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 A biosensor was developed for the detection of lactate dehydrogenase (LDH) enzyme using a lactate modified pencil graphite 

electrode (PGE). The sensor relies on the immobilization of the lactate on PGE, and LDH detection is based on the decrease of 

lactate peak current following oxidation to pyruvate in the presence of LDH. Square wave voltammetric technique was used for 

the assay of signals in the range of -0.6 to 0.8 V and a frequency of 25 Hz for the determination of LDH. The dependence of the 

response was investigated in terms of reaction time, washing time and LDH and NAD+ amounts. Also, the electrochemical 

behavior of LDH treatment on the lactate modified PGE was studied. The electrode showed good selectivity, repeatability and an 

operational stability of about 90% of its original response for two weeks. Moreover, the sensor displayed a linear response range 

from 0.36- 2.13 U µl-1 for LDH with a detection limit of 0.16 U µl-1. The response time of the LDH-treated lactate modified PGE 

was found to be 2 s. The relative standard deviation (RSD) obtained was 3.5% (for LDH 0.71 U µl-1 and n = 3).  
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INTRODUCTION 
 
 It is a well-known fact that enzymes play important roles 

in biological systems. The direct electron transfer between 

enzymes and electrode surface can provide a good model close 

to the original biological redox process for the mechanistic 

and thermodynamic studies on direct electrochemistry of the 

enzymes [1]. 

 Lactate dehydrogenase (LDH) (EC 1.1.1.27) is a 

nicotinamide      adenine     dinucleotide      (NAD)-dependent  
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oxidoreductase that catalyzes the conversion of lactate to 

pyruvate with a concomitant interconversion of NADH and 

NAD+. LDH is an enzyme present in a wide variety of 

organisms, including plants and animals, from many of which 

the enzyme has been purified and characterized. This enzyme 

has five isoenzymes and contains four subunits. It has been 

found that LDH measurement is very valuable in the diagnosis 

of different kinds of diseases, such as liver disorders, 

myocardial infarction, etc. [2]. LDH belongs to a wide group 

of 2-ketoacid, NADP-dependent dehydrogenases that catalyze 

the reversible conversion of 2-hydroxyacids to the 

corresponding 2-Ketoacids [3]. In fact, LDH catalyzes the last 

step of anaerobic glycolysis.   
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 The catalytic mechanism involves important 

conformational rearrangement of the enzyme structure upon 

substrate binding and release, so that LDH catalyzes the direct 

transfer of a hydride ion, H-, from the C2 carbon of lactate to 

the C4 carbon of the nicotinamide ring of oxidized 

nicotinamide adenine dinucleotide (NAD+). This reversible 

reaction involves the transfer of the hydride ion from the pro- 

R face of NADH to the C2 carbon of pyruvate, forming lactate 

and NAD+ [2]. 

 Crystallographic studies of LDHs have shown that their 

quaternary structure is highly conserved. The catalytic activity 

of LDH depends on the ionization state of the strictly 

conserved histidine amino acid. Such an observation implies 

that LDH enzymatic activity is a pH-dependent process [3]. 

 In medicine, LDH is often used as a marker of tissue 

breakdown when LDH is abundant in blood cells. It can also 

be used as a marker of myocardial infarction. Following a 

myocardial infarction, the level of LDH peaks for 3-4 days 

and remains elevated for up to 10 days. Under these 

conditions, the elevated levels of LDH are referred to as 

myocardial infarction. 

 Several reports have been published regarding LDH 

detection. Graphite electrode modified with a drop-coated 

layer of polyethyleneimine (PEI) and Adenosine diphosphate 

(ADP) was employed by Santos-Alvarez and co-workers [4] 

for the determination of LDH activity in human serum. 

Tarmure et al. demonstrated a voltammetric study for LDH 

determination by linear sweep voltammetry using a carbon 

paste electrode [5]. Hong et al. developed a screen-printed 

biosensor for amperometric determination of LDH level on the 

basis of NAD+/NADH-dependent dehydrogenase reaction [6]. 

The detection of LDH enzyme was carried out by a fibre-optic 

evanescent wave immunosensor (EWIS) [7]. Wang et al. 

developed a method for the determination of LDH isoenzyme 

in single rat glioma cells [8]. Electrophoresis with 

fluorometric method [9] and differential amperometric 

measurement [10] have also been used to detect the total LDH. 

Wang et al. reported a method to detect total LDH activity in 

human hemolysate by capillary electrophoresis with 

electrochemical detection based on the enzyme-catalyzed 

reaction [11].  

 In comparison with other electrode surfaces, pencil 

graphite   electrodes   (PGEs)   have  been  demonstrated  to be  

 

 

excellent material for various measurements due to their 

significant qualities such as low cost, high sensitivity, 

portability, easy maintenance, low background current, wide 

potential window, easy availability and chemical inertness 

[12-14]. By virtue of its high electrochemical reactivity, good 

mechanical rigidity and ease of renewal, PGE has been applied 

in several analytical fields, such as detection of trace metals 

[15-17], DNA sequences [17-23], pollutants [24], nitrate [25-

26], drugs in pharmaceutical preparations [27] and in 

immunoassay strategies [28]. 

 In spite of the large number of studies dealing with LDH 

detection, no paper has been published on the detection of 

LDH using immobilization of lactate on the electrode surface. 

To the best of our knowledge, the present paper is the first 

attempt to immobilize lactate as the electroactive indicator on 

activated pencil graphite as the electrode to develop a sensor 

for LDH detection. No mediator is used in the developed 

electrode and the detection of LDH is based on the alteration 

in oxidation signal of the lactate following LDH-mediated 

conversion into pyruate. This could be considered as an 

advantage over the other similar studies.   

 

EXPERIMENTAL   
 
Chemicals 
 The pencil graphite was obtained as pencil lead from 

Rotring Co. Ltd., of type HB. All leads had a diameter of 2.0 

mm and were used as-received. LDH (E.C. 1.1.1.27 from 

rabbit muscle), L-Lactic acid, β-nicotinamide adenine 

dinucleotide (NAD+) were purchased from Sigma. L-lactic 

acid stock solution (0.4 M) was prepared in phosphate buffer 

solution (PBS), pH 7.4. Buffer solutions were prepared from 

K2HPO4 and KH2PO4 (Merck), acetate (Merck), HCL and 

KOH (Merck). The phosphate buffer solution contains 0.5 M 

KH2PO4 and 0.5 M K2HPO4 with a pH adjusted at 7.4 by 

KOH molar solution. All reagents were of analytical grade and 

used as received without further purification. All solutions 

were prepared in double distilled deionized water.  

 

Apparatus 
 Square Wave Voltammetry (SWV) was performed using 

an Autolab electrochemical system (Eco Chemie, The 

Netherlands) equipped with PGSTAT 20  and  GPES  software  
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package (Eco Chemie). The three-electrode system was 

composed of the PGE as the working electrode, a saturated 

calomel electrode (SCE) as the reference electrode and a 

platinum wire as the auxiliary electrode. 

 

Procedures 
 Preparation of the working electrode. The body of the 

pencil lead was tightly covered with Teflon band and surface 

was polished by mechanical polishing with weighing paper 

before each use. Electrical contact of the pencil lead was 

achieved by connecting a copper wire to the other end of the 

pencil graphite. The surface area of the PGE was 0.0314 mm2. 

 Electrochemical activation of PGE. Electrochemical 

activation of PGE was conducted by the potentiostatic method. 

In order to obtain the optimum activation potential, the surface 

of non-polished and polished PGEs was activated at various 

potentials ranging between -0.6 and 2 V in 0.5 M phosphate 

buffer solution (pH 7.4). Moreover, in order to optimize the 

activation time of the electrode, the activation was conducted 

for different periods. 

 Effect of the PGE type. In order to investigate the effect 

of the pencil graphite type on the performance of the 

electrode, three types of graphite lead including Rotring Co. 

Ltd., of type HB; Totients Co. Ltd., of type H and type B were 

tested. 
 Lactate and pyruvate immobilization on the PGE. After 

activation of the electrode, the lactate was immobilized on the 

PGE by drop evaporation of 5 µl of 0.4 M lactate solution 

prepared in 0.5 M PBS. The solvent evaporated at room 

temperature. Immobilization of the pyruvate followed a 

procedure similar to the immobilization of the lactate. After 

the modification of the electrode, using the lactate or Pyruvate, 

the electrode was washed by being dipped into the stationary 

PBS solution (pH 7.4) for 2-3 times with 1 s intervals. 

 LDH treatment of the lactate modified PGE. LDH 

treatment was carried out on the lactate modified PGE. 

Different ratios of LDH to NAD+ were prepared in the PBS. 

The treatment was performed by dropping the buffer solution 

containing known ratios of LDH/NAD+. In order to evaluate 

the effect of the LDH treatment time, the experiments were 

carried out for different time durations. Then, the electrode 

was washed by dipping it into the stationary PBS solution 2 

times.  

 

 

 Square wave voltammetric studies. The square wave 

voltammetric studies were carried out in the following 

conditions: SW amplitude = 20 mV, frequency = 25 Hz, step 

potential = 4 mV, and potential sweep range = -0.6 to 0.8 V. 

The SW voltammogram of lactate modified PGE was recorded 

in 0.5 M PBS (pH 7.4) in the electrochemical cell with the 

final volume of 5 ml with the measured peak current 

considered as I0. In order to record the LDH activity, the 

lactate modified PGE was first treated with a solution 

containing a known ratio of LDH/NAD+ and then, its SW 

voltammogram was recorded under the above-mentioned 

optimum conditions. The measured peak current was 

designated by I. The decrease in the peak current, ∆I, is 

reported using the following equation:      

 

 ∆I = I0 - I                                                                            

 

 Repetitive measurements were carried out following the 

renewing of the PGE surface by cutting and polishing. Each 

experiment was repeated at least 3 times and reported as 

average values of the experiments with standard deviation 

(SD).  

 

RESULTS AND DISCUSSION 
 
Preliminary Investigation 
 The square wave voltammograms of the lactate 

immobilized on non-activated and activated PGEs in the 

constant potential in 0.5 M PBS (pH 7.4) were recorded. No 

signal was observed in non-activated PGE, indicating that the 

non-activated PGE had unsuitable surface for the lactate 

immobilization and the lactate was not immobilized on the 

non-activated PGE. Also, no significant difference was 

observed between the lactate signals obtained from the PGE 

activated at constant potential of 1.7 V and from the PGE 

activated by potential recycling between -0.6 and 2 V.  

 Therefore, PGE surface was electrochemically activated in 

the subsequent experiments. It is believed that the 

immobilization of lactate on the activated PGE is due to the 

formation of active sites and functional groups on the 

electrode surface following the electrochemical activation 

process. Furthermore, based on the experiments carried out for 

comparative studies on different electrode types, the  type  HB  
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displayed the highest current (1.28 ± 0.2 µA) compared to type 

B (0.8 ± 0.1 µA) and type H (0.6 ± 0.2 µA). Thus, the type HB 

was selected for the experiments.  

 The comparison of lactate and pyruvate peaks was made 

by recording square wave voltammograms of lactate modified 

and pyruvate modified PGEs. As seen in Fig. 1, the peak 

potentials of the two voltammograms are different from each 

other. 

 

Activation Conditions of PGE for Lactate 
Immobilization 
 Effect of activation potential. In order to study the effect 

of activation potential, polished PGEs were activated at 

different potentials between -0.6 and 2 V in PBS (pH 7.4) and 

then SWVs were recorded following the immobilization of the 

lactate. The results showed that lactate oxidation signal 

increased with increasing the activation potential until it 

reached a maximum value at 1.7 V. Thus, the potential of 1.7 

V was selected for the activation of PGE surface. This 

observation clearly showed that the pretreatment enhances the 

capability of the electrode surface for the immobilization of 

lactate. Activation of the carbon electrode by oxidation of 

water or carbon to form graphite oxides leads to the formation 

of functional groups [29] on its surface that probably causes 

the formation of bonds with the lactate molecules.   

 Effect of activation time. In order to study the effect of 

PGE activation time, the polished PGE was activated in 

different times and then immobilization of lactate was carried 

out on the activated PGE. The results showed that the lactate 

signal increased with increasing the activation time up to 10 

min (15 ± 0.2 µA) and leveled off afterwards. Accordingly, 

the pretreatment time of 10 min was selected as the optimum 

value. 

 

Optimization of Lactate Immobilization Conditions 
on the PGE 
 Effect of solution pH on lactate immobilization. The 

effect of the solution pH on the lactate immobilization on the 

activated PGE was studied. The buffered solutions were 

prepared with a pH range of 4.9 to 9.0 containing 0.4 M of 

lactate and then 5 µl of the lactate solution was dropletted on 

the activated PGEs. Figure 2 shows the changes of lactate 

anodic peak current against variation of immobilization pH.  It 

 
 

 
 Fig. 1. Square   wave  voltammograms  obtained  for a)  

         pyruvate modified PGE and b)  lactate modified  

         PGE at phosphate buffer solution with pH = 7.4,  

            pulse amplitude 20 mV. 

 

 

 
Fig. 2. Variations of  square  wave voltammetric signal of the  

            immobilized lactate on the activated PGE vs. solution  

            pH variation, pulse amplitude 20 mV, activation time  

            of 10 min. 

 
 
can be seen that the current response of the lactate increased 

with increasing the solution pH, reached the maximum level at 

pH 7.4, decreased at pH 8.0 and leveled off afterwards. 

Therefore, pH 7.4 was suggested as the optimum pH for the 

immobilization of the lactate. This behavior of the lactate 

seems to be unaccounted for, for the time being.  
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Fig. 3. Dependence of response of immobilized lactate onto  

           the activated PGE vs. concentration of lactate in  the  
           phosphate buffer solution (pH 7.4),  pulse amplitude  

              20 mV and activation time of 10 min. 

 
 
 Effect of lactate concentration. Given that the response 

of the electrode is proportional to the lactate concentration, the 

influence of lactate concentration on its immobilization on the 

PGE was investigated in order to find the best concentration at 

which the highest current was observed. To this end, different 
concentrations of the lactate were prepared in PBS (pH 7.4). 

As shown in Fig. 3, as the concentration of the lactate 

increased, the response of the electrode increased until it 

reached the highest response of about 11.3 µA at 63.69 µmol 

cm-2 of the lactate. Then, the response dropped to about 

8.5 µA at 79.62 µmol cm-2 of the lactate concentration which 

leveled off with its increase. This behavior could be attributed 

to the fouling of the electrode surface. So, 5 µl of 0.4 M lactate 

solution was selected for the subsequent experiments.  
 Influence of immobilization time. The effect of 

immobilization time on the lactate immobilization on the 

activated PGE was investigated. In order to obtain the 

optimum immobilization time, the immobilization of the 

lactate was carried out for different time durations. 

Voltammetric results showed that the current of anodic peak 

elevated as the immobilization time was increased to 15 min 

and then leveled off with further increasing of the time. This 

observation demonstrates that as the immobilization time 
increases, more lactate  is  immobilized  on  the  PGE  and  the  

 

 

maximum immobilization is achieved at 15 min, but beyond 

15 min would not increase the number of immobilized lactate 

molecules on the electrode. Accordingly, 15 min was chosen 

as the best immobilization time for the subsequent 

experiments.  

 Effect of washing time on lactate immobilization. In 

order to remove unadsorbed and loosely adsorbed lactate 

molecules from the electrode surface, the effect of washing 

time was studied. The experiment was conducted by dipping 

the electrode into the stationary buffer solution (pH 7.4) for 

several times with 1 s intervals. Results indicated that the 

lactate signal improved with 2-3 dippings of the electrode. 

Therefore, double dipping was chosen as the washing time for 

all experiments. It should be noted that more than two 

dippings may remove the immobilized lactate molecules from 

the electrode surface.  

 

Detection of LDH 
 Detection of LDH was monitored by means of square 

wave voltammogram responses of the lactate modified PGE in 

the absence and presence of LDH. Square wave 

voltammogram of the lactate modified PGE in the presence of 

LDH exhibited an anodic peak which could be attributed to the 

oxidation of the lactate to pyruvate (Fig. 4a). A known ratio of 

LDH to NAD+ (2.13 U µl-1 and 9.3 µg/10 µl) was used for the 

conversion of lactate to pyruate onto the PGE surface and the 

SW voltammogram was recorded. Different amounts of LDH 

and NAD+ were used for LDH mediated lactate conversion 

studies. As can be seen, a decrease in the peak current was 

observed in the presence of LDH and NAD+. The decrease in 

lactate signal could be attributed to LDH activity catalyzing 

the lactate conversion to pyruvate in the presence of NAD+ 

(Fig. 4b). There are two possibilities: first, LDH may block 

reconversion of the resultant pyruvate to lactate and second, in 

the presence of LDH/NAD+, the pyruvate leaches from the 

electrode surface.  

 Considering that lactate is a substrate of LDH enzyme, it 

has high affinity to connect to its substrate. So, LDH is not 

attached on the electrode surface. In fact, it interacts with the 

lactate molecule immobilized on the electrode surface. Figure 

4b reveals that a weak peak at 0.7 V has appeared in SW 

voltammogram of LDH treated lactate modified PGE that was 

not observed in the lactate modified  PGE  without  LDH.  It is  
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  Fig. 4. Square wave voltammograms  obtained  for a) lactate  
             modified  PGE   and   b)  LDH   immobilized   lactate  

             modified PGE at PBS (pH 7.4), lactate concentration:  

            63.69 µmol cm-2, pulse amplitude  20 mV, activation  

         time of 10 min and immobilization time of 15 min. 

 
 
possible that the peak at 0.7 V resulted from the oxidation 

process of LDH molecules, leading to the formation of 

unstable product or unstable connection of it on the electrode 

surface. Considering that the observed peak appeared 

following the treatment of the electrode with LDH and NAD+ 

mixture, one could deduce that the peak at 0.7 V may be 

attributable to the presence only of LDH (a) or NAD+ (b). To 

explore this, further experiments were carried out as presented 

below.  
 NAD+ treatment on the lactate modified PGE. 
Following the activation of PGE and the immobilization of 

lactate on its surface, 3 µl of NAD+ solution (2 mM in PBS), 

dissolved in PBS, was dropped on the electrode. After drying, 

SW voltammogram of the electrode was recorded. The 

voltammogram showed that the NAD+ treatment had almost no 

effect on the voltammogram of the lactate modified PGE and 

also, no oxidation peak was observed at 0.7 V. This suggested 

that the 0.7 V peak could not be ascribed to the presence of 
NAD+ on the lactate modified electrode. 

 LDH treatment on the lactate modified PGE. The lactate 

modified PGE was prepared and 3 µl of 3.550 U µl-1 LDH in 

PBS was dropped on it. The recording of SW voltammogram 

of the electrode showed a decrease from 15 µA to 9 µA in the 

peak current of the lactate which corresponds to the LDH- 

mediated conversion of lactate to pyruvate. There was  also an 

 

 
 Fig. 5. Square  wave  voltammograms  obtained  for  a) bare  

            PGE, b) LDH treated PGE, c) NAD+  treated PGE, d)  

            lactate   modified    PGE,   e)  LDH   treated    lactate  

           modified  PGE,  f)  NAD+  treated   lactate  modified  

           PGE and g) LDH and NAD+ treated lactate modified  

            PGE at 0.5 M  PBS (pH  7.4),  lactate  concentration:  

           63.69 µmol cm-2, pulse amplitude 20 mV, activation  

         time of 10 min and immobilization time of 15 min. 

 

 

obvious peak at 0.7 V which was observed only during the 

first cycle and disappeared afterwards. This indicates that an 

irreversible oxidation of theLDH immobilized on the lactate 

modified PGE has taken place during the first cycle. 

 The square wave voltammograms of PGE were recorded 

between -0.6 to 0.8 V at the optimum conditions. Figure 5 

shows the square wave voltammograms obtained from bare 

PGE (a) and LDH treated PGE (b) in 0.1 M PBS (pH 7.4). It 

can be seen that no peak was observed for bare PGE except 

the background line. At the LDH treated PGE, the 0.7 V peak 

appeared (Fig. 5b). The peak appearance in this electrode is 

attributed to the existence of LDH molecules. In the NAD+-

treated PGE, a strong peak was observed at about 0.7 V 

indicating NADH oxidation (Fig. 5c).  

 Lactate modified PGE showed SWVgram according to the 

lactate oxidation to pyruvate (Fig. 5d). The treatment of lactate 

modified PGE with only LDH displayed no effect on the peak 

potential and current except that a peak at 0.7 V was observed 

(Fig. 5e). Also, NAD+-treated lactate modified PGE exerted no 

influence upon the lactate signal.  The  simultaneous  presence  
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of LDH and NAD+ on the lactate modified PGE decreased the 

lactate signal indicating the effect of both compounds.     

 Effect of reaction time. One of the factors affecting the 

detection of the LDH on the lactate modified PGE is the 

reaction time between LDH and the lactate immobilized on the 

electrode surface. In fact, the time corresponds to LDH 

mediated conversion reaction of lactate to pyruvate. The effect 

of the reaction time was investigated for the times ranging 

from 10 to 90 min based on the decrease of the lactate peak 

current (∆I). The results showed that the maximum value of ∆I 

was obtained at the reaction time of 45 min. At times less than 

45 min, ∆I increases with increasing the time and after that, 

with a slight decrease it levels off at 90 min. We assume that 

the complete oxidation of lactate to pyruvate has occurred at 

45 min under the experimental conditions.  

 Effect of LDH amount. In order to investigate the effect 

of LDH concentration on the observed signal, different 

concentrations of LDH containing various concentrations of 

NAD+ were prepared. These solutions contained different 

amounts of LDH including 0.36, 0.71, 1.42, 2.13 and 2.84 U 

µl-1 and a series of 3.3, 4.0, 6.6, 9.3 and 13.3 µg/10 µl of 

NAD+ in each concentration of LDH solution. Various series 

of experiments were carried out with the prepared solutions 

and the related SW voltammogram were recorded. It can be 

seen that ∆I increases with the increased LDH concentration 

until it reaches a plateau at 2.13 U µl-1 (Fig. 6). This may be 

attributed to the increasing amounts of LDH which results in 

more oxidation of lactate. The amount of ∆I also goes higher 

with increasing NAD+ concentration in separate curves as a, b, 

c, d and e and after a certain concentration it becomes stable. 

This could be due to the limitation in the amount of LDH in 

the presence of increasing concentrations of NAD+. From the 

above-mentioned amounts, 2.13 U µl-1 LDH and 9.3 µg/10 µl 

NAD+, were selected for the subsequent works.  

 Effect of pH. Considering that the selected pH for the 

subsequent studies was that of biological media, pH = 7.4 was 

selected for the whole work. SW voltammogram of LDH 

immobilized lactate modified PGE was recorded in PBS (pH 

7.4). The voltammogram displays peaks with two humps, 

indicating the existence of two reactions of conversion of 

protonated and deprotonated forms of lactate to protonated and 

deprotonated pyruvate (not shown). For a reliable study of the 

given  peaks,  6.4  and  8.4  pH  values  were  selected and SW 

 

 

 
Fig. 6. Dependence of response of LDH immobilized  lactate  

            modified PGE on  varied concentrations of LDH from   

            0.36  to 2.84  U  µl-1   in    the  presence  of   different  

           concentrations of NAD+: a) 3.3; b) 4; c) 6.6; d) 9.3; e)  

           13.3 µg/10 µl in PBS (pH 7.4),  lactate concentration:  

          63.69 µmol cm-2,  pulse amplitude 20 mV, activation  

      time of 10 min and immobilization time of 15 min. 

 

 
 
voltammograms recorded. Results showed that the 

voltammogram at pH = 6.4 possessed two humped peaks with 

low current in the case of pH = 7.4. This indicates that the 

mentioned reactions happened at pH = 6.4. Investigation of pH 

8.4 showed a single peak, the apparent single form of lactate. 

Considering that the voltammograms shifted when the pH was 

changed, it could be suggested that the lactate reaction was 

dependent on the pH, and the redox couple of lactate includes 

proton transfer in the oxidation and reduction processes. It is 

reminded that pH of the biological media is 7.4 and most 

enzymes show their highest activity at the physiological pH, 

i.e. 7.4.   

 Influence of washing time on LDH removal. In order to 

remove unadsorbed lactate dehydrogenase molecules from the 

electrode surface, the effect of washing for 1-5 times upon the 

LDH immobilized lactate modified PGE was investigated. The 

electrode was washed by being dipped into the stationary 

buffer solution several times. It was revealed that repeated 

washing would remove all of the LDH molecules from the 

electrode surface. The optimum time was found to be 2. 

www.SID.ir



Arc
hi

ve
 o

f S
ID

 

 

 

Majidi et al. 

 66 

 
 
Kinetic Studies 
 The Michaelis-Menten constant, Kapp

m , and the maximum 

response of LDH immobilized lactate modified PGE, can be 

determined from the Michaelis-Menten Eq. (1): 
 

  ∆I = max[ ]

[ ]app
m

I S

K S

∆
+

                                                               (1) 

 
where ∆I is the steady-state response, ∆Imax the maximum 

response measured in enzyme saturation condition, [S] is the 

concentration of substrate and K app
m  is the apparent Michaelis-

Menten constant.  

 Rearrangement of Michaelis-Menten equation yields the 

version of the Lineweaver- Burk equation, which facilitates 

the analysis of the enzyme kinetics. 

 

 

1

I∆
 =

max

1

I∆
+

max[ ]

app
mK

I S∆
                                                      (2) 

 
 According to Lineweaver-Burk equation, a linear plot is 

obtained, and the values K app
m = 0.2485 µM and ∆ I max= 14.7 

µA are derived. 

  

Response Time, Stability, Detection Limit and 
Selectivity 
 The response time of the LDH-treated lactate modified 

PGE is the time taken for the current response to reach a 95% 

of the maximum value. This time was found to be 2 s for the 

developed electrode.   

 The long-term storage and stability of the sensor was 

investigated by evaluating the response of the sensor with 

various repeated storage times in free air. Under the same 

operating conditions as those for the response measurements, 

the sensor was tested for stability for over 2 months. There 

was a gradual decrease in the response and after about 1 

month the sensor response was still significant. The results 

revealed that the developed sensor was stable, retaining over 

90% of its original response at least, for a two-week period; 

the longest time of the experiment.  

 Repeatability of the sensor was evaluated by the RSD 

values associated with successive dropping of LDH amounts 

on the electrode surface. The relative standard deviation 

(RSD) was 3.5% for LDH 0.71 U µl-1 and n = 3.  

 In  these   experiments   PBS   without   lactate  and  NAD+ 

 

 
Fig. 7. Calibration   curve    for    LDH   detection,   lactate  

           concentration: 63.69 µmol cm-2, pulse amplitude 20  

           mV, activation time of 10 min and  immobilization  

               time of 15 min. 

 
 

solutions were used as negative controls. Their SW 

voltammograms showed that they didn’t have any attenuating 

effect on the lactate signal. It seems that current decreases 

when LDH concentration increases. The calibration curve was 

obtained in the range of 0.36-2.13 U µl-1 and the detection 

limit was estimated to be 0.16 U µl-1 (Fig. 7).  

 The selectivity of the optimized sensor was determined 

against the enzyme present in the biological media, i.e. 

cholesterol oxidase. The experiments were performed in PBS 

under optimal conditions. The ratio of the response current of 

1.42 U µl-1 cholesterol oxidase in the presence of 1.42 U µl-1 

LDH compared to that of 1.42 U µl-1 LDH alone was taken as 

the criterion for the selectivity of the sensor. The results are 

shown in Table 1. Cholesterol oxidase did not cause any 

interference within 4% under the determining conditions. 

 
CONCLUSIONS 
 
 The results obtained showed that the immobilization of 

lactate treatment of LDH on the activated PGE can be 

performed. The proposed method provided an excellent sensor 

for the detection and determination of LDH by immobilization 

of lactate on the PGE. This electrode  enjoys  advantages  such 
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 Table 1. Effect   of   Interfering   Substance   on   the   Sensor  

                Response 

                       

Interfering substance Current ratioa 

Cholesterol oxidase                                    1.04 ± 0.01 
 aCurrent ratio = ICِOX+LDH/ILDH. ICِOX+LDH: current of mixture of    

1.42 U µl-1 LDH and 1.42 U µl-1 COX (interference 

substance); ILDH: current of 1.42 U µl-1 LDH alone. 

 

 

as low cost, high sensitivity, portability, easy maintenance, 

low background current, wide potential window, chemical 

inertness and suitability for various sensing and detection 

applications. Thus, compared to other electrodes, it is an 

attractive alternative. The determination of LDH can be 

monitored in the range of 0.36-2.13 U µl-1 with a detection 

limit of 0.16 U µl-1. This electrode exhibited an operational 

stability of at least 2 weeks.  
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