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Abstract A novel biosensor based on electro-co-deposition of myoglobin (Mb),

sodium alginate (SA), Fe3O4-graphene (Fe3O4-GR) composite on the carbon ionic

liquid electrode (CILE) was fabricated using Nafion as the film forming material to

improve the stability of protein immobilized on the electrode surface, and the

modified electrode was abbreviated as Nafion/Mb-SA-Fe3O4-GR/CILE. FT-IR and

UV–vis absorption spectra suggested that Mb could retain its native structure after

being immobilized in the SA-Fe3O4-GR composite film. The electrochemical

behavior of the modified electrode was studied by cyclic voltammetry, and a pair of

symmetric redox peaks appeared in the cyclic voltammograms, indicating that direct

electron transfer of Mb was realized on the modified electrode, which was ascribed

to the good electrocatalytic capability of Fe3O4-GR composite, the good biocom-

patibility of SA and the synergistic effects of SA and Fe3O4-GR composite. The

electrochemical parameters of the electron transfer number (n), the charge transfer

coefficient (a) and the electron transfer rate constant (ks) were calculated as 0.982,

0.357 and 0.234 s-1, respectively. The modified electrode exhibited good electro-

catalytic ability to the reduction of trichloroacetic acid (TCA) with wide linear

range from 1.4 to 119.4 mmol/L, low detection limit as 0.174 mmol/L (3r), good
stability and reproducibility.
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Introduction

The novel electrochemical biosensor belonging to the third generation biosensor is

constructed based on the direct electron transfer between redox proteins and the

electrode [1], aiming at investigating the redox protein-catalyzed reactions in

biological systems and metabolic processes involving redox transformations [2, 3].

Myoglobin (Mb), a kind of important redox proteins, possesses the bioactive heme

Fe(III)/Fe(II) redox couple which has commonly been employed to construct

electrochemical biosensors. Usually, these electrochemical biosensors possess good

electrocatalytic activity to the reduction of trichloroacetic acid (TCA), hydrogen

peroxide (H2O2), sodium nitrite (NaNO2) [4], etc., which are harmful for human

health. However, because of the deeply embedded redox active center in the

structure of proteins, the direct electron transfer between the redox proteins and the

electrode is hard to be achieved [5, 6]. For this reason, it is necessary to conduct the

modification of the substrate electrode by the use of different methods and

materials, such as electro-co-deposition [7], sol–gel [8], self-assembly [9], covalent

binding [10], and polymers [11, 12], inorganic materials [13, 14], metal oxides

nanoparticles [15, 16], etc., to facilitate the electron transfer rate between the active

center of proteins with the electrode. For example, Abu-Rabeah et al. [17] created a

highly responsive glucose biosensor by covalent attachment of glucose oxidase with

alginate-pyrrole matrix, followed by pyrrole polymerization. The resulting amper-

ometric glucose biosensor revealed a faster response time and higher glucose

sensitivity than the similar biosensor configuration without the pyrrole polymer-

ization process or with entrapped pyrrole. Ding et al. [18] applied N-butylpyri-

dinium hexafluorophosphate, sodium alginate and graphite to construct a novel

horseradish peroxidase biosensor for the determination of H2O2. The obtained new

electrode presented very large current response from electroactive substrates due to

its enhanced conductivity and biocompatible interface.

Among the above method, electro-co-deposition technology, as an effective way

to immobilize proteins within a biocompatible material and improve the stability of

biosensor, has attracted considerable interest in the field of electroanalysis science

[19, 20]. Electro-co-deposition process not only provides a simple and convenient

technique for the construction of protein electrodes with minimum denaturation and

strong adherence to the surface of the substrate electrode in contrast to other

procedures, but also makes the biosensor fabrication reproducible and uniform

dispersion of the electroactive materials in the resulting biocomposite film [20].

Lopez et al. [21] functionalized chitosan films with alginate and prussian blue by the

electro-co-deposition method to enhance the performance of microbial fuel cells. Li

et al. [22] fabricated the biosensor through the electro-co-deposition of flower-like,

spherical, and convex polyhedron gold nanoparticles on boron-doped diamond

surface, respectively, to realize their direct electrochemistry of hemoglobin. Sodium
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alginate (SA), an anionic natural polymer with a lot of carboxyl groups, is a

biocompatible material for the immobilization of proteins by the electro-co-

deposition method [23]. Owing to the carboxyl groups, sodium alginate could form

alginate acid gels on the anode as a result of the pH decrease at the anode during the

electro-co-deposition process. The electro-co-deposition film poses uniform coat-

ings on the substrate electrode, which could provide proteins suitable microenvi-

ronments to retain their native structure and enhance the direct electron transfer rate

[18, 24].

Graphene (GR), a two-dimensional monolayer of graphite, has recently received

tremendous attention because of its unique properties [25, 26], such as fast electron

transportation, high thermal conductivity, excellent mechanical stiffness and good

biocompatibility, which exhibits a significant potential for sensor application. In

addition, many extraordinary properties of GR could be realized after integrated into

the assembly of GR-metal oxides for improving its versatility. It is reported that

metal oxides are active and durable electrocatalysts for biosensors [27, 28]. Fe3O4

magnetic nanoparticle is a kind of half-metallic metal oxide, possessing appealing

magnetic properties, nontoxicity, easy synthesis and electrocatalytic capability [29],

which has been widely utilized in the field of electrochemistry. For example, Qu

et al. [30] constructed a novel sensor based on Fe3O4 nanoparticles-multiwalled

carbon nanotubes composite film for the determination of nitrite. Zhang et al. [31]

successfully prepared Nafion covered core–shell structured Fe3O4@graphene

nanospheres modified glassy carbon electrode (GCE) and used it for selective

detection dopamine. Kingsley et al. [32] fabricated magnetite (Fe3O4) nanoparticles

modified carbon paste electrode (Fe3O4-CME) to achieve facile electrochemical

determination of ascorbic acid (AA) and folic acid (FA) using differential pulse

voltammetry.

Carbon ionic liquid electrode (CILE), prepared by simply incorporating the

binder and the modifier of ionic liquid into the carbon past electrode, possesses the

specific advantages, such as excellent conductivity, high sensitivity, wide electro-

chemical windows and good anti-fouling ability, which has been proved to be an

effective working electrode in the field of electrochemical sensor [33, 34]. In

general, electro-co-deposition is performed on the metal electrode, such as the bulk

gold electrode, while few work of CILE as the substrate electrode applied in the

electro-co-deposition process was reported.

In this study, myoglobin-sodium alginate-Fe3O4-graphene (Mb-SA-Fe3O4-GR)

composite film modified carbon ionic liquid electrode (CILE), abbreviated as

Nafion/Mb-SA-Fe3O4-GR/CILE, was fabricated by the electro-co-deposition

method. Fe3O4-GR composite and myoglobin (Mb) were first introduced into the

sodium alginate matrix and then electro-co-deposited onto the CILE. The SA-

Fe3O4-GR composite film could efficiently retain the bioactivity of the entrapped

Mb. The direct electrochemistry of Mb was realized with the enhanced

electrochemical responses on the modified electrode. Electrocatalytic ability of

Nafion/Mb-SA-Fe3O4-GR/CILE to the reduction of trichloroacetic acid (TCA) was

further investigated.
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Experimental sections

Materials

Sodium alginate (SA, MW = 430 kda), liquid paraffin and KCl were purchased

from Aladdin Chemical Reagent Co., Ltd., Shanghai, China. Ionic liquid N-

hexylpyridinium hexafluorophosphate (HPPF6) was purchased from Lanzhou

Greenchem, ILS, LICP, CAS, China. Graphite powder (particle size 30 mm) was

purchased from Shanghai Colloid Chem. Co., China. Graphene (GR) was purchased

from the institute of coal chemistry, Chinese academy of sciences, Taiyuan, China.

Myoglobin (Mb, MW = 17.8 kda) and Nafion (5 % ethanol solution) were

purchased from Sigma, USA. Trichloroacetic acid (TCA) was purchased from

Tianjin Kemiou Chemical Ltd. Co., China. Fe3O4 nanoparticles are synthesized by

co-precipitating aqueous solutions of (NH4)2Fe(SO4)2 and FeCl3 mixtures in

alkaline medium [32]. Fe3O4-graphene (Fe3O4-GR) composite was prepared by

blending Fe3O4 nanoparticles with GR by ball-milling method. 0.1 mol/L phosphate

buffer solutions (PBS, pH 7.0) were used as the supporting electrolyte. The

chemicals were of analytical grade and used without further purification. Doubly

distilled water was used as a solvent to prepare all solutions.

Methods

Preparation of CILE

The preparation of CILE was carried out through the following steps. Firstly, 3.2 g

of graphite powder, 1.6 g of HPPF6 and 1.0 mL of liquid paraffin were mixed

thoroughly in a mortar to form a homogeneous carbon paste. Then, a portion of the

carbon paste was filled into one end of a glass tube, and a copper wire was inserted

through the opposite end to establish an electrical contact. Finally, the surface of

CILE was smoothed on a piece of weighing paper prior to use.

Fabrication and characterization of the modified electrode

Mb-Fe3O4-GR composite film was electro-co-deposited on the CILE based on the

local formation of alginate acid gels. Firstly, a solution containing 1.6 mg/mL SA,

10.0 mg/mL Mb and 1.25 mg/mL Fe3O4-GR composite were mixed homoge-

neously. The mixed solution was purged with highly purified nitrogen for 30 min

prior to experiments. Then the modified electrode was achieved by cycling the

potential between -1.1 and ?1.0 V (vs. SCE) at a scan rate of 100 mV/s for 15

consecutive cycles in the mixed solution with a nitrogen atmosphere maintained

during the experiments. Finally, 5.0 lL of 0.5 % Nafion solution was spread evenly

onto the surface of the modified electrode after its surface was dry at room

temperature. Nafion with excellent film-forming ability could improve the stability

of materials immobilized on the electrode surface and prevent the leakage of protein

from electrode into the solution. This resultant electrode was abbreviated as Nafion/
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Mb-SA-Fe3O4-GR/CILE. For comparison, the modified electrodes including

Nafion/Mb/CILE, Nafion/Mb-SA/CILE and Nafion/Mb-Fe3O4-GR/CILE were pre-

pared by the similar procedure.

The structure of Mb and Mb in SA-Fe3O4-GR composite matrix was confirmed

by FT-IR and UV–vis spectra, and the morphology of the electrode was observed by

scanning electron microscope (SEM). FT-IR spectra of sample were recorded on a

Tensor 27 Fourier transform infrared spectrometer (Bruker, Germany). The samples

were mixed with KBr and compressed to semitransparent disks for spectroscopic

analysis. UV–vis spectroscopic experiments were performed with a mixture solution

of certain concentrations of samples. Their absorption spectra were recorded on a

Cary 50 probe spectrophotometer (Varian, Australia). The morphology of the

sample was recorded with a JSM-7100F scanning electron microscope (Electron,

Japan) after gold coating.

Electrochemical measurement of the modified electrode

Electrochemical measurement of cyclic voltammetry was performed with a CHI

750B electrochemical workstation at an ambient temperature. A conventional three-

electrode system was used with an Mb modified electrode as working electrode, a

platinum wire electrode as auxiliary electrode and a saturated calomel electrode

(SCE) as reference electrode. Direct electrochemistry of the modified electrode and

electrocatalysis of TCA were performed in a 10 mL electrochemical cell containing

0.1 mol/L phosphate buffer solution and 0.1 mol/L PBS containing various

concentrations of TCA, respectively, which were purged with highly purified

nitrogen for 30 min prior to experiments with a nitrogen atmosphere maintained

during the experiments.

Results and discussion

Fabrication and characterization of the modified electrode

Figure 1 shows the cyclic voltammograms of the electrodeposition of Mb-SA-

Fe3O4-GR composite film onto the CILE in the mixture solution of 1.6 mg/mL SA,

10.0 mg/mL Mb and 1.25 mg/mL Fe3O4-GR composite. The thickness of the

resultant Mb-SA-Fe3O4-GR composite film was varied in the range of 1.2–2.7 lm
obtained from SEM measurements (data not shown). During the electro-co-

deposition process, an electrochemical sensing platform was constructed based on

the integration of natural polysaccharide alginate, biocompatible Fe3O4-GR

composite and redox proteins (Mb). Electro-co-deposition of the mixture could

uniformly form Mb-SA-Fe3O4-GR biocomposite film on the CILE. As the

molecular charge and solubility of SA are pH dependent, it becomes ideally

suitable material for electro-co-deposition by local formation of alginate acid gels to

immobilize proteins and provide them microenvironments to retain their native

structure. The proposed mechanism of gel formation is based on the pH decrease at

the anode owing to the electrochemical decomposition of water [20, 23].
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H2O ! 1=2O2 þ 2Hþ þ 2e� ð1Þ

The dissociation of SA results in the formation of anionic A- species.

SA ! Naþ þ A� ð2Þ

The A- species would form alginate acid (H-A) gel in the low pH region around

the electrode.

A� þ Hþ ! H-A ð3Þ

The resultant composite gel film incorporated with Mb is locally electro-co-

deposited on the anode surface (CILE). Then, the coating of Nafion film was to

prevent the leakage of Mb out of Mb-SA-Fe3O4-GR composite.

The morphology of Fe3O4-GR composite and the surface morphologies of SA,

Mb and Mb-SA-Fe3O4-GR composite electro-co-deposited on the CILE could be

observed by SEM. As shown in Fig. 2a, Fe3O4-GR composite exhibited small

particle shape with the size at the nanoscale. SA was able to generate a uniform film

on the CILE (Fig. 2b) attributed to the formation of alginate acid gels, which were

induced by the decrease of pH around the electrode during the electro-co-deposition

process. In Fig. 2c, single Mb revealed the cluster shape on the CILE because of the

small deformation of the molecular structure occurred in the process of drying. The

results indicated that the active Mb may easily suffer from denaturation without the

protection of the biocompatible materials. Alginate acid gels, as the natural and

biocompatible materials, not only played an important role to immobilize proteins

but also provided proteins good microenvironments to retain their native structure.

From Fig. 2d, Mb-SA-Fe3O4-GR composites were uniformly electro-co-deposited

on the CILE, implying that electro-co-deposition was a feasible way to fabricate the

uniform and stable biosensor.

Fig. 1 The cyclic voltammograms of Mb-SA-Fe3O4-GR composite progressive course on the CILE
between -1.1 and ?1.0 V (vs. SCE) at a scan rate of 100 mV/s for 15 consecutive scans
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The structure of Mb in Mb-SA-Fe3O4-GR composite film could be further

investigated by FT-IR and UV–vis absorption spectra. FT-IR spectra of pure Mb

and Mb-SA-Fe3O4-GR composite film were presented in Fig. 3. The broad and

strong peak at 3000–4000 cm-1 was assigned to hydroxyl stretching vibrations. The

peak of hydroxyl stretching in the spectrum of pure Mb (Fig. 3a) was obviously

decreased and broad as compared to that in the spectrum of Mb-SA-Fe3O4-GR

composite film (Fig. 3b), indicating the presence of the intermolecular hydrogen

bonding among Mb-SA-Fe3O4-GR composite [35]. Furthermore, Mb-SA-Fe3O4-GR

composite film exhibited weak characteristic peaks in the curve in contrast to the

FT-IR spectrum of pure Mb, owing to the hydrogen bonding or shielding effect

stemmed from SA-Fe3O4-GR composite. The peaks at 1654.36 and 1542.46 cm-1,

respectively, corresponded to amide I and II infrared absorbance peaks of Mb,

whose position and shape were similar with that of Mb-SA-Fe3O4-GR composite

film (1654.03 and 1539.19 cm-1). As the shape and position of the amide I and II

infrared absorbance peaks of Mb can provide detailed information on the secondary

structure of the polypeptide chain [34], the above results suggested that Mb could

keep its native structure after being immobilized in the SA-Fe3O4-GR composite

film.

Fig. 2 SEM images of a Fe3O4-GR composite, b SA, c Mb and d Mb-SA-Fe3O4-GR composite
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UV–Vis adsorption spectrum is another way to test the structure change of Mb.

As shown in Fig. 4a, Mb showed a characteristic Soret absorption peak at 409.0 nm

in pH 7.0 PBS. It is observed that in mixture solutions of Mb-SA (Fig. 4b), Mb-

Fe3O4-GR (Fig. 4c) and Mb-SA-Fe3O4-GR (Fig. 4d), the Soret peaks appeared at

the same position (409.0 nm). The results indicated that Mb molecules retained its

native structure in the mixture, and SA and Fe3O4-GR exhibited good biocompat-

ibility with redox proteins, which were capable of being promising materials in the

construction of electrochemical sensors.

Fig. 3 FT-IR spectra of a Mb and b Mb-SA-Fe3O4-GR composite film

Fig. 4 UV-vis absorption spectra of a Mb, b Mb-SA, c Mb-Fe3O4-GR and d Mb-SA- Fe3O4-GR in pH
7.0 PBS
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Direct electrochemistry of the modified electrode

The electrochemical behavior of the modified electrode was studied by cyclic

voltammetry. Figure 5 shows cyclic voltammograms of different modified elec-

trodes in deaerated pH 7.0 PBS at a scan rate of 100 mV/s. There were no obvious

redox peaks for Nafion/SA-Fe3O4-GR/CILE, demonstrating no electroactive

substances existed on the electrode. Thank to the redox of immobilized Mb,

Nafion/Mb-Fe3O4-GR/CILE, Nafion/Mb-SA/CILE and Nafion/Mb-SA-Fe3O4-GR/

CILE exhibited a pair of unsymmetric redox peaks whose reduction peak current

was greater than the oxidation peak current, indicating a quasireversible electron

transfer process [4]. While the redox peak currents of Nafion/Mb-SA/CILE were

bigger than that of Nafion/Mb-Fe3O4-GR/CILE, implying that the formation of

alginate acid gels by the electro-co-deposition method had more effects on the

electron transfer of Mb with CILE than Fe3O4-GR composite, though Fe3O4-GR

possessed good electrocatalytic capability [29]. The good biocompatibility of SA

provided redox proteins suitable microenvironment to keep their biological activity,

facilitating the electron transfer between redox proteins and the electrode [18]. The

synergistic effects of SA and Fe3O4-GR composite incorporated in the film

accelerated the electron transfer rate, making Nafion/Mb-SA-Fe3O4-GR/CILE

present biggest redox peak currents among the modified electrodes. From cyclic

voltammogram of Nafion/Mb-SA-Fe3O4-GR/CILE, the redox peak potentials were

recorded with the cathodic peak potential (Epc) as -0.302 V and the anodic peak

potential (Epa) as -0.224 V. The formal peak potential (E00) was calculated as

-0.263 V (vs. SCE), which was the typical value of the active center of Mb Fe(III)/

Fe(II) redox couple [34]. Therefore, the direct electron transfer of Mb was attributed

to the heme Fe(III)/Fe(II) redox couple in the Mb molecules and it could be realized

on the Nafion/Mb-SA-Fe3O4-GR/CILE with fast electron transfer rate.

Fig. 5 Cyclic voltammograms of a Nafion/SA-Fe3O4-GR/CILE, b Nafion/Mb-Fe3O4-GR/CILE,
c Nafion/Mb-SA/CILE and d Nafion/Mb-SA-Fe3O4-GR/CILE in pH 7.0 PBS with the scan rate as
100 mV/s
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Figure 6a shows cyclic voltammograms of Nafion/Mb-SA-Fe3O4-GR/CILE in

pH 7.0 PBS at different scan rates. With the increase of scan rate from 20 to

1000 mV/s, the cyclic voltammograms exhibited a pair of symmetric redox peaks

with the nearly equal redox peak currents, which attributed to the reduction and

reoxidation of electroactive Mb Fe(III)/Fe(II) redox couple in the composite during

the cyclic scanning. As shown in Fig. 6b, both of the redox peak currents increased

linearly with scan rate, indicating a surface controlled thin-layer electrochemical

reaction. The linear regression equations were calculated as Ipc (lA) = 157.787v

(V/s) ? 6.454 (n = 24, c = 0.998) and Ipa (lA) = -165.280v (V/s) - 2.900

(n = 24, c = 0.998). According to the Faraday’s law (C* = Q/nAF) [6], where F is

the Faraday constant, Q is the integration charge of the reduction peak, n is the

number of electron transferred, A is the surface area of the electrode. By integration

of the cyclic voltammetric curve, the surface concentration (C*) of electroactive Mb

can be calculated as 1.83 9 10-9 mol/cm2, which was much larger than that of

monolayer coverage (2.0 9 10-11 mol/cm2) [36]. The results demonstrated that

there were multilayers of Mb existed in the Mb-SA-Fe3O4-GR composite film,

which was beneficial to exchange electron with the underlying CILE. With the

increase of scan rate, the redox peak potentials were also shifted as shown in

Fig. 6c, which was a typical quasi-reversible electrode process. The redox peak

potentials exhibited linear relationship with natural logarithm of scan rate (lnv) in

the range from 20 to 1000 mV/s with the equations as Epc (V) = -0.046lnv (V/

s)-0.341 (n = 17, c = 0.993) and Epa (V) = 0.054lnv (V/s)-0.299 (n = 17,

c = 0.992), respectively. So the electrochemical parameters of the electrode

reaction can be calculated based on the Laviron’s equation (Eqs. 4–6) [37, 38].

Epa ¼ E00 þ RT

ð1� aÞnF ln v ð4Þ

Epc ¼ E00 � RT

anF
ln v ð5Þ

log ks ¼ a logð1� aÞ þ ð1� aÞ log a� log
RT

nFv
� ð1� aÞa nFDEP

2:3RT
ð6Þ

where E00 is the formal potential, a is the electron transfer coefficient, n is the

number of electron transferred, v is the scan rate, ks is the electron transfer rate

constant and DEp is the peak-to-peak potential separation. Based on the Eqs. 4–6,

the values of the number of electron transferred (n), the electron transfer coefficient

(a) and the apparent heterogeneous electron transfer rate constant (ks) were calcu-

lated as 0.982, 0.357 and 0.234 s-1, respectively. The results indicated that about

one electron was transferred on the electrode with fast electron transfer rate.

Electrocatalytic ability of Nafion/Mb-SA-Fe3O4-GR/CILE to TCA

Since trichloroacetic acid (TCA) is harmful to the environment and human, the

accurate determination and reduction of it by the electrochemistry method has a great

significance to the protection of environment and the reduction of the health risks.
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Fig. 6 a Cyclic
voltammograms of Nafion/Mb-
SA-Fe3O4-GR/CILE in pH 7.0
PBS at different scan rates (from
a to j are 80, 150, 250, 350, 450,
550, 650, 750, 850, 950 mV/s,
respectively); b linear
relationship of the cathodic a
and anodic b peak current (Ip)
versus scan rate (v); c linear
relationship of the anodic a and
cathodic b peak potential versus
lnv (error bars represent the
standard deviation of three
replicates)
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And the redox proteins usually have good electrocatalytic activity towards TCA [6].

Therefore, this work aimed at studying the electrocatalytic activity to the reduction of

TCA. The electrocatalytic activity of Nafion/Mb-SA-Fe3O4-GR/CILE to TCA was

further investigated. Figure 7 shows the cyclic voltammograms of the Nafion/Mb-SA-

Fe3O4/CILE in pH 7.0 buffer containing different concentrations of TCA. With the

addition of TCA, the reduction peak currents appeared at -0.286 V (vs. SCE) and

-0.497 V (vs. SCE) gradually increased, accompanying with the disappearance of

the oxidation peak current, which demonstrated the typical characteristic of the

electrocatalytic reaction. These two peaks were, respectively, attributed to the

electrocatalytic reduction of Mb in the modified electrode for TCA and the formation

of a highly reduced form of Mb, which might dechlorinate di- and mono- chloroacetic

acid after the dechlorination of TCA with Mb Fe(II) [6]. So the reaction mechanism of

electrocatalysis could be described with the following equations (Eqs. 7–11), which

included the reduction of Mb Fe(III) to Mb Fe(II), the reduction of TCA with Mb

Fe(II), the reduction of Mb Fe(II) to Mb Fe(I), the reduction of di- and mono-

chloroacetic acid with Mb Fe(II) and the reoxidation of Mb Fe(I) [6].

Mb Fe IIIð Þ þ e ! Mb Fe IIð Þ ð7Þ

2Mb Fe IIð Þ þ Cl3CCOOH þ Hþ ! 2Mb Fe IIIð Þ þ Cl2CHCOOH þ Cl�

ð8Þ

Mb Fe IIð Þ þ e ! Mb Fe Ið Þ ð9Þ

2Mb Fe Ið Þ þ Cl2CHCOOH þ Hþ ! 2Mb Fe IIð Þ þ ClCH2COOH þ Cl� ð10Þ

2Mb Fe Ið Þ þ ClCH2COOH þ Hþ ! 2Mb Fe IIð Þ þ CH3COOH þ Cl�

ð11Þ

Fig. 7 Cyclic voltammograms of Nafion/Mb-SA-Fe3O4-GR/CILE in pH 7.0 PBS containing 1.4, 3.4,
5.4, 10.4, 16.4, 33.4, 53.4, 72.4, 100.4, 130.4 mmol/L TCA (curves a–j), respectively, with the scan rate
as 100 mV/s
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As shown in Fig. 8, there was a good linear relation between the catalytic

reduction peak current and the TCA concentration in the range from 1.4 to

119.4 mmol/L with the linear regression equation as Iss (lA) = 2.182C (mmol/

L) ? 21.171 (n = 26, c = 0.982). The detection limit was calculated as

0.174 mmol/L (3r), which was lower than that of the previous reported results of

0.200 mmol/L on Nafion/Mb/Co/CILE [7] and 0.613 mmol/L on CTS/ZnWO4-Hb/

CILE [39]. As the TCA concentration exceeded 119.4 mmol/L, the catalytic

reduction peak currents began to level off and reached a plateau, implying a

Michaelis–Menten kinetic process. The apparent Michaelis–Menten constant (KM
app),

being indicative of the enzyme-substrate kinetics, could be calculated by the

Lineweaver–Burk equation (Eq. 12) [40].

1

ISS
¼ 1

Imax

þ K
app
M

ImaxC
ð12Þ

where Iss is the steady-state current, Imax is the maximum current under saturated

substrate condition, and C is the bulk concentration of the substrate. Based on

Eq. 12, the KM
app value was calculated as 29.1 mmol/L, which is smaller than the

reported values of 90.8 mmol/L on Nafion-BMIMPF6/Mb/CILE [41] and

177.0 mmol/L on Mb-agarose/GCE [36]. The results revealed that the immobilized

Mb in SA-Fe3O4-GR composite film exhibited high affinity to TCA with good

enzymatic activity.

Stability and reproducibility of Nafion/Mb-SA-Fe3O4-GR/CILE

The stability and reproducibility of Nafion/Mb-SA-Fe3O4-GR/CILE was evaluated

by measuring the cyclic voltammetric peak currents of Mb. The modified electrode

could retain the direct electrochemistry of the immobilized Mb at constant current

Fig. 8 Linear relationship of catalytic reduction peak currents and the TCA concentration (error bars
represent the standard deviation of three replicates)
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values upon the continuous cyclic voltammetric sweep for 120 cycles. When stored

at 4 �C for over 2 weeks, the Nafion/Mb-SA-Fe3O4-GR/CILE retained 97.2 % of

the initial current response. After 1 month, the peak current response decreased

about 7.5 %. The good long-term stability can be attributed to the good

biocompatibility of SA-Fe3O4-GR composites, which can provide a favorable

microenvironment for Mb to retain its bioactivity. With the independent preparation

of 10 modified electrodes by the same procedure for the electrochemical detection

of 10.0 mmol/L TCA, the results showed acceptable reproducibility with the

relative standard deviations of 6.1 %. On the basis of above results, Nafion/Mb-SA-

Fe3O4-GR/CILE fabricated by the electro-co-deposition method exhibited good

stability and reproducibility.

Conclusion

In this work, the active Mb and biocompatible SA-Fe3O4-GR composite were

successfully electro-co-deposited onto the surface of CILE to fabricate Nafion/Mb-

SA-Fe3O4-GR/CILE. Owing to the good biocompatibility of SA, the local formation

of alginate acid gels by the electro-co-deposition method provided Mb suitable mi-

croenvironment to keep its biological activity. Direct electron transfer of Mb was

realized on the modified electrode, which was ascribed to the good electrocatalytic

capability of Fe3O4-GR composite, the good biocompatibility of SA and the

synergistic effects of SA and Fe3O4-GR composite. The constructed third-

generation biosensor displayed wide linear range from 1.4 to 119.4 mmol/L, low

detection limit as 0.174 mmol/L (3r), good stability and reproducibility for the

reduction of TCA, which would be capable of being a potential biosensing platform

in the electroanalysis and electrocatalysis.
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