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I. Introduction 

~ .. . 
1.1. Hydrogcn Peroxide 

At room temperature, pure hydrogen pe roxide is co lorless, syrup· li kc liq ui d that freezes at --{).4l 

°c and boi ls at 150.2 0c. The pure liquid can decompose violently and exotherm ically in to wa ter 

and oxygen f1] . 

2 H,O, ( e ) -> 2 1-1, 0 + 0 , (g) , 6 1-1' = -1 96 KJ (I ) 

Hydrogen perox ide plays an important role in clinicu l and biological fie lds. The ox idat ion or 
many biological substances in the body Ouids produces a certain amount of hydrogen perox ide 

[2]. Furthermore, small amounts of hydrogen peroxide can be found in our tissues or in our cell s 

as a product of cel lular metaboli sm. It can also be found in our sa li va, which causes the foaming 

in OUf mouth in contact with toothpaste [31. It is a very importam intermediate in environmenta l 

and bio logica l reactions and a universa l ox idant in industria l processes [4]. Further, the presence 

o r hydrogen perox ide in the environment is important because it is a key species in the reacti on 

or the troposphere [2]. Photolysis o r hydrogen perox ide produces hydroxy l rad ical that act ivates 

the ox idati on o r saturated hydrocarbons and abstract hydrogen atom rrom any o rgani c molecule. 

The resulting organic radi cal combines with molecular oxygen to make organoperoxy radica ls. 

These decompose photochemica ll y. The ult imate products are earbondiox ide and oxygen PJ. In 

addit ion, sinee l"h02 breaks down into water and O2, it does not rorm any persistent or tox ic 

res id ua l compounds. 

Hydroge n peroxide is a strong ox idizing agent and a weak ac id in water solution. The rorm ula is 

simi lar to that o r water, with an extra atom or oxygen attac hed , "h02. It is completely soluble in 

wate r [3]. 

A 3 % soluti on or H20 2 is widely used medicall y as an antisept ic 10 treat body sores, broken 

blisters, animal bite wounds (cleani ng wounds), sore throats, removing dead tissue, and 

abrasives, and is readil y avail able in phannacies 15]. 

- ---- - - ---- -----~-



~h02 can also be considered as bactericidal at low conccntr:lI l0n (up to ) 5%). J15 baC.lc ri cid:d and 

sporicida l properties have made it a usefu l 1001 ill the food pr~l:c .. s il1f! :ncuslry ~nd ,pack ing 

system. 

Hyd rogen perox ide is we ll estab lished as an envi ronmentall y friendly deodorizing and bleachi ng 

agent. Its lise includes o rganic and inorganic chemica l processing, tex til e and pulp bleaching, 

meal treating, cosmetic applications, catalysis o f po lymerizati on reaction, municipal odor control 

and industrial waste treatment (detox ificati on) 1'6 1. 

Furthermo re, it is used in res toring the original colors to paintings that have darkened through the 

conversion of the white lead used in the pain tings to lead sulphate. The H20 2 ox idizes the black 

lead sulphide to white lead sulphate. It is also used as a source o f oxygen in the fucl mix ture for 

many rockets and torpedoes, and in very low concentrat ion, typically around 6% to bleach 

human hai r (6] . 

A soluti on of hydrogen perox ide is very slight ly acidic through the reactio n: 

(2) 

In acidic media, hydrogen perox ide is an ox idizing agent. 

2 Fe+' (aq) + H20 , (aq) + 2 H+ (aq) .... 2 Fe" (aq) + 2 H,O (I) (3) 

Howeve r, in alkaline condition hydrogen peroxide is used as a reducing age nt [7). 

2 Fe'+(aq) + H20 ,(aq) + 2 01-1" (aq) .... 2 Fe2'(aq) + 2 H,O (f ) + O, (g) (4) 

The deco mposition o f H20 2 is catalyzed by light and by numerous substances, including dust 

particles and metal ions such as CU"'" l and Fe"'"). Decomposit ion is inhibited by hydrogen peroxide 

so lution in dark bottles with preservatives thaI bind and inactivate metal ions . Most commercial 

lIses of hydrogen perox ide are based on ils strong ox idizing abilit ies [I] . 

2 
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Hydrogen peroxide is used fo r the preparation of use fu l compounds like Caro' s ac id (used in 

mining industries) and peroxyacet ic acid (used for di sinfection, ste rili zat ion and as an 

epoxidizing agent). The equilibrium reacti on fo r the product ion of Caro's acid and that of 

peroxyacetic acid are given in equation (5) and equation (6), respectively . 

• • H, $O, + H, O (5) 

--+. CI-i)COO·OI-1 + H,O (6) 

l'h02 is a poisonous by product of metaboli sm that can damage ce ll s ifit is not removed [8, 91· 

Cata lase is an enzyme that speeds up the breakdown of hyd rogcn peroxide in to water and 

oxygen. 

2 H, O, ---+ 2 H, O(t) + 0 , (7) 

Hydrogen peroxide is an irritant of the eyes, mucous membranes. and sk in . Inhalation of 

concentrat ions of the vapour or mist may cause ex treme irritat ion of thc nose and throal. The 

inhalation of 7 ppm causes lung irritation in humans. Severe systematic poisoning may cause 

headache , dizziness, vomiting, diarrhea, unconsc iousness and shock. Exposurc for a short pcriod 

to the mist or spray may calise sti nging and tea ring of the eyes. Splashes of high conccnt ration of 

hydrogcn peroxide in the eyes may cause severe corneal damage. Skin contact with li quid 

hydrogen peroxide causes a temporary whitening or bleaching of the skin ; if the skin is not 

washed prompt ly, redness and blisters may develop. Ingestion of hydrogen peroxide may cause 

irritation of thc upper gastrointestinal tract and severe damage to the esophagus and stomach Pl· 

Reactive oxygen intermediates may be generated in the lungs during various pathologica l 

processes. These intermediates arc toxic to cell s in add ition to hydrogen peroxide through their 

ox idizing effects on proteins, membranes and 0 A. Here, detection of submicromolar 

concentrations of H202 is vital because these peroxide leve ls can damage mammalian ce lls II 0]. 

This by· product is not onl y tox ic but also considered to be an aging fac tor. Moreover, suitable 

hydrogen peroxide monitoring systems may prove to be usc fo r environmental monitoring 

because hydrogen peroxide causes the acidificat ion of rain by oxidizing sulfurdioxidc in the 

atmosphere to SO/-, resulting in the deforestation of vast areas as evidenced by research 
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indicating that ac id rain has seriolls effects on the shape and internal structure of spruce und 

needles of green plants [II] . 

1.2. Objective 1 
A.I AM '''CHI I 

....,. -u •• • """'.aABA IINIVti.ll, n " , 

... 1 •• •• 1 11 ' 

In this work the voltammctric behav ior of '"h02 at carbon paste eleclTode modified wi th 

immobili zed horse radish peroxidase (J-IRP) and the analyti cal application of the modified 

electrode for the determination of hydrogen peroxide were studied. In addition. the optimum 

experimental parameters for the dete rm ination of hydrogen peroxide we re estab li shed. 

2. Enzyme 

Enzymes arc prOle ins that cata lyze chem ical react ions in li ving systems. Such catal ysIs arc not 

only efficient , but al so ex tremely selective. These characters make them to lise as sensors 

2. J. Enzyme Based Sensors 

The construction of a robust and reliable enzyme based sensor requires among other things , the 

choice of the enzyme wi th regard to its cost, ease of handling, stability, specificity, and suitabi lity 

for enzyme immobi lizat ion. In addi tion to the immobi li zed enzyme, the sensor may require othe r 

reagents that contribute to the performance of the immobilized cnzyme. These incl ude a redox 

mcdiator to shutt le electrons between the enzymc and electrode to cnhance the catalytic act ivity, 

and stabi lizers to give long~tc rm stabi lity to the cnzyme. Membrancs preventing enzymc leaching 
. 

from the electrodc or contaminat ion by species that adsorb on the surface are also common (12 ). 

Amperometric biosensors based on the incorporation of biological ent ities within carbon paste 

. arc gaining considerable attention. Coupling plant tissues and pure enzyme as sensing agents to 

biosensors enables the detection of a wide range of chemicals from the agricultural. 

pharmaceut ical and fermentation industries. Such a versatil e strategy allows the co­

immobilization of the enzyme, its mcdiator, or cofactor, and another enzyme or stabilizer, as 

needed for a reagcnt lcss bioscnsing device [131· 
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Enzyme electrodes arc based on tbe coupling of a layer of an enzymc with an appropriate 

electrode. Such electrodes combine the specificity of the enzyme for its substrate with the 

ana lyti cal power of the electrochemical devices. Because of such coupling, enzyme electrodes 

have been shown to be extremely useful for monitoring a wide variety of substrates of analytica l 

importance in elinical, environmental and food samples 11 4]. 

A biosensor consists of two components: a bioreceptor and a transducer. The bioreceptor is a 

biomoleculc that recognizes the target analyte where as the transducer converts the recogni tion 

event in to a measurable signal [1 5]. The uniqucness of a biosensor is that the two components arc 

integrated into one signal sensor (Figure I). This combination allows the measurement of targe t 

analyte without using reagents. For example, the glucose concentration in a blood sample can be 

measured directly by a biosensor by simply dippi ng the biosensor in the sample. This is in 

contrast to the conventional assay in which many steps arc used and each step requires a reagent 

to treat the sam ple. Therefore, the simplicity and the speed of measurements arc the ma in 

ad vantages of a biosensor p 61. 

Biorecogntion reactions often generate chemical species that can be measured by electrochemical 

methods. In ampcrometry, typically the reaction product is hydrogen peroxide or the reactant is 

hydrogen perox ide, which can be measured by a pair of electrodes. When suitable vo ltage is 

applied on one of the electrodes against the reference elect rode, the target species is reduced or 

ox idized at the electrode, and th is generates electric current. 

'" Measurable 
I Biorece ptor Transducer l-----' 

Analyte Signal 

Figure I. Biosensor Configuration 
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Aqueous solution of enzymes lose thei r catalyt ic activ ity fair ly rapidly and the enzyme can be 

nei ther recovered from such solu tions nor its activity rega ined. These difficulties have been 

removed or minimized by the development of enzyme immobil ization tec hn iques. The enzyme is 

immobili zed so that it retains its catalytic properties for a much longe r ti me than the free enzyme 

and can be used continuously for many more analys is. In order to produce a reagentless 

electrochem ical biosensor and to promote electron transfer between an enzyme and an electrode. 

the enzyme must be immobil ized at thc electrode surface l1 71. 

Since the late eighties considerable interest has been shown to the deve lopment and 

characte ri zat ion of Horse radish peroxidase (HRP) modified electrodes, such electrodes allow 

both d irect and mediated electron transfer reactions for substrates, inhibitors, and activators of 

the enzyme. Thus, interest in I-IRP is mai nl y deri ved from the possibili ty of direct electron 

transfer between the enzyme and the electrode matrix allowing the construction of "reagentless" 

electrochemical biosensors [1 3]. 

I-I RP catalyzed ox idati on/reducti on of mediator, that are both electron and enzymatica ll y active 

can be followed at low potential , thus dimin ishing the influence of electrochem ically interfering 

substances [ 18). 

It has been shown that immob il ized J-IRP maintains its bioact ivity and native structure. and 

d isplays a high affi nity to hydroge n peroxide, making poss ible the constructi on of sensor for 

1-1 ,0 , [14, 19]. 

For the electrochemical detect ion of hydrogen pe rox ide by its ox idation/reduction at different 

electrode mate ria ls, the electrodes need to be operated at a re latively high potential ; this makes 

the sensor for hydrogen pe rox ide detection susceptible to many inte rfering substances. Low 

app lied potentia l, promot ing selecti ve and sensitive detection, can be obtained by using J-1RP as a 

biocatalys t ror the electrochemical reduction of hydrogen pe roxide [1 7J. 

The application of a potent ial between a reference and an indicator electrode enables current to 

be measured when an electroactive analyte is oxidized or reduced. depe nding on the voltage at 

6 



the indicator electrode. The current is related to the ratc o r the electrochemica l reaction that 

occurs [1 7]. 

But a series prob lem with protein electrochemistry is the slow mass transport process and strong 

adsorpt ion or protein molecules on the electrode surrace. As result, direct electron transrer to or 

rrom the electrode surrace is possible only ror the first layer or prote in on the electrode. 

I-I RP has a ve ry high specific act ivity ror l-hOz, up to about 600 units (mg protein-I) (one uni t 

catalyzes the reduction o r I ~llnol l-hOl min-I at 25°C) [20]. Al though tbe catalytic nature o r 

enzymes was known in 19111 century, the rea l effec t on ana lysis was delayed unti l the mid 1960's. 

The reason for thi s was limitation in instabil ity, purity and high cost. The present trend to lesson 

the cost of enzymes per assay is to lise them in immobil ized forms for appl icat ions in biosellsors 

[1 21 

2. 1.1 . Ca ta lytic Cycle and Physico-Chemic," Pro per ties of Perox id:tse 

The reaction of HRP with hydrogen perox ide produces HRP- I and HRP- II (Figure 2), which are 

in termediate compounds that arc not enzyme- substrate complexes. HR» has been most 

thoro ughly studied and frequcnt ly used to exempli fy the peroxidase reaction cyc le as shown in 

Figu re 2. 

Native perox idase (Fe+3
) + HzOz -+ Compound-l + l-h O (8) 

Compo und-I + AH2 -+ Compound-II + AI-I ' (9) 

Compound- II + Al-lz -+ Nati ve peroxidase (Fe+J
) + AI-I" + H20 ( 10) 

The first reaction (equation 8) invo lves a two-electron oxidation of the ferriheme prosthetic 

groups o r the native peroxidase by I-h02. This reaction results in the format ion o r an 

intermediate, compound-! consisting of oxyfcrryl iron (Fe+
4 

= 0) and a porphyrin ncalion 

radi cal (Figu re 2a). ,/ " G' /I 

~ 
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[n the second reaction (equation 9) compound- I lose one oxidizing equivalent upon one electron 

reduction by the first electron donor, AI'h and forms compound- II (ox idation state +4) (Figure 

2b). The latter in turn accepts an additional electron from the second donor molecule AI'h in the 

third step (equation 10), where the enzyme is returned to its native resting state, rerric peroxidase 

(Figure 2c). [10]. The cata lytic cycle of HRP or shown in Figure 2 is summarized into oxidized 

and reduced rorms in Figure 3. 

( II R 1' ) 

Compound-II 

CornpourHJ· 1 

, 
Ii ' 

Figure 2. The react ion mechanism ror the reaction between hydroge n peroxide and HRP \21 ]. 

8 
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HRPnd 

1 H,o 

~ E.l ectrode 

> HRPom 

Figure 3. Schematic representation of di rect bioc lectrocatalytic red uction o f hyd rogen 

peroxide at HRP modifi ed carbon paste electrode 

In ferr ic peroxidase, iron ex ists in the Fe(JIJ) state (Figure2i),where as in HRP· ! and I-IRP· I1 , it is 

present in the Fe(IV) state. Compared to I-IRP·ll , one !r electron is removed from the porphyrin 

cycle in I-I RP-I (F igure 2 (ii , iii» [22]. 

Figure 3 can be summarized by schematic equation as: 

1·IRPoxd + 2c·~ I-IRP rcd (1\ ) 

( \2) 

Vi rtuall y any reduci ng agent is capable of donating electrons to compound·1 and compound.11. 

The necessa ry protons arc donated either by the reduci ng agent or taken from the surrounding 

media [23J. 

2.2. Cha racteristics of Enzyme 

The fo llowing can be considered as the ma in characteri sti cs of enzymes. Enzymes form 

reversible complexes with substrates or arc not irreve rsibly changed by the reaction. so they can 

catalyse repeated react ion. They commonly requi red in sma ll amounts, show specificity for the 

reac ti on and influence reaction ra te onl y. 

9 
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Enzymes do nOI supply energy fo r the reac lion. so they do not afTcel the stoichiometry. 

equi librium state and thermodynamics of the reaction. 

2.3. Facto rs Affecting Enzyme Activity 

Being a protein, an enzyme loses its cata lytic properties if subjected to agen ts like heat , strong 

acids or bases, organ ic solvents, or other cond itions, which denature the proteins. Furthermore, 

substrate concentration and enzyme loading can also affect the rale al which an enzymatic 

reaction proceeds. 

2.3.1. Effect of pH on Enzyme Activity 

Si nce enzymes arc proteins, pi-I changes wi ll seriously affect the ionic character o f the amino and 

carboxy lic ac id groups on the protein and will mnrkcd ly affect the catalytic s ite and conformation 

of the enzyme. The - COOl-I and ·NJ-h readil y ga in or lose 1-1+ ions. As the pi-I is lowered. an 

enzyme will tend to gain 1-1+ ions, and eventually enough s ide chains will be afTected so the 

enzyme ' s shape is disrupted . Likewise as the pH is rai sed, the enzymes will lose HI ions and 

eventually lose its active shape. There rore, low or high pl-l values can cause considerable 

denaturation and hence inactivation or the enzyme protein. The opti mum pH at whieh most 

enzymes show maximum act ivity is around nelLtral pH and is represented as the peak o r the bell 

shaped cu rve (Figure 4) . 

• • pH 
.. " 

Figure 4. Errect o r change in pH on velocity or an enzyme reaction. 
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2.3.2. Effect of Temperature on Enzyme Activity 

Increase in temperature of the system results in increases in the kinetic energy of the system. 

This has several effects on the rates o f reactions. Effect of temperature on rates o f reaction call be 

explained by: 

2.3.2.1. Energy of Collision 

When mo lecules co llide, the kinetic energy of the molecu les can be converted into chemical 

poten ti a l energy orthe mo lecules. Thus the greater KE orthe molecules in a system, the greater 

is the result ing chemical potential energy. As temperature of the system is incrc<lscd. it is 

poss ible that more molecules per unit time will reach at their acti vati on energy. Thus, the rate o f 

the reaction may increase [24]. 

2.3.2.2. The Number of Collisions per Unit Time 

In order to convert substrate into product, enzymes must collide with and bind to the substrate at 

the ac ti ve site. Increasing the temperature o f a system will increase the num ber of co lli sions 

between enzyme and substrate per unit time. Thus, within limits, the rate of the reacti on wi ll 

increase [2 4 ). 

2.3.2.3. The Heat of the Molecules in a System 

As the temperature of the system is increased , the internal energy o f the molecu les in the system 

will increase . The internal energy of the molecules may include the translational energy, 

vi brationa l energy and rOlational energy of the molecul es, the energy involved in chemica l 

bonding of the molecules as well as the energy involved in non bonding interactions. Some of 

th is heat may be converted into chemical potentia l energy. If thi s chemical potentia l energy 

increase is great enough, some o f the weak bonds that determine the three-dimensional structure 

of the active proteins may be destroyed . Thi s cou ld lead to a thermal denaturation of the protein 

and thus inactivation of the protein. Thus too much heat can cause the rate o f an enzyme-

I I 
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catalyzed reaction 10 decrease because the enzyme or substrate becomes denatured and inacti ve. 

Tak ing the above reasoning into conside ration. each enzyme has a temperature range in whic h it 

achieves a maximum rate of reacti on. This max imum is known as the tempera ture optim um of 

the enzyme. Outside this temperature range the enzyme is rendered to be totall y inhibited. This 

occurs because as the temperature changes. it supplies enough energy to break some of the 

intramolecular attractions between polar groups (hydrogen boning, dipo le-dipole attractions) as 

we ll as the hydrophobic fo rces between non-polar groups with in the protein structure. When 

these forces arc d isturbed and changed, they CHLISCS a change in the secondary and tertiary leve ls 

o f protein structure, and the acti ve site is altered in its conformati on beyond its abil ity 10 

accommodate the substrate molec ul es it was intended to catal yze. Thus, stora ge of enzymes at 

4 °C or below is generally the most suitable (241 . 

T e rn prature 

Figure 5. Effect of change in temperature on the rate of an enzymatic reaction. 

2.3.3. Effect of Substrate Concentration on Enzyme Activity 

As it is true for any catalyst, the rate o f an enzyme-catalyzed reaction depends di rectl y on the 

substrate concentration. The maximum ve loci ty (Vmu) o f the reaction is reached when substrate 

molecules occupy all the acti ve site . 

12 



With a fixed concentration of enzyme, an increase in substrate conccntrali on will resul t al first in 

a very rapid risc in veloc ity or reaction rate . As substrate concentrations conti nue 10 inc rease. 

however, the increase in the rate of reacti on begins to slow down unti l no fu rther change in 

ve loc ity is observed and Vma:.; is obta ined. This is att ributed to the fac t that a ll active sites of the 

enzymes arc occu pied with substrate molecules (what is called enzyme saturati on). 

To determine the maximum rate of an enzyme mediated reacti on, the substrate concentration is 

increased un lil a constant rate of product formation is achieved. This is the maximum velocity 

(Vll\u.~) of the enzyme. In this slale, enzyme acti ve sites arc saturated wi th substrate. It should be 

noted that at the maximum veloc ity, the fac tors that affect the rate of enzyme-media ted reac tions 

(i.e., pi-I. temperature, etc) arc at the optimum values III J. 

\ 
V 

V max f------,=~--

Vnl«{ 
-2-

[3] 

Figu re 6. The effect o f substrate conccntration [S J on the velocity (V) of an enzymatic 

reacti on 

The speed (V) means the number of reactions per second that arc catal yzed by an enzymc. With 

increasing substrate concentrat ions, the enzyme is asymptotica ll y approac hing its max imum 

speed. V ma~. but neve r actually reaching it. Because o f that no substrate concentration fo r V mu 

can be give n. In stead, the characteristi c va lue for the enzyme is defined by the substrate 

concentrati on at its half-maximum speed ( Y:r:V ma~) (Figure 6). This is considered as Krn value for 

the enzyme and is called Michaelis - Mentc n constant. 
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2.3.4. Kinetics of Enzyme ClI tlllyzcd Relic t ion 

For a single substrate homogenous enzyme catalyzed reactions. a plO! of reaction rate (V) as a 

func tion of substrate concentration [SJ, usuall y gives a hyperbolic relationship as shown in 

Figure 6. 

The mec hanism of reaction for Ihc conversion o f the substrate [SilO the product !PI is given in 

the reaction: 

K, 
E + S • • ES • E + P ( 13) 

Where, E is free enzyme, ES is cnzymc-subslrrl lc complex, S is Substrate and P is Product 

In a first step. the enzyme eE] and the substr<ltc IS) form a complex [ES], which III tum 

decomposes to form the product [Pl and the native form of the enzyme. 

The mechanisms are based on the assum ptions that: 

i) the enzyme concentration is constant. 

ii) the concen tration orthe substrate [S] is much more higher than that of the enzyme lEI and 

ii i) the formation of ES is fast and the rate limiting step of the overall reaction is the slow 

decomposition of ES /12]. 

At initia l rate (t = 0, [P] = 0) the backward reaction can be neglected. Reaction (equation) 13 is 

therefore reduced to: 

K, 
E + S ... e=:=' ES • E + P ( 14) 

At steady state, the rate of formation of ES equa ls the rate of its decomposition. With a series of 

mathemat ical manipulat ions, the fo llowing fo rm ulations can be obtained. 

K, [E][S] + K, [E][PI = K, [ESI + KJ [ESI 

14 
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Since it is assumed that almost none of the products reverts to the initia l substrate (K" "'" 0). 

then 

K, [EllS) ~ K,[ES) + KdESI 

Fro m which it fo llows; [EllS) ~ K, + K, 
[ES) K, 

( 16) 

C' I . K2 + K ) 
DCL1Il1llg a new constant, Kill, t lC MIchaelis- Menlell constant , equal to -'---' 

K, 

Equation (16) can be rewritten as, [£)[S) ~ K 
I£SI • 

or [ES1 ~ [EllS) 
K. 

The rate (or ve loc ity) of the reaction is: 

dIP) ~ K, [£S) 
dt 

( 17) 

( 18) 

Where. d~)] is reaction rale, or reaction veloc ity (Vo) of formati on of product and 

Vma~ is maximum rate or maximum veloc ity [1 2]. 

The IOlal concentration of enzyme is: 

[Eo) ~ [E) + [ES) 

[E) ~ [Ea) - [ES) 

Substi tuting equat ion (19) into ( 17) gives 

[ ES) ~ ([E, ) - [ES])[S ) 

K. 

(19) 
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Afte r rearranging, [ES] = Eo 
Km +1 
IS) 

Substituti ng (20) into (18) gives: 

d[P) = K E [S) 
dl ,o K. + [SI 

[SI v = V 
o ,"ax Kill + [S] 

I.e ., 

(20) 

(21 ) 

The maxi mum velocity (Vmu) is atta ined when the total enzyme rEo ], is completely complexed 

with substrate, S. Hence V max = K)[ Eo!. Moreover the initi al velocity. Yo, is proportional to I ES I· 

i.c .. Yo = K, [ESI 

The constant Km. is the Michae lis· Menten constant of the enzyme for the gi ven substrate. Kill is 

the substrate concentration at which the reaction rate is half o f the max imum . It is noted to be 

that if IS1 is large compared to Kill, lSI approaches to one. The refore. the rate of prod uct 
. K.+ [S ] 

formati on is eq ua l to KJ[Eo1. (equat ion 2 1). 

The re levance of Km becomes evident when [S1 = Km, and then _ -,,[S,,-,-I _ 
K.+ [SI 

Ii (eq uation 2 1). 

In th is case, the rate of product fonnat ion is hal f o fthe maximum rate (Y2 Vmu) (Figure 6). By 

plotting Vo against [S], one can easi ly detcmline V m JS and Kill' The va lue of Km characterizes the 

affin ity between the substrate and the enzyme. At known Km and Vma_~ . Vo can be calculaled for 

each value of substrate concentration. A low Km value reflects high affinity. At low substrate 

concentrat ions, [S]« Km, the reaction rate is directl y proportional to the substrate concentration. 

At high substrate concentration (fS]» Km), Vo = Vrna.~, the reaction rate is no longer dependent on 

the substrate concentration but only on the enzyme acti vity [24] . 
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3. Elec trochemical Measurements 

3. 1. Cyclic Voltammctry 

Yoham metric tcchniques are based on controlling the electrode potenti al and measuring the 

result ing current. Cycl ic voltammetry (CY) is perhaps the most versatile clectroanal ytical 

technique for the study o f e lect roactive spec ies. Its ve rsat ility combined with case of 

measurements has resulted in extensive usc of CY in the fi elds o f electrochemistry, inorganic 

chemistry. organ ic chemistry and biochemistry. CY is o fien the first experimcl1\ performed in an 

elec trochemica l study o f an inorgani c or organi c compound. a bio logical material. or an electrode 

surface. The effecti veness of CY results from its capabi lity for rapidly observ ing redox behavior 

over a wide potential range. The resulting voltam mogram is analogous to a conventional 

spectrum in that it conveys inform ation as a function of an energy scan. 

CY consists of cycling the potential o f an electrode, which is immcrsed in an unstirrcd solution. 

and mcasllring the resulting current. The potential of thi s work ing electrode is controll ed vc rSliS 

to a re fe rellce electrode, a SCE or a AglAgCl electrode. 

A cycl ic volammogram is obtained by measu ring the current at the work ing electrode during the 

poten tial scan. The cu rrent can be considered as the response signal to the potent ial exc itati on 

s ignal. The voltammogram is a display of current (verti cal ax is) ve rsus potential (horizonta l 

ax is). Because the potenti al varies linearly with time, the hori zontal ax is can also be thought of as 

a li me axis. This is helpfu l in understand ing the fundamentals o f the tec\miqllcs PSI· 

A cycl ic voltammogram can quickly show the presence o f all the species that undergo oxidation· 

reduction reactions at the electrode within the limits ScI by the solve nt, electrolytc and electrode. 

The importa nt parameters o f a cyclic voltammogram arc the magn itudes o r the anodic peak 

current (ip .• ) , cathodic peak curre nt (ip•c), anodic peak potential (EP .• ) and cathodi c peak potenti al 

(E,., ) [26, 27J. 



A redox couplc in which both species rapidl hi ' . 
y exc ange C CClrOIlS wnh the working electrode IS 

termed an electrochemica lly reversible couple. The formal reduction potential (EO) for :J 

reversible couple is centered between Ep,a and Ep,c: 

2 
(22) 

The number of electrons (n) transferred in the electrode reaction for the reversible couple can be 

determined from the separation between the peaks potent ial; 

0.059 Ep,a - Ep,c =-v 
n (23) 

The peak current for a revers ible system is described by the Randles _ Sevci k equat ion fo r the 

forward sweep of the first cycle. 

(24) 

Where. ip is peak current CAl; n is electron stoichiometry Ceq/mol); A is electrode area (CI11 2) 

D is diffusion coeffic ient (cmlls); C is concentration (moVcml) and \I is can rate (VIs) 

Accordingly, ip increases with vll2 
and is directly proport ional to conccntration. Its relat ionship to 

concentration is particularly important in analyti cal applications and studies of electrode 

mechanism. 

For an irreversible process, i.e., with sluggish electron transfer at the electrode surfacc. thc peak 

eurrent is given by: 

(25) 

Where, l1a is the number of electrons in the rate determining step and Cl is the transfer coefficient. 

All the other quantities have the same meaning as in equation (24). 
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3.2. Square Wave Voltammetry 

Square wave voltammetry is a large amplitude diITerential technique in which a wavcfonn 

composed of a symmetrical square wave, superim posed on a base stai rcase potential , is applied 

to Ihe working electrode. The pulse techniques arc all based on the difference in the nile of the 

decay of the charging and the farada ic currents fo llowing a potential step . This difference arises 

when a sequence of potential steps, each with duration of about 50 minutes, is applied on \0 the 

working electrode. After the potent ial is stepped, the charging current decays exponentiall y. 

wh ile the faradaic (for a diffusion--controllcd) currenl decays as a func tion of (1/1)1 12 ; that is, the 

rate of decay of the charging current is considerably faster than the decay of the farada ic current. 

Thus, by sampling the current late in the pu lse life, an effecti ve discri mination against the 

charging current is achieved. Therefore, after pulse application the measured current consists 

solely of the farada ic current; that is, measuring the current at the end of a potent ial pulse allows 

discriminat ion between the faradaic and charging current [1 7,26, 27,28 ). 

The square wave signal is defined by its frequency f, the amplitude E6\O'. and scan inc rement LIE. 

The square wave ampl itude is one ha lf of the peak-la-peak arnplilllde and the potential inc rement 

LIE is the step height of the staircase waveform as shown in Figure 7 l1 7, 27, and 291. 
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Figure 7. Excitation signa l for square-wave voltammctry 

The current is measured at the end of each half cycle, and the current measured on the rc\'ersc 

half-cycle (ir) is subtracted from the current measured on the forwa rd half-cycle (i/)' This 

di fference current (i,.-ij) is displayed as a function of the applied potential. The rcsulli ng peak 

shaped vo ltammogram is symmetrical about the half wave potential, and the peak current is 

proportional to the concentration. Excellent sensitivity is achieved frolll the faci that the net 

current is larger than either the forward or the reverse components (since it is the difference 

between them); coupled with the effective disc rimination against the charging back ground 

current, very low detection limits near I x I 0.8 M can be attai ned P 7. 27, 30, 31 J. 

The effective scan rate is given by Jl:lE. Kinetic parametcrs can al so bcnelit from the ra pid 

scanning and the reversal nature of square wave voltammctry. n lC operating paramcters 1Il 

square.wave vo ltammetry are SW frequency, SW amplitude and stcp potentiaL 
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An increase in frequency of SWV results in an incre . I ' 
asc In 11C cfTccuvc scan nne , \\hich in tum 

inc reases the peak current. However, at vcry high, ' 
rcquency. the peak currcru IS unsHlblc ond 

obscured by a large residual CUrrent [31]. On the othe h d ' 
r an , vcry low frequency gives a low but 

narroW signal, and increases the total analyses time H I I ' 
. . enee, t 1e sc cellon of frequency usually 

requires a compromIse among sensiti vi ty, resolution and speed. 

When the SW ampli tude is increased, the peak currents arc "'Iereased II h k 'd I • . - Owcvcr. t e pea Will 
also increases with increasing pulse amplitude There'ore tile op" I I' I be . Ii , unulI1 pu sc amp Itue c must • 

found to maxi mize iI" and resolution (small peak width) 130, 311 . 

The nel current increases as step potential increases, however, accompan ied by peak broadening 

and loss of peak symmetry. At higher step heights, too few points arc salTlpled. thus afTccting the 

reproducibili ty of the detection. Therefore, the optimum step potential mllst be found to 

maximize sens itivity and to obtain better peak symmetry. f. rt.611 

3.3. Amp. rom.try 

Ampcrometry uses a carbon electrode to record changes in the chemical composition of the 

reduced components of analyte solution. Oxidation and reduction is accomplished by Changing 

the vo ltage at the active surface of the electrode in a process known as "scanning" 132/. 

Ampcrometric measurement is recording the current flow in the cc ll at a single applied potential. 

On the other hand, a voltammetric measurement is made when the potential difTercnce across all 

electrochemical cell is scanned from one preset value to another and the ce ll current is recorded 

as a function of the appl ied potential. In both cases, the essentia l opcratiOlmi feature of 

vohammetric or ampcrometric device is the transfer of electrons to or from the analyte. The basic 

instrumentation requi res controlled-potential equipment and the electrochemical cell consisting 

of three electrodes (W.E, R.E, and A.E) immersed in a suitable electrolyte [32J. 

In chronoamperometric measurement, a stationary electrode and unstirrcd solution arc used. The 

, , ' d A ass transport under these condit ions is resultmg current-time dependence IS monllore. s m 
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lely by diffusion, the current-time Curve refle IS Ih h " " " 
so c C c unge In the concentration gradient III the 
vicinity of the sur face of the electrode [25). 

The analys is of chronoamperometric (CA) data is based on Cottrell 's cqu:nion, which defines the 

current - time dependence for linear diffusion control: 

(26) 

where. n is number of electrons transferred/molecule. F is Faraday's constant (96,500C/01ol). 

A is electrode area (cm
2
) , D is diffusion coefficient (C 111 2 5. 1) , n is 3.14 and C is 

concentration (moUcmJ
) . 

Th is indicates under this condition, there is a linear relationship between the current and the 

inve rse of square foot of time. A plol of j vs. ~ is referred to as the Cottre ll 's piaL 

The analysis of chronocoulometry (CC) data is based on the Anson equat ion. which defines the 

charge- time dependence for linear diffusion control: 

Q = 2 nFeO'n n-'o 1'0 (27) 

Where, Q is the charge and all the other quantities have the same meaning as in equation (26) 

3.4. Electrodes 

3.4.1. Working Electrode 

h k" g electrode Electrica l currelu at the working The reaction of interest occurs at t e wor In . 

lenned as faradaic current. The raradaic current DI the electrode due to electron transfer is 
. I ut at a se lected sensitivity. expressed 111 Worki ng electrode is transduced to a potenua out P 

" "" I fonn The CV response is plolted as current amperes per volt, and recorded lfl a dIgital or ana og . 
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versUS potential. The electrode should provide high s I ' , , 
Igna -to-nOIse charactcnsll Cs, as \\cll as II 

reproduc ible response. Thus its selection depends prima 'I ' ' 
n yon Iwo .actors. the redox behavior of 

Ihe target analyte and the background current in the potential region required for the 
measurement. The most popular working electrodes arc carbon, mercury. or noble meta ls 
(particul arly platinum or gold) [1 7], 

I , .. ou IIOq 'ir I 3.4.2. Reference Electrode 
M- .., 
.tlIA.B4 
U. a A a I BI 

It provides a stable potential (independent of the sample composit ion) aga inst which the 

potential of the working electrode is compared. Such "buffering" against potell tial changes is 

achieved by a constant compos ition of both forms of its redox couples, c.g., AgiAg I or 

Hg/Hg2Ch, as common with the silver-silver chloride and saturated ca lomel reference electrodes, 

respective ly. 

To minimize contamination of the sample solution, the reference electrode may be insulated from 

Ihe sample through an intermediate bridge. To avoid large junct ion potentials. Ihe reference 

electrode solvent should be as close in nature as possible to the cell solvcnt system 1261. 

The cell is fi lled with saturated solution (KCI, Hg2Ch) and is separated from thc so lution in 

which the electrode is to be used by a fritted glass di sc, asbestos fi ber, or a salt bridge. wh ich 

maintains electrolyte contact between the internal solution and the sample solution. bUI prevents 

the intemal solution from rapidl y leaking out [33). A practical re ference electrode should be 

easily and reproducibly prepared and maintained, re lati vely inexpensive. stable over lime. and 

usable under a wide variety of conditions (34]. 

3.4.3. Auxiliary or Counter Electrode 

Th . . ..' th t 's often placed di rectl y in to the solution. e aUXI li ary electrode is tYPically a platinum wire a I 

Th . . h'te rod is driven by the potenliostatic 
ese inert conducting materials, platinum wire or grap I . 

, k' lectrode with an electron transfer In 
CIrcuit to balance the faradaic process at the wor mg e 

, , ' h king electrode. oxidation takes place at 
OPPOsIte direction (e.g., ifreducuon takes place at t e war . ' 

. . I t de is typicall y nol of Intcrest. and In 
the auxi li ary electrode). The process at the aUXIli ary e ec fa 
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most experiments the small currents observed h . mean t at the electrolytic products at the alL'ciiia 

electrodes have no Influence on the processes at th ' k· • ry e \'.or mg electrodes \17\ . 

The auxil iary electrode provides the current . d . require to sustain the c\ectrolysis at the work ins 

electrode. ThiS arrangement prevents the refer n I . . e ce e ectrodc from bemg subjected to large 

currents that could change ItS potential. The potentia ta I· . . s t app les the deSired potential between a 

wn m Igure \25\ . workmg electrode and a reference electrode as sho . F· g 

. AIL'\ilim)' ('tech'ode-

Recorder Potentiostat ~=:=;r::--t Rt"fE'r(>ucE' t"l t"('h'od(> 

rl-R-_____ Working 
electrode 

y :~A_-
. I 

Cell 

Figure 8. Instrumentation for voltammetry 

3.5. Solvents and Supporting Electrolyte 

Electrochemical measurements are commonly carried out in a mediulll , which consists of 

solvents containing a supporting electrolyte. The choice of solvent is dictated primarily by the 

solubility of the analyte and its redox activity, and by solvent properties, such as the electrical 

conductivity, electrochemical activity and chemical reactivity. The solvent should not react with 

the analyte (or products) and should not undergo electrochemical reactions ove r a wide potenlial 

range [l 7J. 

Often, 10 minimize evaporation of the cell solvenl and consequcnl changes in concenlralion. Ihe 

purge gas (Ar) is passed through Ihe same solvcnl used in Ihc cicClrochc lll ical cc ll . This SlCp is 

particularly necessary for solvents with low vapor pressure. 

24 

-



.. 

Supporti ng electrolytes are required in controlled potcnI 'al . d . I expenments to ccrcase the reSistance 

orthe solutions, to eliminate electron migraf ffi . . Ion c eels, and to mamlam a constant ionic strength . 

BufTer systems (such as acetate, phosphate, or citrate) are used when pI-! control is esscntial. The 

electrolyte, added to enhance conductivity to minimi·'. do bl 1 d · · , .. u cayer an nl1gratlon curre nt 

effects, is chosen on the basis of solubi lity in a givcn solvent as well as incrtness toward the 

clectroactive substances and its electrolysis products (33). The background currcnt, which flows 

under given experimental conditions in the absence of elcctroactivc material , must be detcrm ined 

before the intended experiments can be madc. [35]. 

3.6. Composite Electrodes 

The limited anodic potential range of mercury electrodes has precluded thcir utility for 

monitoring oxidizable compounds. Accordingly, solid electrodes with extended anodic potential 

windows have attracted considerable analytical interest. Out of the many different so lid matcrial s 

that can be used as working electrodes, the most often used arc carbon, platinum and gold. Sil ver. 

nickel and copper can be used for specific appl ications. 

An important factor in using sol id electrodcs is the dependence of the surface of Ihe electrode in 

which reaction takes place. Accordingly, the usc of such electrodes requi res prec ise elcc trode 

pretreatment and polishing to obtain reproducible results. Unl ike mercury clectrodes, solid 

electrodes present a heterogeneous surface with respect to the electrochemical acti vity, and their 

true surface is very rough (in the microscopic scale). Such surface heterogeneity leads to 

deviations from the behavior expected for homogeneous surfaces. Solid electrodes based on 

carbon are currently in wide spread use in electroanalysis, primari ly because of thcir broad 

potential, low background current, low cost, chemical inertncss. and suilability for variolls 

sensing and detection applications. 

In contrast electron transfer rates observed at carbon surfaces arc often slower lh:lI1 those , 
observed at metal electrodes. The electron transfer activity is strongly affected by lhe carbon 

surface structure. A variety of electrode pretreatment procedures have been proposed to increase 

tl I
e Th types of carbon as we ll as the pretreatment method. thus have a 

1C e eetron tranSler rates. e ' ' 
profound effect up on the ana lytical performance. The most popular carbon electrode mate ri als 
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arc those involving carbon paste, glassy carbon carbon fiL . bo fil " " " 
, ilx:T, or car n I ms. rhe mterest of IhlS 

graduate project is in carbon paste electrodes (1 71. I ~ 
··Clllhl/~ 

,---.. -'':!:~'' I 'fi d " ~ !JNr" .... " 3.6. 1. Unmod" e Carbon Paste Electrode ' · ~A . J .;""''' 

Carbon paste electrode, which use graphite powder mixed with various water imm iscible organ ic 

binders (pasting liquids) offer easily renewable and modified surface, low COSI, and ve ry low 

background current contributions. 

In addition, since it is simply hand mixing, the analysIs can themselves choose the indi vidual 

components as well as their ratio between the graphite powder and the pasting liquid. 

A wide choice of pasting liquids is possible, but practical considerations of low vol<l1il ity. purity. 

and economy narrow the choice to a few liquids. 1l1cse include tujol (minera l oi l). paraffin oil. 

silicone grease, and bromonaphthalene. The fi rst appears to perfonn the bes\. The paste 

composition strongly affects the electrode activity; in wh ich increase in thc pasting liquid content 

decreases the electron transfer rates, as well as the background current contribut ions. In the 

absence of pasting liquids, the dry graphite elec trode yields very rapid electron transfer rates 

(approaching those of metallic surface). It is poss ible that some of the elec trochemistry observed 

at this electrode involves penneation of the pasting.liquid layer by the clcctroactive species. 

Carbon paste represents a convenient matrix fo r the incorporation of appropri ate modifying 

moiet ies [36]. 

3.6.2. Mod ified Carbon Paste Electrode 

Chemicall y modified electrode is an electrode coated with a selected monomolecular. 

multi molecular or ionic chemical modifier by means of faradic (charge transfer) reactions or 

", n, ' " 1 . 1 d"« (no net charge transfer) exhibits chemical , electrochemical, and erl aCla potentia luerence 

or optical properties of the film [37]. 

Th " f d"fi d rbon paste electrodes is usually a mixture of graphite powder 
c mam component 0 rna I Ie ea 

" h ", nt in the mixture is then a modifier itsclf(mcdiator. 
and non.electrolyte bmder. Anot er consH ue 
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enzyme, etc). Modifying agents are usually one substance. but the paste can also be modified 

with tWO or even more components. The amount of enzyme in Ihe paste usua lly varies bch\CCn 

10 to 30% (w/w) depending on the character of modifying agellls and its capability of fOfmin g 
enough act ive site in modified paste 

3.6.3. Reasons fo r Modification 

The main reason behind modifying an electrode surface is to improve its analytica l pcrformnncc 

either by increasing sensitivity and se lectiv ity or by protecting the surface from unwanted 

reaction. Carbon paste electrodes are advantageous as compared to simple carbon rod since Ihey 

are bulk modified so that all the necessary components needed for the bioclcct rodcs such ns 

enzymes, cofactorsl coenzymes, mediators, or activators can be mi xed in 10 thc paste . 

4. Experimenta l Section 

4.1. Materia ls 

4. 1. 1. Reagen ts 

H d· h 'd (HRP) (SIGMA EC I I I I 7 typcYI 290 Purpurogall in uni lS/mg. orsera IS peroxi ase , , ... , 
o G . 250,000 units, one uni t will fonn 1.0 rug pupurogallin from pyrogallol al pi-I 6 al 20 C). ra phllc 

powder (F luka); KH, PO. (Fluka); Na,HPO. (NICE); paraffin oil (Fluka, C.l.no.76235) ;. and 

h d ·d (BDH UNo 2014) were used as received. Deioni zed water was used In all y rogen peroxi e " .n . 

the experiments. 
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4.1.2. Apparatus 

f or ampcrommelric measurements, the three electrode system wi th CPE as working elect rode: 

AglAgCI as reference electrode; and Platin um wi re as the auxi liary electrode was used, Al l the 

cyclic vo ltammetric experiments were carried out using electrochemical anaiYlc r (13/\ v­
SOW, US A). in add ition to this, magnetic stirrer (Model 04803-02, USA) ; suction fi ltmtion 

apparatus; plastic syringe for the preparation of working electrode; pi I meter (430, JE \V 1\ Y. 

UK); balance (SCIENTECH, Model No SA1 20, Rev- B, USA); freezer (Model: WRD 233. 

Whirlpool, USA) were used. The experimental set up is shown in Figure 9. 

stirer 

roml'l\t~r iJ.\t~lfared BAS SOw 
~l~ r tro chemiral allalyz.r 

(' OtUlt(lr 

Figure 9. Experimental sct up for the electrochemical studies. 
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4.2. Solution Preparation 

4.2.1. Buffer Preparation 

-nlC buffer (PH 7) used for dissolving the analytc was prepared by the fOllowing procedures: 0.02 

M KH1P04 was prepared by measuring 2.72 g of KI'hl}O~ and dissolving in one liter of dcioni/cd 

watel'. 0.01 M of Na2HP04 was prepared by measuring 1.42 g of Na211P04 and di ssolving in one 

liter of dion izcd wate r. Then the two so lutions were mixed and the pi I was adjusted to 7 using a 

pH meIer. 1.0 M phosphoric acid (H)P04) and 0.1 M sodi um hydroxide (NaO]!) were used for 

adjusting the pH of the phosphate buffer. This solution was lIsed in the preparation of I hOl 

solutions for the electrochemical dctenn ination of hydrogen pe rox ide. 

4.2.2. Sa mple Solu tion Preparation 

Concentrat ions of (0.1, 0.3, 0.5, 1, 2, 3, 4, 5) mM H202 were prepared for :lI1al ys is rr III 1110 2 

stock solut ion (30% w/w, 9,71 M), by dilution using the bufTer solution, 

4.3. Preparation of Electrode 

4.3.1. Unmodified Carbon Paste Electrode 

Carbon paste electrode was prepared by hand mixing or graphite powder and paraffin oil in a 

75:25 weight ratio, The mixture was mortared for 30 minutes, The homogeneous paste was filled 

. k' f: rea 0 038 cm2), by leaving a gap of about into a plastic syringe (1 mL Synnge, wcr 109 sur ace a" , . , 

. b I 'th HRP modified carbon paste as shown III "Igure 3 . 4 mm at the tiP to be filled su sequent y WI 

10. 

29 



4.3.2. Modified Carbon Paste Electrode (HRP - CPEl 

The HRP-CPE was prepared according to the following procedure: 100 mg of graphite po"dcr 

and 4 ru g of horseradish peroxidase (HRI)) wcre taken and dissolved in 200 ~tL butTer (pi I 7.0) . 

The solution was mixed and stirred for 2 hours with a slirrer. The mix ture was dried using 

sllction filtrat ion set up for 5 hours. The dry composite was mixed with 40 ~I L paraffin oil and 

mortared for 30 minutes to get a homogeneous paste, and it was fi lled inlo the li p of the plnstic 

syringe initia ll y filled with unmodified carbon paste to obtain Ihe final electrode . Insert ing n 

copper wire into the plain carbon paste from the backside of the syringe to ha ve electri c .. 1 conlnel 

between the source and the sample in the cell . The electrodes, which were prepared. contained 

3%. 6%,9%, 12%, 15%, 21% HRP wtw. Arter the tip of the syringe was fill ed with Ihe modified 

paste, the end was gently rubbed on tissue paper to produce a fla t electrode surface . The IIRP 

CPEs were stored in a dry state at 4 °c until and after lise. 

. . d bon aste electrode: I - HRI} modified carbon 
Figure 10. Horseradish peroxIdase modi fie car P . . 

Paste; 2 _ unmodified carbon paste; 3 - Syringe body; 4 - piston; 5 - copper \\1fC 
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.~,l!r~_/ ., .. ---.. 5, Results and Discussion 

5.1. Voltammetric Determination of Hydrogen Peroxide wilh HRP Modified 

Carbon Paste Electrode 

5.1.1. Cyclic Volt.mmetric Determination 

Electrochemical analyzer (BAS CV~50 W) was used to run all electrochemical experiments, All 

potentials were described (reported) versus to AglAgCI reference elcctrode. Oefore each 

experiment was carried, the solutions wcre purged with a stream of argon and blanketed with 

argon throughout the ex.periments. 

The electrochemical potential window of the supporting electrolyte (0.02 M KI hP04 and 0.0 I M 

Na2HP04) solution was examined before the electrochemica l studies and was carried oul using 

cyelic voltammelry. There were no interfe ring electrochemical rc'lctions with in the potential 

range where the hydrogen perox.ide was electrochemically studied. 

5.1.1.1. Effect of Enzyme Loading 

Enzyme loading was found to affect the sensitivity of the enzyme electrode. Increasing the 

amount of the immobilized HRP caused improved electrode sensitivity which levelled ofT to a 

maximum at 15% HRP (w/w). 
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Figure 11 . Effect of enzyme loading on the current responses orthe modified carbon paste 

electrode for 5 mM 1-120 2 

All measurements were carried out in phosphate buffer at 1'1-1 7.0. The amoullt of ]I RP in the 

carbon paste has a significant innuence on the voltam mctric signal. The maximulll current was 

obtained with the ratio of 15% HRP (mass ratio of HRP in the paste). l lighcr ratio of IIRP (2 1 % 

w/w) decreased the currcnt significantl y, the reason for which may be more HRJ> al the electrode 

surface reduces the amount of conductive areas (carbon particles): so that the electrochemical 

reduction of H
Z
0 2 at higher HRP ratios is reduced and the chem ica l reduction of l-h02 becomes 

more probable. Lower ratios of HRP (3% w/w) also decreased the current due to inability to 

transfer electron effectively from the electrode to the analyte since less contoct would occur 

between the analyte and the modifier. Thus higher or lower HRP ratio reduced the ex tent of the 

electrochem ical reaction. Hence, an electrode modi fied with 15% HRI} was employed through 

out these experiments (Figure 11 ). 
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5.1.1.2. Effect of pH 

The optimum operational pH for the I-IRP-CPEs was stud ied in the pi I range 3.0 _ 9.0 us ing 

5 mM solut ion of hydrogen peroxide. The optimum pH for l-hOl bioclcctro reduction was 

observed at 7.0. The modified electrode responses showed an increase with pi I 10 a maxi mum at 

pH 7, fo llowed by a sharp dec line up to pH 8 and a gradual decrease to pi I 9 as shown in Figure 

12. The result indicates that the favorable condition for the reduc tion of I b02 is around ncutml 

conditions. Many enzymes and also HRP function properly in neutral pll range and arc dcnnt urcd 

at either an extremely high or low pH. 

105 

• 100 

/ 95 

1 90 • .---. 
/ -c 

Q) 
~ 85 ~ 

=> 
() 

./ 80 

. / 
75 

~ 

3 4 5 6 7 8 9 10 

pH 

. . f H n the catalytic activity for 5 mM l-hOl in phosphate 
Figure 12. The Influence 0 p 0 .1 

buffer on HRP modified ePE, scan rate 100 m Vs 
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5. 1.1.3. Compa riso n of Current R esponses and P t'· f . . . 0 cnll,ll 0 1120 ] Ihd ucllo n 

USin g Mod Ified and U d' OntO .f1ed C<l rbOIl P~I S I C Electrodes 

Once the appropriate potential window \ k . ' vas nown, the electrochemical reduction of hyd ro 'en 

peroxide was studied. The vo ltam mograms of od' r. d ' g . . . m I Ie and unmodIfied CPE for the butTer Dnd a 
soiullon contamlng 5 mM H20 2 were rcco d d d . 

~ « 
E --c 
Q) 
~ 
~ 

:J 
U 

r e as eplclcd below. 
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Figure 13. Cyclic vo ltalmmogram for (a) buffer with unmodified (b) buffe r with 

HRP modified (c) 5 mM H20 z with unmodified (d) 5 111M HZ0 2 with 

HRP modifi ed carbon paste electrodes, pH 7, and scan rate 100 III Vs· ' . 

The experiment showed that the response of the sensor for hydrogen peroxide is depcndelll on 

the activation of the modified electrodc at the negative potcntial. Hence. voltammctric 

experiments were carried out by cycling the potential in the rangc of 1.0 V to -1 .5 V. 
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At the unmodi fied electrode, reduction of ~hO appea ' , • 2 rs at a negallve pOIcntUli of - 1.229 V 35 

shown in Figure (13) curve (c). This pot ' I f entia 0 unmodi fied is higher comparing with the 
potential response of modified ePE. 

From ana lytical point of view, one interesting fea ture of HRP modified electrodes is the low 

operating potential which offers low background currents and minimizes the risk of surface 

fouling and interference by e1ectracti vc species. It was observed that, a PE modified with IIRI) 

shows no cathodicl anodic peak in the absence of hydrogen peroxide (bufTer), 

The modifier shifted the reduction potential from - 1.229 V to - 0.886 V. The voltanullogram 

displayed a d isti nct reduction potcntia l at - 0.886 V as shown in Figure (13) curve (d). The 

modifier reduces the reduction potential by 0.343 V. 

On the other hand, the response cu rrent fo r l'h0 2 with modified electrode is higher tlmn 

unmodi fi ed, indicating the reduction of l'h02 is catalayzed by IIR P, and III re 1120 2 is reduced 

than at the unmodified electrode. It was found that the reduction potentia l was reduccd while the 

response current was increased due to HRJ> in the paste. 

The reaction between hydrogen peroxide and HRP occurs according 10 the follo\\ing: In a first 

2e- transfe r step hydrogen peroxide is reduced to watcr and the bound factor (in 111051 cases 

ferroprotoporphyrin is ox idized. This oxidized form of peroxidase is usually denoted as 

compound- I (Figure 2ii) [38, 39]. Compound-I is then reduced in a first I c' step 10 form 

compound- II , fo llowed by a second Ie' step back to HRP as shown in Figure 2 and also in 

equation (8, 9 and 10). 

5,1. 1.4, Effect of Concentration 

l
'h b . r f I granl (,' c a plot of current vc rsus potentia l in c)clic 

e aS1C .ealure 0 a va tammo .. , 

I
, f ITcnt peak at a potential charncteristie of the elcctrode 

va tammetry) IS the appearance 0 a ell 
. f HRP modificd CPE for solutions containing 

reaction tak ing place. The voltammetnc response 0 . 

, ·d ar shown in Figure 14 and 15. 
vanous concentrat ions of hydrogen peroxl e e 
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Figure 14(a) has no observable peak since it was a buffer sOlution. After I hOI wns added. nn 

obviously catalytic characteri stic appeared resulting in an increase of the reduction currenl \\ ith 

increase in 1-120 2 concentration. Figure 14 (i) shows the voltallllllogrnlll for 5 111M 11
2
0

2 
while 16 

(b) shows for 0. 1 mM, in which the reduction curre nt appears a l -0.886 V. The increase in current 

is asc ribed to the electron transfer between Ihe electrode and II RP. These results indicated the 

HRP could effecti ve ly induce electron transfe r to the active center of the electrode. nlcrcforc. as 

the concentration increased from 0.1 mM 10 5 111 M, the reduction peak current also increased 
significant ly (Figure 14). 

It IS shown that, the magnitude of the peak current in the cyclic voltnmmogram prov ides 

information regarding the concentration of the analytc accord ing 10 the Randlcs- evcik equal ion 

(equation 24), [26]. Accordingly, the peak current increases with the square rOOt of the scnn ra te. 

and is di rect ly proportional to concentration of hydrogen peroxide 

, 
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Figure 14. Cyclic voltammograms fo r a solution containing Ca) buffer; (b) O. J; (e) 0.3; 

(d) 0.5 ; (e) I; (t) 2; (g) 3; (h) 4; (i) 5 111M H20 , so lu,ions (PH 7) using 111\1' 

modified CPEs, scan rate 100 mVs"1 

Cyclic voltammogram shown in Figure 14 also contains cyclic voltam mograms for solutions 

containing diffe rent concentration ofli20 z in which the background curre nt was not subtrnctcd. 

The background current that flows in the absence of the clcclToacli vc species of interest is 

composed o f contributions due to the double layer charging process and redox reacti ons of 

solvent, electrolyte or electrode. The background current (the current due to double 13) cr 

charging or redox reaction of solvent or electrolyte) was subtracted, and the pure faradaic curren t 

of analyte was obtained. The reduction peak is clearly scen in the voltammograms of Figure 15 
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and can be compared with those in Figure 14. This indicatcs that the contribution or the 

background current ror the net CUrrent is high and should be taken into consideration in the 

explanat ion or the peak current ror difTerent concentmtiollS of the ana lytc. Then the pure faradaic 

current of the analyte was obtained as shown in Figure IS. 
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Cyclic voltammograms for a solution containing (0.1. OJ. 0.5, 1. 2. 3, 4: 

t d by a to h respectively (PH 7) using l lRP 1110(l1ficd 

Figure 15. 

5) ruM HzOz represen e , 

CPEs, scan rate 100 mVs-l
. 
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Figure. 16. Calibration curve fo r J-h02 from cycl ic voltanullograms in Figure 15 

The ca li bration graph shows the linear dependence of peak current on the conccnlmlion of IhOl 

from 0. 1- 5 mM. 

5.1 .2. Square Wave Determination of Hydrogen I'c ro,idc 

The peak current obtained in Osteryoung Square Wave Voltammctry (OS WV) is dependent on 

various instrumenta l parameters such as square·wavc amplitude , square wave frequency, and step 

height. These parameters are interrelated and have a combi ned clTect on the response. but he re 

onl y the general trends will be examined. When the square wave ampli tude was varied between 

10 and 50 m V. the peak current increased with increasing amplitude. However. the peak width 

was also increasing at the same time, in particular when the amplitude was greater than 25 mY. 

Hence, 25 m V was chosen as the square wave amplitude. The step height together with the 

frequency defines the effective scan rate. Hence, an inc rerlse in either the frequency or the step 

height results in an increase in the effective scan mte. However, vcry.::: igh frequency has an • 
39 
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innucilce on stability of peak CUrrent and increasing step pOIcnlial has an efTect of peak 

broadening. By considering these interrelated (combined) effeclS, the o\'crnll optimi7.1llion 

parameters can be summarized as fo ll ows: square wave frequency 15 l iz, square wave amplitude 

25 mV and step height 4 mY. The effective scan rate is 60 mV/s. Under the optimal condition, 

the potential was scanned cathodically from 0.0 V to - 1.5 V. The step duration was 2 seconds. 

In the presence of H20 2 in the solut ion, SW voltammogram di splayed a di stinct increase III 

reduction peak current. Further increase in the concentration of hydrogen peroxide resul ted in an 

inc rease of reduction peak current as shown in Figure 17. 

Figure 17. 
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The relat ionship between the SW voltammctric peak current and 1120z concentration was 

examined. Using the resu lts in Figure 17, a linear ca libration plot was constructed for the 

concentrat ion of l-h02 between 0 mM and 5 mM in buffer SOlution (PI I 7) with slope 2 .66 1~ 

(~IAlmM). and (R "" 0.99946) as shown in Figure 18. On the basis o f these resul ts obtained b) 

SW voltammetry, the procedure can be applied to determine the concentration of h) drogcn 

perox ide. 
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d . . . ofhydrogcn perox ide at IIRP modified CPE Figure 18. Calibration plOI for the etcnmnatlon 

for diffe rent concentration of hydrogen peroxide (0. 1,2, 3.4, 5) mM. 
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5.1.3. Amperometric Determination of Hydrogen Peroxid e 

In amperomctric measurments, a Constant potentia l is applied between Ihe sensing elect rode 

and a refe rence electrode . The current generated by Ihe redox reaction o f the ana lYlc ttl Ihe 

sensing electrode is directly proponional 10 Ihe analytc concentration. The ampcromclric 

response of HRP modified ePE to hydrogen peroxide were measured by stepwise injccli II of 

I mL of 10 mM hydrogen peroxide with micro liter syringe into 50 ml.. ofphosphalc buffer 

(pH 7) with stirri ng for 5 seconds to homogenize the injected so lution aflcr which the 

resulting reduction currents were moni tored. The currcllHimc profi le of IIRP modified 

carbon paste electrode is shown in Figure 19. 
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. RP modified ePE (0 success ive additions of I mL of 10 mM 
Figure 19. Amperograms of H . I f 08 V versus AglAgCl . 

. H 7) pl ied POICIlIHl 0 - . H20 2 to 50 mL buffer solution (p at ap 
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It was found that the HRP modified CPE displayed a more significant current response afte r 

addi tion of hydrogen peroxide. A well·defined and fast amperometric response was observed at 

- 0.8 V with successive injection of I tnL of 10 ruM H20 z. For successive addition of I 111M 

H20 2, the concentration increased from 0 to 1.228 mM. The measurements were made over a 

long time as possible to ensure reliable results. For concen trations of hydrogen peroxide higher 

than I.07l mM, a decline of response was observed, Showing II characteri stic of the Michaelis. 

Mcnten kinetics mechanism. In addi tion, since mass transport is solely by difTusion, the current. 

time curve reflects the change in the concentration gradient in the vicinity of the electrode 

surface. This involves a gradual expansion oflhe diffusion layer associated with the depletion of 

the reactant and hence decreased slope of the concentration profile as ti me progress. 

Accordingly. the current decays with time, as given by the Cottrell ' s equation (equation 26). The 

ca libration curve of the sensor response is given in Figure 20. The linear range ofi-h02 responses 
was 

0.196 mM - 1.071 mM, (R = 0.9957). The standard deviation was 1. 16x IO·$ for ? success ive 

additions. Therefore, it was possible to conclude that the HRP had a better cat:ll ylic performance 

for the amperomelric determination of H20 z. The analytical curve frolll successive add ition of I 

ruL of 10 mM H20 ! to 50 mL of buffer solution at pH ? is given in Figure 20. 
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43 



6. Summary 

High catalytic activity of the peroxidasees with a broad range of substrates and their application. 

in a variety of fields, is the attractive property of these enzymes fo r the development of 
amperometric peroxidase modified electrode. 

Amperometric determinat ion of hydrogen peroxide using HRP modified CPE is cha racterized by 

high sensitivity and speed with low sensing potential. The redox process can involve [he 

HRp· I/HRP two electron transfer or the two-Slep HRP·III-IRP.1i and J-IRP-Il/I-IRP mechanism. 

The electrochemical reduction (oxidation) ca ll s for the expenditure of one prolOIl per electron as 

in the reduct ion of HRP·( and HRP-II by a reducing agent in the bulk solution. The phospha te 

buffer (pH 7) has no interference in the selected poten tial window. 

The electrocatalytic reduction of hydrogen peroxide was obtaincd al around -880 III V versus 

AglAgCl giving high cUrren! responses. To maintain high enzyme acti vity, the temperature and 

the pH of the environment were maintained at appropriatc working conditions. 
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