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Electrochemically reduced graphene oxide (ERGO) modified glassy carbon electrode (GCE) surface
has been used as a novel immobilization matrix for the oxidoreductase ertajhese (CAT) to
explore its direct electrochemistry. In order to attach the CAT molecules firmly to the ERGO modified
surface and to enhantke antiinterfering ability of the biosensor a thin layer of nafion (NF) was
fabricatedabove the CAT layerThe asprepared exfoliated graphene oxide (GO), ERGO, CAT and
CAT immobilized ERGO films (NF/CAT/ERGO) were characterized by scanning electron microscopy
(SEM), energydispersive Xray (EDX) spectra and atomic force microscopy (AFM) studies. The
electrochemicabehavior and the interfacial changes occurring at all the modified electrodes were
probed via electrochemical impedance spectroscopy (EIS) techniquéabrltatedNF/CAT/ERGO

film based biosensaxhibits quick response (5 s), excellent electrocatahtvity towards HO, in

the linear concentration range from 0.05 to 1.91 mM with a sensitivity of7 6  &'&Am e
proposed CAT biosensor also shows high selectivity toward3,, Kvhich opens up its practical
applications.

Keywords: Direct electrchemistry, catalase, electrochemically reduced graphene oxide,
electrocatalysis, hydrogen peroxide.

1. INTRODUCTION

In the last half decade, graphene is a promising electrode material known for its attractive
mechanical, electronic and thermal properéied it has been widely used for the construction of field
effective transistors, sensors and other clean energy based devicéis §tdition, the unique
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electrochemical properties of graphene such as excellent conductivity, fast electron transfer, wide
electrochemical potential window, ability to enhance the direct electron transfer between the enzymes
and the bare electrodes have broadened their applications in the field of electrochemical biosensors [2]
Hitherto, he typical graphene synthesis routesich as micromechanical cleavage of graphie
thoughadvantageous, they failed to produce perfectdimoensional atomic crystals in large scales

and leads to the scrolling and folding at the edges [3]. Alternatively, versatile strategies have been
empbyed by the researchers to achieve large yletsh-electronic quality graphene [4, 5]. Moreover,

the graphene sheets prepared by the much preferred chemical exfoliation method are not good enoug
for nanoelectronics applications [6]. On the other hanith wigh sensitivity, lowcost and green
approach (without using any toxic solventie electrochemical reduction method is more efficient for
preparinghigh quality graphene sheets in large scale in a shortftone exfoliated graphene oxide
(GO)[7].

Catalase (CAT) is an important enzyme of oxidoreductase family which has been widely
employed in biosensors for sensitive and selectiy@;tdetermination [8]. However, the selection of
suitable electrode material and novel immobilization matrices witbd gelectronic properties is
essential to enhance the direct electron transfer between CAT and the electrode fRrdaites
studies emphasis the key roles played by the nanomaterials in promoting the direct electrochemistry of
CAT [9]. Several nanomatet modified matrices have been employed by many research groups to
study the direct electrochemistry behavior of CAT-[X). Recently, Huang &il. have reported the
direct electrochemistry of CAT at a nanocomposite matrix containing afemicéionalizedgraphene
and gold nanopatrticles [13].

In our previous studywe have reported the direct electrochemistry of CAT at nafion (NF)
wrapped multiwalled carbon nanotubes (MWCNTs) in the presence of cationic surfactant,
didodecyldimethylammonium bromide (DDABthrough electrostatic interactions between CAT,
MWCNT-NF and DDAB. Owing to the unique physical and electrochemical properties of graphene, in
this study, we have attempted to explore the direct electrochemistry of CAEcitochemically
reduced graphermzxide ERGO modified glassy carbon electrode (GCE) surface. We have followed a
simple, coseffective, facile route to redud@O electrochemically at high negative potentidl.8 V)
vs. Ag/AgCl reference electrode. The fabricated NF/CAT/ERGO mod#iettrodeexhibitsexcellent
electrocatalytic activity towards . in good linear range with acceptable sensitivity and stability.

2. EXPERIMENTAL

2.1. Reagents

Graphite powder was purchased fr&gmaAldrich. CAT from bovine liver (4540 units nf
was purchased from Sigmé wt% nafion (NF) perfluorinated ion exchange resin was obtained from
Aldrich. H»O, (30%) was obtained from Wako pure chemical Industries, Ltdhe supporting
electrolyte used in this study@05 M pH 7 phosphate buffer solutioRBS). PBS waprepared using
0.05 M NapHPO, and NaHPQ, solutions. Allthe reagentsused in this work were of analytical grade
and all aqueous solutions were prepared using dodHdtilled water. Prior to each experimetitg
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experimental solutions wereedxygenated with prpurified N, gas for 10 min and the ;Nube was
kept above the solutions to maintain an inert atmosphere.

2.2. Apparatus

Cyclic voltammetry (CV) experiments were carried out using CHI 1205a work station. A
conventional three electrodeell containing freshly prepared 0.05 M PEBSH 7) was used for
electrochemical studies. GCE with an electrode surface area of 0.07@%asmused as working
electrode.Pt wire with 0.5 mm diametewas used asounterelectrode and all the potentialgere
referred with respect to standard Ag/AgCl reference electrode. EIM6ex ZAHNER (Kroanch,
Germany) was used for electrochemical impedance spectroscopy (EIS) shunfase morphology
studies were carried out usihfitachi S3000 H scanning electron microseofsEM)and Being nano
instruments CSPM 4000, atomic force microscope (AFM). Endigpersive Xray EDX) spectra
wasrecorded usingHORIBA EMAX X-ACT (Model 5:ADD0009, Sensor + 24V=16 W, resolution
at 5.9 keV = 129 eV)Amperometric @ curve) measureemts were performed using GH50
potentiostat with analytical rotator AFMSRX (PINE instruments, USA).

2.3. Graphene oxide (GO) preparation

Graphene oxide was prepared from graphite as per the procedure reported by Staudenmaie
[14, 15]. In a typical praadure, about 2.5g of graphite was added to a mixture containing 44 ml of
concentrated sulfuric acid and 29 ml of nitric acid in a fume h¥@th constant stirring of the
graphite mixture, 23 g of potassium chlorate was slowly added to the graphite raeuZO min To
avoid any violent or explosive reactions, slow and controlled addition of potassium chlorate is
essential). The resulting suspension was stirred for 5 diaysg whichyellowish gas evolved from
the mixture and the color of the mixtureaciyed from yellow to blue. The mixture was diluted with 2
L of water, filtered through coarddter paperand thus obtained filter cake was washed with 250 ml of
5 % HCI solution. Th aspreparedgraphene oxide was resuspended in water and centrifuged to
remove any excess HCI. The washing cycle was repéatetmes,remaining solid was dried at 353
K overnight and ground up with a mortar and pestle to a fine powder.

2.4. Fabrication of ERGO modified GCE

In order to exfoliate the GO sheets, 1 mg of G& wlispersed in 1 ml of double distilled water
and the whole solution was ultrasonicated for GBE surface was polished to a mirror finish on a
cleanBuehler polishing clotlusingd . 05 Om a |. Inroider ® remdve ther lgosely adsorbed
alumina m@rticles the polished GCE surface was washed and ultrasonicated in doubly distilled water
for 10 min. 10 Ol of GO dispersion was drop
temperature for 2 h. After 2 h, thus obtained GO modified GCE was geagited with doubly
distilled water and then transferred o electrochemical cell containing 0.05 M PB&1 5). As
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shown in Fig. 1, 15 consecutive cyclic voltammograms were performed in the potential range between
0 and-1.5 V at the scan rate of 50 mV.s

In Fig. 1, during the first cycle scan a large cathodic peak appeats3aV with a starting
potential of-0.75 V. As reported by Guo at. the appearance of enhanced reduction peak with large
reduction currentanbe attributed to the reduction séirface oxygen groups [6]. However, from the
second cycle onwards the reduction current observed at negative potentials dewr&dsdyg and
disappears after several potential scans. This validates the quick and irreversible reduction ef surface

oxygenaed species of GO at negative potentials and the adavantage of electrochemical approach tc
reduce the exfoliated GO.

Current

:[ 100pA

| | | | | | |
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Figure 1. 15 consecutive cyclic voltammograms recorded at a GO modified GCEgSatitated 0.05
M PBS (pH 5.0) at the scan rate of 8% s™.

2.5. Immobilizatiorof CATat ERGO modified GCE

10 mg mi*of CAT solution was prepared 05 M PBS (pH 7)Similarly, 0.5 % NF solution
was prepared in ethanol. The ERGO modified GCE was utilized for CAT immobilization. Ab&ut 10
of CAT soluton was drop casted on the ERGO modified GCE surface and dried@tfas1 h. The
CAT modified surface was gently washed with doubly distilled water and dried. Findilgiddahe
CAT molecules firmlyatthe ERGO surface and to avoid leaching of the @#dfecules, ) of 0.5 %
NF solution was drop casted and dried atA2& for half an hour.Finally, the fabricated
NF/CAT/ERGO film modified GCE surface was washed with doubly distilled water and used for
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further studies. For comparison, ERGO and CAT medifsCE were also prepared. All the modified
electrodes were stored 05 M PBS (pH 7at 4C when not in use.

3. RESULTS & DISCUSSIONS

3.1. Direct electrochemistry of CAT

The electrochemical behavior of various modified electrodes has been invesiigate
saturated.05 M PBS (pH 7using CV. The cyclic voltammograms were recorded at ERGO, CAT
andNF/CAT/ERGO modified GCEs in the potential range frorh to-0.8 V.

Current

-0.9 -0.7 -0.5 -0.3 -0.1 0.1 0.3
E/Vvs.Ag|AgCl

Figure 2. Cyclic voltammograms obtained at (a) ERGO, ®T and (c) NF/CAT/ERGO film
modified GCBin N, saturated.05 M PBS (pH 7xt the scan rate of 50 m\t.s

As can be seen frorRig. 2, no redox peaks were observed at both ERGO and CAT film
modified GCEs in the above mentioned potential range. Howa@vehe same potential imdow
NF/CAT/ERGOfilm modified GCE exhibits well defined quasi reversible redox peaks at a formal
pot ent i a0.41 {.ETAeNjpdoxopbaks can be attributed to tH¥"Fedox process of CAT,
validating the direct electron transfer between CAT &edBERGO modified GCE. The direct electron
transfer process occurring at the composite film surface is due to the good electrical communication
established with the redox centre of CAT by ERGO.

3.2. Different scan rate studies

Fig. 3 shows the cyclic valmmograms obtained at NF/CAT/ER(E inN, saturated.05
M PBS (pH 7)at different scan rate$he peak currentsgdand },) vs. scan rates plot shownkig. 3
inset exhibits a linear relationship witf R 0.997 and 0.9965, respectively. Baghdndl, increased
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linearly with increase in scan rates betweeii2B00 mV &, thus the redox process occurring at
NF/CAT/ERGQOGCEIs surfaceconfined

The surface coverag€)(value of CAT immobilized at NF/CAT/ERGGCE has been
calculated using the formutaven in equation (1)

1 = QIFA (1)

Where, Q is the charge, n is the number of electrons transferred, F is the Faraday current and A
is the electrode area. Where, the number of electrons transferred is 1'forelex reaction of CAT.
The | value of CAT immobilized at NF/CAT/ERGGCE is calculated to be about 9.51 x*£anol
cmi?, indicating monolayer of CAT immobilized at the ERGO surface.
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Figure 3. CVs recorded at NF/CAT/ERGGCEIn N, saturated.05 M PBS (pH 7at different scan

rates. The scan rates are from inner to outer are 50, 150, 300, 450, 600, 800, 1000, 1250, 1450
1700 and 200€nV s*, respectively. Inset shows the linear dependence, &fll,c on scan rate.

3.3. Effect of pH

As shown inFig. 4, weltdefined quasieversble redox peaks corresponding to'#8 redox
process of CAT was observed at NF/CAT/ERGGE in the pH range between 1 and 11. The anodic
peak currents increased with increase in pH of the solution. However, no obvious redox peaks were
observed in pH3, attributed to the loss of enzyme activity at higher pH [8]. As shown in Fig. 4 inset,

t he EAN""bredoxtcbuple df ®AT exhibits linear dependence onoplthe soluton The EA
values showed a negative shift with increase in pH with aeskatue of 50.5 mV pH. This slope



Int. J. Electrochem. ScMol. 6, 2011 4441

value is close to the theoretical slope value of 59 mV# ¢t equal number of electron and proton
transfer process.
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Figure 4. The effect of pH on the redox behavior of NF/CAT/ERGOE in various buffer solutions
with pH: 1, 4, 7, 9, 11 and 13, respectively

3.4. SEM, EDX and AFM studies

The surface morphology of various films has been investigated using SEM studies. Fig. 5 (a)
and (aN) shows the SEM i mand lgh maghificaiohd. The CATrfilmo b t
surfacepossesses randomly distributed bright bud like structures, validating the poor immobilization of
CAT at bare electrode surface. Wherelag, 5 ) a n d showdNfhe SEM image of GO sheets
obtained at low andigh magnifications. The GO film surface displays fine folded sheets. However,
few unexfoliated GO has also been observed. Incontrasgy. 5 ( ¢ ) dahe 8EM(ircalp) di
of ERGOsheets withseveral finefolding andpaper like surface morphologyalidating the efficient
reduction of GOFromthe SEM image of NF/CAT/ERGOfilms shown inFig. 5 (d) and (&j)t is
clear thatbud like structureof CAT have been uniformly distributedbove theERGO sheets.
Moreover, the typical surface morphologyERGOsheetsuch adine folding has also beeobserved
here SEM results thus confiredthe efficient immobilization of CAT at the ERGO surface.
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Figure 5.SEM images of CAT @ Nj) , -b® , ( lECRNG)O, (and N EMANG)A THti EIRGO
different magifications

EDX spectra studies have been carriedattERGO and NF/CAT/ERGO film® confirm the
presence of C and O elemeatsd the purity of ERGO sheetss shown irFig. 6 (A), the quantitative
results obtained from the EDX spectra of ERGO film aorg 48.58 % of C and 51.42 % of O
elements, indicating theurity andadequate C and O content in thepaspared ERGO. Similarly, the
guantitative results obtained from the EDX spectra of NF/CAT/ERGOrgjpnesents thd&0.78 % of
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C and 49.22 % of @represent in the composite filiSeeFig. 6 B)). Theadequate amount & and
O content in the composite film indicates the presence of sufficient amoaRIGD.

Weight%

Weight%
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Figure 6. Quantitative results obtained from the EDX spectra®fERGO and (B) NF/ICATERGO
films.
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Figure 7. AFM images of (A) GO, (B) ERGO, (C) CAT arid) NF/CAT/ERGO films.
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Fig. 7 (A) shows the AFM image d@&O film having plain sheet like surface morphology
Small bright particlesand fine foldingarealsofoundon the GO film surfae On the other hand, AFM
image of ERGO shown iRig. 7 (B) displayscrushed fabric likesurface morphologwith numerous
folding. However, individual ERGO shee#se not foundhere Fig. 7 (C) showsCAT film surface
containing bright, globular beadBig.7 (D) shows the CAT immobilized ERGO film surface. More
bud like CAT molecules are uniformly loaded throughout the ERGO sui&dd.results are in good
accordance with the SEM results and they ultimately confirmed that CAT has been efficiently
immobilizedat the ERGO surface.

3.5. Investigation of electrochemical behavior of various film modified electrodes using EIS studies
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Figure 8. EIS of (a) bare/GCE, (b) CAT/GCE, (c) ERGO/GCE and (d) NF/CAT/ERGO/GCE recorded
in 0.05 M PBS (pH 7)ontainings mM FeCN)s® ' /. “Amplitude: 5mV, frequency: 100nHz
to 100kHz. Inset is the Randles equivalence circuit used to fit the EIS data obtained at all the
modified electrodes.

Fig. 8 shows the real and imaginary parts of the impedance spectra represented as Nysjuist plo

(Zim vs. Ze) for bare, CAT, ERGO and NF/CAT/ERGGCEs recorded in0.05 M PBS (pH 7)
containing5 mM Fe(CN)>'*. Inset is the Randles equivalence circuit model used for fitting the EIS
data of the above mentioned electrodes. From the best fitted ,maeldlave calculated ¢helectron
transfer resistancdR(y) values. InFig. 8, arve (a) representbie Nyquist plot of bare/GCE with well
defined semicircleTheRe valueis9 50 q . The Nyqui st pl ot of CAT
depicts an enlarged semicircle than bare/GCE, indicating the sluggish electron transfer procegs. The R
value observed at CAT/a GHowniins cunded @)0andq(cERGE oande v e r
NF/CAT/IERGO GCEs dlow svelldefined semicircles in the investigated frequency range,
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insteadthey exhibit slightly curved line validating the diffusieiimited electrochemical process. The

absence of semicircle region in the Nyquist plots of ERGO artCAT/ERGOfilms indicatesthe
goodelectron transfer ability of ERGO.

3.6 Electrocatalytic KO, reduction studies
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Figure 9. Cyclic voltammograms obtained IE/CAT/ERGOGCE at the scan rate of 50 mVia the
a) absence and presence of (b) 0.62,0(19, (d) 0.48, (e) 0.71, (f) 1.1, (g) 1.38, (h) 2.0, (i)
2.75, (j) 3.42 and (k) 5.5 mM 4@.. ( a Nj) Cyclic voltammogram
presence of 5.5 mM 4, at same conditions. Supporting electrolyteNissaturated).05 M
PBS (pH 7)Insd is the plot of cathodic peak current vs,(H/mM.

Fig. 9 shows the cyclic voltamograms obtainedN&{CAT/ERGOGCE film modified GCE in
the presence of differem,O, concentrations in Nsaturated).05 M PBS (pH 7jpt 50 mV s scan
rate. The poterdl range used is from 0.1 t®.8 V. Upon the addition of 0.02 mM,0O,, the
electrocatalytic reduction peak current starts0a¢ V. An enhanced reduction peak is observed at an
lpc Of -0.6 V for 2 mMH,0,. This cathodic peak current increasgdhdually with increase irH,0,
concentration additions up to 5.5 mM, whijgdecreased(Fig. 9 (b-g)). Where, both the increase in
peak current and decrease in over potential are considered as electrocitélydiowever, no
significant catalytic peak is obsed at bare GCE even in the presence of higHgSt concentration
(5.5 mM) andalthough the potential was swept towards more negative potent@9o¥ (Fig.9( a Nj) ) .
This result confirms that the composite film modified GCE exhibits enhanced electrocatalytic activity
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towardsH,0O, and it significantly reduces the over potential O, oxidation. The composite film
modified GCE exhibits excellent electrocatadytesponse towardd,O, in the linear concentration

range between 0.0® 5.5 MM HO, wi t h a sensi ti vien¥y(FigpFinsd). B1® 6 O
linear regression equationlig ®©A) = 0. 055 C?=(0098).The-% @latielstaridard R
deviatiln (R.S.D) for five successive 2 mM,B, measurements at NF/CAT/ERBECE is 5.2 %

which shows the acceptable repeatability of the proposed method.
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Figure 10. Cyclic voltammogram®btained a{a) NF/CAT/ERGOand (b) ERGO modified GCEs at
the scan rate 0650 mV s'in the presence of 5.5 mM #@,. Supporting electrolyte 8\,
saturated.05 M PBS (pH 7)

In Fig. 10, curves (a) and (lghows thecyclic voltammogramsbtained aNF/CAT/ERGOand
ERGO modified GCEs in the presence of 5.5 mM@®4. It is clear hat the composite film shows
enhanced electrocatalytld,O, reduction peakhan ERGO Thus the electrocatalytic activity of the
composite film is several folds higher than the electrocatalytic activity of ERGO film. The good
electrocatalytic activity of # composite film can be ascribed to the well immobilized CAT.

3.7. Amperometric $D, reduction studies

Nanomaterialsncorporatedenzymes baseamperometric b, biosensors have been used for
achievingsensitiveH,O, quantification inwide linear rang¢l7-21]. In the present study we have used
amperometry technique to evaluate the performance of the developed CAT bioSensyg. the
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amperometric experimenthéd electrode potentialas hold ati0.45 V and the P saturatedd.05 M
PBS (pH 7)was continuouy stirred at 900 RPM. For every 50 s, aliquots gDkwere successively
injected into thesupporting electrolyte solution. Figl (A) shows theamperometric -t response
obtained aNF/CAT/ERGOrotatingdisc GCEupon various KO, concentration additions

(A)
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Figure 11. (A) Amperometric it response at NF/CAT/ERGO film modified rotating disc GCE upon
successive additions of 00591 mM HO; into continuously stirredN, saturated.05 M PBS
(pH 7). Applied potential:i 0.45 V; Rotation rate: 900 RPM. Irisis the plot of response
current vs. [HO;J/mM. (B) Amperometric it response aNF/CAT/ERGOGCE for the
successive addition of 0.05 mM®L (a); (b) 0.05 mM AA, €) 0.05 mM UA, @) 0.05 mM L
cystine and(e) 0.05 mM glucosesolution additions. Supportingelectrolyte: continuously

stirred N saturated.05 M PBS (pH 7¥olution The other experimental conditions are same as
that ofFig. 11 (A).
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It is clear that, composite film exhibits rapid, wd#fined amperometric response towards each
H.O, concentrdbn additions. The response time of the NF/CAT/ER&@&Mposite filmtowards HO,
is 5 s, validating the rapid catalytic reduction process occurring at the composite film surface. The
response current increases linearly between 5.09%Mo0and 1.5 x 1§ M H,O, concentration
additions (see Fidll (A) inset) From the calibration plot, the linear concentration range, correlation
coefficient and sensitivity values are calculated as-0.05 mM HO,, 0. 9983 and % . 76 ¢
cm’?, respectivelyThe linear rgression equation is( OA) = 1. 8634 C=0.98) +
The satisfactory amperomettit,O, determination results achieved at the/CAT/ERGOfilm could
be attributed to the good affinity of immobilized CAT toward©h

In order to determine #D, from real samples, selectivity study is mandatory for the developed
CAT based biosensor. It is well known that biological fluids conta@.tdlong with the biomolecules
like ascorbic acid (AA), uric acid (UA), -tysteine and glucose. Therefore, selgigt of the
developedNF/CAT/ERGO composite film was evaluated in the presence of above said interfering
species. The technique utilized for the selectivity study was amperoretucve. InFig. 11 (B), (a)
shows the rapid, well defined amperometriesponsgobtained alNF/CAT/ERGOcomposite film for
0.05 mM H,0O, concentratioradditions However no notable amperometric response was observed
wheneach 0.05 mM of AA, UA, kcysteine and glucose solutions were successively injected into the
same supporg electrolyte solution(see (ke) in Fig.11 (B)) But, well defined amperometric
responses were observed immediatghen each 0.05 mNH,O, was injected successively into the
same supporting electrolyte solutionThe selectivity results thus confirmed ttharoposed CAT
biosensor is highly selective and it successfully overcomes the matrix effect caused by the common
interferences, so dould be employed for the determination ofddfrom real samples.

3.8. Operational stability styd

Figure 12. Ampemometric it response at NF/CAT/ERGO film modified rotating disc GCE up©86 0.
mM H,0, addition intocontinuously stirred\, saturated).05 M PBS (pH 7) The modified
electrode wasontinuouslyrotated up to 1500s. Applied potentia0.45 V; Rotation rate900
RPM.



