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ABSTRACT: A simple cyclic voltammetric method was
applied to assemble and orient a model protein, namely,
myoglobin (Mb), into a biocompatible Brij 56 film. Ultra-
violet−visible and circular dichroism spectra indicated that Mb
in Brij 56 matrix preserved its secondary structure. Fourier
transform infrared spectra confirmed the formation of
hydrogen bonds between Mb and Brij 56. These hydrogen
bonds acted as the electron tunnel to transfer electrons from
Mb’s active sites to the underlying glassy carbon electrode.
Effective direct electron transfer of Mb was realized with the
presence of a couple of quasi-reversible and well-defined redox
peaks at −310 mV (vs standard calomel electrode) in the
studied potential range. The peaks were attributed to the redox
couple of heme Fe(II)/Fe(III) of the well-oriented Mb in Brij 56 matrix. The surface coverage and the electron transfer rate (ks)
of Mb immobilized into the Brij 56 film was ∼4.9 × 10−11 mol cm−2 and 72.6 ± 3.0 s−1, respectively. An excellent electrocatalytic
response of the immobilized Mb toward nitrite in the absence of electron transfer mediators was observed. These results
emphasized that the biomimetic Brij 56 could be used as an attractive material for immobilizing proteins and constructing
biosensors.
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1. INTRODUCTION

Over the last years, many researches have been done to study
the direct electrochemistry of redox proteins for the develop-
ment of “third generation” biosensors,1,2 environmentally
sound biofuel cells,3,4 heterogeneous catalysts,5 and even
biomolecular electronic components.6−8 However, it is hard
to obtain direct electron transfer (DET) between redox
proteins and unmodified electrodes because the redox-active
centers of proteins are buried in the polypeptide chains, and the
biological protein matrix is instable when interacting with
electrode surfaces.9

For realizing DET of proteins, choosing a suitable
biocompatible matrix and performing the favorable active site
orientation of proteins during the immobilization process are
necessary.10,11 Surfactants with amphiprotic structure can form
supermolecule aggregates and have the gel-to-liquid crystal
phase transitions characters, a phenomenon shared with
biomembranes,12 so they could present a friendly matrix for
proteins immobilization to realize their DET.13−15 DET of
proteins in different kinds of surfactants has been reported. In
most cases, ionic surfactants were used.16−18 However, early
studies showed that ionic surfactants would destroy protein
structure and pull heme into solution.19 Neutral surfactants
have been reported to stabilize a couple of membrane protein20

without influencing their structures. They should be better
candidates for the immobilization of proteins.21,22

Polyethylene glycol hexadecyl ether (Brij 56), C16H33

(OCH2CH2)nOH, n = 10, is a kind of nonionic surfactant. It
has been widely used to prepare mesoporous nanomaterials23

because of its inexpensive, nontoxic, biodegradable, and
structure-directing characters.24,25 However, the study about
the effect of Brij 56 on the activity of proteins and its
application in the construction of biosensors is scant. Thus, one
purpose of this work is to study the feasibility of Brij 56 for the
immobilization of proteins.
In most cases, proteins and surfactants were modified on an

electrode by a two-step procedure in which proteins were
mixed with surfactants. Then the electrode surface was covered
by the mixture and dried for use. However, it was hard to
control the amount and orientation of proteins on electrodes
by this method. Layer-by-layer (LbL) method may be an
alternative.26 Films obtained by LbL are well-ordered. Never-
theless, they are time-consuming,27 and the catalytic activity of
the immobilized proteins might be limited by substrate mass
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transport when the numbers of protein layers was larger than
two or three.28 Considering these, the other aim of this work is
to provide a new method to immobilize and orient proteins.
Herein, the cyclic voltammetric method was used to assist

the assembly and orientation of proteins by using myoglobin
(Mb) as a model into the biomimetic Brij 56 modified
electrode. The DET characteristics and electrocatalytic
behavior of the oriented immobilized Mb were thoroughly
studied in this work.

2. EXPERIMENTAL SECTION
2.1. Chemicals and Materials. Brij 56 (98%) was purchased from

Fluka. It was dissolved in pure water at 40 °C to achieve a
concentration of 8 mg/mL. Myoglobin (Mb, MW 16 700, isoelectric
point ≈ 6.9) was purchased from Sino-American Biotechnology Co.
Ltd. in HeNan. All other chemicals were used directly. The deionized
double-distilled water (18.6 MΩ·cm) (Millipore Co. Ltd.) was used to
prepare all the solutions. NaH2PO4 and Na2HPO4 were mixed
together to prepare phosphate buffer solutions, and the pH of the
mixtures was adjusted by NaOH or H3PO4 solutions with the
concentration of 1.0 M.
2.2. Apparatus and Methods. All the cyclic voltammetry and

amperometry experiments were performed on a CHI 660a electro-
chemical analyzer (Shanghai Chenhua). An unmodified or modified
glassy carbon electrode (GCE, 3 mm in diameter, Shanghai Chenhua)
was used as the working electrode, a platinum foil acted as the counter
electrode, and a saturated calomel electrode (SCE) was used as the
reference electrode. Alumina slurries with the diameter size of 0.3 and
0.05 μm were used to polish the GCE to a mirrorlike surface before
each experiment. Then, the polished GCE was sequentially rinsed with
HNO3 (1:1 v/v), ethanol (1:1 v/v), and doubly distilled water. All the
ultraviolet−visible (UV−vis) absorption spectra were recorded on a
UV-2510 spectrophotometer (Shimadzu, Japan). A Nicolet 400
Fourier transform infrared (FT-IR) spectrophotometer (Nocolet,
USA) was used to obtain FT-IR spectra of Mb, Brij 56, and Mb/Brij
56. Circular dichroism (CD) measurements of Mb in the absence and
presence of Brij 56 were achieved by a spectropolarimeter (JASCO J-
810). Spectra were collected from 190 to 300 nm at the scan rate of
200 nm/min and a response time of 1 s. The average value of 10 scans
was used to obtain each CD spectrum. All the atomic force microscopy
(AFM) images were collected from an Agilent Technologies 5500
microscope (Santa Clara, CA) by using Olympus rectangular silicon
nitride cantilevers at room temperature. The scanning rate was 1.411
lines per second. The picoimage software from Agilent was used to
first-order flatten all images.
2.3. Electrode Modification Procedures. Two different

procedures were used to prepare the Mb-Brij 56 film modified
GCEs. In the first method, the freshly polished GCE was dipped into 8
mg/mL of Brij 56 solution at 35 °C for ∼1 h. The electrode was
washed by distilled water after it was removed from Brij 56 solution
and then was placed into 0.05 M phosphate buffer solution (pH 7.0)
with 4 mg/mL Mb. Consecutive cyclic voltammograms (CVs) were
performed on this Brij 56-modified electrode until steady-state CVs
were obtained. This electrode was named Mb-Brij 56/GCE. An
alternative was used by casting the mixture of Brij 56 and Mb on the
electrode. For another electrode, 8 mg/mL Brij 56 (10 μL) and 8 mg/
mL Mb (10 μL) were mixed together, and then a 5 μL aliquot of the
mixture was spread on a freshly polished GCE. The electrode was then
dried at room temperature and stored in a refrigerator overnight
before it was used. This electrode was called Mb/Brij 56/GCE. Before
using, the weakly adsorbed Mb on the two modified electrodes was
washed gently by double-distilled water, and then the two kinds of
electrodes were placed into 5 mL of 0.05 M phosphate buffer solution
in the absence of Mb for all the electrochemical experiments. Prior to a
series of experiments, oxygen in the phosphate buffer solutions was
removed by purging with purified nitrogen for at least 10 min

3. RESULTS AND DISCUSSION
3.1. Characterization of the Interaction between Mb

and Brij-56. UV−vis absorption spectroscopy was used to
study protein−surfactant interactions. The UV−vis spectra of
Mb in the absence (curve a) and presence of different amounts
of Brij 56 (from curve b to curve d) were presented in Figure 1.

Typical Soret band, Q-band, and CT1 band for a high-spin
heme with six-coordination were observed in the spectrum of
Mb (curve a) at 411, 504, 535, and 634 nm, respectively. These
bands also proved that the fifth and sixth coordination position
of the iron atom of Mb was bound by a histidine residue (His-
93) and a water molecule.29 The presence of Brij 56 in Mb
solution caused little change of the wavelengths and
bandwidths of the Soret and Q-bands of Mb (from curve b
to d). It was proposed that Mb retained its secondary structure
with heme in a high-spin state in the presence of Brij 56.
However, the Soret band intensity of Mb increased with the
increase of Brij 56 concentrations. An intense Soret band
indicated the covalent binding of water to a six-coordinate high-
spin ferric heme iron and a distal pocket with high polarity.30

The presence of Brij 56 made the active site of Mb bind water
strongly to preserve the high−spin MbFe(III)−H2O form.
Circular dichroism (CD) spectroscopy is an important tool

to study the secondary structure of proteins. Figure 2 was the
CD spectra of Mb without (a) and with Brij 56 (b). The two
peaks at 208 and 222 nm indicated the presence of α-helical
portions in Mb.31 In the presence of Brij 56 (curve b), almost
no changes were observed in the CD spectrum of Mb,
indicating that Mb retained its second structure in Brij 56
matrix.
The interaction between Mb and Brij 56 can also be

characterized by FT-IR spectroscopy. Figure 3 showed the
spectra of Brij 56 (a), Mb (b), and Mb-Brij 56 composite (c).
The broad band of Figure 3a at 3353−3500 cm−1 corresponded
to the hydroxyl groups, and the band at 2960−2970 cm−1

corresponded to the C−H stretch of Brij 56. For Mb (Figure 3,
curve b), the adsorption band at 1538 cm−1 was caused by
bending and stretching of the N−H and C−N bond, which
belongs to amide II group. The band at 1660 cm−1 could be
assigned to CO stretching of α-helical conformation (amide
I).32 Of the different bands originating from the peptide
linkage, only the amide I band has been proved to contain
significant information about the secondary structure of

Figure 1. UV−vis spectra of Mb in the absence (a) and presence of
different amounts of Brij 56 (b−d) in phosphate buffer solution (0.05
M, pH 7.0). Solution contains 0.15 mg/mL Mb and 0, 1 μL, 2 and 10
μL Brij 56 (from b to d), respectively.
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proteins.33 Almost no change was observed in the amide I
region for Mb-Brij 56 mixture (curve c), indicating that Mb
preserved its secondary structure in the presence of Brij 56. The
amide II band position can be analyzed to get the information
about the environment and hydrogen-bonding characteristics of
the peptide NH bonds.34 The amide II band shifted to higher
wavenumbers by ∼80 cm−1, indicating the formation of
hydrogen bonds between Mb and Brij 56.35

3.2. Immobilization and Orientation of Mb in the Brij
56 Modified Electrode. Cyclic voltammetric method has
been used to immobilize Mb in Brij 56 modified electrode. The
continuous CV responses of 4 mg/mL Mb in 0.05 M
phosphate buffer solution (pH 7.0) at the Brij 56 modified
GCE was displaced in Figure 4. A pair of very tiny redox peaks
appeared during the first scan cycle. When the scan numbers
increased, the cathodic and anodic peak currents increased too.
The formal potential (E0

/) of this redox pair is −310 mV (vs
SCE). It coincides well with the voltammetric signal of heme
Fe(III)/Fe(II) of Mb.36 The relationship between anodic peak
currents (Ipa) and scan cycles was shown in the inset of Figure

4. Steady peak current was achieved after ca. 50 cycles,
indicating the saturation of Mb in the Brij 56 film.
Scheme 1 illustrated the assembly and DET of Mb at the Brij

56-modified GCE. Brij 56 is a nonionic surfactant with a long

hydrocarbon tail. It would self-assemble into a uniform bilayer
on the GCE surface. Mb is a hemoprotein with spherical shape.
It comprises of a single polypeptide chain and a heme active
site. It would enter into the film because of the hydrophobic
interaction between Mb and Brij 56. When a small electric field
was applied, some defects were formed on the Brij 56
biomembrane due to the phase transition of the surfactant
layers from solid to liquid phases during electrochemical
experiment.37,38 Mb went through the fluid Brij 56 bilayer
during the CV cycling process. The in situ reconstruction of the
Brij 56 bilayer around the entrapped Mb was benefit for the
favorable orientation of Mb, and thus DET of the entrapped
Mb was realized. The characterizations of the interaction
between Brij 56 and Mb confirmed that the tertiary structure of
Mb insert into the Brij 56 membrane changed, while its
secondary structure was kept. The microenvironment Brij 56
provided is the same as that of Mb in native statuses, and the
phase transitions of Brij 56 during CV process gave Mb more
freedom in orientation. Since reorientation of the protein was
essential for a quick electron transfer,39 the favorable

Figure 2. CD spectra of Mb (a) and MB-Brij 56 (b) in phosphate
buffer solution (0.05 M, pH 7.0). Solution contains 0.15 mg/mL Mb
and 10 μL Brij 56.

Figure 3. FT-TR spectra of Brij 56 (a), Mb (b), and Mb-Brij 56 (c).

Figure 4. Consecutive CVs of the Brij 56/GCE in 0.05 M phosphate
buffer (pH 7.0) with 4 mg/mL Mb. Scan rate: 50 mV/s. (inset)
Relationship between the scan cycle numbers and the currents of the
anodic peak.

Scheme 1. Illustration of the Assembly and DET of Mb on
Brij 56/GCE
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orientation of Mb in Brij 56 film increased the exposure of the
active site of proteins and facilitated the electron transfer.
Hydrogen-bonding networks formed between Brij 56 and
lysine (−NH3

+) groups around the active site of Mb also are
very important for DET.40 Good orientation of Mb into the
Brij 56 film due to these hydrogen bonds allowed the rapid
electron transfer between the electrode surface and the active
site of Mb.
The immobilization and orientation of Mb in the Brij 56-

modified electrode was also studied by AFM measurements.
Figure 5A showed that the surface of the bare GCE was
homogeneous. The lines on the surface were caused by the
mechanical alumina polishing. An almost featureless surface
after the modification of GCE by Brij 56 was observed (Figure
5 B). The immobilization of Mb in the Brij 56 film by CV
method made the membrane surface rough, as showed in
Figure 5C. The globular Mb was deposited over the surface
homogeneously and densely. However, irregular coverage and
higher agglomeration was observed on the Mb/Brij56/GCE
surface (Figure 5D). Therefore, it seemed that the CV method
is efficient for the immobilization and orientation of Mb in Brij
56 film.
3.3. Direct Electrochemical Characters of Mb Immo-

bilized into Brij 56 Film. The direct electrochemistry of Mb
immobilized into Brij 56 film was studied by CVs. Figure 6
depicted CVs of unmodified, Brij 56, Mb/Brij 56, and Mb-
Brij56-modified electrodes in N2-saturated 0.05 M phosphate
buffer solution (pH 7.0) when the applied scan rate was 100

mV s−1. The redox peak did not appear at the unmodified
(curve a) and Brij 56-modified GCE (curve b), indicating that
no electrochemical reaction occurred in the investigated
potential range. For Mb/Brij 56/GCE and Mb-Brij 56/GCE,
both of them (curve c and d) have the characters of a pair of
stable peaks for Mb−Fe(III)/Fe(II) redox couple at −289 and
−339 mV (vs SCE). The observed quasi-reversible redox peaks
were attributed to the well-known reaction of heme-Fe3+ + e−

Figure 5. Tapping-mode AFM topographic images of freshly polished GCE (A), Brij 56/GCE (B), Mb-Brij 56/GCE (C), and Mb/Brij 56/GCE
(D).

Figure 6. CVs of unmodified (a), Brij56 (b), Mb and Brij56-modified
GCE by casting the mixture of Brij 56 and Mb (c) and Mb-Brij56/
GCE (d) modified by CV method in 0.05 M phosphate buffer (pH
7.0) at the scan rate of 100 mV/s.
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→ heme-Fe2+. This suggested that Brij 56 could act as a
promoter to assist the direct electron transfer of Mb. However,
the peak current of Mb-Brij 56/GCE (curve d) was larger than
that of Mb/Brij 56/GCE (curve c). It might be due to the well
orientation of Mb in the Brij 56 film when it was assembled on
the electrode by the electrochemical method. The electron
tunneling distance between Mb and the underlying electrode
was decreased by the hydrogen bond. Thus, the electron
transfer rates were enhanced and eventually amplified the DET
signal of Mb. Mb at Brij 56/GCE displayed characteristics of
quasi-reversible behavior. For the DET process, the potential
separation of the forward and reverse peaks (ΔEp = Epa −
Epc) was ∼59 mV when the scan rate was 100 mV/s, and the
peak current ratio (Ipa/Ipc) was ∼0.99.41 The small ΔEp value
indicated that the DET of the Mb−Fe3+/Fe2+ redox couple in
the Brij 56 matrix was fast.
The characteristics of Mb oriented in Brij 56 film were

further investigated by studying the scan rates on the peak
currents of the immobilized Mb. Figure 7 presented the CVs of

Mb-Brij 56/GCE obtained at different scan rates in phosphate
buffer solution (pH 7.0). The heights of the anodic and
cathodic peak currents of the redox pairs were nearly equal at
each scan rate. When the scan rate was below or equal to 10
mV/s, Mb Fe(II) was autooxidized by the residual oxygen in
the phosphate solution and thus caused a new peak at the left of
the reduction peak (curve a in Figure 7B). When the scan rate
was 50 mV/s or above, symmetric CVs were obtained because
the oxidation of Mb Fe(II) was mainly electrochemically
driven, while the autoxoidation of Mb Fe(II) was negligible
(curve b in Figure 7B). The linear relationships between the
scan rates and redox peak currents were obtained. For the
cathodic peaks, the linear regression equation was Ipa (μA) =
10.67υ (V s−1) + 0.042 (r = 0.998). For the anodic peaks, the
linear regression equation was Ipc (μA) = −10.58υ (V s−1) −
0.058 (r = 0.998) (Figure 7B). The cathodic and anodic peak
positions remained unchanged when the scan rates were less
than 1000 mV/s. These electrochemical characteristics
indicated a surface-controlled reaction process for the
immobilized Mb. The CVs of the immobilized Mb kept stable
after consecutive potential cycling, indicating that Brij 56 was

biocompatible for the stable orientation of Mb. The constant
charge (Q) values obtained at different scan rates by integrating
the reduction peaks were equal. The surface concentration (Γ)
of the immobilized electroactive Mb was ∼3.84 × 10−11 mol/
cm2 be estimated by Faraday’s Law.42 This value was close to
the theoretical monolayer coverage (about 2.0 × 10−11 mol/
cm2),43 suggesting that one layer Mb was immobilized on Brij
56. These electroactive Mb could transfer electrons from its
active site to the underlying electrode in the phosphate buffer
thus contributed to the observed redox peaks.
The average electron transfer rate constant (ks) for Mb

immobilized in Brij 56 film was estimated to be 72.6 ± 3 s−1 by
using the Laviron’s method.44 This ks value was higher than that
observed for Mb immobilized on nanoplated lanthanum-
substituted bismuth titanate microspheres (10.4 s−1)43 and
Mb on silver nanoparticles (3.02 s−1).45 This implied that the
electron transfer from the active sites of the immobilized Mb to
the underlying electrode was facilitated by Brij 56. Possible
reasons for the faster electron transfer of Mb in Brij 56 film
include: (1) The favorable orientation of Mb immobilized in
the film by CV method was of benefit to the electron exchange
between Mb and electrode; and (2) Macromolecular impurities
from solutions would be adsorbed on bare GCEs and block the
electron transfer of Mb,46 but this adsorption was prevented
after the electrode was covered by Brij 56.
The solution pH has a significant influence on the direct

electrochemistry characters of Mb immobilized in Brij 56 film,
as is shown in Figure 8. The anodic and cathodic peaks of the

immobilized Mb were well-defined in all the studied pH ranges.
However, the negative shift of both of the peaks was observed
when the pH was increased from 4.0 to 9.0, indicating the
participation of protons in the electrochemical process. The
linear relationship between pH and the formal potential
indicated that the electron transfer of the immobilized Mb
was a proton transfer coupled electron transfer process.47

Compared with the theoretical value of 59 mV/pH for equal
proton-coupled electron transfer process,48 the slope of −44.91
mV/pH of this system was a little bit smaller. It may be due to
the protonation of the coordinated water molecule around Mb
Fe(II).

3.4. Electrocatalytic Response of Nitrite at Mb-Brij 56/
GCE. Nitrite has been widely used to preserve food products,

Figure 7. (A) CVs of Mb-Brij56/GCE at different scan rates (50−
1000 mV/s). (inset) The relationship between the scan rates and peak
currents in 0.05 M phosphate buffer (pH 7.0). (B) CVs of Mb-Brij56/
GCE in 0.05 M phosphate buffer (pH7.0) at low scan rates of 10(a)
and 25 (b) mV/s.

Figure 8. (A) CVs of Mb-Brij56/GCE in 0.05 M phosphate buffer at
different pH (from a to f: 4.0−9.0) and (B) linear relationship between
pH and formal potentials at a scan rate of 100 mV/s.
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but it always is associated with the formation of carcinogens.49

The electrochemical reduction of nitrite on the Mb-modified
electrodes49−51 has been used for nitrite detection with
relatively good selectivity, high sensitivity, fast response, and
without separation. Figure 9A showed the CVs of the Brij56-

Mb/GCE in phosphate buffer solution with different
concentrations of nitrite. The presence of nitrite in the solution
caused the appearance of a new catalytic reduction peak at ca.
−780 mV. The increasing of the concentration of nitrite (from
curve c to curve f in Figure 9A) was accompanied by the
increase of the currents of this peak. Similar results have been
found by Farmer et al. with the Mb-didodecyldimethylammo-
nium bromide (DDAB) modified pyrolytic graphite electrode50

and Ju et al. with Mb immobilized on a kind of silica with
hexagonal mesoporous structure.52 However, this redox peak
did not appear at the Brij 56/GCE under the same conditions
without Mb (curves a and b in Figure 9A). The results
indicated that Mb presented in Brij 56 film exhibited excellent
catalytic performance to the reduction of nitrite. The pathway
suggested by Farmer et al.50 could be used to elucidate the
catalytic reduction mechanism of nitrite on the Brij 56-Mb/
GCE. NO produced from the nitrite disproportionation
reaction was catalytically reduced by Mb-Brij 56 and thus
caused the enhancement of the peak currents at −780 mV.
Figure 9B displayed the dependence of the amperometric
response of the Mb-Brij 56/GCE on the concentration of
NaNO2 at an applied potential of −800 mV (vs SCE). NaNO2
was reduced quickly at the Mb-Brij 56/GCE with a steeply
increased peak current, and the currents were proportional to
the concentration of NaNO2. A calibration curve was
established to describe the relationship between the concen-
trations of NaNO2 and the peak currents (inset of Figure 9).
The linear response range of the sensor to NO2

− concentration
was from 10.0 to 292 μM (R2 = 0.9997). The detection limit of
this biosensor was 4.8 μM (S/N = 3), below the reported
detection limit of 0.01 mM.53

The CV peak potentials and currents of Mb-Brij56/GCE
were checked to study the stability of the biosensor. When the
biosensor was kept in a refrigerator for 30 d, the CV peak
potentials of the redox peaks of Mb changed a little, and the
peak currents retained 92.5% of the initial value. The biosensor
was also used to detect the same concentrations of NaNO2
each day. For 20.0 μM NO2

−, the biosensor maintained 91.3%
of its initial activity after a month. Thus, Brij 56 supplied a
suitable microenvironment to keep the enzyme activity of Mb.

4. CONCLUSIONS
This work verified that Brij 56 could be used as an appropriate
matrix to stabilize the catalytic intermediates of proteins.
Electrochemical method has been proved to assist the
immobilization and orientation of Mb in the Brij 56 film
modified electrode. Through oriented immobilization, Mb can
be predisposed in a manner that is optimal for binding to its
respective ligands and undergoes fast interfacial electron
exchange. The method was easy, controllable, and reproducible.
The apparent heterogeneous electron transfer rate constant of
Mb in Brij 56 film was ∼72.6 ± 3 s−1. Electrocatalysis of the
immobilized Mb toward nitrite shows that this method can be
expanded to other protein to fabricate novel biosensors.
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