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A carbon ionic liquid electrode (CILE) made with 1-hexylpyridinium hexafluorophosphate was used as
the substrate electrode. The magnesium metal-organic framework (Mg-MOF-74) was casted on CILE
surface and gold nanoparticles (AuNPs) was further assembled on electrode through electrodeposition
to construct a nanocomposite interface. Myoglobin (Mb) was further modified on AuNPs/Mg-MOF-
74/CILE and Nafion film was used to get the working electrode (Nafion/Mb/AuNPs/Mg-MOF-
74/CILE). Morphology of the nanoparticles was recorded by SEM. UV-Vis and FT-IR spectroscopy
proved that Mb on the composite film retained its original structure. The Mb on AuNPs/Mg-MOF-
74/CILE displayed a pair of redox peaks with the formal peak potential of -0.158 V (vs. Ag/AgCl) in
0.1 mol/L pH 2.0 PBS. Mb remained the bioactivity and electrocatalyzed the reduction of
trichloroacetic acid and sodium nitrite with relative wide concentration range and low detection limit.
The fabricated electrochemical biosensor gave high stability and reproducibility, which extended the
application of MOF based composite in electroanalysis.
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1. INTRODUCTION

As a small size heme protein, myoglobin (Mb) acts as a necessary to oxygen-transporter inside
mammalian skeleton and muscle [1]. Because of its redox enzyme-mimic activity, Mb is often selected
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as model molecule for the investigation on direct electron-transfer (DET) of hemoproteins or redox
enzymes [2]. In general, electron transfer of Mb with a conventional electrode is difficult, which is due
to the macro-biostructures that prevent the electron movement from heme active center to the
electrode, or the adsorption and passivation on the electrode. To overcome these questions,
nanomaterials modified electrodes are devised for proteins electrochemistry. Gold nanoparticles
(AuNPs) have been widely reported due to its unusual optical and electrochemical properties. Because
of their size dependent electrochemistry and high chemical stability, AuNPs have been the model in
various fields including self-assembly, catalysis and electron-transfer theories [3,4]. Various
procedures have been devised for AuNPs synthesis. Among them electrodeposition can not only
provide a fast and convenient process for electrode modification with strong adherence on the
electrodes surface, but also make the biosensor more stability [5]. As one of the hot topics in material
chemistry, metal-organic frameworks (MOFs) exhibit the properties including large specific surface
areas, regular pores, high porosity and stable framework [6]. M-MOF-74 contains series iso-structure
with different metals (M= Mn, Co, Ni, Mg, Zn) and organic ligand 2,5-dihydroxyterephthalic acid
(DHTP) [7]. The metals inside MOF-74 form six-coordinated with five oxygen atoms in DHTP and
one solvent molecule [8]. Due to its highest density of metal sites and high stability, MOF-74 has been
used in adsorption [9], separation [10], storage [11] and heterogeneous catalysis [12].

In the present work, a carbon ionic liquid electrode (CILE) was home-made with 1-
hexylpyridinium hexafluorophosphate (HPPFs). Then Mg-MOF-74 was applied on the CILE surface to
construct the biocompatible interface (Mg-MOF-74/CILE). The further formation of AuNPs on Mg-
MOF-74/CILE was achieved by electrodeposition to get AuNPs/Mg-MOF-74/CILE, which was dried
in air with Mb and Nafion further casted on the surface step-by-step. After dried in air,
Nafion/Mb/AuNPs/Mg-MOF-74/CILE was got, which displayed fast electron transfer and prominent
catalytic ability to trichloroacetic acid (TCA) and sodium nitrite (NaNQOy). Therefore this paper
proposed a new way to extend the application of Mg-MOF-74 in electrochemical sensors and the
fabrication procedure of this Nafion/Mb/AuNPs/Mg-MOF-74/CILE was depicted in the following
scheme 1.
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Scheme 1. Fabrication procedure of Nafion/Mb/AuNPs/Mg-MOF-74/CILE.
2. EXPERIMENTAL

2.1 Reagents and apparatus

Mb (Sigma, USA), Nafion polymer dispersions (5 % ethanol solution, Beijing Honghaitian
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Tech. Co., China), Mg-MOF-74 (2~200 nm, Nanjing XFNANO Materials Tech. Co., China), HPPFg
(Lanzhou Yulu Fine Chem. Co., China), graphite powder (particle size 30 nm, Shanghai Colloid Chem.
Co., China), chloroauric acid (Shanghai Chem. Reagent Research Institute Ltd. Co., China) and TCA
(Tianjin Kemiou Chem. Co., China) were used as received. 0.1 mol/L phosphate buffer solutions
(PBS) were the supporting electrolyte and the reagents used of analytical grade without purification.
Voltammetry was performed on a CHI 604E electrochemical analyzer (Shanghai Chenhua Co.,
China). A conventional three-electrode model was employed with a modified CILE as working
electrode, a platinum wire as auxiliary electrode, and a saturated Ag/AgCl electrode as reference. FT-
IR spectra were recorded on a Nicolet 6700 spectrometer (Thermo Fisher Scientific Inc., USA) with
UV-Vis spectra on a TU-1901 double-beam spectrometer (Beijing Purkinje General Instrument Co.,
China). The morphology of the sample was performed with a JSM-7100F scanning electron

microscope (Japan Electron Co., Japan).

2.2 Construction of biosensor

CILE was home-manufactured on the basis of a procedure with ionic liquid HPPF¢ [13]. 6 pL
of 0.3 mg/mL Mg-MOF-74 suspension was coated on CILE and the electrode was dried under room
temperature to acquire Mg-MOF-74/CILE. The modification of Mg-MOF-74/CILE by AuNPs was
carried out by electrodeposition using control-potential method at potential of -0.3 V for 200 s with a
2.0 mmol/L HAuCls solution. Then 15.0 mg/mL Mb solution was dropped onto AuNPs/Mg-MOF-
74/CILE and stored for 10 h at 4 ‘C to get Mb/AuNPs/Mg-MOF-74/CILE. Finally, 6.0 uL of 0.5%
Nafion ethanol solution was casted on electrode to form a stable membrane. For comparison,
Nafion/Mb/CILE, Nafion/Mb/AuNPs/CILE and Nafion/Mb/Mg-MOF-74/CILE were prepared with
similar procedure without the adding AuNPs or Mg-MOF-74, respectively. All electrodes were washed
with deionized water and putted in a 4 “C refrigerator when not in use.

3. RESULTS AND DISCUSSION

3.1 SEM characterization

SEM images of the nanomaterials used were shown in Fig. 1. As for Mg-MOF-74 (Fig. 1A), an
octahedral and uniform structure with average diameter about 200 nm appeared. The presence of Mg-
MOF-74 on CILE endowed an increased surface area and roughness, which was suitable for the further
modification. Nanoparticles can be directly formed on the electrode by electrodeposition at control
potential conditions. As shown in Fig. 1B, AuNPs were evenly present on the CILE surface with the
average size of 100 nm. Also on AuNPs/Mg-MOF-74/CILE, Mg-MOF-74 and AuNPs could be
observed and uniformly distributed on the CILE surface (Fig. 1B), which resulted in a specific
interface with large electrode interface.
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Figure 1. SEM images of (A) Mg-MOF-74 and (B) AuNPs/Mg-MOF-74/CILE.

3.2 UV-Vis and FT-IR characterization

Spectroscopic methods are commonly used to probe the structure change of heme proteins [14].
In Fig. 2A UV-Vis absorption spectra of Mb in solution (curve a) and Mb/Mg-MOF-74 mixture (curve
b) showed the typical Soret band at 408.5 nm, indicated that Mb mixture with Mg-MOF-74 retained its
biological activity without denaturation. FT-IR spectra of Mb and Mb/Mg-MOF-74 were shown in
Fig. 2B. The peaks at 1648.92 and 1529.35 cm™! could be ascribed to amide I and II infrared
absorbance of Mb (Fig. 2B a), which had similar values with that of Mb/Mg-MOF-74 composite
(1650.21 and 1525.49 cm™!, Fig. 2B b). Therefore spectroscopic results proved that Mb kept its
original structure after contacted with Mg-MOF-74.
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Figure 2. (A) UV-Vis absorption spectra of Mb (curve a) and Mb/Mg-MOF-74 mixture (curve b) in
water; (B) FT-IR spectra of Mb (a) and Mb/Mg-MOF-74 (b).

3.3 EIS results

The effects of Mg-MOF-74 and AuNPs on impedance changes of the modified electrodes were
checked by AC impedance spectroscopy with the curves shown in Fig. 3. Nafion/AuNPs/CILE (a),
Nafion/Mb/AuNPs/Mg-MOF-74/CILE (b), Nafion/Mb/CILE (c), Nafion/Mg-MOF-74/CILE (d) and
CILE (e) gave corresponding electron transfer resistance (Ret) value as 0, 26.76 Q, 55.69 Q, 164.55 Q
and 51.94 Q, respectively. So the high conductive AuNPs can decrease the Ret value, and the presence
of Mb or Mg-MOF-74 is not benefit for electron transfer due to its poor conductivity. The coexistences
of AuNPs, Mb and Mg-MOF-74 resulted in compliance of the overall Ret value.
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Figure 3. EIS of (a) Nafion/AuNPs/CILE, (b) Nafion/Mb/AuNPs/Mg-MOF-74/CILE, (c)
Nafion/Mb/CILE, (d) Nafion/Mg-MOF-74/CILE, (¢) CILE in 0.01 mol/L
K3[Fe(CN)s]/Ka[Fe(CN)s] and 0.1 mol/L KCI mixed solution with the frequencies ranging from
0.1 to 10* Hz.

3.4 Effect of pH

The pH of supporting electrolyte can influence three-dimensional structure of redox protein and
the resulting electrochemical response [15]. Cyclic voltammetric (CV) responses were checked in pH
range (2.0~8.0) with the changes of curve shape (Fig. 4). In pH 2.0 PBS the symmetrical cyclic
voltammograms (CVs) could be observed with largest peak current, which proved that the
configuration were related to H2O and the protonation of amino acids around the heme active group,
defined as the Redox Bohr Effect [16]. The dependence of formal peak potential upon pH resulted in a
linear regression equations as E% (V)=-0.076-0.0407pH (y =0.996). The slope (40.7 mV/pH) was
smaller than theoretical data (59.2 mV/pH) at 25 °C for a single-proton reversible single-electron
transfer process [17]. The reason might be the influence of the protonation states of transligands to the
heme iron and amino acids around the heme, or the protonation of H>O molecule coordinated to the
central iron [18].
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Figure 4. CVs of Nafion/Mb/AuNPs/Mg-MOF-74/CILE in different pH PBS (from a to g: 2.0, 3.0,
4.0, 5.0, 6.0, 7.0, 8.0) at the scan rate of 100 mV/s.

3.5 Direct electrochemistry

Fig. 5A showed CVs of different electrodes in pH 2.0 PBS at 100 mV/s. Stable background
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currents were present at Nafion/CILE (curve a) and Nafion/AuNPs/Mg-MOF-74/CILE (curve b). On
Mb based electrode a pair of redox peaks presented was resulted from DET of Mb with electrode. On
Nafion/Mb/AuNPs/Mg-MOF-74/CILE (curve d) the currents were larger than that of Nafion/Mb/CILE
(curve c) with good shape, proving positive effects of AuNPs/Mg-MOF-74 on the electron transfer.
The presence of AuNPs/Mg-MOF-74 resulted in a rough interface with good conductivity that was
benefit for electron communication. At Nafion/Mb/AuNPs/Mg-MOF-74/CILE (curve d) the peak
potentials were -0.207 (Epc) and -0.108 V (Epa) with AEp of 99 mV and E® of -0.158 'V, the typical
peak of heme Fe(Il)/Fe(Ill) redox couples [19]. Therefore AuNPs/Mg-MOF-74 nanohybrid provided a
suitable interface for Mb to transfer electrons with the electrode at faster rate.
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Figure 5. (A) CVs of (a)Nafion/CILE, (b)Nafion/AuNPs/Mg-MOF-74/CILE, (c)Nafion/Mb/CILE,
(d)Nafion/Mb/AuNPs/Mg-MOF-74/CILE in pH 2.0 PBS at the scan rate of 100 mV/s; (B) CVs
of Nafion/Mb/AuNPs/Mg-MOF-74/CILE with different scan rates (from a to j: 100, 200, 300,
400, 500, 600, 700, 800, 900, 1000 mV/s).
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Fig. 5B showed CVs of Nafion/Mb/AuNPs/Mg-MOF-74/CILE in pH 2.0 PBS at different scan
rates. In scan rate from 100 to 1000 mV/s, the redox peak potentials of Mb shifted with the AEp
increased. The redox peak potential (Ep) increased linearly with In v, and the redox peak currents (Ip)
increased linearly with scan rates, indicating a surface-controlled process. According to Faraday’s law,
Q=nFAT* [20], the surface concentration (I'*) of electroactive Mb was calculated as 5.36x107!!

mol/cm?, bigger than that of single-layer coverage (2.0x10™'! mol/cm?) [21].

3.6 Electrocatalysis to reduction of TCA

Redox proteins contain heme groups and have the inherent catalytic ability. Electrocatalytic
reduction of TCA by Nafion/Mb/AuNPs/Mg-MOF-74/CILE was tested by CV. As shown in Fig. 6A,
the addition of TCA into pH 2.0 PBS resulted in two new reduction waves at -0.298 V and -0.513 V
(vs. Ag/AgCl). The reduction peak currents increased slowly with the oxidation peak current
disappeared, showing the typical electrocatalytic reaction. These peaks were from the electron
reduction of TCA with the formation of a highly reduced situation of Mb, which dechlorinated di- and
mono-chloroacetic acid after the TCA dechlorination with Mb Fe(Il) [22]. A good linear relationship of
the reduction peak current and the TCA concentration was got from 1.0 to 200.0 mmol/L with
regression equation as Ipa (LA) = 192.2 + 6.942C (mmol/L) (n = 13,y =0.993) and the detection limit
as 0.333 mmol/L (3c). As TCA concentration was more than 200.0 mmol/L, the current leveled off to a
stable value, demonstrating a Michaelis-Menten kinetic process. The apparent Michaelis-Menten
constant (Ky*”) was calculated by the Lineweaver-Burk equation [23] as 9.26 mmol/L.
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Electrocatalysis of Nafion/Mb/AuNPs/Mg-MOF-74/CILE to reduction of NaNO> was recorded
with the curves present in Fig. 6B. When NaNO»> was added into pH 2.0 PBS, a new reduction peak
appeared at -0.535 V, indicating a promoting action of immobilized Mb to the electrochemical
reduction of NaNO». The linear relationship of the electrocatalytic reduction current and the NaNO»
concentration was from 0.8 to 18.0 mmol/L with regression equation as Ipa (LA) = 5.37 + 115.68C
(mmoL/L) (n=11, y=0.999), the detection limit as 0.267 mmol/L (30) and Ky*” as 10.25 mmol/L.
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Figure 6. (A) CVs of Nafion/Mb/AuNPs/Mg-MOF-74/CILE in pH 2.0 PBS with 4, 10, 20, 30, 40, 50,
60, 80, 100, 120, 150, 170, 200 mmol/L TCA (curves a-m) at the scan rate of 100 mV/s. Inset:
Linear relationship of catalytic currents vs. TCA concentration; (B) CVs of
Nafion/Mb/AuNPs/Mg-MOF-74/CILE in pH 2.0 PBS with 0.8, 1.5, 2.0, 3.0, 4.0, 5.0, 6.0, 7.0,
8.5, 10.0, 16.0, 18.0 mmol/L NaNO: (curves a-1) at the scan rate of 100 mV/s. Inset: Linear
relationship of catalytic currents vs. NaNO2 concentration.

3.7 Stability and reproducibility

The reproducibility of this modified electrode was studied by successfully scanning for 200
cycles, which gave no obvious changes in CVs. Under the same conditions, six electrodes were home-
made one-by-one, which gave the RSD of 3.1% for the analysis of 80.0 mmol/L TCA. Therefore this
modified electrode exhibited excellent stability and reproducibility.

3.8 Applications in sample analysis

The TCA contented in the medical skin lotion (35%, Shanghai EKEAR Bio. Tech. Co., China)
was tested by the proposed method. As shown in table 1, the samples were diluted by pH 2.0 PBS and
used directly. The recovery was determined by adding the standard TCA solution to the sample with
the results between 102.6% and 104.7%, indicating the practical application.

Table 1. Test results of TCA in medical skin lotion. (n=3)

Sample Labled Detected Added Total Recovery
p (mmol/L) (mmol/L) (mmol/L) (mmol/L) (%)
10.00 41.10 102.6
35% TCA 30.00 30.06 20.00 52.14 104.7

30.00 62.38 103.9
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4. CONCLUSIONS

In this paper AuNPs and Mg-MOF-74 were modified on the CILE surface and used as
accelerator for Mb electrochemistry. The resulted Nafion/Mb/AuNPs/Mg-MOF-74/CILE exhibited
excellent electron-transfer rate for Mb with improved bioelectrochemical catalytic effects to TCA and
NaNO,. The Mg-MOF-74 on the electrode gave a rough interface and electrodeposited AuNPs could
modulate the interfacial conductivity. A systematic comparison of the electrochemical and analytical
parameters of this biosensor with other Mb modified electrodes was listed in table 2, which showed
widely linear range and relatively low detection limit. Therefore AuNPs/Mg-MOF-74 composite
exhibited as excellent candidate for the preparation of electrochemical enzyme sensors.

Table 2. Comparison of electrochemical parameters of different Mb modified electrodes to TCA
detection. (n=3)

Modified electrodes Linear range Detection KmPP Refs.
(mmol/L) limit(mmol/L) (mmol/L)
Nafion/Mb-SA-TiO»/CILE 5.3-114.2 0.152 32.3 [24]
Nafion/Mb/Co/CILE 0.4-12.0 0.2 411 [25]
Mb/ZrPNS/GCE 0.1-2.2 0.025 5.6 [26]
CTS-Mb-GR-IL/CILE 2.0-16.0 0.583 8.99 [27]
Mb-agarose/GCE No given No given 177.0 [28]
Nafion/Mb/NiO/GR/CILE 0.69-30.0 0.23 10.67 [29]
Mb-HSG-SN-CNTs/GCE 0.002-1.2 0.0036 1.62 [30]
Nafion/Mb-SA-Fes04-GR/CILE 1.4-1194 0.174 29.1 [31]
Nafion/Mb/Au/GR/CILE 0.4-20.0 0.130 15.47 [32]
Nafion/Mb-G-COOH/CILE 5.0-57.0 1.0 13 [33]
Nafion/Mb-ACA-GR/CILE 2.5-47.3 0.114 8.3 [34]
Nafion/Mb-SA-GR/CILE 7.5-69.0 0.163 8.71 [35]
Nafion-BMIMPFe¢/Mb/CILE 1.6-19.6 0.2 90.8 [36]
Nafion/Mb-Co304-Au/IL-CPE 2.0-20.0 0.5 4.7 [37]
Nafion/Mb/AuNPs/Mg-MOF- .
CAICILE g 1.0-2000  0.333 9.26 This Work
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