocatalytic properties
of the Nafion/Hb/H-BiOBr/rGO/GCE

Hb displays a typical electrocatalytic reduction reaction for
oxygen, H,O,, nitrite and Cl;CCOOH following Hb with
maintained bioactivity is immobilized on an electrode surface
[38]. In this paper, to study the electrocatalytic property of the
Nafion/Hb/H-BiOBr/rGO/GCE, H,0, was chosen as a probe.
Figure 7 shows the cyclic voltammograms of Nafion/Hb/H-
BiOB1/rGO/GCE at 0.1 M PBS (pH 7.0) with different H,O,
concentrations. It can be seen that the reduction peak enhances
drastically with the growing of H,O, concentration while the
oxidation peak diminishes and finally disappeared with the
increasing of the H,O, concentration (form curve a to j).
This results demonstrated an obvious electrocatalytic reduc-
tion behavior of H,O, on the surface of Nafion/Hb/H-BiOBr/
rGO/GCE. A possible reaction mechanism of H,O, catalyzed
through the Hb-based electrode is postulated in the following
way: [51]
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Fig. 7 Cyclic voltammograms of Nafion/Hb/H-BiOBr/rGO/GCE in
0.1 M pH 7.0 PBS containing 0 (a), 40 (b), 80 (c), 120 (d), 160 (e),
200 (f), 240 (g), 280 (h), 320 (i) and 360 (j) uM H,0, with a scan rate
of 0.1 V s7'. Inset: plot of the cathodic peak current vs. H,0,
concentration

Hb(Fe'") + "2 Hb(Fe") (3)
Hb(Fe'") + H,0, + 2H"—Hb(Fe'™) + 2H,0 (4)

With an increasing of H,O, concentration, the present val-
ue inclined toward the saturation limit (insertion of Fig. 7).
Moreover, the saturating behavior is a characteristic of
enzyme-based catalysis. An evident Michaelis-Menten con-
stant (KY” ) could be acquired through an electrochemical
version of the Lineweaver-Burk equation: [52]

1 Ky 1

ISS ImaxC Imax ( )

where C is the bulk concentration of the substrate, 1, is the
maximum current value assessed underneath saturated sub-
strate conditions and I is the stable-state current value fol-
lowing an addition of substrate. The K};” value can effective-
ly reflect the affinity between the enzyme and the substrate,

Fig. 6 a Cyclic voltammograms

of the Nafion/Hb/H-BiOBr/rGO/
GCE in 0.1 M PBS with different
pH values from 6.0, 6.5, 7.0, 7.5,
to 8.0. b Plot of formal potential

vs. pH value
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Fig. 8 Typical current-time response of Nafion/Hb/H-BiOBr/rGO/GCE
at —0.35 V to successive addition of H,O, in stirred 0.1 M pH 7.0 PBS.
Inset: The steady-state current vs. H,O, concentration

and the smaller the Ky value, the greater the affinity. The
K\’ value of Nafion/Hb/H-BiOBr/rGO/GCE is evaluated
to be 129.7 uM. This value is lower in comparison to those
ever stated values of 379 uM [53] and 684 uM [54], indicat-
ing that Nafion/Hb/H-BiOBr/rGO/GCE maintained greater
bioactivity as well as grasped the higher biological affinity
to H,O,.

Biosensor performance
of the Nafion/Hb/H-BiOBr/rGO/GCE

The biosensor efficiency for detecting the H,O, of the Nafion/
Hb/H-BiOBr/rGO/GCE was also examined over the
amperometry method. As a result of its powerful impact on
the biosensor feedback, the optimal applied potential has been
affirmed earlier through an experiment. Figure 8 gives the
typical current-time response of Nafion/Hb/H-BiOB1/rGO/
GCE at —0.35 V after the addition of H,O, in the stirred
PBS solution (0.1 M, pH 7.0). The response time is less than
3 s when the reduction current rapidly increases to 96% of
steady-state current. A clearly defined linear correlation be-
tween the current and the H,O, concentration is noticed. The
experimental result demonstrated that the Nafion/Hb/H-
BiOBr/rfGO/GCE has an evident catalyzed effect on H,O,.
The calibration plot (inset of Fig. 8) demonstrates a linear

range of 0.1 to 420 uM (correlation coefficient of 0.998, N
= 32) with a susceptibility of 395.8 uA mM ' cm ? and a
detection limit of 0.02 uM (on the basis of a signal-to-noise
ratio of 3). Moreover, Table S1 shows the comparison of the
performances of the various electrochemical biosensors for
H,O0,. It can be seen that the Nafion/Hb/H-BiOBr/rGO/GCE
has not just lower detection limit but keeps a comparatively
broader linear range, which can be attributed to an extraordi-
nary biocompatibility as well as good electrical conduction of
the H-BiOBr/rGO hybrids. Meanwhile, compared with other
prepared modified electrodes in this study, both Nafion/Hb/
rGO/GCE (curve b) and Nafion/Hb/H-BiOBr/GCE (curve c),
Nafion/Hb/H-BiOBr/rGO/GCE (curve a) has the better elec-
trocatalytic performances (Fig. S4 and Table S2).

There exist few reasons why the Nafion/Hb/H-BiOB1/rGO/
GCE shows both lower detection limit and broader linear
range. Firstly, plenty of enzymes are enabled to be
immobilized due to the hollow microsphere structure.
Secondly, the laminar microstructure of H-BiOBr MS may
significantly improve the active surface area accessible for
immobilizing Hb and also keep enzymatic activity as well as
stability of Hb. Most significantly, the substrate could merely
be entangled by rGO with a higher surface area, allowing the
accessibility of a huge amount of enzymes immobilized in the
H-BiOBr MS. The concentration of enzyme and substrate in
that limited microenvironment would enhance the opportunity
of effectual collisions among them. Furthermore, rGO with
finer mobility of charge carriers may also become the remark-
able media of effectual electrical communication between the
electrode and the enzyme.

Selectivity of the H,0, biosensor

For practical utilization of the as-prepared biosensors, selec-
tivity is significant. The selectivity of the biosensor is assessed
by utilizing the amperometric current-time method among
nine ordinary interfering substances: (a) ascorbic acid, (b) do-
pamine, (c) uric acid, (d) glucose, (e) glycine, (f) citric acid,
(g) acetic acid, (h) MgSO, solutions and (i) NaCl solutions.
When viewed in (Fig. S5), nine tested substances never inter-
fere with the result of H,O, testing substantially. This result
may be ascribed to the inherent selectivity of Hb for its
substances.

Table 1 Determination of the

results of H,0, in real samples Samples ~ KMnOj titration (mM)  This work (mM)  Added (mM)*  Found (mM)° Recovery (%)
0.15 0.15 0.10 0.22 92.7
0.20 0.18 0.10 0.24 96.8
0.25 0.24 0.10 0.26 103.8

# Standard H,O, solution added to the samples
® The total concentrations of H,0, after addition of standard H,O, solution to the samples
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Stability and reproducibility of the biosensor

Cycle stability is an essential assessment index for estimating
the efficiency of the biosensor; 100 times uninterrupted cyclic
scans on Nafion/Hb/H-BiOBr/rGO/GCE have been replicated
in the potential range from —0.7 to 0.1 V ata scan rate of 0.1 V
s~ (Fig. $6). No apparent change of CV curves is noticed.
Thus, the prepared Nafion/Hb/H-BiOBr/rGO/GCE owns an
extraordinary cycle stability. The modified electrode was stud-
ied by exploring its current feedback later at 4 °C in the re-
frigerator, and it retained 95.7% of the preliminary feedback to
H,0, after 4-week storage. The experimental result shows that
the immobilized Hb in Nafion/Hb/H-BiOBr/rGO/GCE could
maintain its biological activity for a long time. The reason
why fabricated biosensors possessed a nice long-term stability
is that the long-term stability might be assigned to the great
biocompatibility of H-BiOBr MS, which may offer a favor-
able microenvironment for Hb to keep its bioactivity. The
reproducibility of the biosensor was investigated by determin-
ing 10 uM H,O, in PBS (pH 7.0). For 5 consecutive measure-
ments, the relative standard deviation (RSD) is 2.9%. Parallel
to the tests of the 5 groups of the same Nafion/Hb/H-BiOBr/
rGO/GCE, obtaining a RSD of 3.7% for the determination of
100 uM H,O, in PBS (pH 7.0) signifies an admissible
reproducibility.

Analysis of real samples

To investigate the practical applications of the biosensors, the
detection of H,O, in contact lens care solution samples was
carried out. Prior to experiments, the actual specimens are
diluted 4000 times with dually distilled water and excluding
any other processes. The KMnOy titration method and resto-
ration tests were utilized to investigate the dependability and
precision of this method. The H,O, content for diverse spec-
imens and restorations of inserted analyte are assessed, and the
results affirm that determination of the H,O, concentration in
actual specimens by utilizing the suggested method is trust-
worthy (Table 1).

Conclusion

Hollow BiOBr microspheres have been synthesized through
an easy synthetic route with a well-defined morphology
immobilizing Hb. To construct a mediator-free biosensor for
the detection of H,0,, it has been utilized to modify glassy
carbon electrode with reduced graphene oxide. More Hb can
be immobilized by the special hollow structure of micro-
spheres with biological activity, and the graphene can merely
capture the substrate. Consequently, there is an increased op-
portunity of efficient collisions between redox protein and
substrate results in enhanced efficiency of this sensor. On

one hand, for H-BiOBr/rGO hybrids with a favorable biocom-
patibility, it is accessible for immobilizing Hb and keeps en-
zymatic stability as well as activity of Hb. On the other hand,
the substrate could merely be entangled by rGO with a higher
surface area, allowing the accessibility of a huge quantity of
enzymes immobilized in the H-BiOBr/rGO hybrids. As a re-
sult of the aforementioned reasons, the constructed mediator-
free biosensors show an exceedingly low limit of detection of
0.02 uM and a broad linear range of 0.1-420 uM. This study
shows that H-BiOB1/rGO hybrid is a potential matrix for en-
zyme immobilization and the construction of a direct electro-
chemical biosensor.

Supplementary Information The online version contains supplementary
material available at https://doi.org/10.1007/s10008-021-04958-2.
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