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Abstract We describe the use of a nanocomposite consisting
of graphene and β-cyclodextrin (β-CD) which was used to
modify a glassy carbon electrode (GCE) to serve as a matrix
for immobilization of hemoglobin (Hb). The composite was
characterized by scanning electron microscopy, UV-vis and
FTIR spectroscopy. The modified electrode displays an en-
hanced and well-defined quasi reversible peaks for the heme
protein at a formal potential of −0.284 V (vs. Ag/AgCl). The
direct electrochemistry of Hb is strongly enhanced at this
modified electrode compared to electrodes not modified with
graphene or β-CD. The heterogeneous electron transfer rate
constant (Ks) is 3.18 ± 0.7 s−1 which indicates fast electron
transfer. The biosensor exhibits excellent electrocatalytic ac-
tivity towards the reduction of bromate, with a linear amper-
ometric response in the 0.1 to 176.6 μM concentration range
at a working voltage of −0.33 V. The sensitivity is
3.39 μA μM−1 cm−2, and the detection limit is 33 nM. The
biosensor is fast, selective, well repeatable and reproducible,
and therefore represents a viable platform for sensing bromate
in aqueous samples.
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Introduction

A number of chemical contaminants is known to have a
serious impact on human health even if present in very
low concentrations only in drinking water [1]. In particu-
lar, bromate is well-known oxyhalide obtained as
byproduct of disinfection of drinking water via ozonation.
It can easily contaminate drinking water [2, 3]. Bromate
is also classified as one of a carcinogenic and genotoxic
compound by the International Agency of Research on
Cancer [4] . In addi t ion, the US Environmental
Protection Agency (EPA), the European Council (EC)
and the World Health Organization (WHO) are stated that
a maximum permissible level of bromate in drinking wa-
ter is 10 μg L−1 [4]. The excess level of bromate in
drinking water leads to the damage of kidneys, nervous
system and renal cell tumors [5]. Hence, the accurate and
low level detection of bromate is of great importance in
real samples for human health. So far, the different ana-
lytical methods have been developed for sensitive detec-
tion of bromate, including spectrophotometry, chromato-
graphic methods, florescent and electrochemical methods
[6–9]. However, the electrochemical methods are widely
used for the detection of bromate owing to its simplicity
along with high sensitivity and selectivity than that of
traditional spectrophotometry and chromatographic
methods [10].

Hemoglobin (Hb) is a redox metalloprotein, plays an im-
portant role in oxygen transport and storage in mammalian
blood [11]. Hb is an ideal redox metalloprotein for the
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construction of biosensors due to its low cast and availability
[12]. In addition, Hb is widely used for the detection of hy-
drogen peroxide, nitrite, trichloroacetic acid and bromate, due
to its high specificity [13]. However, the direct immobiliza-
tion and direct electron transfer of Hb on the conventional
electrodes are still challenging, thus the modified electrodes
have been used for the immobilization of Hb [14]. Recent
years, different nano and micro materials have been widely
used for immobilization of Hb on the electrode surface
[15]. Graphene or reduced graphene oxide is a two-
dimensional sp2 hybridized carbon nanomaterials, displays
high mechanical, electrical and thermal properties than that
of other carbon nanomaterials [16]. Furthermore, graphene
and reduced graphene oxide (RGO) based composites are
continuously used for the construction of electrochemical
biosensors [17–19]. Though, the special properties of
graphene highly abridged in RGO when compared to the
properties of pristine graphene [9]. Hence, the pristine
graphene is an alternative choice to prolong its special
properties to the biosensors fabrication. However, pristine
graphene can be easily agglomerates to graphite in aqueous
solutions due to the π stacking of individual graphene
sheets, hence different materials have been used to prevent
the agglomeration of graphene sheets and enrich the bio-
compatibility [20]. For instance, the supramolecular ad-
ducts, surfactants and polymers are predominantly used to
prevent the restacking of graphene sheets and increase the
dispersing ability of graphene in aqueous solutions [21]. In
particular, β-cyclodextrin (β-CD) is an oligosaccharide,
composed with 6–8 glucopyranoside units and form host-
guest complexes with hydrophobic molecules owing to its
unique properties [22]. Thus, we have used β-CD as a
dispersing agent and stabilizer for graphene. The resulting
graphene/β-CD composite showed an enhanced biocompat-
ibility than pristine graphene. In addition, graphene/β-CD
composite provides a suitable micro environment for immo-
bilization of Hb. However, for the first time we have used
β-CD as a dispersing agent for pristine graphene and used
as an immobilization matrix for Hb, which greatly en-
hanced the direct electron transfer of Hb towards the elec-
trode surface.

We report an amperometric bromate biosensor based
on the direct electrochemistry of immobilized Hb at
graphene/β-CD composite for the first time. The
graphene/β-CD/Hb modified electrode shows an en-
hanced and well-defined quasi reversible peaks for Hb
compare to other modified electrodes. Subsequently, the
resulting biosensor was used to determine the bromate by
amperometric method. The selectivity and practicability
of the biosensor was studied and discussed in detail. The
present biosensor is simple and can detect the bromate in
sub-millimolar levels compared with previously reported
bromate sensors.

Experimental

Chemicals

Graphene nanopowder (8 nm flakes, product number UR-
GNAPHENE) was purchased from UniRegion Bio-Tech,
Taiwan. β-cyclodextrin, hemoglobin from bovine blood, po-
tassium bromate, dopamine, ascorbic acid, glucose and all
other chemicals were purchased from Sigma Aldrich (http://
www.sigmaaldrich.com/taiwan.html) and used as received.
The supporting electrolyte 0.05 M phosphate buffer pH 7
was prepared by using 0.05 M Na2HPO4 and NaH2PO4 in
doubly distilled water. All the other chemicals were of
analytical grade and the solutions were prepared using
doubly distilled water without any further purification.

Apparatus

Cyclic voltammetry (CV) and amperometric i-t experiments
were performed by CHI 1205b and CHI 750a electrochemical
work stations from CH instruments. Scanning electron mi-
croscopy (SEM) was performed using Hitachi S-3000 H elec-
tron microscope. Fourier transform infrared spectroscopy
(FTIR) was carried out using the Thermo Scientific Nicolet
iS10 instrument. Raman spectra were recorded using a Raman
spectrometer (Dong Woo 500i, Korea) equipped with a
charge-coupled detector. UV-Vis spectroscopy was performed
by a Hitachi U-3300 UV spectrophotometer. A typical three-
electrode system was used for the electrochemical experi-
ments, where glassy carbon electrode (GCE) as a working
electrode, saturated Ag/AgCl as a reference electrode and plat-
inum electrode as the auxiliary electrode. Amperometric i–t
measurements were performed using a PRDE-3 A (AS dis-
tributed by BAS Inc. Japan) rotating ring disc electrode (RDE)
and the electrochemically active surface area (EASA) was
calculated as 0.082 cm2 by CV, as we reported early [23].

Preparation of graphene/β-CD composite
and immobilization of Hb

The graphene/β-CD composite was prepared by the addition of
10 mg graphene into the 10 mL of β-CD aqueous solution and
the mixture was ultra-sonicated for 30 min at room temperate.
The β-CD aqueous solution was prepared by dispersing of
10 mg of β-CD into the 10 mL of distilled water with the aid
of ultra-sonication about 10 min. The obtained graphene/β-CD
composite was centrifuged to remove the excess amount of
graphene from the graphene/β-CD composite. The obtained
graphene/β-CD composite was re-dispersed into the water
and used for further characterization and electrochemical stud-
ies. The graphene/β-CD composite modified electrode was pre-
pared by drop coating of 8 μL of graphene/β-CD dispersion on
pre-cleaned GCE and dried in a room temperature. The
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graphene and β-CD modified electrodes were also indepen-
dently prepared by similar methodwithoutβ-CD and graphene.
The graphene and β-CD dispersions were prepared by dispers-
ing of graphene (1 mg mL−1) in dimethylformamide and β-CD
(1 mg mL−1) in water with the aid of ultra-sonication about
15 min. The RGO/β-CD composite modified electrode was
prepared by electrochemical reduction of graphene oxide/β-
CD composite in pH 5 solution at applied potential of −1.4 V
for 300 s. The biosensor was prepared by drop coating of 8 μL
of Hb solution (5 mg mL−1) on the graphene/β-CD composite
modified GCE and dried at room temperature. The graphene/
β-CD/Hb modified GCE was gently rinsed a few times with
doubly distilled water to remove the loosely bounded Hb. The
Hb stock solutions were prepared using 0.05 M phosphate
buffer pH 7 and the electrochemical experiments were per-
formed in N2 atmosphere at room temperature. The biosensor
was stored in 0.05 M phosphate buffer pH 7 at 4 °C when not
in use.

Results and discussion

Choice of materials

We have chosen Hb as a model redox protein for the con-
struction of biosensor, due to its known structure, commer-
cial availability, and relatively higher stability than that of
other iron redox proteins, such as myoglobin and cytochrome
C. In addition, Hb has high specificity towards the detection
of bromate compared to commonly available well-known
cobalt complex modified electrodes. We have used graphene
and β-CD for the composite preparation and it has two main
advantages. First, pristine graphene is the best choice to pro-
long all the special properties of graphene, while, the special
properties of graphene are much deduced in the RGO and
graphite based composites [9]. Second, β-CD prevents the
agglomeration of graphene sheets and improves the biocom-
patibility of graphene in graphene/β-CD composite, which
provides a suitable micro environment for immobilization
of Hb. The strong interaction between the hydroxy groups
of β-CD and edge planes of graphene nanosheets is resulting
to the formation of stable graphene/β-CD composite [9]. In
addition, β-CD component in graphene/β-CD composite
greatly enhanced the electrochemical behavior of Hb via
strong host–guest interaction between the β-CD and
graphene that efficiently translates into an electrochemical
signal to the electrode [9].

Characterizations

Figure 1 displays the SEM images of un-modified (a),
graphene (b), β-CD (c) and graphene/β-CD composite (d)
modified electrodes. The unmodified electrode shows typical

clean morphology for GCE. While, the graphene modified
electrode reveals its typical flake morphology with association
of bundle of nano graphene sheets. On the other hand, β-CD
modified electrode shows the typical sheet morphology,
which ismore consistent with our previously reportedmethod.
The SEM image of graphene/β-CD composite modified elec-
trode shows the crumbled morphology, where graphene nano
sheets were entrapped by β-CD sheets (Fig. 1d). The polar
hydroxyl groups on β-CD can easily interact with the edge
planes of the graphene sheets, which are resulting to the for-
mation of graphene/β-CD composite.

The formation of graphene/β-CD composite was further
confirmed by FTIR spectroscopy. It is well-known that
FTIR spectroscopy is widely used to confirm the functional
groups and study the interaction between the compounds.

Figure 2a shows the FTIR spectrum of graphene (a), β-CD
(b) and graphene/β-CD composite (c). The FTIR spectrum of
graphene did not show obvious peaks in the fingerprint re-
gion, while graphene/β-CD composite shows three distinct
peaks around 3382, 2965 and 1015 cm−1, which corresponds
to the O–H (from water), C–H stretching vibration and C–O–
C groups from the β-CD, which is similar to the FTIR spec-
trum of β-CD, as reported early [24]. The result confirms that
the polar hydroxyl groups ofβ-CD strongly interact with edge
of the graphene sheets and resulting to the formation of
graphene/β-CD composite.

UV-Vis spectroscopy is commonly used to confirm the
Soret absorption band of proteins. The presence of Hb on
graphene/β-CD/Hb modified electrode was confirmed by
UV-Vis spectroscopy. We have used Indium tin oxide (ITO)
electrode for UV-Vis spectroscopy studies, in which
graphene/β-CD, Hb and graphene/β-CD/Hb composite was
directly coated on the ITO electrode surface. Figure 2b
shows UV-Vis spectrum of graphene/β-CD composite (a),
native Hb (b) and graphene/β-CD/Hb composite (c). The
UV-Vis spectra of graphene/β-CD composite did not show
obvious Soret band, while pure Hb shows the Soret band at
409 nm, which is very similar to the previously reported
Soret absorption band of native Hb [25]. The graphene/β-
CD/Hb composite shows the Soret band at 410.0 nm and the
observed value is very close to Soret absorption band for
native Hb [25]. These results indicate that the native mor-
phology of Hb is retained in the graphene/β-CD composite
modified electrode.

Raman spectroscopy was used for further characterization
of graphene and graphene/β-CD composite, since Raman
spectroscopy is widely used to confirm the transformation of
carbon nanomaterials. Figure 3 shows the Raman spectra of
graphene (red color) and graphene/β-CD composite (black
color). The graphene and graphene/β-CD composite exhibit
a weakD and strongG bands at 1389 and 1589 cm−1 and 1402
and 1590 cm−1, respectively. While, the enhanced 2D band of
graphene and graphene/β-CD composite was observed at
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2723 and 2726 cm−1. The graphene/β-CD composite has
showed an enhanced D, G and 2D bands compared to the D,
G and 2D bands observed for graphene, which is due to the
strong interaction between the β-CD rims with edge planes of
graphene.

The 2D/G intensity ratio of graphene and graphene/β-CD
composite was calculated as 1.11 and 1.14, which indicates
that few layer structure of graphene in graphene/β-CD com-
posite. Usually the monolayer graphene will have the ratio of
2D/G intensity about 2.5 and few layer graphene have a 2D/G
intensity ratio about 1.0.

Direct electrochemistry of Hb

Figure 4 shows the CV response obtained at Hb immobilized
on bare (a), graphene (b), β-CD (c) and graphene/β-CD

Fig. 1 SEM images of
unmodified (a), graphene (b),
β-CD (c) and graphene/β-CD (d)
modified electrodes.
Scale bar =2 μm

Fig. 2 a The FTIR spectra of graphene (a), graphene/β-CD composite
(c) and β-CD (b). b UV-Vis spectra of graphene/β-CD composite (a),
graphene/β-CD/Hb composite (c) and Hb (b) modified ITO electrodes

Fig. 3 Raman spectra of graphene (red color), graphene/β-CD
composite (black color)
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composite (d) modified GCEs in N2 saturated 0.05 M
phosphate buffer pH 7 at a scan rate of 100 mV s−1.
The CV experiments were performed in the potential
range between 0.1 to −0.8 V. The bare and β-CD modi-
fied electrodes does not show any apparent direct electro-
chemical behavior to Hb, which indicates that these kind
of electrodes are not suitable for immobilization of Hb.
The graphene modified electrode showed a weak redox
couple at the formal potential (E0) of −0.169 V with a
peak to peak separation (ΔEp) of 0.102 V. On the other
hand, Hb immobilized graphene/β-CD modified electrode
shows a pair of well-defined quasi redox couple at the E0

of −0.284 V, which is due to the direct electrochemical
behavior of heme redox couple (FeII/FeIII) in Hb [26–28].

The ΔEp of graphene/β-CD/Hb modified electrode was
calculated as 54 mV, which is quite lower than graphene/
Hb modified electrode. The result indicates the enhanced
direct electron transfer of Hb on graphene/β-CD composite
modified electrode than that of other modified electrodes.
The graphene/β-CD composite is providing a suitable mi-
cro environment for immobilization of Hb and resulting to
the enhanced direct electron transfer towards the electrode
surface. We have also investigated the direct electron trans-
fer of graphene/β-CD/Hb modified electrode in N2 saturat-
ed 0.05 M phosphate buffer pH 7 at a scan rate of
100 mV s−1 and the results are shown in Fig. S1. A pair
of well-defined quasi redox couple for Hb was observed
with E0 of −0.284 V (Fig. S1a). However, the observed
redox peak currents are lower than those observed at
graphene/β-CD/Hb modified electrode (Fig. S1b). Hence,
graphene/β-CD composite modified electrode is more suit-
able for Hb immobilization than that of RGO/β-CD com-
posite modified electrode.

The effect of scan rate on the electrochemical behav-
ior of graphene/β-CD/Hb electrode was studied by CV.
Figure 5a shows CV response obtained at graphene/β-
CD/Hb electrode in N2 saturated 0.05 M phosphate buff-
er pH 7 at different scan rates from 20 to 200 mV s−1. It
can be seen that the anodic and cathodic peak current of
Hb increases with increasing the scan rates, while the
anodic and cathodic peak potentials were slightly shifted
towards the positive and negative potentials upon in-
creasing the scan rates from 20 to 200 mV s−1. The
anodic and cathodic current response of Hb was linear
over the scan rates from 20 to 200 mV s−1 with the
correlation coefficient (R2) of 0.9968 and 0.9946, re-
spectively (Fig. 5b). The result indicates that the redox
behavior of Hb is controlled by surface confined elec-
trochemical process [27]. The apparent heterogeneous
electron transfer rate constant (Ks) of graphene/β-CD/
Hb modified electrode was estimated as 3.18 ± 0.7 s−1

using Laviron Eq. (1) for surface-controlled electro-
chemical system [29].

Logks ¼ αLog 1−αð Þ þ 1−αð ÞLogα−Log RT

nFv

� �
−α

1−αð ÞnFΔEp

2:3RT

ð1Þ

Where ΔEp = peak-to-peak separation of the redox cou-
ple (the scan rate was chosen when theΔEp is equal or more
than 200 mV), n = 1, α is assumed to be 0.5 and all other
symbols are usual meanings. The calculated Ks value is
much higher than the previously reported Hb immobilized
modified electrodes [28–31]. The result validates that
graphene/β-CD composite modified electrode greatly facil-
itate the direct electron transfer of Hb towards the electrode
surface.

The effect of pH on the redox electrochemical behav-
ior of graphene/β-CD/Hb modified electrode was studied
in N2 saturated different pH using CV and the results are
shown in Fig. S2A. It can be seen that a well-defined
redox couple of Hb was observed in pH from 3 to 9.
The anodic and cathodic peak potential of Hb shift to-
wards positive and negative direction upon decreasing
and increasing the pH. As shown in Fig. S2B, the E0’

of Hb had a linear dependence over the pH range from
3 to 9 with a slope of −51.6 mV pH−1 and a correlation
coefficient of 0.9979. The observed slope value
(−51.6 mV pH−1) is close to the theoretical value of
the Nernst equation for an equal number of proton and
electron transfer reversible electrochemical process [26].
Hence, the direct electrochemistry of graphene/β-CD/Hb
modified electrode is involving of an equal number
of protons (H+) and electrons (e−) transferred electro-
chemical reaction.

Fig. 4 CV response obtained at Hb immobilized on bare (a), graphene
(b), β-CD (c) and graphene/β-CD composite (d) modified GCEs in N2

saturated 0.05 M phosphate buffer pH 7 at a scan rate of 100 mV s−1
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Amperometric determination of bromate

The electrocatalytic activity of graphene/β-CD/Hb modified
electrode towards bromate was studied using CV. Fig. S3A
shows CV response of graphene (a), β-CD (b), graphene/β-
CD (c) and graphene/β-CD/Hb (d) modified electrodes in
100 μM bromate containing N2 saturated 0.05 M phosphate
buffer pH 7 at a scan rate of 100 mV s−1. It can be seen that
graphene and β-CD modified electrodes show less electrocat-
alytic activity towards the reduction of bromate, while
graphene/β-CD composite modified electrode shows an en-
hanced reduction peak current for bromate at the potential of
−0.427 V. In addition, the observed reduction peak current
was 2 folds higher than that observed in graphene and β-CD
modified electrodes. On the other hand, graphene/β-CD/Hb
modified electrode shows a sharp reduction peak at −0.367 V
in the presence of bromate. Furthermore, Hb immobilized
graphene/β-CD composite modified electrode shows 2 folds
enhanced reduction peak current with a positive potential
shift towards the detection of bromate than that of
graphene/β-CD composite modified electrode. The result in-
dicates that graphene/β-CD/Hb modified electrode is more
suitable for the determination of bromate than that of other
modified electrodes. The electrocatalytic reduction of bro-
mate with different concentrations (50–250 μM) was studied
using graphene/β-CD/Hb modified electrode by CV and the
results are shown in Fig. S3B. The reduction peak current of
Hb was increased with the addition of different concentra-
tions of bromate from 50 to 250 μM. The increase in the
reduction peak current and decrease in the peak potential is
considered as electrocatalysis. The result indicates that Hb
immobilized graphene/β-CD electrode has good electrocata-
lytic activity towards the reduction of bromate. The effect of
Hb amount on graphene/β-CD composite towards the detec-
tion of bromate was optimized and the 8 μL of Hb drop
coated composite was found to give better results (Fig. S3B

inset). The electrochemical reduction of bromate by
graphene/β-CD/Hb modified electrode can be written by
Eqs. 2 and 3, as reported early [13].

6Hb− FeIII
� �þ 6−e↔6Hb− FeII

� �
direct electron transferð Þ

ð2Þ
6Hb− FeII

� �þ BrO−
3 þ 6Hþ→6Hb− FeIII

� �þ Br− þ 3H2O

ð3Þ

Figure 6a shows the typical amperometric i-t response ob-
tained at graphene/β-CD/Hb modified RDE upon addition of
different concentrations of bromate (0.1–186.6 μM) into the
N2 saturated constantly stirred 0.05 M phosphate buffer pH 7.
The electrode working potential held at −0.33V. It can be seen
that a well-defined and stable amperometric response was ob-
served for addition of 0.1 and 1 μMof bromate (Fig. 6a inset),
which indicates the high electro-reduction ability of the
graphene/β-CD/Hb modified electrode. The biosensor
reaches its steady state current within 3 s, indicating the fast
electrocatalytic reduction of bromate by immobilized Hb on
graphene/β-CD.

As shown in Fig. 6b, the reduction peak currents of bro-
mate was linear over the concentration ranging from 0.1 to
176.6 μM. The linear regression equation can be written from
the fitted values from current vs. [bromate] as I (μA) = 0.2777
(μM) + 0.7197 with a correlation coefficient of 0.9947. The
sensitivity was calculated from the fitted linear regression
equation as 3.39 μA μM−1 cm−2. The limit of detection
(LOD) was found to be 0.033 μM based on S/N = 3. In order
to demonstrate the advantage of the biosensor, the analytical
performance of the graphene/β-CD composite modified elec-
trode was compared with previously reported modified elec-
trodes for detection of bromate and comparison results are
shown in Table 1. Table 1 clearly reveals that the graphene/
β-CD/Hb modified electrode showed high sensitivity and low

Fig. 5 a CV response obtained at
graphene/β-CD/Hb modified
electrode in N2 saturated 0.05 M
phosphate buffer pH 7 at different
scan rates from 20 to 200 mV s−1.
b The corresponding calibration
plot for scan rate vs. anodic and
cathodic current response.
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LOD than that of previously reported bromate sensors [10, 13,
31–35]. In addition, the linear response range of the graphene/
β-CD composite modified electrode is comparable with the
previously reported modified electrodes, as shown in Table 1.
The results confirmed that the graphene/β-CD/Hb modified
electrode can be used for sensitive determination of bromate.

Selectivity and operational stability
of the graphene/β-CD/Hb modified electrode

The amperometric i-t method was used to evaluate the se-
lectivity of the modified electrode under working conditions
similar to those in Fig. 6a. Fig. S4A shows the amperometric
i-t response of the modified RDE for the addition of 2 μM
bromate (a) and 500 μM of Fe2+ (b), Fe3+ (c), Mg2+ (d),
Ni2+ (e) Ca2+ (f), Cl− (g), Br− (h) and I− (i) into the N2

saturated constantly stirred 0.05 M phosphate buffer pH 7
at working potential of −0.33 V. It can be seen that 500 μM

additions of metal ions did not cause an amperometric re-
sponse of the modified electrode, which indicates the high
selectivity of the biosensor. We have also evaluated the se-
lectivity of the biosensor in the presence of biologically
active compounds. Fig. S4B shows the amperometric i-t
response on addition of 2 μM bromate (a) and 200 μM of
dopamine (b), uric acid (c), nitrite (d), nitrate (e) and iodate
(f) into the N2 saturated constantly stirred 0.05 M phosphate
buffer pH 7 at working potential of −0.33 V. A stable and
sharp amperometric response observed for the addition of
2 μM bromate, while 100 fold additions of biologically ac-
tive compounds and nitrite, nitrate and iodate did not show
any apparent response. The above results confirmed that the
modified electrode can be used for selective detection of
bromate in the presence of common metal ions and biolog-
ically active compounds. The high selectivity of the bromate
is due to the strong interaction between the bromate ions and
reduced for redox active center of Hb, as described in Eq. 3.

Fig. 6 a Amperometric i-t
response of graphene/β-CD/Hb
modified RDE for the addition of
different concentration of bromate
from 0.1 to 186.6 μM into the
constantly stirred N2 saturated
0.05M phosphate buffer pH 7 at a
working potential of −0.33 V.
Inset shows the enlarged
amperometric response up to
2.2 μM addition of bromate.
b The calibration plot for
amperometric current response
vs. [bromate]. Error bar is related
to the standard deviation for 3
measurements

Table 1 Comparison of
analytical performance of
graphene/β-CD/Hb modified
electrode with previously
reported modified electrodes for
determination of bromate

Modified electrode LOD (μM) Linear range (mM) Sensitivity
(μA μM−1 cm−2)

Ref.

PANI-POMs/GCE 3.0 7.5–400.0 – 10

f-MWCNT/PL-His/ZnO/GCE 0.3 2.0–15,000 0.0351 13

CuO/SPCE 0.023 0.066–1.99 – 31

Pd/MWNT/GCE 10.0 0.1–40,000 0.768 32

Fe(III)P-MWCNT/GCE 0.6 2.0–150.0 0.011 33

PLL-GA-SiMo/GCE 0.11 50.0–1200 0.0036 34

SiO2/ZrO2/CCE 2.33 49.8–1230.0 35

graphene/β-CD/Hb/GCE 0.033 0.1–176.6 3.39 This work

(PANI)-polyoxometalates (POM = XM12, X = P, Si and M = Mo, W)

LOD limit of detection, f-MWCNT functionalized multiwalled carbon nanotubes, PL-His Poly-L-Histidine, SPCE
screen printed carbon electrode,MWCNT multiwalled carbon nanotubes, GCE glassy carbon electrode, Fe(III)P
iron(III)-porphyrin, PLL-GA glutaraldehyde cross-linked poly-L-lysine, SiMo Silicomolybdate, PANI-POMs
polyaniline
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The operational stability of the electrode for the response to
25 μM bromate was investigated by amperometry and the
results are shown in Fig. S4C. The experimental conditions
are similar as of in Fig. 6a. The electrode retains 98.1 % of
its initial amperometric current response after continues run
up to 1800 s in 25 μM bromate containing the N2 saturated
constantly stirred 0.05 M phosphate buffer pH 7. The result
indicates that the high operational stability of the fabricated
biosensor. Its stability was investigated for up to 10 h by
CV, which was stored in water prior to analysis. Fig. S5
shows the CV response for initial (a) and every 1 h up to
10 h (b–j) in N2 saturated 0.05 M phosphate buffer pH 7 at a
scan rate of 100 mV s−1. It can be seen that the redox peak
current response of Hb was almost unchanged when stored
in water up to 10 h, which indicates that Hb was firmly
attached on graphene/β-CD composite and resulting to the
high storage stability.

Practicality, repeatability and reproducibility of the
graphene/β-CD/Hb modified electrode

The practical applicability of the electrode was evaluat-
ed for the detection of bromate in different water sam-
ples by amperometric method. The experimental condi-
tions are similar as of in Fig. 6a. The standard addition
method was used to calculate the recovery of bromate
in different water samples and the recovery results are
shown in Table 2. The electrode indicated the absence
of bromate in plain tap and drinking water samples,
while the average recoveries of bromate in spiked water
samples was about 96.0 %. The repeatability and repro-
ducibility of the biosensor were evaluated by CV and
the experimental conditions are similar to those in Fig.
S3A. A single electrode for 6 successive measurements
was found with the RSD of 4.6 % for the detection of
100 μM bromate. Six independently prepared electrodes
were applied to the detection of 100 μM bromate and
showed an RSD of 3.9 %. The result indicates that the
composite electrode has good repeatability and repro-
ducibility for the detection of bromate.

Conclusions

The direct electrochemistry of Hb was successfully realized
on graphene/β-CD composite modified electrode. The
graphene/β-CD/Hb modified electrode showed an enhanced
direct electrochemistry when compared to the response ob-
served at RGO/β-CD/Hb modified electrode. The strong
host–guest interaction ability between the β-CD and graphene
is resulting into the enhanced electrochemical signal of Hb
towards the electrode surface. Compared to other available
modified electrodes, the new electrode showed wide linear
response, high sensitivity and low LOD for the determination
of bromate. The good recovery and selectivity of the Hb
immobilized composite authenticates that it can be used for
selective detection of bromate in water samples. However, the
biosensor has some limitations, such as continues sensing of
bromate in waste water samples and working at high temper-
atures (above 50 °C). The biosensor sill needed to address
these problems in the future and further works are in under
way in our lab.
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