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In this work, glucose oxidase (GOD) and horseradish peroxidase (HRP)cerassembled onto
carbon nanotubes (CNTs) modified glassy carbon electrode (GCE) to prepare a rervainie
electrode. The electrocatalytic performance and electronféranf GCE/CNTs/GOBDHRP were
explored byCyclic voltammetry (CV) The U\-vis absorption spectroscopy showed that the HRP and
GOD formed goroteincomplex and theistructurewas well kept. The CVs results also showed that
the CNTs enhanced the immobilizati of GODHRP andfacilitated the electron transfer. GOD's
biological activity was well kept due to the biocompatible microenvironment provided by the
surrounding HRPThe effects of electrolyte pH and scan rate on the catalytic performance of the bi
enzyme were investigated The GCE/CNTS/GOEHRP electrode is used to construch a
electrochemicaglucosesensor.The sensor showed satisfactory results with a wide linear range from
0.022 to 7.0 mM, a high sensitivity 6f. 1 4 &' 8m?naMl a low detection Imi t oThea ¢ M.
prepared sensor also display advantages of good selectivity, high repeatability and reproducibility, and
relatively high stability.

Keywords: Glucose oxidaseéHorseradish peroxidas€arbon nanotubeslucose; Electrochemical
biosersor.

1. INTRODUCTION

Quantitative determination of glucose concentration is very important in clinical analysis, food
industry, environmental analysis and biological anal{&]s Glucose oxidase (GODgs one of the
most popular enzymes in biological researbhs been widely applied taonstruction of
electrochemich glucosebiosensor[2-4]. GOD, as a kind of enzymes able tospecially catalye
oxidation glucosénto glucose acid5]. During the catalytiqorocess, @asanessential ractant will be
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reduced intdH,0,. Therefore, Qand HO, are usually used for the quantitative detectibrglucose
[6]. Mostof the glucose biosenssrbased oD, limits the detection of largeoncentration of glucose
because of the great ©@onsumptior{7].

According to previous resultg8-10], the horseradish peroxidaselRP) can catalye the
oxidation ofH,O, into O, in the disproportionation reactiorso the HRP and GODwere constructed
into thebi-enzyme interfacéor constructing electrochemical glucose biosendtiisen the glucose is
oxidized by GOD the disproportionate reaah of H,O, catalyzed byHRP could produce @to partly
replenish the consumption @f, so thatreduce the consumption o, demove the kD, at the same
time and protectthe activity of enzymeAs a result,a high concentration of glucose can also be
sengive and accurate detection based on thernzyme biological sensor has been reportetthat
glucose sensaonstructed bysOD and HRP has superior performantiee biggest bright spot is the
application of catalytic principle of cascallased orthe signal amplification step by step so as to
improve the sensitivity of biosensor. These results have inspired us with GOD andi{dRB/me
modified electrode to construct the excellent performantéprfotein biosensdrl1,12].

In recent years, the direct electron trangfeET) of redox enzyme electroderaused the
interest of many researchdrk3]. However, GOD'sedox center- FAD buried deep inside the thick
protein shellto hinder the electronic tramsssionbetweenGOD and the electrode surface, whuwti
affect the GOD in the application of enzyme sendeF16]. Many effortshave been pubn the
enhancement #&fct of the electron transfer between the electrode sugadgrotein[17-19]. For
example theintroduction ofnanomaterialss becoming more and more populeause of the good
conductivity of nanomaterials, the speaahometer structure, high catalytic activity, more actives site
on the surfacend good adsorptioand so onln recent years, mangesearchersake advantage of
nanometer materials tmmobilize GOD ontothe electrode surface to construct the glucose biosensor.
Many GOD biological sensors based on nanomatewal® also developed based on tH2ET of
GOD. Carbon nanotubes (CNT$20-23] hasthe unique mechanical strength, high specific surface
area and fast electron transfer effect and chemical staBiigfCNTs modified electrodeannot only
improve the electron transfer speeat also serveas a good catgst for the reduction of @ which
makes the CNTs are widely used in the construction of biological electrochemical sensor.

In this work, the CNTsvereassemblednto the surface of the glassy carbon electri@&€E),
and then used fdhe construction o new type ofbi-enzyme biological interfacef GOD and HRP
complexes The experimental results show that thieenzyme interfacesuccessfullyachievel the
direct electrochemistry d&OD. The asprepared electrode could be used to detect glucose based on
the consumption of @ The novel glucose sensor exhibited wide linear range from 0.022 to 7.0 mM.
Thus, this study not only successfully achieved direct electron transfer of GOD, but also constructed a
novelbiosensor for glucose detection.

2. EXPERIMENTAL

2.1. Matrials

GOD (EC 1.1.3.4, 140 U m}Y, HRP (EC 1.11.1.7250 U md ') and Nafion(5 wt.%) were
purchased from SigmaAldrich. Glucose was purchased from Tianjin Chemical Reagent factory
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(Tianjin, China). CNTs were purchased from Cheap TubesOtizer eagentswere obtainedrom
Beijing ChemicalReagentFactory (Beijing, China) andiereof analytical reagent grad&he solution
was stored in aefrigerator 4 °C) prior to use.Phosphate buffer solution (PBS) was obtained by
mixing 0.2 M NaHPQ, and 0.2 MNaHPQO,. The GOD solutiong@5 €M) and HRP solutiorf2 50 ) € M
were preparedoy dissolving GODand HRPin 0.2 M PBS (pH 7.0) and stored at 4 %l reagents
were usedas receivedAll solutions were prepared with ultpure waterproduced bya Millipore-Q
System (1%.2 Mq cm

2.2 Preparation of the GCE/CNTSs electrode

Firstly, the GCE was firstarefullypolished with1 . 0 ¢ m aaludchinaGlurd/enifelt pads
and then washed ultrasonically uttrapurewater and ethanol fat minutes, respectivelyAfter that,
10 @NTssolution(l mg nL'!) wastransferred onto polished GCE surfamed dried at £C to
obtain theGCE/CNTSs.Briefly, CNTs were dispersed iwater by an ultrasonication instrument to
achieve mixtureAfter being died, the resulting electrode wagashedby ultrapure waer to remove
thoseweakly bound molecules, and carefully igigy with nitrogen.

2.3 Fabrication of theGCE/CNTs/GOBHRP modifiedelectrode

The GCE/CNTs/GOEHRP modified electrodevere prepared by first dropping &l of the
mixed protein mixture which ewist of 4eL of 65 eM GOD and 1¢L of 250 eM HRP onto the
surface of the GCE/CNTs electrodeand then drie
dropped onto the GCE/CNTs/GEAHRP surface and subsequently dried at 4 °C forRuhit in the
refrigeratorand storecat 4°C for further use. Th&CE/CNTs/GOBHRP was successfully obtained
and its preparation process as shown irHpel.

0
—

GCE/CNTs GCE/CNTs/GOD-HRP
nafion # CNTs

HRP GOD

Figure 1. Schematic illustrating preparation process of the GCE/CNTSAGBB.
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2.4 Instruments

All electrochemical experiment&as operatedn CHI750D electrochemical workstatiq@CH
Instruments, China)in the present workwe usea platinum electrode as auxiliary electrode,
saturated calomel electrode (SCE) as the reference ele@mnuteare or decoratd glassy carbon
electrode (GCE) as working electrotteconsists oftte traditional system of three electrod€gclic
voltammetry (CV)were performed in 10.0 mL 0.2 M PBS (pH=7.0) solution at room temperature.
Electrolyte solutions wergourgedwith high puity nitrogenbefore startingexperimentsand nitrogen
atmosphere was kept over the solution during measurenitesction of glucosavas carried out by
usingCV in O,-saturated PBS (pH 7.@plution. SEM images of CNTs/GCE were obtained using a
HITACHI S-3400N scanning electron microscope (SEM) at an accelerating voltage of 18/k¥s
spectra were obtainexh a Lambda 35 UWis spectrometer.

3.RESULTS AND DISCUSSION

3.1 Interaction between HRP and GOD

UV-vis spectroscopy is a kind of technologiged for characterization of the interaction
between proteins and other substansgh asprotein conformation chaeg In this work, the
interaction betweerGOD and HRPin 0.2 M PBS (pH 7.0)solution was studied byJV-vis
spectroscopy. Asan be seen fromfig. S1 (EST), GODhasan obvious characteristic absorption peak
at 276 nmandthe HRP showed characteristic absorption peak an#®3rhe position and shape of
adsorption bands are almost the same as those reported in previou$2dt@8l; After the two
proteins were mixed, The position and shape of absorption bar@lar{@ 4@ nm) for GOD andHRP
after covalent immobilization are almost the same as those ofifR@eand GOD ir0.2 M PBS (pH
7.0) solution, suggesting that the native structuresH&P and GOD do not change during the
immobilization process. This results showed that the HRP and GOD formed a complex and their
bioactivity was well kept. Apart from that, It is reported thatifeelectric poinbof GOD is about 4.8
[26], and thesoelectric poinbf HRP isabout 7.427].S0, in the solution of pH 7.0, GODMasnegative
chargs on the surface, HRMas positive charge on the surfacenegatively charged GO and
positively chargedHRP could combine through electrostatic interaction to form a positively charged
complex The resultsonfirmedsuccessful construon of the GOD HRP bi-protein.

3.2 Characterization oENTSGCE

The pattern of CNTs/GCE wasvestigatedby SEM. As shown inFig. S2 (ESI), due to the
strong varder Waals force between CNTs and CNiasge length to diameter ratio and single span of
his defectstheCNTs tend to integratbeam. A€an be seen fromig. S2 (EST), theCNTsare tubudr
structure, intertwined with each othen GCE surfaceSinceits specific surface area is large ahé
electron transfer abilitys good the CNTs can be used as a kind of very good enzyme cpgztier
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More detailed information can be obtained from further magnified SEM images GNTg we also
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can clearly see that CNTs exhibit a root of the filamentous morphology and ugifamch compady

wrapped around togethéfrhe specific surface area of CNTs is very ldogeause ofhis morphology,
which provides a good environment for B®D-HRP complex. Besides, tanalsopromote effective

electron transfer between GOD and the elecf@té3].

3.3 Electrochemical behaviors of the GCE/CNTs/GARP

Fig. 2A showed the Cyclic Voltammogrars (CVs) of variousmodified electrodes in a 0.2 M
nitrogen saturated PBS (pH7) at a scan rate of 100 m¥*. As showm in Fig. 2A, obvious
electrochemicalredox peak of the bare GCE electrode ar@CE/CNTsi n
observedWhile, a reduction peak at abotft.450 V and an oxidation peak-@t509V appeared at the
GCE/CNTs/GODHRP electrode. The peak resulted from the DET process betwaé&n and

the PBS

GCE/CNTs/GODBHRP electrode The peakto-peak potential separatiorgp = Epa- Epc)is 59 mV,

showing that the GODrealizeda fast electron transfer processhe electrod¢28,29]. It is because the
HRPitself is also a kind of common electron transfer proteind HRP wrapped around the G@Da
certain extent can promote electron transfer between GOD and the elettredsby the redoxpeak
currentwas enhanced arg p was reducedFrom what has been shown, we cantbe¢ the modified
electrode electrochemical behavior associated with the preparation of elediedgood electron
transport material CNTs played amportantrole in promotingdirect electrochemistrgf GOD. At the
same timethe CNTs is a good support material and biocompatible mateaiadscan load a large
numberof GOD molecules and keep its activity the CNTsplayed a positive role on the electronic
transferof GOD.
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Figure 2. (A) CVs of the GCE (a) GCE/CNTs (b) and GCE/CNTs/GABP (c) in 0.2 M M

saturated PBS (pH 7.0). The scan rate is 100 YB3CVs of the GCE (a)GCE/CNTSs (b) and

GCE/CNTs/GPBHRP (c) in0.1M KCI solution contalnlng<3[Fe(CN)5]/K4[Fe(CN)5] with

concentration of 5.M, The scan rate is 100 mV's
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The electron transfer behavior of the GCE/CNTs/GIRP electrode was evaluatbg CVin
0.1M KCI solution containing 5.6hM K3[Fe(CN)]/K 4[Fe(CN)] under scan rate of 100 mV'sAs
shown inFig. 2B, the peak current increased significantly at the GCE/CNTs electrode as compared
with the bare GCE electrode because the CNTs loadedeo@CE enlarged its specific surface area
greatly. Furthermore, the pe@icpeak potential separation of GCE/CNTs electrode was estrange to
that bare GCE electrode, indicating the CNTs havergortant effecton the electron transfer of the
GCE/CNTs eletode due to the excellent electrical conductivity of CNWWéien GODHRP complex
further assembled intthe surfaceof the CNTs/GCE electrode, and theedox peak current decreased
significantlybecausésOD and HRRwvereprotein moleculsandhad a barrier ¢ the electron transfer
The resultslemonstratéthe GODHRP weresuccessfullyassembld on the electrode.

Fig. 3A showed the CVs of the GCE/CNTS/G®IRP (rsop/Nure = 5:1) in 0.2 M PBS (pH
7.0) at various scan rates. As shown in Fig. 3A, the peak cundaincedyradually as the scan rate
increasedThe peak currents displayed good linear correlations with istamanging from 100 mV
s!to 1000 mV &', indicaing a quasireversible surfaceonfined electrochemical process (Fig. 3B)
The electron transfer rateg[lcould be estimated with the Laviron's equafidd|:

kKs= mnF RT Q)

wheren is the electron transfer number (n =R)is the Faraday constarft €96 493 C mol*),
nis the scan rat® is the gas constanRE8.314 J moft K ), Tis the temperature in KelvifT (=298
K) and m is a constant which relatesqtiép. The ks of GCE/CNTs/GOBHRP was calculated to be
1518 &' at the scan rate of 100 mV'sAs a comparison, thks of GOD/MWCNTs modified
electrode and PDDA/MWCNTs/AuNPs/GOD electrode were calculated to be'i [8]sand 1.01's
[32] respectively, which were smaller than thef 1.518 $*.

The average surface concentration of electroactive prdigjmfol cm? ) could be estimated
by Faraday's lay33]:

=" XT3,

PART ART )
which can come to the expression as follows:
~ Q
a* = — 3

nFA ®)

where(i* is surface coverage of the redmmaterials ris the potential scan rat, is the charge
consumed in the CV¥ is the Faraday constan € 96485 C mot ), A is the eletrode surface
geometrical arean is the overall number of electrons transferred in oxygen redueinoh other
symbols have their usual meanifighe value ofii* which is calculatedby RandlesSevcik equation
was about 2.0& 10'°mol cm™ for GCE/CNTs/@D-HRP This surface coverage is far more than
the coverage of the theoretical molecular monolayer(1.4Xrh6l cm ™), which attributable to large
specific surface area of CNTs

Fig. 3C showed the CVs of GCE/CNTs/GEHRP in 0.2 M N-saturated PBS at @an rate of
100 mV &* over the pH from6.0 to 8.0 with a step of Ofith the increase of pH from 6.0 to 8.0, the
anode and cathode peak potentials are shifted to the negative directcam Be seefrom Fig. 3D, it
was proved that the standard potehi® (E° =1/2B,s+1/2E,c) of the GCE/CNTs/GOBHRP shows a
linear relationship with pH value, and the slopesg.8mV pH' (R =0.999) As this value is very close
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to the theoretical value 68.6 mV pH" [34] for two-electron and tweproton transportation, the DET
of this GCE/CNTASOD-HRP should also involvievo electrons and two protons process.
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Figure 3. (A) CVs of the GCE/CNTs/GOIHRP at different scan rates varied from 50 mVte 100

mV §* with a step of 50 mV'$in 0.2 M N, -saturated PBS (pH 7.0). (B) plot of peak current
versus scan rate. (C) CVs of the GCE/CNTs/GARP in 0.2 M N -saturated PBS with
different pH values at 100 mVs (D) plot of E° (E ° = (E pa+ E pc)/2) versus pH.

The molar ratio of GOD/HRP (ncoo/nnrp) play an important rolan the electrochemical
performancef the GCE/CNTs/GOBHRPin 0.2 M Nx-saturated PBS at a scan ratd 00 mV $*. As

shown in Fig.4, when thengop/Nurpe varied from 1:1 to 7:1obvious change of peak currents were
observedThe peak current increased gradually wiitha increase ofgbp/nprp from 1:1 t05:1, and he
maximum value appeared at abéut. With the nsop/nure further increased, the peak current tended

to be redued gadually. Previous resuliclearly demonstrad that two kinds of enzyme protein
interactionscould change the conformation of the protein, thus changed the symmetry properties of the
porphyrin ring such as cytc and GOD. In conclusitimlese resuttreveaéd the structure of bprotein
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which is determined by thmola ratio of GOD and HRMplays an important role in the electron

transfer.
/////////;///’\\\\\‘—““

o
E-Y
1

nA

=
-
1

Current/
o

S o o
e 2.7

- .,

2 4 5 6 7
r'GOD: HRP

Figure 4. (A) Plot of oxidation peak currerind reductiorpeak currenbf the GCE/CNTs/GOBHRP
versus molar ratio af GOD/n HRPin a solution.

3.4. Electrocatalytic oxidation of glucose at the GCE/CNTs/G{HP

Fig. 5A showedthe CVs of theGCE/CNTs/GOBHRPin in 0.2 M Q-saturated PBS (pH 7.0)
with various concentrations of glucosAs the adding of glucose, the retion peak decreased
gradually. As shown ifrig. 5B, and a detection limit of mM was obtainedbased on the criterion of a
signatlto-noise ratio of3. The mechanism could expresseas following equationg35-37].

glucose + GOD (FAD) glgconolactone + GOD (FADH (4)
GOD (FADH;) + O, GOR(FAD) + HO; (5)

H,O, v 0% - H,O + %OZ (6)

In total:

glucose +Q1,%85- gluconolactone H,0, (7)

glucose +;—Oz 1,E8ABE_ gluconolactone + pO (8)

Thereforethe cooperative interaction betwe&®D andHRP on the biointerphaskeadsto a
glucose biosensor with a linreengefrom 0.022to 7.0 mM (R=0.998, n=7) anda sensitivity of 5.14
e A mMem? In order to show the advantages of thesignedbiosensar the electrochemical
performanceof other glucose sensors in tablewiere compared withour designedbiosensor
According to the resultghe designed biosensor exhibited a lower detection limit(0t0220 mM)
and excellentsensitivity 5. 1 4 ¢ AcmfmMtoward glucose detectiofThis suggests that the
development of bprotein glucose biosensor is better theat tif some previously reported ones.
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Figure 5. (A) the GCE/CNTs/GOEHRP in 0.2 M Q-saturated PBS (pH 7.0) at scan rate of 100 mV
s ' in the presence of (a) 1mM, (b) 2 mM, (c) 3 mM, (d) 4 mM, (e) 5 mM, (f) 6 mM, (g) 7mM
glucose. (B) Plots af versusglucose concentration.

Table 1.Comparison of analytical performance of some Gl3ed glucose biosensors

Glucose biosensors Linear Detectin Ref.
range(mM ) limit( €M)

graphere/GOD 0.0812.00 20 [39]
GCE/AuNPs/GOD 2-18 25 [39
GCE/CHIT-AuNPs/GOD 2-12 0.37 [30]
GCE/CNTs/GOD 0-7.8 [40Q]
Au/MUA-MCH/GOD-HRP/AuNP/4Aminothiophenol 0.016510 5.4 [11]
Nafion/4:-MCM/GOD 0.3215.12 180 [47]
ITO/AuNP/cysteamine/GOD 0.044.8 15 [42]
GCE/CNTs/GOBHRP 0.0227 7 This

work

3.5. Selectivity, repeatability and stability of the sensor

We evaluatd the selectiviy of the sensor, repeatabilitytability. Interference fronthemicals
of uric acid(UA), ascorbic acidAA), L-glutamic acid and.-cysteine in &-fold concentratiorwas
negligible. In additionthe relative standard deviation (R®B5) was about 2% for five individual
measurmentshowing a good repeatabilityAfter theaspreparecelectrode was stored indaturated
PBS (pH 7.0t 4°Cin a refrigeratoffor 7 days,the current response only decreased I3y%6 of the
original responserifteen daysdter,the biosensor was still retain88.35% of the initial responsand
superior toour previous workindicating agood stability.
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4. CONCLUSIONS

The CNTs/GOBHRP was successfully assembled onto tBEE electrodeto construct a
glucose biosensorlt was found that the ratio of GOD to HRP has an important effect on
electrochemical responses of GCRTs/GODHRP. Biological activity of GOD was greatly retained
due to the biocompatiblenicro-environment generated by the HRP which surroun@&D. The
resuls showel that theCNTs could be used to effectively load a large numbeGOD-HRP for
sensitively detect glucos&hanks to the good supporting matrix CNTs and the cooperation of mixed
proteins, electrochemicaletection of glucose could be achieved watlwide linear rangand low
detection limit The present worknay provide new insights for studying electron transfer of multi
proteins system and developing advanceéifierphag biosensors

SUPPORTING INFORMATION:

Figure S1.(A) High-magnificationand (B)Low-magnifaction SEM images of CNTs

Figure S2. UV-vis spectra oGOD in a solutionHRP in a solutiomandGOD-HRP in a solution









