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Abstract

A novel multi-function Metal-Organic Framework coagite Ag@Zn-TSA (zinc
thiosalicylate, Zn(@H40.S), Zn-TSA) was synthesized as highly efficient
immobilization matrixes of myoglobin (Mb)/glucose xidase (GOx) for
electrochemical biosensing. The electrochemicasdnsors based on Ag@Zn-TSA
composite and ionic liquid (IL) modified carbon tmselectrode (CPE) were
fabricated successfully. Furthermore, the properiethe sensors were discussed by
cyclic voltammetry (CV), electrochemical impedanspectroscopy (EIS) and
amperometric current-time curve, respectively. Thsults showed the proposed
biosensors had wide linear response to hydrogeoxjer (HO,) in the range of
0.3-20000 puM, to nitrite (N®) for 1.3uM -1660puM and 2262uM -133000uM, to
glucose for 2.0-1022 uM, with a low detection limft0.08 uM for HO,, 0.5 uM for

NO,, 0.8 uM for glucose. The values of the apparetgrbgeneous electron transfer
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rate constantk) for Mb and GOx were estimated as 2.05%8d 2.45 3, respectively.
Thus, Ag@Zn-TSA was a kind of ideal material ashhjgefficient immobilization
matrixes for sensitive electrochemical biosensingddition, this work indicated that
MOF nanocompositdhad a great potential for constructing wide ranfjesemsing

interface.

Keywords: Metal-Organic Framework, Ag@Zn-TSA, myoglobin/ghse oxidase,

lonic liquid, Biosensor

Introduction

The electrochemical behaviors of redox electroaggiroteins and enzymes such
as hemoglobin (Hb), myoglobin (Mb), glucose oxid&s€©x), cytochrome ¢ (Cyt C)
and horseradish peroxidase (HRP) on different kofdeodified electrodes have been
reported, which can be used in the constructiothiofl generation electrochemical
biosensor§"?. For example, Sheying Dong et &l.studied a simple and reliable
method for the electrochemical determination ofiteitbased on the immobilization
of myoglobin (Mb) on Lak doped Ce® (LaR-DP-CeQ) and ionic liquid (IL)
composite film. Yunxian Piao et & constructed a glucose enzyme biosensor and
immobilized the glucose oxidase (GOx) on the Grgphanoparticle (GN), where the
surface of the GN was first modified by 1-pyrensgbigtacid N-hydroxysuccinimide
ester (Py-NHS ester) by stacking interaction between the pyrene moiety téed
GN to produce the GN-Py-NHS ester conjugates, had the GOx was linked with

GN-Py-NHS ester through amide bond. Lu et @I investigated the direct
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electrochemistry of HRP in a composite system based chitosan and
1-butyl-3-methylimidazolium tetrafluoroborate. Howves, sensitivity, stability and
reproducibility for the electrochemical biosensofgedox electroactive proteins and
enzymes need to improve. In addition, we expecbtustruct a wide range of sensing

interface by exploiting a variety of functions oatarials.

Recently, Metal-organic Frameworks (MOFs), contitiby a three dimensional
array of metal ions or metal clusters connecteditpg bi- or multipodal organic
linkers ©, have developed rapidly with fantastic potentigplacations covering
different areas including energy, environment, maltend biology’®. Base on the
properties of these materials such as high spesifitace areas, porosity, structural
diversity, controllable synthesis, rich metal aetigite and flexibility of the pore
size/wall modification, several research groupstafieg to apply MOFs as electrode
materials to develop electrochemical methods widih Isensitivity and selectivity for
efficiently detecting trace amount of biologicatblated compound¥*?.

Most of MOF modified electrodes as sensors are cdasethe post-modified
method such as linking -N+br -SH functional groups and doping other dop&nté!
For instance, Vasiliki Lykourinou et al'*® demonstrated the successful
immobilization and characterization of microperasd-11 (MP-11) into a
mesoporous MOF, resulting that MP-11@mesoMOF etddbsuperior enzymatic
catalysis performances compared to the mesopoiees unterpart. Hadi Hosseini

(16]

et al. prepared SH-Si©by the hydrolysis of 3 - (trimethylsilyl) - 1 -pogl

mercaptan on the surface of the Si@anoparticles, Au-SH-SK@®Cu-MOF was



66

67

68

69

70

71

72

73

74

75

76

77

78

79

80

81

82

83

84

85

86

87

subsequently prepared by the reaction of trimesid, &H-SiQ with Cu(NG),, and
the adsorption of gold nanoparticles. The eleceoubal sensor for the determination
of L-cysteine based on Au-SH-SI@Cu-MOF showed a stronger electrocatalytic
oxidation activity to L - cysteine, with a detectibmit of 0.008uM.

It is noteworthy that the conjugate structure adshlicylic acid (TSA) makes it
full of delocalized electrons, Zn-TSA may accelertite interfacial electron transfer.
At the same time, the existence of carboxyl andl tipioups in the TSA is beneficial
for the immobilization of proteins/enzyme. In adulit, the Ag nanoparticles have
shown some advantages such as enhancement of ntasdeatron transport, high
effective surface area, high conductivity and sgpigcimprovement of nano diamond
graphite (NDG) dispersion in the solvent due toédiment of NDG aggregatidh’.
Saeed Shahrokhian et &f' prepared Ag nanoparticles decorated NDG modified
electrode for voltammetric determination of cefkizne, and the prepared modified
electrode has some remarkable electrochemical grepesuch as high sensitivity,
excellent repeatability and reproducibility and determ stability. It should be noted
that, the excellent biocompatibility and interfac®minated properties of Ag
nanostructures have stimulated an increasing sttene designing novel and
high-performance electrochemical biosensing devigesAll the above provide a
basis for the research of electrochemical sen8tiith this in mind, we prepared a
new composite material, which has good electrocbainperformance due to the

synergistic effect of silver and Zn-TSA.

Herein, a novel multi-function Metal-Organic FranmWw composite
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(Ag@Zn-TSA) was synthesized by Microwave and Chami@duction method.
Myoglobin (Mb)/Glucose Oxidase (GOx) were incorgechwithin Ag@Zn-TSA and
ionic liquid 1-ethyl-3-methylimidazolium tetrafluoborate ([BMIm]BR) composite
films to fabricate modified carbon paste electrd@PE). The composition and
morphology of Ag@Zn-TSA composite and modified &ledes were investigated by
Fourier transform infrared spectrometry (FT-IR), Migible spectroscopy (UV-vis),
Scanning electron microscopy (SEM), Energy Dispersspectrometer (EDS), and
X-ray diffraction (XRD). Furthermore, the propedief the electrochemical sensor
were discussed by cyclic voltammetry (CV) and etmdtemical impedance
spectroscopy (EIS). Furthermore, electrochemical talgigc  ability  of
Mb/Ag@Zn-TSA/IL-CPE and GOx/ Ag@Zn-TSA/IL-CPE to dnpgen peroxide

(H20,), sodium nitrite (NaN@ and glucose were also investigated.

2. Experimental

2.1 Reagents and appar atus

Glucose oxidase (GOx, MW 15 0000) was purchased #taddin Reagent co.,
LTD, Bovine myoglobin (Mb, MW 17 800) was purchasesm Sigma Chemical Co.,
H.O, was purchased from Aladdin Reagent co., LTD. (G3ecwas purchased from
Aladdin  Reagent co., LTD. 1-butyl-3-methylimidazoh tetrafluoroborate
[BMIm]BF4 (IL) was purchased from Hangzhou Chemer Chemicalted Company.
All the chemicals were of analytical reagent graaled used without further

purification.
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Metal-Organic Frameworks composite (Ag@Zn-TSA) waalyzed by scanning
electron microscopy (SEM; QUANTAG50F, American). WM spectra were recorded
on a Nicolet Evolution 300 spectrophotometer inM.PBS and the IR spectra (KBr)
were recorded on an IR-spectrometer FTIR-21 Shimadzroom temperature. The
X-ray diffraction (XRD) measurements were carriad on the D8-Advance X-ray

diffractometer using monochromatic Cw Kadiation.

2.2 The synthesis of Zn-TSA and Ag@Zn-TSA framework composite

The synthesis process of Zn-TSA based on the referené8. The detail
description of this part wagescribed inthe supplementary material. The schematic
diagram of the procedure to synthesize Zn-TSA argl@Zn-TSA framework

composite was shown in Scheme 1.

Scheme 1. here

2.3 Preparation of the Modified Electrode

The Mb modified electrode was prepared accordingpécfollowing procedures:
5.0 mg Ag@Zn-TSA, 5.0 mg Mb and 10 pL IL ([BMIm]BFwere dispersed into 1
mL anhydrous ethanol, 1.0 mL 0.1 M pH 7.0 PBS affdmlL 0.1 M pH 7.0 PBS by
ultrasonic agitation, respectively. Firstub of Ag@Zn-TSA solution (5.0 mg-mit)
was casted onto the surface of a freshly polishe& @ obtain Ag@Zn-TSA-CPE,
which was dried at room temperature to form a stalfilm. Second,
Mb/Ag@Zn-TSA/IL-CPE was prepared by castingl5Mb solution (5 mg-mL) and

5 uL IL onto the Ag@Zn-TSA-CPE, respectively, whichsxsubsequently evaporated

6
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in a refrigerator at 41 to form a stable film. Finally, the modified elemie was
rinsed twice or thrice with doubly distilled water remove the unimmobilized Mb
molecules. It's noteworthy that the electrode ndedse activated in 0.1 M PBS (pH
7.0) solution bycyclic voltammetry (CV) until a stable blank bac&gnd was
obtained in the potential range from -0.8 V to ¥.@t a scan rate of 100 mV:sThe
enzyme electrodes were stored in 0.1 M pH 7.0 RBS ain a refrigerator when not
in use.

The fabrication of the GOx modified electrode (GAy®@Zn-TSA/IL-CPE) was

similar to that of Mb/Ag@Zn-TSA/IL-CPE.
2.4 Electrochemical Measurements
The detail description of this part was descrilrethe supplementary material.

3. Results and discussion

3.1 Characterization of Ag@Zn-TSA
Fig. 1. here

The important functional groups information of th@mpound can be
investigated by Fourier transform infrared specopy (FT-IR).Fig. 1A displays the
FT-IR spectroscopy of Zn-TSA and TSA, respectiva@lge absorption peak at 3400
cm® was attributed to the absorption of -OH, meanwhile absorption peak at
around 1700 chhwas due to the absorption of C=0 in Zn-TSA anthinligand TSA.

The absorption peak at 2500 ¢HTSA curve) was result from the -SH in the TSA,
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while the absorption peak at 2500 tifZn-TSA curve) disappeared, indicating that
the -SH participated in the coordination with Znemththe frame structure formed. At
the same time, the absorption peak at 460 @n-TSA curve) was the characteristic
absorption peak of Zn-O, indicating that the -COOGHTSA was involved in the
coordination with Zn, and the absorption peak ofappeared at 724 erf'. It is
concluded that the -SH and -COOH in the TSA sinmdtasly participated in

the coordination with Zn when the frame structunarfed.

The powder X-ray diffraction (XRD) pattern shown kig. 1B was used to
confirm the phase structure of the Ag particle #@mel Zn-TSA of the Ag@Zn-TSA
samples prepared in this work. The intensive pgaB26°, 44.47°, 64.71°, 77.74°,
81.91°) appeared at small angles are characteristics of Ag particle, which ia
accordance with silver standard card (PDF# 04-Q7Bf@licating the Ag particles
were successfully composited with Zn-TSA by cheinregluction method at room
temperaturé®®. In addition, the other intensive peaks (31.88248°, 34.61°, 36.42°,
47.75°, 56.81°, 59.67°, 62.99°, 68.13°) appearesivedtil 2 angles are characteristics

of Zn-TSA, which are coincident with previously pished result&>!.

The morphology of as-prepared Zn-TSA and Ag@Zn-T8&e characterized
by field emission scanning electron microscopy HM). As shown irFig. 1C, it
can be seen that Zn-TS81) was composed of regularly cuboid-like or flakehné
relatively loose structure, and cascading intordegevith length around 1 um, and the
particle size of Zn-TSA in the range of 0.5-11 pwihile the Ag@Zn-TSA C2)

presented a relatively uniform particles with noviolns agglomeration, and the

8
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material was well-dispersed with an average sizaiab00 nm, which also suggested

that Ag particles were composited with Zn-TSA ssstelly.

In order to confirm whether the Ag particles wemmposited with Zn-TSA,
Energy Dispersive Spectrometer (EDS) measuremeet® wsed to analyze the
elemental composition of the composite. As shownFig. 1D, Ag@Zn-TSA
composite contains 11.72%, 16.48%, 2.12%, 61.69&07a99% of C, O, S, Zn and
Ag, respectively, indicating that Ag particles weseiccessfully combined with

Zn-TSA and formed functional Ag@Zn-TSA patrticles.
3.2 Characterization of the Electrodes Modified by Zn-TSA and Ag@Zn-TSA

Modified electrodes of Zn-TSA and Ag@Zn-TSA werevestigated by
UV-visible spectroscopy (UV-vis) and Scanning alecstmicroscopy (SEM), which
indicating that the Ag@Zn-TSA with good biocompdiifp and protein/enzyme was
successfully immobilized on the surface of the ulyiteg electrode. The detail

description of this part was shown in the supplaargmmaterial.
3.3 Electrochemical performance of Ag@Zn-TSA
Fig.2. here

Electrochemical impedance spectrum (EIS) can eéfiegt provide impedance
change information in the process of modifying be surface of electrod&”, which
were carried out in 5.0 mM Je(CN)}/K4Fe(CN) (1:1) containing 0.1 M KCI, as

shown inFig. 2. Electronic transfer resistandg.f can be determined by calculating
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the diameter of the high-frequency semicircle ia Myquist curvé®!. It could be
observed that theR.; of Ag@Zn-TSA-CPE [ig. 2A) was smallest, suggesting
Ag@Zn-MOF played the role of electron channel. Raeof the modified electrodes
obviously increased to 3500 ohm when Mb was imnwddl on the
Ag@Zn-TSA-CPE. It was because that dielectric baraef enzyme molecules
would result in a higher barrier for interfaciaketron transfer, confirming that Mb
had been successfully immobilized on the surfacAg@®zZn-TSA-CPE and blocked
the electron exchange between the redox probeheneléctrode. Obviously, the high
conductive BmimBr (IL) contributed to a low&; of Mb/Ag@Zn-TSA/IL-CPE. In
the meantime, the film of IL formed could wrap m@ios and prevent them fall off. An
analogous result also appeared to b&igq 2B, confirming that protein/enzyme had
been successfully immobilized on the surface of Zgp@ SA-CPE. As shown in
Fig.2B, the Ry of Ag@Zn-TSA-CPE was obviously smaller than thaZofTSA-CPE,
suggesting that Ag accelerated the electron transtso indicated that Ag@Zn-TSA
was successfully synthesized, which was consisteuith its morphology

characterization.
3.4 Direct Electrochemistry of the Mb/GOx Modified Electrodes
Fig. 3. here

As shown inFig. 3, the electrochemical behaviors of different Mb gB&@x
modified electrodes were characterized by cyclitawvometry (CVs) in 0.1 M PBS

(pH 7.0) at a scan rate of 0.1 VAs Compared to CPE, Mb/IL-CPE and

10
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Mb/Zn-TSA/IL-CPE, the CVs data demonstrated that Mb/Ag@Zn-TSA/IL-CPE
(Fig.3A-d, Fig.3B-d") in our experimental condit®mwas best to the direct electron
transfer of Mb/GOx.Apparently, a pair of stable and well-defined redosaks
appeared with good reversibilities, and its peakeru value increased significantly,
indicating that Ag@Zn-TSA can effectiveljnmobilize Mb/GOx and facilitate the
direct electron transfer between Mb/GOx and undtgglglectrode. The Zn-TSA with
large specific surface area, high porosity, goosogation performance can absorb
more protein molecules, and the existence of catbamxd thiol groups in the TSA
itself is beneficial for the immobilization of pehs/enzyme. On the other hand,
synergistic effect of silver and the conjugate cite of TSA with delocalized
electrons make it exhibit an excellent conductivityhich can accelerate the

interfacial electron transfer.
3.5 The kinetic parameters
Fig. 4. here

The CVs of Mb/Ag@Zn-TSA/IL-CPE and GOx/Ag@Zn-TSAHALPE at
different scan rates were shown kig. 4, respectively. As shown ifig. 4A and
Fig.4B, the anodic and cathodic peak currents increas#d the increase of scan
rates from 0.02 to 1.00 V's and the oxidation peaks shifted to more positive
potentials and the reduction peaks shifted to moesative potentials. For
Mb/Ag@Zn-TSA/IL-CPE, the peak currenfig) were proportional to the square root

of the scan ratevt?) (ip=—2.933/"°+16.386 R=0.9966),i,=2.672"°—1.203

11
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(R=0.9996) ). The anodic and cathodic peak currerieased linearly with the scan
rates ¢) in the range of 0.15~0.5V45(ip,a=—0.0846/—6.611 R=0.9983),
ip,=0.0798% + 22.467 R=0.9946) ). For GOx/Ag@Zn-TSA/IL-CPE, the peak
currents i,) were proportional to the (i, =63.73/+9.51 (R=0.9971)i, =—74.54/
—2.865R=0.9962) ). The anodic and cathodic peak curreet®\groportional to the
V2 in the range of 0.4 ~ 1.0 V's(i, =—107.789"434.033 R=0.9991),i, =
90.262°—20.445 R=0.9997) ), suggesting that the electrochemicaitieas of the
modified electrode Mb/Ag@Zn-TSA/IL-CPE and GOx/Ag@ZSA/IL-CPE were
both surface-controlled process whose surface iogactvere accompanied by the
adsorption process with the scan rates in the raige.15 ~ 0.5 V-8 and the

diffusion process at high scan rafes

For a surface-controlled process, integration afuction peaks gave nearly
constant charge (Q) value with different scan ralég average surface coverafj®) (
of electroactive Mb/GOx on the modified electrodaswestimated at slow scan rates
according to the Faraday's I&# Q= nFA™*. Where Q is the charge involved in the
reaction, n is electron transfer number, F is Fayadconstant, and A is the effective
surface area of electrode. The number of electramsterred for Mb is 1 and 2 for
GOx, the value of * were calculated as 1.528x1M-cmi? and 1.737x18'M. cm
for Mb/Ag@Zn-TSA/IL-CPE and GOx/Ag@Zn-TSA/IL-CPE,espectively. The
results above suggested that Mb/GOx can be imnzelilinto the Ag@Zn-TSA/IL
composite film and the Ag@Zn-TSA composite with dobiocompatibility can

provide a suitable microenvironment for the immiaiition of Mb/GOXx.

12



256 The oxidation peak potentials at Mb/Ag@Zn-TSA/ILEP and
257 GOx/Ag@Zn-TSA/IL-CPE both slightly shifted to theogitive direction and the
258 reduction peak potentials to the negative directitth the increase of the scan rates.

259 For the surface-controlled progress, Laviron's Eigue?® could be expressed as

260 follows:
Epa= E” +RTInv/ (1-a)nF (1)
Epc=E” —RTInv/ anF )
logks = alog(1-a) +(1-a)loga—Ilog(RT/NFVv) — (1-a)anFAEL/2.3RT 3)

261 Wherea is the electron transfer coefficient, n is the bemof electron transfer,

262 F is Faraday's constarksis the heterogeneous electron transfer rate canstan
263 shown inFig. 4A', the peak potentials had a linear relationsiighe Inv in the range
264 of 0.45-1.00V-s® with the equations ak, ~0.0778Iv—0.635 R=0.9935) and
265 E;~=—0.1002Irv—0.1001 R=0.9847) ). As shown iifrig. 4B', the peak potentials
266 had a linear relationshiys. the Inv in the range of 0.36 1.00V-$" with the equations
267 as E,~0.0289Iv—0.4304 R=0.9946) E, =—0.0367Iv—0.5733 R=0.9952) ). The
268 values of electron transfer coefficient) (and the apparent heterogeneous electron
269 transfer rate constanks were estimated as 0.48 and 2.05 8.58 and 2.45 Sfor
270  Mb/Ag@Zn-TSA/IL-CPE and GOx/Ag@Zn-TSA/IL-CPE, respigely. The largeks
271 value showed that the electron shuttling betweeéoxective sites of Mb/GOx and
272 the underlying electrode surface was faster in AQ@3A/IL-CPE, which could be

273 ascribed to the high conductivity of the Ag@Zn-T&A¢omposite film.
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3.6 Electrocatal ytic activity of Mb/GOx modified electrodes

Fig. 5.here

As shown inFig. 5, the catalytic behavior of the modified electrodeswa
investigated by cyclic voltammetry (CVs) and ampeetric current-time response
curves, respectivel¥ig. 5A andFig. 5B were the CVs of Mb/Ag@Zn-TSA/IL-CPE
at different concentrations of,8,and NQ’, respectively. When ¥, was added to
the 0.1 M pH 7.0 PBS at scan rate 100 mya increase in reduction peak at about
-0.35 V was observed with the disappearance obxiation peak for Mb Fe(ll). The
reduction peak current increased with the increaseoncentration of kD, in
solution. When N@ was added to the 0.1 M pH 7.0 PBS at scan ratard@&", an
increase in oxidation peak at about 0.8 V was ofeserThe oxidation peak current
increased with the increase of concentration ot Ni©solution, which indicated that
the modified electrode had an obvious catalytieafbn HO,and NQ'. Fig. 5C was
the CVs of GOX/Ag@Zn-TSA/IL-CPE in an,Maturated phosphate buffer solution
(0.1 M, pH = 7.0) containing different concentrasoof glucose. It is clearly seen that
the redox peak currents decreased with the increlagkicose concentration, which
was the typical trend for glucose oxidase catalyzjlucose, indicating that the GOx
modified electrode had an obvious catalytic effeat glucose.We can draw a
conclusion that the Mb/GOx on the Ag@Zn-TSA/IL-CR&d an obvious catalysis to

H.O,, NO, and glucose from the CV graphs.

We further studied in more detail the amperometuigent-time response curves

14
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of the two kinds of modified electrodes. Amperontetresponse of the
Mb/Ag@Zn-TSA/IL-CPE to successive addition of®3 in 0.1 M pH 7.0 PBS was
given in Fig. 5A'. It was observed that rapid response and sharpase of
Mb/Ag@Zn-TSA/IL-CPE were observed when® was added to the PBS at -0.35 V
with the steady-state current obtained within Bte corresponding calibration curve
is presenteth the inset of Fig. 5A'with a linear detection range (LDR) of 0.3 -20000
uM. And the linear regression equationi{gA)=0.0012¢(uM) +4.448 R=0.9917)
with a low detection limit of 0.08M (S/N = 3) and a sensitivity of 1.27A-mM™.
Fig. 5B' displayed the amperometric response of the Mb/Ag@3A/IL-CPE upon
successive addition of NaNQo 0.1 M pH 7.0 PBS at 0.8 V under stirring. The
biosensor exhibited a very rapid and sensitive aesp to the changes of NO
concentration, the steady-state current being eshoh5 s. Under these conditions, a
calibration graph was constructed for N@nset in Fig. 5B’), with two linear ranges
of 1.3uM -1660uM and 2262uM -133000uM and a low detection limit of 0.pM.
Two linear ranges were obtained and the fittinggsgion equations were given as
follows: i(uA) = -0.0011t(uM) + 1.855 R=0.976),i(LA) = -0.0001855(uM) +
21.321 R=0.985). Fig. 5C' showed a typical current-time plot of our newly
developed biosensors on a successive addition aotogé under optimized
experimental conditions. The response current \a&sed quickly and steeply to a
stable value when glucose was added into thergjilsuffer solution. The response
current increased linearly with an increase of ghgcconcentration and gradually

reached a saturation value at a high glucose ctratiom ( seenset in Fig. 5C),
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which suggested that the active sites of enzymts uvere saturated at those glucose
levels. In addition, the linear range of the caltion for the glucose response was 2.0
HM~1022 uM with a correlation coefficient of 0.986d a low detection limit of 0.8
uM (S/N = 3). Compared with other modified electredésted in Table 1, the
modified electrode we prepared had wider lineageaand lower detection limit,
indicating that the immobilized Mb/GOx in Ag@Zn-T8KA composite film possess
higher enzymatic activity, and the proposed eledsoexhibit a high affinity for Do,

NO, and glucose.

Table 1. here

3.7 Interference experiment

Fig. 6. here

The specificity of the Mb/Ag@Zn-TSA/IL-CPE was ewated at 0.8 V and the
GOx/Ag@Zn-TSA/IL-CPE was evaluated at -0.45 V, exgjvely, by observing the
effect of ascorbic acid (AA), glucose and uric ai#h) on the current value, as
shown inFig. 6. The current signal of Mb/Ag@Zn-TSA/IL-CREIig. 6A) showed no
change in current after the addition of AA (10 pMlycose (10 uM) and UA (10 uM)
in the presence of 50 uM NCat intervals between 300 and 350 s, which showed a
high selectivity for a N@ substrate. For the amperometric measurement of
GOx/Ag@Zn-TSA/IL-CPE, at an applied potential of.4® V (Fig. 6B), the
GOx/Ag@Zn-TSA/IL-CPE showed no change in currem¢rafhe addition of AA (5

uM), NO, (5 pM) and UA (5 uM)n the presence of 50 uM glucose at intervals
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between 750 and 950 s, which showed a high selgctor a glucose substrate.

3.8 Real samples analysis

To further investigate the potential applicatiortiod sensor for practical analysis,
the sensors were used to test the recovery ofreliffeconcentrations of 4@, and
glucose in human serum samples. Before detectidt,@f and glucose, the human
serum samples were diluted 200 times by 0.1 M pHPBSF®. Recovery studies
were completed by adding standard solution intopd@sn The obtained results were
displayed in Table 2. The results showed that tihepgsed sensor could be
preliminarily applied in the determination of,® and glucose in human serum

samples.

Table 2. here

3.9 Sability and reproducibility of modified el ectrodes

In the range of 0.2 V ~ -0.8 V, the scanning rate0d V-s' was used to
continuous scanning until the cyclic voltammogramswnot significantly changed.
The stability and reproducibility of Mb/Ag@Zn-TSAACPE were investigated by
CVs. The reproducibility of Mb modified electrodeasvshowed by comparing the
response currents of eight modified electrodesdated one time, and the RSD was
5% in 0.1 M pH 7.0 PBS, indicating that the repradility of the modified electrode
was excellent. The as-prepared Mb/Ag@Zn-TSA/IL-Qetained 95% of its initial
response after in 0.1 M PBS (pH 7.0) at for 2 weeks and maintained 83% of its

initial activities after 4 weeks, Likewise, the R®DGOx/Ag@Zn-TSA/IL-CPE was
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4% in 0.1 M pH 7.0 PBS, and GOx modified electrod®mined 87% of its initial
response after in 0.1 M PBS (pH 7.0) & 4or 2 weeks and maintained 78% of its
initial activities after 4 weeks, indicating thaetMb/GOx modified electrode showed

a better stability and reproducibility.

4. Conclusion

A novel multi-function Ag@Zn-TSA was prepared asghly efficient
immobilization matrixes of Mb/GOx for electrochemidiosensing. Spectroscopic
and electrochemical examinations revealed that Ab@Zn-TSA composite was
biocompatible matrix for immobilizing Mb/GOx, whicthowed good stability and
bioactivity. The outcome of this demonstratbet the Ag@Zn-TSA composite could
effectively immobilize Mb/GOx and facilitate theeetron transfer between Mb/GOx
and underlying electrode, as well as had an obviatalytic effect on the small
molecule (NQ, H,O,, glucose). The proposed sensor exhibits wide lireage, high
sensitivity, low detection limit, good stability @meproducibility. Thus, Ag@Zn-TSA
was a kind of ideal material as highly efficientnmobilization matrixes for sensitive
electrochemical biosensing. In addition, the charastics of MOFs composites could
make them as promising materials in constructindgewange of sensing interface, and

extend the scope of applications on electrocherseasors.

Acknowledgments

The authors appreciate the support from the Natidatural Science Foundation
of China (No. 21575111), the Projects in the NatloBcience & Technology (No.

18



380

381

382

383

384

385

386

387

388

389

390

391

392

393

394

395

396

397

398

399

400

2012BAC04B02), the Overall Innovation Project ofeédce & Technology in Shaanxi

Province (No. 2011KTCG03-07).

Appendix A. Supplementary material

Supplementary material related to this article lsariound at http://..

References

[1] S. Ray, S. Chand, Y. B. Zhang, S. Nussbaum, K. dRajar, R. Perera,
Implications of active site orientation in myoglakfior direct electron transfer
and electrocatalysis based on monolayer and myétileovalent immobilization
on gold electrodes, Electrochim. Acta. 99 (2013985

[2] E. Koposova, G. Shumilova, Y. Ermolenko, A. Kisnér, Offenhausser, Y.
Mourzina, Direct electrochemistry of cytc and hygka peroxide biosensing on
oleylamine- and citrate-stabilized gold nanostruesu Sens. Actuators, B. 207
(2015) 1045-1052.

[3] S. Y. Dong, N. Li, T. L. Huang, H. S. Tang, J. Bhehg, Myoglobin
immobilized on Lak doped Ce® and ionic liquid composite film for nitrite
biosensor, Sens. Actuators, B. 173 (2012) 704-709.

[4] Y. X.Piao, D. J. Han, T. S. Seo, Highly conductyraphite nanoparticle based
enzyme biosensor for electrochemical glucose detecBSens. Actuators, B.
194 (2014) 454— 4509.

[5] X.B. Lu, Q. Zhang, L. Zhang, J. H. Li, Direct eiemn transfer of horseradish
peroxidase and its biosensor based on chitosanr@nd temperature ionic

19



401 liquid, Electrochem. Commun. 8 (2006) 874—-878.

402 [6] A. Dhakshinamoorthy, H. Garcia, Metal-organic fravoeks as solid catalysts
403 for the synthesis of nitrogen-containing heteroegclChem. Soc. Rev. 43 (2014)
404 5750-5765.

405 [7] X.H.Liu, J. G. Ma, Z. Niu, G. M. Yang and P. Clge\n Efficient Nanoscale

406 Heterogeneous Catalyst for the Capture and Comvesd Carbon Dioxide at
407 Ambient Pressure, Angew. Chem. Int. Ed. 54(3) (2@B3-991.

408 [8] G. S.Yang, Z. L. Lang, H. Y. Zang, Y. Q. Lan, W. We, X. L. Zhao, L. K.

409 Yan, X. L. Wang and Z. M. Su, Control of interpeaéibn in S-containing
410 metal-organic frameworks for selective separatidntransition metal ions,
411 Chem. Commun. 49(11) (2013) 1088-1090.

412 [9] P. Xu, X. Li, H. Yu and T. Xu, Advanced Nanoporolaterials for
413 Micro-Gravimetric Sensing to Trace-Level Bio/CheatitMolecules, Sensors,
414 14(10) (2014) 19023-19056.

415 [10] X. Wang, X. B. Lu, L. D. Wu and J. P. Chen, 3D niet@anic framework as
416 highly efficient biosensing platform for ultraseinge and rapid detection of
417 bisphenol A, Biosens. Bioelectron. 65 (2015) 295-30

418 [11] W. W. Zhan, Q. Kuang, J. Z. Zhou, X. J. Kong, ZeXand L. S. Zheng,

419 Semiconductor @ metal-organic framework core-sheterostructures: a case
420 of ZnO@ZIF-8 nanorods with selective photoelectssuital response, J. Am.
421 Chem. Soc. 135 (2013) 1926-1933.

422 [12] H. Hosseini, H. Ahmar, A. Dehghani, A. Bagheri, Fadjarodi and A. Fakhari,

20



423

424

425

426

427

428

429

430

431

432

433

434

435

436

437

438

439

440

441

442

443

444

[13]

[14]

[15]

[16]

[17]

A novel electrochemical sensor based on metal-acgdramework for
electro-catalytic oxidation of L-cysteine, BiosenBioelectron. 42 (2013)
426-429.

D. Fernandes, A. S. Barbosa, J. Pires, S. Balul€, Silva and C. Freire, Novel
Composite Material Polyoxovanadate@MIL-101(Cr): Aigidy Efficient
Electrocatalyst for Ascorbic Acid Oxidation, AppMater. Interfaces.5(24)
(2013) 13382-13390.

Y. Wang, H. Ge, Y. C. Wu, G. Q. Ye, H. H. Chen afidY. Hu, Construction
of an electrochemical sensor based on amino-fumalied metal-organic
frameworks for differential pulse anodic strippiagltammetric determination
of lead, Talanta, 129 (2014) 100-105.

V. Lykourinou, Y. Chen, X. S. Wang, L. Meng, T. Hap L. J. Ming, R. L.
Musselman, S. Q. Ma, Immobilization of MP-11 into rmesoporous
metal-organic framework, MP-11@mesoMOF: a new pfaif for enzymatic
catalysis, J. Am. Chem. Soc. 133 (2011) 10382-10385

H. Hosseini, H. Ahmar, A. Dehghani, A. Bagheri,/A.Fakhari, M. M. AminiD,
Au-SH-SIQ  nanoparticles supported on metal-organic  framework
(Au-SH-SIOG@Cu-MOF) as a sensor for electrocatalytic oxidatiand
determination of hydrazine, Electrochim. Acta. 8813) 301-309.

S. Shahrokhian, N. H. Nassab, Nanodiamond Decoratsgtth Silver
Nanoparticles as a Sensitive Film Modifier in a éa Electrochemical Sensor:

Application to Voltammetric Determination of Thideazine, Electroanalysis. 25

21



445 (2013) 417-425.

446 [18] S. Shahrokhian, S. Ranjbar, and M. Ghalkhani, Mcdliion the Electrode

447 Surface by Prepared Ag Nanoparticles Decorated Nam@mond-Graphite
448 Modified Electrode for Voltammetric Determinationf oCeftizoxime,
449 Electroanalysis, 27 (2015) 1-9.

450 [19] Y. Li, H. J. Schluesener, S. Xu, Gold nanopartlzdesed biosensors, Gold Bull.
451 43 (2010) 29-41.

452 [20] X. F. Wu, Z. B. Bao, B. Yuan, J. Wang, Y. Q. Sun, M. Luo, S. G.
453 Deng,Microwave synthesis and characterization ofAvi@ (M = Ni, Mg) for
454 gas separation, Microporous Mesoporous Mater. 26803) 114-122.

455 [21] H. Yang, J. Z. Zhao, L. Z Song, L. C. Shen, Z. Grn¢g/, L. Wang, D. Zhang,
456 Photoluminescent properties of 2ZnS: Mn nanocrystgsepared in
457 inhomogeneous system, Mater. Lett. 57(15) (2008y22291.

458 [22] F. W. T. Goha, Z. L. Liu, X. M. Ge, Y. Zong, G. Du, T. S. A. Hor, Ag
459 nanoparticle-modified Mn@nanorods catalyst for use as an air electrode in
460 zinc-air battery, Electrochim. Acta, 114 (2013) 53381.

461 [23] H. T. Liu, J. S. Zhong, X. J. Liang, J. F. Zhang, V. Xiang, A mild
462 biomolecule-assisted route for preparation of flolee AgBIS, crystals,
463 J. Alloys Compd. 509 (2011) L267-L272.

464 [24] E. Lojou, M. T. Giudici-Orticoni, P. Bianco, Direatlectrochemistry and
465 enzymatic activity of bacterial polyhemic cytochmm incorporated in clay

466 films, J. Electroanal. Chem. 579 (2005) 199-213.

22



467

468

469

470

471

472

473

474

475

476

477

478

479

480

481

482

483

484

485

486

487

488

[25]

[26]

[27]

[28]

[29]

[30]

[31]

E. V. Ivnova, E. Magner, Direct electron transfet lmaemoglobin and
myoglobin in methanol and ethanol at didodecyldmgletmmoniumbromide
modified pyrolytic graphite electrodes, Electroche@ommun. 7 (2005)
323-327.

X. J. Liu, L. B. Shang, Z. Y. Sun, G. X. Li, Dire@lectrochemistry of
hemoglobin in dimethyldioctadecyl ammonium bromidém and its

electrocatalysis to nitric oxide, J. Biochem. Bigph Methods, 62 (2005)
143-151.

Y. Lvov, H. Mohwald, In protein architechture: Infi@cing Molecular
Assemblies and Immobilization Biotechnology, Mardaékker, New York,
(2000) 125-166.

J. F. Rusling, Enzyme bioelectrochemistry in casinembrane-like films, Acc.
Chem. Res. 31 (1998) 363-369.

X. J. Chen, Z. X. Chen, J. W. Zhu, C. B. Xu, W. Y&h Yao, A novel HO,

amperometric biosensor based on gold nanoparisedsioped polyaniline
nanofibers, Biosens. Bioelectron. 82 (2011) 87-94.

F. S. Yardimci, M. Senel, A. Baykal, Amperometrigydnogen peroxide
biosensor based on cobalt ferrite-chitosan nanoositgy Mater. Sci. Eng. C,
32 (2012) 269-275.

K. F. Zhou, Y. H. Zhu, X. L. Yang, J. Luo, C. Z.,L5. R. Luan, A novel
hydrogen peroxide biosensor based on Au-graphere-¢tiRosan

biocomposites, Electrochim. Acta. 55 (2010) 3056680

23



489

490

491

492

493

494

495

496

497

498

499

500

501

502

503

504

505

506

507

508

509

510

[32]

[33]

[34]

[35]

[36]

[37]

[38]

R. Yue, Q. Lu, Y. K. Zhou, A novel nitrite biosemsbased on single-layer
grapheme nanoplatelet-protein composite film, Bigs@ioelectron. 26, (2011)
4436-4441.

W. Sun, X. Q. Li, K. Jiao, Direct Electrochemistogf Myoglobin in a
Nafion-lonic LiquidComposite Film Modified Carbomric Liquid Electrode,
Electroanalysis. 21 (2009) 959-964.

W. Sun, X.Q. Li, P. Qin, K. Jiao, ElectrodepositiohCo nanopariticles on the
carbon ionic liquid electrode as a platform for mhpbin electrochemical
biosensor, J. Phys. Chem. C. 113 (2009) 11294-11300

S. Y. Deng, G. Q. Jian, J. P. Lei, Z. Hu, H. X. Auylucose biosensor based on
direct electrochemistry of glucose oxidase immabii on nitrogen-doped
carbon nanotubes, Biosens. Bioelectron. 25 (2009)3¥7.

N. German, A. Ramanavicius, A. Ramanaviciene, Edebemical deposition of
gold nanoparticles on graphite rod for glucose dngsg, Sens. Actuators, B.
203 (2014) 25-34.

J. H. Li, D. Z. Kuang, Y. L. Feng, F. X. Zhang, K. Liu, Glucose biosensor
based on glucose oxidase immobilized on a nanafdmposed of mesoporous
hydroxyapatite, titanium dioxide, and modified witlulti-walled carbon
nanotubes, Microchim Acta, 176 (2012) 73-80.

J. L. Liu, L. L. Lu, A. Q. Li, J. Tang, S. G. Wan&. Y. Xu, L. Y. Wang,
Simultaneous detection of hydrogen peroxide andagle in human serum with

upconversion luminescence, Biosens. Bioelectror{26&5) 204—-209.

24



Table 1. Comparison with other modified electrodes

Biosensor Detection Detection Reference
range (LM) limit (uM)
Au-SPAN/HRP/GCE KO, 10-2000 1.6 [29]
GCE/Chi/CoFgO/HRP HO, 30-8000 2.0 [30]
AU/GS/HRP/CS HO, 5.0-5130 1.7 [31]
IL/Mb/Ag@Zn-TSA-CPE HO,  0.3-20000 0.15 This work
Nafion/SLGnP-TPA-GOXx NQ 50-2500 10 [32]
Nafion-BMIMPFR/GOXx/CILE NG 100-8400 50 [33]
Nafion/GOx/MWCNTs/CILE N@ 8.0-196 6.0 [34]
IL/Mb/Ag@Zn-TSA-CPE NQ 1.3-133000 0.5 This work
GOXx/CNx-MWNTs glucose 20-1020 10 [35]
GOx/Au-NPs/graphite glucose 100-10000 80 [36]
GOx/Meso-HAP/Meso-TiIggMWCNT  glucose  10-15200 2.0 [37]
IL/IGOX/Ag@Zn-TSA-CPE glucose  2.0-1022 0.8 This work




Tabel 2. Test for recovery of;B, and glucose

Added Determined Recovery RSD
Samples
c/(uM) c/(uM) (%) (%0)
1 100 98.4 98.4 2.6
human serum
2 300 311.3 103.6 4.3
(H20,)
500 512.7 102.4 3.7
1 100 101.2 101.2 3.4
human serum
300 307.2 102.3 4.5

(glucose)
500 503.6 100.6 4.7




Figure Captions
Scheme 1. Schematic diagram of the procedure tdhesize Zn-TSA and

Ag@Zn-TSA

Fig. 1. (A) FT-IR spectra of Zn-TSA material and A;S(B) XRD pattern of
Ag@Zn-TSA composite and silver standard card; (ElSmages of (1) Zn-TSA, (2)

Ag@Zn-TSA; (D) EDS images of Ag@Zn-TSA.

Fig.2. Electrochemical impedance spectra (EIS) &) (Ag@Zn-TSA-CPE,
Mb/Ag@2Zn-TSA-CPE, Mb/Ag@Zn-TSA/IL-CPE (B) Zn-TSA-GP
Ag@Zn-TSA-CPE, GOx/Ag@Zn-TSA-CPE, GOx/Ag@Zn-TSAMPE in 5.0 mM
[Fe(CN)]*™* (1:1) solution containing 0.1 M KCI. Inset showe tEIS of CPE. The
parameters were as follows: frequency range frofl Hz to 16 Hz; initiative

potential, 0.2 V; amplitude, 0.01 V and quiet tiofe2 s.

Fig. 3. (A) Cyclic voltammograms (CVs) of (a) CPHEb)Mb/IL-CPE, (c)
Mb/Zn-TSA/IL-CPE, (d) Mb/Ag@Zn-TSA/IL-CPE. (B) CVf (a) GOx-CPE
(b"YGOX/IL-CPE, (c) GOx/Zn-TSA/IL-CPE, (d) GOx/A&gQZn-TSA/IL-CPE.

Supporting solution: 0.1 M pH 7.0 PBS, scan ra6 mV-s'.



Fig. 4. Cyclic voltammograms (CVs) of (A) Mb/Ag@Z8A/IL-CPE (B)
GOXx/Ag@Zn-TSA/IL-CPE in 0.1M pH 7.0 PBS at variaean rates: 20, 50, 80, 100,
150, 200, 250, 300, 350, 400, 450, 500, 600, 700, 800 and 1000 mV?'sInsets
show the plots of cathodic and anodic peak curresit§a) scan rates and (b) square
root of scan rates; (A") and (B') Linear relatiopsbf redox peak potential (Ep,a and

Ep,c) vs. natural logarithm (Inv).

Fig. 5. Cyclic voltammograms of (A) Mb/Ag@Zn-TSAHCPE, (B)
Mb/Ag@Zn-TSA/IL-CPE, (C) GOx/Ag@Zn-TSA/IL-CPE in TM pH 7.0 PBS
containing different concentration of .8 (a-c: 0~5.00x18 M), NO, (a-d:
0~5.00x10° M), glucose (a-d: 0~2.5xTOM) at scan rate 100 mV*srespectively.
Amperometric current-time response curves of (AD/My@Zn-TSA/IL-CPE, (B")
Mb/Ag@Zn-TSA/IL-CPE, (C') GOx/Ag@Zn-TSA/IL-CPE upauccessive addition
of H,O,, NO,, glucose into pH 7.0 PBS solution, respectivelpphed potential:
-0.35V (A), 0.8 V (B"), -0.45 V (C". Inset: chfiation curve of steady-state currents
vs. HO, NO, and glucose concentration at Mb/Ag@Zn-TSA/IL-CPE,

Mb/Ag@2Zn-TSA/IL-CPE and GOx/Ag@Zn-TSA/IL-CPE, respigely.



Fig. 6. (A) Amperometric current-time response esnof Mb/Ag@Zn-TSA/IL-CPE
upon successive addition of 25 uM NO10 uM ascorbic acid, 10 uM glucose, 10
MM uric acid into pH 7.0 PBS solution at a detattipotential of 0.8 V. (B)
Amperometric current-time response curves of GO@Xm-TSA/IL-CPE upon
successive addition of 25 uM glucose, 5.0 uM ascabid, 5.0 uM N@, 5.0 uM

uric acid into pH 7.0 PBS solution at a detectioteptial of -0.45 V.
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Highlights
1. Novel Ag@Zn-TSA was used as highly efficient immobilization matrixes of
Mb/glucose.
2. We exploited multi-function MOFs for a wide range of electrocatalytic sensing
interface.
3. The proposed biosensors had an excellent catalytic effect on the small molecule

(NO2', H20, glucose).



