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Abstract In this work, a novel two-step construction
strategy for protein assembly films was proposed. The first
step was the preparation of porous calcium alginate (CA)
films by spraying calcium chloride (CaCl,) solution over
the mixture surface of sodium alginate and polyethylene
glycol on various solid substrates. The second step involved
the cast of myoglobin (Mb) onto the porous CA films and
then formed the electroactive porous Mb-CA films. The
nitrogen adsorption desorption isotherm, scanning electron
microscope, alternating current impendence and cyclic
voltammetry were used to characterize the porous films.
Fully hydrated porous CA films had nearly 90 wt% water
contents and UV—vis showed that Mb in the porous films
retained its near native conformation at medium pH. The
stable films modified on glassy carbon electrode demon-
strated good electroactivity in protein-free buffer, which
was originated from protein heme Fe(IlI)/Fe(Il) redox
couples. The electrochemical parameters such as apparent
heterogenecous electron transfer rate constant (k) and
formal potential (E*’) were estimated by fitting the data of
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square-wave voltammetry with nonlinear regression analy-
sis. It was observed that the formal potential of the Mb Fe
(II)/Fe(Il) couple in porous CA films shifted linearly
between pH 4.0 and 11.0 with a slope of —52.7 mV/pH,
suggesting that one proton transfer was coupled to each
electron transfer in the electrochemical reaction. The porous
Mb-CA films showed the electrocatalytic activity toward
dioxygen, hydrogen peroxide, and nitrite with significant
decreases in the electrode potential required, and exhibited
good operational and storage stability, reproducibility and
fast response time for H,O, detection. It is showing the
possible future application of the films for biosensors and
biocatalysis.

Keywords Myoglobin - Porous calcium alginate films -
Direct electrochemistry - Electrocatalysis

Introduction

Research on protein-containing or enzyme-containing thin
films on electrode surfaces is largely driven by their
potential applications in fabricating biosensors, biomedical
devices, and enzymatic bioreactors [1, 2]. Achieving direct
electron exchange between the protein and the electrode
simplifies these devices by removing the requirement of
chemical mediators, thus is of significance in fabricating
the third-generation biosensors [3]. Direct electrochemistry
of redox proteins can also provide a model for the
mechanistic study of electron transfer between the enzymes
in real biological systems. Thin films on electrodes may
provide a favorable microenvironment for the proteins to
directly exchange electrons with the underlying electrode,
thus affording opportunities for investigating the enzyme
electrochemistry [4-6].
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Over the past decade, many protein film systems have
been described [7]. Successful approaches include cast
films of proteins with insoluble surfactants [8], hydrogel
polymers [9—-11], clay nanoparticle [17], polyelectrolyte- or
clay-surfactant composites films [12—16]. All these films
have been found to effectively enhance the direct electron
transfer between the heme proteins and electrodes com-
pared to that on bare electrodes with the proteins in
solution.

Recently, there has been an increasing interest in using
natural polymers as an enzyme immobilization matrix for
biosensors. Sodium alginate (SA) is a natural ionic
polysaccharide from seaweed plants. Due to its many
desirable properties, such as low cost, chemical inertness
and good film-forming ability, SA has been used in various
practical fields [18, 19]. A distinct advantage of SA in
fabricating biosensors is its biocompatibility and non-
toxicity. Proteins such as hemoglobin [20] have been
successfully immobilized on sodium alginate multi-walled
carbon nanotubes composite films on electrodes for sensor
applications. Myoglobin in SA film on a BMIMPF-
modified carbon paste electrode surface also displayed
good cyclic voltammetry response and electrocatalysis [21].

SA is a family of unbranched binary copolymers of
(1,4)-linked (3-D-mannuronic acid (M) and «-L-guluronic
acid (G) [22], belonging to a group of polymers used in the
food and pharmaceutical industries as modifiers and gelling
agents. Numerous studies have been performed to under-
stand the mechanisms and structural features involved in
the alginate-gelation processes [23]. It is believed that gel
formation is due to specific and strong interactions between
long stretches of the G unites and divalent cations such as
Ca”" [24, 25]. Dialysis experiment showed that a ratio of
4:1 between the G units and Ca®" cations exists in Ca-
alginate gels [26]. This fits well with the egg-box model in
which specific Ca-mediated interactions involve only two
polymer chains. Two pairs of two consecutive G units, each
pair belonging to different polymer chains, are “glued”
together through the coordination of a Ca®" cation. It has
been proposed that this shape creates pocket-like cavities in
which Ca”" cations can be easily accommodated as
schematically illustrated in Scheme 1 for the “egg-box”
model [27]. This “egg-box” approach has been widely
accepted as a general model to describe the gel formation
process [28, 29].

On the basis of literature data, we expected that the
sodium alginate biopolymer would be a good film-forming
material for immobilizing redox proteins on electrode
surfaces for studying the direct electrochemistry of the
proteins. SA forms stable gels at room temperature in the
presence of Ca®" cations, which makes the gels much tight.
Polyethylene glycol (PEG) is soluble in aqueous solutions
and nontoxic, so we want to use it to enlarge the holes in
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the gels [30, 31]. We used the method to create porous
calcium alginate (CA) for the immobilization of myoglobin
(Mb) with PEG as a porogenic agent. The porous Mb-CA
films were then fabricated on glassy carbon (GC) electrode
surface. In the first step, a mixture of SA solution and PEG
solution was cast onto GC electrode, and then a certain
volume of calcium chloride (CaCl,) solution was sprayed
over the surface of the mixture films under suitable
conditions; after evaporation of the solvent, the dried CA
films was washed by deionized water and a special porous
CA films were formed. The next step, Mb was cast over to
the porous CA films on the electrode surfaces and formed
the electroactive porous Mb-CA films. The stable porous
Mb-CA films modified on GC electrode demonstrated good
electroactivity in protein-free buffer, which was originated
from protein heme Fe(Ill)/Fe(Il) redox couples. Electro-
chemical catalytic reductions of O,, H,O,, and NO, were
observed at the porous Mb-CA films electrodes, showing
potential applications of the films as biosensors and
bioreactors. This is the first report of the direct electro-
chemistry of heme proteins incorporated in biocompatible
and electrochemically inert porous CA films.

Experimental section
Chemicals

Horse heart myoglobin (Mb; My, 17,800; purity, 90%; type
III) was obtained from Sigma. SA was purchased from
Tianjin Yuanhang Chemical Corporation. PEG (My 4,000)
was from Shanghai Chemical Reagents Corporation. Other
chemical reagents, including hydrogen peroxide (H,O,,
30%), calcium chloride (CaCl,), potassium ferricyanide
(K5[Fe(CN)g]), sodium nitrite (NaNO,), potassium bromide
(KBr), sodium dihydrogen phosphate (NaH,PO,), sodium
acetate (CH;COONa), citric acid (C¢HgO~), and boric acid
(H3BOs), were of analytical grade and used without further
purification. The working solutions of NaNO, and H,O,
were freshly prepared before being used.

The buffer solutions were 0.050 M sodium dihydrogen
phosphate at pH 7.0 containing 0.10 M KBr. Other
supporting electrolytes were 0.050 M sodium acetate,
0.050 M boric acid, or 0.050 M citric acid, all containing
0.10 M KBr. The pHs of buffers were regulated with HCI1
or NaOH solutions. Solutions were prepared using deion-
ized water which was purified twice successively by ion
exchange and distillation.

Fabrication of films

For the electrochemical studies, glassy carbon disk electro-
des (Advanced Ceramics, geometric area 0.159 cm?) were
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Scheme 1 Schematic illustration of formation of “egg-box” mediated by Ca”>" cations

polished with metallographic sandpapers of 1,200 grit,
washed with water, and then ultrasonicated in pure water
for 30 s.

The preparation of the porous Mb-CA films is as follows.
Firstly, 10 puL of a mixture containing four parts of PEG
(0.02 g mL™") solution and one part of SA solution
(0.02 g mL ") was cast on a GC electrode surface. Then,
5 uL of 0.1 g mL™' CaCl, solution was sprayed over the
mixture. A small bottle was fit over the electrode to serve as a
closed evaporation chamber so that water evaporated slowly
to ensure forming porous CA films. The films were then dried
and washed thoroughly using deionized water. Then, 5 puL of
1 mg mL ™" Mb solution was cast onto the porous CA films. A
small bottle was fit tightly over the electrode so that water
evaporated gradually. The porous Mb-CA films were then
dried in air overnight before measurement.

The preparation of these samples for different experi-
ments was similar to that described above for the porous
Mb-CA films and shown as below. The resulting films with
different contents are designated as SA, Mb-SA, CA, and
the porous CA films.

SA films were made by only spreading a few tens of
microliters of the SA solution (0.02 g mL™") on the GC
electrode and followed by drying. For assembling Mb-SA
films, 10 pL of 0.02 g mL ™" SA solution was spread on GC
electrode surface with a microsyringe. A small bottle was
fit over the electrode as a closed chamber. The films were
left to dry for about 8 h. Then, 5 uL of 1 mg mL™" Mb
solution was cast onto the dry SA films surface. The Mb-
SA films were dried 12 h before measurement.

While a certain volume of SA solution without mixing with
PEG solution was spread onto GC electrode, an equivalent
volume CaCl, solution was sprayed on the surface of SA
solution. It would form the ordinary CA films. The porous
CA films were prepared by spraying CaCl, solution over the
mixture surface of SA and PEG on GC electrode.

Sample characterization

Scanning electron microscopy (SEM) measurements were
conducted on a JSM-6390LV at an acceleration voltage of

20 kV. The preparation of the film samples was similar to
that described above but to use a conductive glass (1x
1 cm) as the substrate. Ultraviolet—visible (UV—vis) spectra
were collected on a TU-1901 spectrophotometer. A quartz
slide (0.8x4 cm, 1-mm thick) was used as the substrate for
supporting the films as described for the preparation of the
films on the GC electrode. Nitrogen adsorption/desorption
isotherms were measured on a Tristar 3,000 automatic
specific surface area and porosity analyzer. The Brunauer—
Emmett-Teller (BET) surface area was calculated from the
adsorption isotherm in the relative pressure range of 0.05—
0.2, while the average pore size was estimated using the
Barrett—Joyner—Halenda method.

Electrochemical measurements

A CHI 760 electrochemical workstation (CH Instruments)
was used for cyclic voltammetry (CV), square-wave
voltammetry (SWV), and alternating current impendence
(AC impendence) measurements. A conventional three-
electrode cell was used with a saturated calomel electrode
(SCE) as the reference electrode, a platinum wire as the
counter electrode, and a GC disk with the films as the
working electrode. Voltammetries of the porous Mb-CA
films were performed in buffers without Mb. Buffers were
purged with highly purified nitrogen for about 10 min
before use. The measurement was conducted under nitrogen
environment. In the CV measurement, measured volumes
of air were injected through solution via a syringe in a
sealed cell, which had been previously degassed with
purified nitrogen. All experiments were done at ambient
temperature of 18+2 °C. The porous Mb-CA films
electrode were stored in a refrigerator at 4 °C.

Results and discussion
Nitrogen sorption isotherm of films

The nitrogen adsorption desorption data of the samples are
summarized in Table 1. Values obtained by the same
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Table 1 The data of nitrogen adsorption desorption isotherm for
different films

Films BET area Pore volume Pore size
(m*g™h) (em’ g (nm)

Porous CA 1.9 0.018 12.6

CA 0.35 0.0014 -

SA - - -

The analysis bath temperature was 77.5 K
(-) No data, it cannot be found by experiment at the same condition

method for SA, CA, and the porous CA films are also listed
for comparison. The average pore size of the porous CA
films calculated from N, adsorption/desorption isotherms
was 12.6 nm, suggesting a very large uniform mesopore.
The BET surface area and the pore volume were calculated
to be about 1.9 m* g ' and 0.018 cm® g, respectively,
which were larger than that from the ordinary CA films
0.35 m* g ' and 0.0014 cm® g~ (Table 1). These results
indicated the importance of using Ca’" and PEG in the
process of making the porous CA films. A non-porous
structure of CA film was obtained with the absence of Ca*"
and PEG.

This porous CA films exhibits a uniform pore size
centered at about 12.6 nm, which is suitable for anchoring
Mb molecules (2.5%3.5x4.5 nm) [32], and a high BET
surface area (1.9 m* g '), which may greatly enhance the
active surface area available for protein immobilization.

Fig. 1 SEM images of a SA
films, b CA films, ¢ porous CA
films, and d porous Mb-CA films
with the same magnification

20kV  X50,000 0.5pym 0170
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o
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As a natural ionic polysaccharide, alginates behave like
flexible coils [33]. Upon interaction with divalent cations
such as Ca®", a CA gelation will be formed through the
chain—chain association with calcium ions. The amorphous
three-dimensional structures of CA gelation are stabilized
mainly by hydrogen bondings, intermolecular forces, and
coordination bondings [34]. In this study, PEG was used as
the porogenic agent in the CA gels to form porous
structure, because it is well compatible with water and
non-toxic polymer. The porous CA films would be good
matrices for immobilizing bio-molecules.

SEM images and UV—vis spectra

Figure 1 shows the SEM images of SA, CA, porous CA,
and porous Mb-CA films. Different surface morphologies
can be seen from the different samples. While SA and CA
films did not show a pore structure (Fig. 1a, b), the porous
CA films revealed a rough surface with cavities or holes in
it (Fig. 1c). The results showed that PEG could make holes
in the CA films. After Mb was cast on the porous CA films,
the surface of the porous Mb-CA composite films appeared
relatively flat and featureless at the same magnification
(Fig. 1d). It is understood that the surface of the porous
Mb-CA composite films with Mb as the outermost layer is
much smoother than that for porous CA films. This
suggests that the interactions between the protein and CA
governed the morphology of the dry films. Such interac-
tions may also be responsible for retention of the protein in

10 20 SEI 20kV  X50,000 0.5uym 0159 08 30 SEI

20kV  X50,000 0.5um 0193 10 20 SEI
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the films, and the porous structure of CA films may allow
the small ions in buffers to go through the films very easily,
thus beneficial to the electron transfer of proteins in the
films with underlying electrodes.

The position of the Soret absorption band of heme
proteins can provide information on the conformation of
Mb, especially that in the heme region [35, 36]. The UV—
vis data (Fig. 2) confirmed that the Mb in the porous CA
films retained its near native conformation. Both dry Mb
and the porous Mb-CA films on quartz slides showed the
Soret band at 409 nm with a similar peak shape (Fig. 2a, b).
The position of the Soret band depended on pH when the
porous Mb-CA films were immersed into buffer solutions.
At pH between 4.0 and 11.0, the Soret band appeared at
410 nm (Fig. 2c—g), suggesting that the Mb in the films
essentially keeps its original structure in the medium pH
range. However, after the porous Mb-CA films were
immersed in pH 3.0 or 12.0 buffers, the Soret band blue-
shifted to 400 nm, and the shape became distorted with
smaller peak height (Fig. 2h, i), indicating Mb in the porous
CA films may denature to a considerable extent in this
relatively extreme pH environment.

Influence of water
A series of porous CA films was made by changing the

mass fraction of PEG and the proportion of SA and PEG
(mass fraction PEG, 0.01, 0.02, 0.03, 0.04, 0.05, and 0.06;
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Fig. 2 UV-vis absorption spectra of Mb and porous Mb-CA films on
quartz slides for a dry Mb film; b dry porous Mb-CA film and porous
Mb-CA films in different pH buffers: ¢ pH 5.0; d pH 7.0; e pH 9.0; f
pH 4.0; g pH 11.0; h pH 3.0; i pH 12.0

proportion of SA and PEG, 1:1, 1:2, 1:3, 1:4, 1:5, and 1:6).
The porous CA films were cast onto glass slides and dried
completely in a desiccator. The dried films were clear and
transparent. After soaked in water for 24 h, all the films
swelled about several times larger than the original dry
volume and took on an opaque appearance. The water
content of these films was estimated by weighing method.
The results showed that the water content remained
constant, after immersing the dry films in water for 24 h.
Besides, the water content in the porous CA films with
different proportion of SA and PEG displayed the same
trend; when the proportion of SA and PEG was 1:4, the
water content of the porous CA films reached the highest
value, estimated to be about 90 wt%. In this report, all of
the porous CA films were prepared with the same
proportion (1:4).

The measurement of water contents was also used to
investigate the influence of PEG in the process of making
the porous CA films. For comparison, films of the ordinary
CA and the porous CA were prepared at the same
condition. The results showed that completely hydrated
porous CA films had nearly 90 wt% water contents, making
the films as a hydrogel, which was much higher than that of
ordinary CA film without PEG (40.6 wt%).

Alternating current impendence

AC impendence was employed to monitor the properties of
the porous CA films with the redox probe of [Fe(CN)¢]* "+~
at its formal potential (0.17 V vs SCE). Figure 3 shows the
results of the AC impedance in the form of Nyquist
diagrams at the blank GC electrode, porous CA film
electrode, CA film electrode, and SA film electrode. The
typical semicircle was observed for the films, showing that
these films had influences on their AC impendence
responses. The diameter of the semicircle usually equals
the electron-transfer resistance (R.), which controls the
electron-transfer kinetics of the redox-probe at the electrode
interface [37]. The values of R, were estimated by using
the Randles equivalent circuit [38, 39] as the model and
fitting the impedance data into the model. The fitted values
for the blank GC electrode, porous CA, CA, and SA films
were 433.1, 1,433.4, 2,771.5, and 3,315.0 €2, respectively.

As shown in Fig. 3, there is very low charge transfer
resistance for [Fe(CN)4]>*™ at bare GC electrode (Fig. 3a).
After modifying GC electrode with CA and SA film
(Fig. 3c, d), the R increased dramatically to 2,771.5 and
3,315.0 €2, indicating that the ordinary CA and SA films
hinder the charge transfer. While the porous CA film was
attached to the electrode surface, it can be seen that R
decreased to about 1,433.4 Q (Fig. 3b), implying that the
porous CA films may play an important role similarly to a
conducting wire or electro-conducting tunnel, which makes
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Fig. 3 AC impendence programs of 5 mM [Fe(CN)¢]> " at 0.17 V
for a black GC electrode, b porous CA films, ¢ CA films, and d SA
films on GC electrodes

it easier for the electron transfer to take place [40]. These
data showed that the porous CA film have been success-
fully attached to the electrode surface and formed a
tuneable kinetic barrier.

Cyclic voltammetry

When a porous Mb-CA film electrode was immersed into
pH 7.0 buffers without Mb, a pair of well-defined and
nearly reversible CV peaks at about —0.340 V vs SCE was
observed (Fig. 4a), which is characteristic of heme Fe(IIl)/
Fe(Il) redox couples [41, 42]. The observed formal
potential (E°") was obtained by the average of reduction
and oxidation peak potentials. The value of E° for Mb in
porous Mb-CA films at pH 7.0 was in accordance with
previous studies for Mb entrapped in polymer films such as
Mb-CS [43] and Mb-AQ films [9]. The separation between
the anodic and the cathodic peak potentials (AE,=E,,—E,.=
66 mV) suggested that the electrochemical process of Mb
confined on porous CA film was reversible. As a control

4

. -0I.2 ' -OI.4 . -OI.6 ' -OI.8
EIV

T T
04 02 00

Fig. 4 Cyclic voltammograms at 0.2 V s~' in pH 7.0 buffers for a

porous Mb-CA films, b Mb-SA films, ¢ ordinary Mb-CA films, d
porous CA films. /nset Plots of cathodic peak currents vs scan rates
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experiment, no CV response in the same potential range was
observed on the porous CA film modified GC electrode
(Fig. 4d). These observations indicated that the electron
transfer between Mb and glassy carbon electrodes was
greatly enhanced in porous CA films, which provided a
suitable microenvironment for Mb to exchange electron with
the underlying GC electrodes.

CV was also used to further investigate the influence of
Ca®" and PEG in the process of making the porous CA
films, and a comparison was made with Mb-SA, ordinary
Mb-CA, and the porous Mb-CA films. The results showed
that while two pairs of redox peaks for Mb-SA, ordinary
Mb-CA, and porous Mb-CA films were also observed, their
peak current were lower than that for the porous Mb-CA
films (Fig. 4). From the results shown in the Table 2, in
pH 7.0 buffers, Mb-SA and Mb-CA films showed the
formal potential (E°') at —0.33 and —0.32 V (vs SCE),
respectively, while E° of the porous Mb-CA films were at
—0.34 V, little negative than the former. The shape of the
CV of the Mb-SA and the ordinary Mb-CA films were very
similar to those of the porous Mb-CA films, but the
separation between the anodic and the cathodic peak
potentials (AE, = Ep, — E},c) of porous Mb-CA films was
smaller than that of the Mb-SA and the ordinary Mb-CA
films. Besides, the peak current (Z,.) of the porous Mb-CA
films was the largest among the three films. These results
suggested that porous Mb-CA films displayed the best
performance on enhancing the electron transfer between
Mb and the electrodes under the same experimental
condition, which was consistent with the AC impendence
results.

The surface concentration of electroactive proteins (I*)
can be estimated by integration of CV reduction peak and
applying the equation of Q = nFAI'™* [31], where Q is the
charge (C) passing through the electrode with full reduction
of electroactive Mb in the films, 4 is the area of the
electrode (0.159 c¢cm?), and n and F have their usual
meaning. The surface concentration (I*) of electroactive
Mb for different Mb-films are listed in Table 2 for
comparison. The I™* values of the porous Mb-CA film
was 9.18x10""" mol cm 2. Compared with the total amount
of Mb deposited on the electrode surface (I'=1.76x
10 mol cm?), the percentage of electroactive Mb was
about 5.23%, suggesting that only those Mb molecules
closest to the electrode surface can display electrochemical
activity. Among the three kinds of Mb-films, porous Mb-
CA films demonstrated the largest I* value.

The porous Mb-CA films were tested by CV with
different scanning rates. CVs of porous Mb-CA films had
symmetric peak shapes and nearly equal heights of
reduction and oxidation peaks. The heights of the reduction
peak were linearly proportional to scan rates from 0.1 to
2.0 Vs ! with correlation coefficient 0.999 (see the inset in
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Table 2 The electrochemical parameters for different Mb films on GC electrodes

Films E® (V vs SCE) Lo (LA) AE, (mV) I* (mol cm?) Percent of electroactive Mb
Porous Mb-CA -0.34 1.736 66 9.18x10° 1 5.23
Mb-SA -0.33 1.171 81 4.19x10 1! 239
Mb-CA -0.32 1.017 102 3.22x10° 1 1.83

E°' is the formal potential; I, is the cathodic peak current; AE, = E,,, — E,,. is the separation between the anodic and the cathodic peak potentials;
I'* is the surface concentration of electroactive Mb in different Mb films modified on electrodes. These Data were estimated by CVs in pH 7.0

buffers

Fig. 4). These results are characteristic of thin-layer
electrochemical behavior [44], suggesting that all electro-
active MbFe(IIl) in the films was converted to MbFe(II) on
the forward negative scan, with full conversion of MbFe(II)
back to MbFe(IIl) on the reverse positive scan. The total
amount of charge passed through the electrode for
reduction of electroactive MbFe(Ill) in the films was
essentially independent of the scan rates within the study
range.

The pH of the external solution had a great influence on
CV peak potentials of porous Mb-CA films. An increase in
buffer pH led to a negative shift in potential for both
reduction and oxidation CV peaks, accompanied with the
change of CV peak shape. In general, all changes in CV
peak potentials and currents with pH were reversible
between 4.0 and 11.0. For example, CVs for the porous
Mb-CA film in pH 5.5 buffer were reproduced after
immersion in pH 8.0 buffer and then returning the film to
the pH 5.5 buffer. CV data were used to investigate the pH
effect on the formal potentials (E°'). The formal potential
(E°") had a linear relationship varied linearly with the pH
from 4.0 to 11.0 with a slope of —52.7 mV/pH. This value
is close to the theoretical value of —57.6 mV/pH at 18 °C
for a reversible electron transfer coupled by proton
transportation with the equal number of protons and
electrons [45, 46]. Thus, the electrode reaction of the
porous Mb-CA films can be expressed as below:

MbFe(Ill) + H' + e~ = MbFe(II)

An inflection point appeared in the E”—pH plot at pH 4.0
for the porous Mb-CA films. At pH<4.0, the variation of £’
values with pH showed a much smaller slope, suggesting
that protonation of Mb took place below pH 4.0 and the
protonatable site of proteins associated with the electrode
reaction has an apparent pK, value of 4.0 [47, 48].

The surface concentration (/™) of electroactive Mb in
the film estimated by integration of CV reduction peak was
nearly constant between pH 4.0 and 11.0, with an average
value of 8.93x107"" mol cm 2. However, it decreased by
about 18.46% when the pH was shifted from 4 to 3,
indicating the influence of pH on the amount of electro-
active Mb in the porous Mb-CA films.

The stability of the porous Mb-CA films was tested by
CV with two different methods. In the solution study, GC
electrodes coated with the porous Mb-CA films were stored
in pH 7.0 blank buffers, and CV tests were carried out
periodically. Alternately, with a “dry method,” the porous
Mb-CA film electrodes were kept in dry form in air for
most of the storing time and just returned to buffers
occasionally for CV measurements. With both methods,
the porous CA films showed excellent stability. The peak
potentials and currents essentially remained unchanged for
at least 1 month.

Square-wave voltammetry

SWYV has better signal/noise ratio and resolution, as a pulse
electrochemical method, is easier to analyze theoretically
and quantitatively than those sweep methods such as CV
[49], although CV is useful for determination of electron
transfer constant. SWV was used here to estimate the
average apparent heterogeneous electron transfer rate
constant (k) and other electrochemical parameters for Mb
in the porous CA films. The procedure involved nonlinear
regression analysis for SWV forward and reverse curves
using a model that combines a single-species thin-layer
SWV model with an £°" dispersion model as described in
the literature [47, 50].

Since the SWV model of a single electroactive species
with thin-layer electrochemical behavior [51] did not fit the
experimental voltammograms for the porous Mb-CA films
[6], a model combined dispersion of E°" values with the
single-species SWV model was used to fit the data here [47,
50], in which the SWV current (/) is

p
I:ZIJ-

J=1

where /; is the contribution of the jth of p classes of redox
centers with formal potentials E] " to the total current.

All nonlinear regression analyses were done with a
program based on the Marquardt-Levenberg algorithm,
assuming absolute errors in dependent variables [52]. It is
important to realize the limitations of the above model,
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especially in interpreting the estimated k;, which is an
apparent rate constant. The model assumes diffusionless,
thin-layer electrochemical conditions. It neglects rate
limiting ion entry or ejection, electron self-exchange, and
molecular interactions within the films. Thus, &, obtained
by this method is probably best interpreted as a measure of
the rate of the overall electron transfer process dependent
on film and electrode properties. It is suitable for between-
film comparisons only.

Preliminary studies showed that the E° dispersion model
with p=5 gave a reasonable compromise between accept-
able goodness of fit, consistency of parameters, and time of
computation. A similar conclusion was found for SWV data
on films of Mb-AQ [9] and Mb surfactants [47, 50]. Thus,
the p=5 model was used here. Each value of k, and E°
reported is the average of analysis of six or more SWVs
from which background had been subtracted.

An analysis of the SWV data for porous Mb-CA films
showed a good fit to the 5—E° dispersion thin-layer SWV
model in the range of various amplitudes and frequencies
(Fig. 5). Frequency ranges were chosen in which the kinetic
influence on the data was sufficient to obtain k; with
minimum standard error [52]. The average value of k;
obtained from the fittings at pH 7.0 was 28.18 s ' with £’
as —0.339 V vs SCE. The value of E° from CV data was
—0.340 V vs SCE. The value of E® obtained from the
fitting was similar with the data from the CV calculation.
The kg value of the porous Mb-CA films is in the same
order as that of other Mb films [43, 53], qualitatively in
agreement with the quasi-reversible CV behavior of thin
films. The E* value obtained from the fitting for the porous
Mb-CA films is close to that estimated by CV, but different
from that for Mb in other types of films. This indicates that

30+
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-20 -

-0.7 -OI.6 -0'.5 -Ol.4 -OI.3 -Ol.2 -OI.1 0.0
EIV

Fig. 5 Square wave forward and reverse current voltammograms for
the porous Mb-CA films in pH 7.0 buffers at different frequencies.
Dashed lines represent the experimental SWV from which the
background has been subtracted. The solid lines are the best fit
obtained by nonlinear regression onto the 5—E° dispersion model.
SWV condition: pulse height, 75 mV; step height, 4 mV; and
frequencies (Hz), a 50, b 100, ¢ 150, and d 190
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Fig. 6 Cyclic voltammograms at 0.1 V s™' in 8 mL of pH 7.0 buffers
for a porous CA films with no oxygen present, b porous CA films
after 10 mL of air was injected into a sealed cell, ¢ porous Mb-CA
films with no oxygen present, d, e porous Mb-CA films after 5 mL,
10 mL of air was injected respectively

the film microenvironment and film components may
influence the E°' value [6].

Electrocatalytic reactivity

Electrochemical catalytic reduction of oxygen by the
porous Mb-CA films was examined using the CV tech-
nique. When a certain amount of air was passed through
pH 7.0 buffers by a syringe, a significant increase in
reduction peak at about —0.4 V was observed. This increase
in reduction peak was accompanied by the disappearance of
the oxidation peak for MbFe(II). An increase in the amount
of oxygen in solution increased the reduction peak current
(Fig. 6). For porous CA films with no Mb incorporated, the
peak for direct reduction oxygen was observed at about
—0.80 V. Thus, porous CA films decreased the reduction
overpotential of oxygen by at least 0.5 V.
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1.5
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1.44

1.3

0.0 04 0.8 1.2 1.6 2.0
oV st

Fig. 7 Influence of scan rate on catalytic efficiency, /./l4, for porous
Mb-CA films in 8 mL pH 7.0 buffers, where /4 is the CV reduction
peak current in buffer without oxygen and [ is the CV reduction peak
current with 20 mL of air injected
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following equation [55]:
MbFe(IIl) + H,O,; — Compound I + H,O (1)
Compound I + H,O0, — MbFe(IIl) + O, (2)
MbFe(IIT) + e~ — MbFe(II) at electrode (3)
-4 LI BN R B A BN R R | MbFe(II) + 02 — MbFe(II) — 02 fast (4)
0.2 0.0 -0.2-04 -06 -0.8 -1.0 -1.2
EN
60 MbFe(Il) — O, + 2e™ + 2HT
50: B b — MbFe(Il) + H,0; at electrode (5)
40—_ There are two catalytic cycles here: MbFe(II) reacts with
< 304 0O, and forms MbFe(II)-O, in Eq. 4, and produced MbFe
= J (I)-O, will receive two electrons at electrodes and return to
20 MbFe(Il) again in Eq. 5; H,O, produced in Eq. 5 will
1 participate in Eq. 1 or 2 to produce dioxygen, which will
10+ 3 then induce or promote the catalytic cycle of Egs. 4 and 5.
0 The electrocatalytic reduction of H,O, at porous Mb-CA

v T v T T T v T v T v
0 100 200 300 400 500 600
t/s

Fig. 8 a Cyclic voltammograms at 0.1 V s™' in 8 mL of pH 7.0
buffers for a porous CA films with no H,O, present, b porous CA
films with 0.025 mM H,0, present, ¢ porous Mb-CA films with no
H,0, present, d porous Mb-CA films with 0.025 mM H,0, present, e
porous Mb-CA films with 0.05 mM H,0O, present. b Amperometric
response of a porous CA films and b porous Mb-CA films at —0.1 V
in pH 7.0 buffers solution with 0.025 mM H,O, injected every 40 s

Catalytic efficiency, expressed as a ratio of reduction
peak current of porous Mb-CA films in the presence (/;)
and absence (I3) of oxygen, I/, decreased with the
increase of scan rate (Fig. 7), also characteristic of
electrochemical catalysis [54].

Catalytic CV behavior was also observed for hydrogen
peroxide at porous Mb-CA films, which is very similar to
that of the oxygen system. When H,0O, was added to
pH 7.0 buffers, an increase in reduction peak at about
—0.36 V was observed (Fig. 8a), accompanied by a
disappearance of the oxidation peak for MbFe(Il).
However, no direct reduction peak was observed on
blank porous CA films in the presence of H,O, in the
studied potential range.

With the porous Mb-CA films, the catalytic reduction
peak potential for hydrogen peroxide was almost the same
as that for oxygen (Figs. 6 and 8a), indicating the similarity
of mechanism between the two systems. Reactions of
hydrogen peroxide with Mb can be exemplified by the

films was also tested by amperometry. Figure 8b illustrated
a typical amperometric response of porous Mb-CA films
with the stepwise addition of H,O, at the constant potential
of =0.1 V vs SCE. The stepped increase of H,O,
concentration in buffers caused the corresponding growth
of catalytic reduction currents with a linear relationship of
25-100 pM for porous Mb-CA films. In contrast, at
protein-free porous CA film electrodes, no current response
was observed after the addition of H,O,.

16
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EN

Fig. 9 Cyclic voltammograms at 0.1 V s~ in pH 5.0 buffers for a

porous CA films in buffers containing no NaNO,, b porous CA films
in buffers containing 5 mM NaNO,, ¢ porous Mb-CA films in buffers
containing no NaNO,, d porous Mb-CA films in buffers containing
5 mM NaNO,, and e porous Mb-CA films in buffers containing
10 mM NaNO,
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Under acidic conditions, the NO, species underwent a
disproportionation reaction. One of the products was NO,
which can form MbFe(Il)>NO with Mb. Lin and co-
workers [56] studied the electrocatalytic reduction of
NO, with Mb-DDAB films on PG electrodes and observed
similar results. It was because that MbFe(II)-NO was
reduced in the electrode surface. When NO, was added
into the pH 7.0 buffers, a catalytic peak was observed at
about —0.73 V. The peak current increased with the
concentration of NO, (Fig. 9). The linear relationship of
the electrocatalytic reduction peak current and NO,
concentration was observed between 1.5 and 25 mM with
a correlation coefficient of 0.997. Direct reduction of NO,
on porous CA films without Mb was not found. Using this
property, we can detect the NO, indirectly.

The operational stability of the porous Mb-CA films was
examined with intermittent measuring the current response
to 0.5 mM H,O, in the stirred buffers every 8 h for 15 days.
The results showed the remaining activities of Mb related to
the initial Mb activity. The sensor was stored in buffers in a
refrigerator at 4 °C when not in use. The catalytic current
response maintained about 79% of the initial signal within
15 days of storage. The 25 uM H,O, solution was then
determined with five electrodes fabricated independently,
and the relative standard deviation was 1.86% (from
measurement of anodic peak currents). The results indicate
that the modified electrode has excellent operational
stability and reproducibility in both the preparation proce-
dure and the voltammetric determinations with good long-
term stability.

Conclusions

The porous Mb-CA films were prepared using a two-step
method. One was the preparation of porous calcium
alginate films, while the other one was to incorporate Mb
into the porous CA films on various solid surfaces. The
results of nitrogen sorption, SEM, AC impendence, and CV
indicated that the porous CA films were obtained in the
presence of polyethylene glycol as a porogenic agent. The
porous structure of the films enables CA a good matrix for
immobilizing biomacromolecules. The pore diameter was
about 12.6 nm. Completely hydrated porous CA films had
nearly 90 wt% water contents, making the films as a
hydrogel, thus providing a favorable microenvironment for
the electron exchange between Mb and the electrode. UV—
vis results showed that Mb in the porous films retained its
near native configuration at medium pH. This may greatly
contributed to the good electroactivity of Mb in the porous
films. Cyclic voltammetry results showed a pair of well-
defined redox peaks of Mb. Moreover, the stable porous
Mb-CA films also demonstrated good electrocatalytic

@ Springer

properties toward different substrates of environmental or
biological significance, such as O,, H,O,, and NO, . The
electrode modified with the porous Mb-CA films was found
to exhibit good operational and storage stability, reproduc-
ibility and fast response time for H,O, detection. This novel
approach that combines the preparation of porous CA films
with the fabrication of Mb on electrodes may provide a new
approach to realizing the direct electrochemistry of pro-
teins. This kind of protein films also provides opportunities
for developing biosensors based on direct or mediator-free
electrochemistry of proteins.
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