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We designed and synthesized a novel organic–inorganic hybrid material polypyrrole–Co3O4 (Ppy–Co3O4), then
mixed it with ionic liquid (IL) to form stable composite films for the immobilization of Hemoglobin (Hb) and
GlucoseOxidase (GOD). The combination of Ppy and Co3O4 aswell as IL created a platformwith exceptional char-
acteristics, and the content of Ppy had an effect on the direct electron transfer (DET) of Hb/GOD. Notably, when
weight percentage of pyrrolemonomerwas 20%, the heterogenous electron transfer rate constant (ks) for Hb and
GODwas estimated to be 1.71 s−1 and 1.67 s−1, respectively. In themeantime, electrochemical and spectroscopic
measurements showed that Hb/GOD remained their bioactivity, and achieved fast electron transfer on the
Ppy–Co3O4/IL composite film modified electrode. Furthermore, the Ppy–Co3O4/IL/Hb composite film modified
electrode was used as a biosensor, and exhibited a long linear range and lower detection limit to H2O2. The
apparent Michaelis–Menten constant (Km) was found to be 0.53 mM. The sensing design based on the
Ppy–Co3O4 hybrid material was demonstrated to be effective and promising in developing protein and enzyme
biosensors.

© 2014 Elsevier B.V. All rights reserved.
1. Introduction

Studies on the DET of redox proteins/enzymes not only help to es-
tablish a desirable model for studying the redoxmechanism of proteins
and enzymes in biological systems [1], but also can exploit biofuel cells
[2], electrochemical biosensors [3,4], and bioreactor devices [5]. Unfor-
tunately, it's difficult to realize DET between conventional electrodes
and proteins or enzymes because of their denaturation on conventional
electrode and deeply buried electroactive centers. Thus, various
nanomaterials, such as metal nanoparticles [6], metal oxides [7], carbon
nanomaterial [8] and their composite [9,10] have been applied to
promote the electron transfer of Hb/GOD. However, most references fo-
cused on the immobilization of one kind of protein or enzyme by differ-
ent nanomaterials. To the best of our knowledge, there are few reports
on the immobilization of two kinds of proteins or enzymes by exploiting
a variety of functions of composite materials.

Co3O4 is an important transition metal oxide with intriguing elec-
tronic, electrochemical and electrocatalytic properties, and its normal
spinel crystal structure is favorable for electron transportation between
Co2+ and Co3+ ions. Currently, Co3O4 and Co3O4-based composite have
exhibited great potential application in supercapacitors [11], batteries
[12], heterogeneous catalysts [13] and electrochemical sensors [14,15].
86 29 82205332.
Especially, Co3O4 has been shown to be an excellent sensing material
for constructing various sensors due to its superior capabilities in
terms of response range, detection limit, stability and anti-interference
property [16,17].

Alternatively, Ppy, one representative conducting polymer with at-
tractive features for their unique conjugated π-electron system, such
as good environmental stability, high electrical conductivity, good bio-
compatibility as well as ease of preparation, is a suitable matrix for the
immobilization of various redox proteins or enzymes on electrodes
[18,19]. It is expected that a novel organic–inorganic composite struc-
ture Ppy–Co3O4 will provide a conductive network for efficient charge
transfer as well as more binding sites for the protein/enzyme. In addi-
tion, previous researches demonstrated that IL was a kind of ideal ma-
trix that could disperse the nanomaterials into the modified layers to
improve the stability and promote the electrocatalysis of protein/
enzyme [20,21].

In this work, we proposed a procedure to synthesize Ppy–Co3O4 hy-
brid nanocomposite.Meantime, thematerialwas characterized by scan-
ning electron microscopy (SEM) and used as supports for Hb/GOD
immobilization with good dispersion effect and excellent conductivity
IL. Furthermore, the DET of the Ppy–Co3O4/IL/GOD and Ppy–Co3O4/IL/
Hb composite film modified carbon paste electrode (CPE) was investi-
gated, respectively. In addition, we have also evaluated the resultant
Ppy–Co3O4/IL/Hb composite film in H2O2 biosensing as the sensitive
and accurate H2O2 detection.

http://crossmark.crossref.org/dialog/?doi=10.1016/j.bioelechem.2014.04.001&domain=pdf
http://dx.doi.org/10.1016/j.bioelechem.2014.04.001
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http://dx.doi.org/10.1016/j.bioelechem.2014.04.001
http://www.sciencedirect.com/science/journal/15675394
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2. Experimental section

2.1. Reagents

Hemoglobin (Hb, MW 64,500) and Glucose Oxidase (GOD, MW
150,000) were both purchased from Sigma Chemical Co., and [BMIm]
BF4 ILwas purchased fromHangzhou Chemer Chemical Limited Compa-
ny. High purity graphite powder, dodecylsulfate (SDS), ethylene glycol
(EG), polyethylene glycol 400 (PEG400) and Pyrrole monomer were
obtained from China National Medicine Corporation. K3Fe(CN)6,
K4Fe(CN)6, KCl, K2HPO4, KH2PO4, Na2CH3COOH, FeCl3·6H2O, CoCl2·6H2O,
H2O2 (30%) and liquid paraffin were obtained from Xi'an Chemical
Reagent Corporation. All other chemicals were of analytical reagent
grade and used without further purification. All solutions were made up
with twice-distilled water.

2.2. Apparatus

The microstructures of Co3O4 and Ppy–Co3O4 were analyzed by
scanning electron microscopy (SEM; JEOL JSM-6360, Japan). UV–vis
spectra were recorded on a Nicolet Evolution 300 spectrophotometer
in 0.1 M phosphate buffer solutions. Consolidate the first paragraph
and second paragraph in the Apparatus part.

(PBS) and the IR spectra (KBr) were recorded on an IR-spectrometer
FTIR-8400S Shimadzu at room temperature. The powder X-ray diffrac-
tion (XRD) patterns were recorded with a Rigaku Dmax-rA X-ray dif-
fractometer using Cu Kα radiation.

All electrochemical measurement was carried out with a CHI660d
electrochemical workstation (Shanghai Chenhua Co.) controlled by a
microcomputer with CHI660 software. A three electrode system was
used, where an Ag/AgCl electrode (3.0 M KCl, Shanghai Ruosull Tech.
Co.) served as the reference electrode, a platinum wire electrode as
the auxiliary electrode and a modified CPE as the working electrode.
Amperometric experiments were performed in a constant stirred cell
with the successive addition of H2O2 into 20.0 mL supporting electro-
lyte, while the electrode potential was set at−350 mV for H2O2 vs. RE
(Ag/AgCl). The transient background current was allowed to decay to
a steady-state value before adding analytes. Stock solutions of H2O2

were freshly prepared from 30% H2O2 solution.
All experimental solutions were deoxygenated by purging them

with highly pure nitrogen for 30min andmaintained under nitrogen at-
mosphere duringmeasurements. AC impedance experiments were car-
ried out in 5.0 mM K3Fe(CN)6/K4Fe(CN)6 (1:1) solution containing 0.1
M KCl, while the applied perturbation amplitude was 0.005 V, the fre-
quencies swept from 105 to 10−2 Hz, the number of points per frequen-
cy decade was 12 and the initial potential was 0.20 V vs. RE (Ag/AgCl).

2.3. The preparation of Co3O4 and Ppy–Co3O4

Co3O4 was synthesized according to the procedure reported previ-
ouslywith a littlemodification [22]. Following that, Ppy–Co3O4was pre-
pared by oxidative polymerization of pyrrole. First, the obtained 0.04 g
Co3O4 particles were dispersed in 50 mL of aqueous solution containing
0.02 g SDS under the ultrasonic condition for about 5min, then vigorous
stirring for about 3 h at room temperature. The solution was then put
into refrigerator for about 5 min. Next, defined amount of pyrrole
Scheme 1. Schematic illustration of th
monomer and 5 mL of FeCl3 aqueous solution in a mole ratio of 1:1
was subsequently introduced to the above solution. The polymerization
reaction continued for 4 h under magnetic stirring. Finally, the resulting
hybrid particles were centrifuged and washed with water and ethanol
several times, dried at 60 °C overnight to obtain the Ppy–Co3O4 compos-
ite. The products were marked as m Ppy–Co3O4 (m, mass content of
pyrrole in the hybrid material).

2.4. Preparation of the modified electrodes

CPE was prepared as described previously [23]. The preparation of
Hb/GOD modified electrode: 5 mg of Ppy–Co3O4 and 10 μL brominated
1-methyl-3-butyl imidazole ionic liquid (BmimBr IL) were dispersed
into 1 mL of 0.1 M pH 7.0 PBS under sonication. Then 5 μL of the
above suspension was casted onto the surface of a freshly polished
CPE to obtain Ppy–Co3O4/IL-CPE, which was dried at room temperature
to form a stable film. Finally, Ppy–Co3O4/IL/Hb-CPE and Ppy–Co3O4/IL/
GOD-CPE were prepared by casting 5 μL Hb solution (5 mg/mL) or 5
μL GOD solution (10 mg/mL) onto the Ppy–Co3O4/IL-CPE. The Hb/GOD
electrode was dried at 4 °C in a refrigerator and then rinsed twice or
thrice with doubly distilled water to remove the unadsorbed protein/
enzyme molecules.

3. Results and discussion

3.1. The designed synthesis and characterization of Ppy–Co3O4

The stepwise construction of Ppy–Co3O4 is represented in Scheme 1.
One novel aspect of this work lies in the designed synthesis of Ppy–
Co3O4. Firstly, the Co3O4 was prepared via the reactions between CoCl2
and EG under solvothermal condition. Following, the SDS molecules
were used to protect Co3O4 particles from forming enlarged particles,
and made them surrounded by negative charges. After pyrrole mono-
mer was added, in situ oxidative polymerization of pyrrole monomer
occurredwith the introduction of FeCl3, inwhich the polymer chains ac-
quired positive charges. Ppy layer with electropositive was gradually
deposited on the surface of Co3O4 particles due to electrostatic
interactions.

The typical SEM images of Co3O4 and Ppy–Co3O4 materials are
shown in Fig. 1. Obviously, the bare Co3O4 is similar to spherical
shape, and seems to consist of many interweaving nanosheets of loose
structure. When Ppy layer was gradually deposited on the surface,
both the edge of Co3O4 and the nanostructure of Ppy were clearly ob-
servable in the higher magnification images of insert in Fig. 1C. Ppy–
Co3O4 hybrid material not only maintained its loose structure but also
was partly surrounded by Ppy. From the surface morphologies of differ-
ent contents of Ppy, it was interestingly found that the decorated Ppy
had an obvious increase with increasing pyrrole monomer content.
However, the obvious rough surfacewas observedwith further increase
of pyrrolemonomer content to 40% in the inset of Fig. 1D. Thus, the SEM
results support the formation of the Ppy–Co3O4 hybridmaterial. In addi-
tion, the XRD pattern of Co3O4 showed a well resolved diffraction (see
Fig. 1E), which can be assigned to face-centered cubic Co3O4 phase in
good agreement with standard JCPDS card number: 43-1003. No
peaks from other phases are found, suggesting that the product is
completely transformed into Co3O4 after annealing.
e synthesis process of Ppy–Co3O4.



Fig. 1. SEM images of (A) Co3O4, (B) 5% Ppy–Co3O4, (C) 20% Ppy–Co3O4, (D) 40%
Ppy–Co3O4. The insets of C and D are the high magnification SEM image themselves.
XRD pattern (E) of Co3O4.

89S. Dong et al. / Bioelectrochemistry 98 (2014) 87–93
3.2. Spectroscopic characterization results

It is well known the position of the absorption band of proteins/
enzymes in the UV–vis spectroscopy provides information about possi-
ble denaturation of proteins, especially conformational change [24].
Fig. 2 showed the UV–vis spectra of different modified solutions. The
mixture of 5 mg/mL Ppy–Co3O4, 10 μL/mL IL and 5 mg/mL Hb or
10 mg/mL, the GOD with the volume ration of 1:1 was diluted with
PBS. And then the resulting solution was in a refrigerator before
Fig. 2. UV–vis spectra of different solutions (0.1 M pH 7.0 PBS) containing (A) Hb
analyzing on a UV–visible spectrophotometer from 250 to 550 nm. It
was obvious that Hb (Fig. 2A-b) and GOD (Fig. 2B-b) in Ppy–Co3O4/IL
nanocomposite film kept nearly the same Soret band as native Hb
(Fig. 2A-a) and GOD (Fig. 2B-a) film, indicating that Hb and GOD in
the composite film maintained their natural state well. At the same
time, the characteristic infrared adsorption bands of amide I (1700–
1600 cm−1) and amide II (1600–1500 cm−1) can provide detailed in-
formation on the secondary structure of polypeptide chain [25]. Thus,
FT-IR spectroscopy was also employed to investigate the structural var-
iations of Hb and GOD immobilized into the Ppy–Co3O4/IL composite
film. The process occurs sequentially with Hb/GOD immobilized on a
piece of glass surface, dried and then coated with a suspension of
Ppy–Co3O4/IL. The glass was in a refrigerator and then was analyzed
on an IR-spectrometer. As shown in Fig. 3, the spectra of free Hb
(Fig. 3A-a) and GOD (Fig. 3B-a) were similar to those of Hb (Fig. 3A-b)
and GOD (Fig. 3B-b) immobilized on the Ppy–Co3O4/IL composite film,
which confirmed that the secondary structure of the Hb/GOD almost
retained its original structure [7]. These studies indicated that the
Ppy–Co3O4/IL composite film could provide a promising matrix for the
further study of DET of Hb/GOD.

3.3. Electrochemical impedance spectroscopy (EIS)

To study the role of each component in the composite, the electron
transfer capability of the modified electrodes was investigated by EIS
in Fig. 4. The high electron transfer resistance (Ret) of CPE (curve g) in-
dicated an inefficient electron transfer process at the surface of CPE,
while the Co3O4 and IL contributed to a slight decrease of Ret of
Co3O4–CPE (curve f) and IL-CPE (curve d). As shown in inset B of Fig.
4, when Ppy–Co3O4 nanocomposites were coated on the CPE, it was
found that the Ret further decreased with the increase of weight per-
centage of pyrrole monomer, suggesting Ppy had been successfully in-
troduced into Co3O4, and Ppy deposited on Co3O4 played the role of
electron channel. For Ppy–Co3O4/IL-CPE (curve a), a smaller Ret was ob-
served, due to the synergistic effect of IL and Ppy–Co3O4 which facilitat-
ed the conductivity of hybrid material. However, the presence of
Hb/GOD led to the increase of the impedance of the Ppy–Co3O4/IL/Hb-
CPE (curve c) and Ppy–Co3O4/IL/GOD-CPE (curve e), indicating that
Hb/GOD was successfully immobilized on the Ppy–Co3O4/IL composite
film.

3.4. Direct electrochemistry of Hb and GOD

The electrochemical behaviors of differentmodified electrodes were
examined by cyclic voltammetry (CV) in 0.1 M PBS (pH 7.0) at a scan
rate of 0.1 V s−1 and the results were shown in Fig. 5. No obvious
redox peaks were observed for the Ppy–Co3O4/IL/CPE, suggesting that
Ppy–Co3O4 and IL were electro-inactive in both potential windows.
Both Co3O4/IL/Hb-CPE (Fig. 5A-b) and Co3O4/IL/GOD-CPE (Fig. 5B-b)
gave a couple of ill-defined and poor reversible redox peaks, indicating
(a) and Ppy–Co3O4/IL/Hb (b), and (B) GOD (a) and Ppy–Co3O4/IL/GOD (b).



Fig. 3. FTIR spectra of (A) Hb (a) and Ppy–Co3O4/IL/Hb composite (b), and (B) GOD (a) and Ppy–Co3O4/IL/GOD composite (b).
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a slow electron transfer process. However, the electrochemical perfor-
mances of Ppy–Co3O4/IL/Hb-CPE and Ppy–Co3O4/IL/GOD-CPE were
also regulated by the control of weight percentage of pyrrole monomer.
For 5% Ppy–Co3O4/IL/Hb-CPE (Fig. 5A-c) and 5% Ppy–Co3O4/IL/GOD-CPE
(Fig. 5B-c), their peak current values were increased slightly and a
smaller peak-to-peak separation was obtained. As shown in Fig. 5A-d
and Fig. 5B-d, the responses at 20% Ppy–Co3O4/IL/Hb-CPE and 20%
Ppy–Co3O4/IL/GOD-CPEwere apparently enhanced and their reversibil-
ities were improved significantly. The anodic and cathodic peak poten-
tials were located at−0.276 V and−0.364 V with the formal potential
Fig. 4. EIS of different electrodes in 5.0 mM K3Fe(CN)6/K4Fe(CN)6 (1:1) containing 0.1 M
KCl. (a–g): Ppy–Co3O4/IL-CPE, Co3O4/IL-CPE, Ppy–Co3O4/IL/Hb-CPE, IL–CPE, Ppy–Co3O4/
IL/GOD-CPE, Co3O4–CPE and CPE; (a′–c′): 40% Ppy–Co3O4/CPE, 20% Ppy–Co3O4/CPE and
5% Ppy–Co3O4/CPE.

Fig. 5. (A) Cyclic voltammograms of (a) 20% Ppy–Co3O4/IL/CPE, (b) Co3O4/IL/Hb-CPE, (c) 5% Pp
Cyclic voltammograms of (a) 20% Ppy–Co3O4/IL/CPE, (b) Co3O4/IL/GOD-CPE, (c) 5% Ppy–Co3O4/
pH 7.0 PBS at a scan rate of 0.1 V s−1.
−0.320 V for Hb, and−0.398V and−0.517 Vwith the formal potential
−0.457 V for GOD, which were similar to that of the Hb/GOD on the
other nanomaterial modified electrodes previously reported [26,27], in-
dicating that the direct electron transfer of Hb/GOD was achieved
through the incorporation into Ppy–Co3O4/IL composite film. When
weight percentage of pyrrole monomer added was up to 40% (Fig. 5A-
e and Fig. 5B-e), the constant current values were almost maintained,
but the electrodes' stability reduced. Apparently, the Ppy deposited on
the Co3O4 surface plays a crucial role in the DET. Considering the results
of SEM, EIS and CVs, the 20% Ppy–Co3O4 is appropriate for the immobi-
lization of Hb/GOD.

The enhanced redox peak currents and low ΔEp value indicated that
a larger amount of Hb or GOD was immobilized by the interaction be-
tween the Hb/GOD and the electrode. The above results may be attrib-
uted to the synergistic effect of Ppy–Co3O4 hybrid material and IL. It is
believed that the Ppy–Co3O4 hybrid material with loose structure
could provide large specific surface area as well as electrostatic interac-
tions to increase the loading amount of Hb/GOD, and act as electron-
transfer mediators to enhance the current response of Hb/GOD elec-
trode for its good conductivity and more active sites. Meanwhile, IL
with good dispersion and conductivity can form a thin and sealedmem-
brane to make the Hb/GOD molecules encapsulated in the composite
film, aiding in the prevention of the denaturation and leakage of
Hb/GOD, and enhancing the electron conductivity. Thus, the composite
film could provide suitablemicroenvironment for the immobilization of
the Hb/GOD and promotes the electron transfer between protein/
enzyme and electrodes surface.

3.5. The kinetic parameters

CVs of Ppy–Co3O4/IL/Hb-CPE and Ppy–Co3O4/IL/GOD-CPE at different
scan rates are shown in Fig. 6A and B, respectively. As seen in inset of
y–Co3O4/IL/Hb-CPE, (d) 20% Ppy–Co3O4/IL/Hb-CPE and (e) 40% Ppy–Co3O4/IL/Hb-CPE (B)
IL/GOD-CPE, (d) 20% Ppy–Co3O4/IL/GOD-CPE and (e) 40% Ppy–Co3O4/IL/GOD-CPE in 0.1M



Fig. 6. (A) Cyclic voltammograms of 20% Ppy–Co3O4/IL/Hb-CPE (B) 20% Ppy–Co3O4/IL/GOD-CPE in 0.1 M pH 7.0 PBS with scan rates from 0.02 to 0.30 V s−1 (a–i). Insets show the plots of
anodic (a) and cathodic (b) peak currents vs. scan rates.
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Fig. 6A and B, the cathodic and anodic peak currents increased
linearly with the increase of scan rate from 0.02 to 0.30 V s−1, and
the equations of calibration curves were described as: ip,c/μA =
190.19(±2.6) v/mV s−1 + 8.24(±0.42)/μA; ip,a/μA = −197.59(±2.1)
v/mV s−1 + 1.26(±0.34)/μA for Ppy–Co3O4/IL/Hb-CPE, and ip,c/μA =
109.29(±5.0) v/mV s−1 + 7.93(±0.81)/μA;ip,a/μA = −96.86(±5.4)v/
mVs−1 − 5.93(±0.89)/μA for Ppy–Co3O4/IL/GOD-CPE, suggesting the
electrochemical reactions of the two modified electrodes were all
surface-controlled process [28,29]. For a surface-controlled process, the
integration of reduction peaks gives nearly constant charge (Q) at differ-
ent scan rates. The average surface coverage (Γ*) of the electroactive
Hb/GOD on the modified electrodes was estimated at a slow scan rate
according to Faraday's law:

Q ¼ nAFΓ� ð1Þ

where Q is the charge involved in the reaction, n is the number of elec-
tron transferred, F is Faraday's constant andA is surface area of electrode.
As shown in Table 1, the Γ* values were higher than that of Hb in PHD/
MWNTs composite [26] andGOD inCdS nanoparticles [30]. Furthermore,
the heterogeneous electron transfer rate constant (ks) and the transfer
coefficient (α) betweenHb/GODmodified electrodes have been estimat-
ed by the following Laviron equation [31]:

Ep;a ¼ E0’þ RT lnv= 1−αð ÞnF ð2Þ

Ep;c ¼ E0’−RT lnv=αnF ð3Þ

log ks ¼ α log 1−αð Þ þ 1−αð Þ logα− log RT=nFvð Þ− 1−αð ÞαnFΔEp=2:3RT
ð4Þ

where v is the scan rate,ΔEp is the peak to peak potential separation. R, T
and F are symbols that have conventional meanings.

These ks were larger than Hb modified Fe3O4@Au/CS [32] and GOD
modified GQD [33], which indicated that the Hb/GOD immobilized
into Ppy–Co3O4/IL composite film achieved a faster electron transfer.
The larger ks value shows that the electron shuttling between redox ac-
tive sites of Hb/GOD and the electrode surface is faster in Ppy–Co3O4/
Table 1
The electrochemical parameters of different composite film.

Composite film Γ*(10−9 M cm−1) ks (s−1) α Reference

PHD/MWNTs/Hb 0.47 1.2 – [26]
Fe3O4@Au/CS/Hb 0.014 1.03 0.41 [32]
Ppy–Co3O4/IL/Hb 4.09 1.71 0.56 This work
CdS nanoparticles/GOD 0.0154 – – [30]
Gox–GQD 1.8 1.12 0.48 [33]
Ppy–Co3O4/IL/GOD 1.59 1.67 0.49 This work
IL-CPE. This could be attributed to the high conductivity of the
Ppy–Co3O4/IL hybrid material.

3.6. The stability and reproducibility of modified electrodes

The stability and reproducibility of Ppy–Co3O4/IL/Hb-CPE and Ppy–
Co3O4/IL/GOD-CPE were investigated by CV. After several initial scans,
the cyclic voltammograms kept nearly constant for 100 cycles. When
the two electrodes were not in use, they were stored at 4 °C in pH 7.0
PBS for 4 weeks. After 2 weeks, 92% and 91% of the current responses
were retained for Ppy–Co3O4/IL/Hb-CPE and Ppy–Co3O4/IL/GOD-CPE,
respectively, while 84% and 83% were retained after 4 weeks. Mean-
time, the reproducibility of Ppy–Co3O4/IL/Hb-CPE and Ppy–Co3O4/IL/
GOD-CPE was investigated by comparing the response currents of six
modified electrodes fabricated at the same time and the RSD was 3.5%
and 3.8% in PBS, respectively. These studies suggested the twomodified
electrodes had good stability and reproducibility, and could be poten-
tially used for the construction of biosensors.

3.7. Amperometric response of the biosensors

Fig. 7 shows the amperometric current-time curve obtained at 20%
Ppy–Co3O4/IL/Hb-CPE upon sequential addition of an aliquot of H2O2

into a continuously stirred PBS (pH 7.0) at regular intervals of 50 s.
The applied potential was hold at −0.35 V. For every addition of H2O2,
well defined and stable amperometric response was observed; within
7 s it reached a level of 95% of the steady-state current. The response
currents were increased linearly with the concentration of H2O2 in the
Fig. 7. Amperometric current-time response curves of 20% Ppy–Co3O4/IL/Hb-CPE upon
successive addition of H2O2 into pH 7.0 PBS solution. Applied potential: −0.35 V. Inset:
calibration curve of steady-state currents vs. H2O2 concentration at 20% Ppy–Co3O4/IL/
Hb-CPE.
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range 2.0 μMand 910 μM(inset, Fig. 7). The respective linear regression
equation expressed as Ip/μA = 0.00831(±0.000155)c[H2O2] (μM) +
6.48(±0.0843) (R = 0.997). Detection limit (LOD) was calculated to
be 0.71 μMwith a signal-to-noise ratio of 3.When these results are com-
pared with those from previous work, which involved the analysis of
H2O2 [34,35], the performance of the novel biosensor shows a signifi-
cant improvement for both linear ranges and the LOD.

The apparentMichaelis–Menten constant (Km), which gives an indi-
cation of the enzyme substrate kinetics for the biosensor, can be calcu-
lated from the electrochemical version of the Lineweaver–Burk plot [36]

1=Iss ¼ 1=Imax þ Km=Imax � 1=c: ð5Þ

Here Iss is the steady-state current after the addition of substrate,
Imax is the maximum current measured under saturated substrate con-
dition, and C is the bulk concentration of the substrate. The Km value
was determined by analysis of the slope and intercept for the plot of
the reciprocals of the steady-state current versus H2O2 concentration.
The Km value for the designed biosensor was found to be 0.53 mM,
which is much smaller than that reported earlier [37,38]. Therefore,
the immobilized Hb in 20% Ppy–Co3O4/IL/Hb composite possesses
higher enzymatic activity, and the proposed electrode exhibits a high
affinity for H2O2.

The probable reason for this fascinating electrocatalytic behavior of
the nanobiocomposite could be due to the perfect combination of ex-
ceptional properties of 20% Ppy–Co3O4 hybrid, good electroconductivity
property of IL and presence of large amount of electroactive Hb.

4. Conclusion

The sensing platform based on the Ppy–Co3O4 hybrid material with
IL was demonstrated to be effective in developing protein/enzyme bio-
sensors. This platform could endow a favorable microenvironment for
loading of Hb/GOD, keeping their bioactivities and accelerating direct
electron transfer of immobilized Hb/GOD on the electrode surface, and
Ppy content has significant effect on DET of Hb/GOD. It is expected
that its design idea may potentially be promising for immobilization
and the DET of other proteins/enzymes.
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