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Abstract

A voltammetric study was performed by linear sweep voltammetry using a carbon paste electrode, in — 0.1 to
+ 1.3 V potential range, with the view of elaborating an assay for lactate dehydrogenase (LDH) in different enzymatic
preparations and biological fluids. There have been performed studies concerning pH influence upon the enzymatic
reaction, as well as the electrochemical behavior of LDH in the presence of modified carbon paste electrodes saturated
with sodium pyruvate and/or NADH. © 2000 Elsevier Science B.V. All rights reserved.
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1. Introduction

Electrochemical techniques are widely used in
pharmaceutical and biomedical analysis from the
behavior of neurotransmitters in biological media
to the kinetics of polymerization and enzymatic
reactions or the determination of traces of ana-
lytes in environmental and forensic analysis [1,2].

Different types of carbon paste electrodes are
still the objects of a great interest as reflected by
the growing number of published papers that
describe the use of these electrodes in the most
varied fields of electroanalysis (including drug
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analysis, pollutants or biologically active
molecules investigations) [3—5].

Enzymes have been used combined with differ-
ent electrodes for over 25 years when Clark [6] in
1962 described the first amperometric enzyme
electrode and the first enzymes used in association
with a carbon paste electrode have been alcohol
and lactate dehydrogenase (LDH) described by
Yao and Musha in 1970 [8], NAD™" has been
fixed on the CPE through the formation of a
Schiff base with n-octanealdehyde. Since then a
great number of enzymes have been fixed through
adsorption or other techniques on the CPE sur-
face [9].

The first investigation concerning an enzyme
mixed in a carbon paste was described by Ma-
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tuszewski and Trojanowicz in 1988 [10] and con-
cerned glucose oxidase mixed directly in the organic
phase formed of graphite powder and silicone oil.
Since then a great number of works about enzyme
modified CPEs, have been published [11].

LDH (EC 1.1.1.27) catalyzes the oxidation of
lactate to pyruvate by direct transfer of a hydride
ion from the C2 carbon of lactate to the C4 carbon
of the nicotinamide ring of oxidized nicotinamide
adenine dinucleotide (NAD™). This NAD-pyru-
vate adduct is bound tightly to the enzyme.

LDH accelerates the oxidation of lactate by
NAD™ to pyruvate and NADH by about 10'*-fold
according to the following scheme (ADPR,
adenosine 5'-diphosphate ribose) [7].

with a Bruker E100 potentiostat and a XY Hewlett
Packard 7035 B recorder, the measurements being
performed in a polarographic cell with three elec-
trodes: a CPE as working electrode, an Ag/AgCI (3
M NacCl) reference electrode and a platinum wire
as auxiliary electrode.

The electroanalytical parameters of the carbon
paste prepared for this study with solid paraffin are
similar to the ones of the paste prepared with
liquid paraffin, the mechanical features of the last
one, specially under hydrodynamic conditions
being clearly inferior, that is why we decided to
use only the carbon paste prepared with solid
paraffin.

Hy H @ ﬁ
N C—NH, by HC( OH Q—C—N}h
/C =0 * * #_ / S * N + I
‘00C 00C H
ADPR ADPR
pyruvate NADH lactate NAD"

This reversible reaction involves the transfer of
the hydride ion, H ™, from the pro-R face of NADH
to the C2 carbon of pyruvate forming L-lactate and
NAD with a degree of fidelity approaching 100%.

The position of the internal equilibrium between
bound reactants and bound products for the reac-
tion catalyzed by LDH is near unity for both the
heart and muscle isoenzymes of LDH.

Different authors [7,12—18] describe a number of
modified carbon paste electrodes with LDH and
other enzymes used in different configurations for
the detection of lactate, pyruvate and drugs.

The purpose of this paper is the development of
an electrochemical method, as an alternative to the
enzyme or enzyme kinetic ones, usually performed
for the determination of LDH from different ma-
trices, especially from biological fluids. For that
reason we proposed to realize a new modified CPE,
specific for LDH and which can avoid the interfer-
ences in clinical samples.

2. Experimental

2.1. Apparatus

The linear sweep voltammetric study was made

Samples were measured with 10, 100 and 500 pl
Hamilton syringes.

The pH of the solutions was measured with a
Chemcadet 5986-62 pH-meter (Cole-Parmer) using
a combined glass electrode. All experiments were
carried out at room temperature (22-25°C).

2.2. Reagents

All chemicals were of analytical grade (Merck or
Sigma) and were used as received. The stock
solutions and buffers were prepared using deion-
ized and bidistilled water.

The carbon paste electrode (CPE) was prepared
using a carbon paste made by us with solid paraffin
[5,19] which was packed by pressing the matrix into
the Teflon body of the electrode (1 mm i.d.). Before
the measurements, the electrode surface was
smoothed to a mirror finish using a clean paper
card.

2.3. Preparation of modified carbon pastes
Three modified carbon pastes were realized: one

with sodium pyruvate, one with NADH and the
third with both sodium pyruvate and NADH.
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The incorporation of the above mentioned
compounds was made after the melting of solid
paraffin (¢t =50°C), the addition of exactly
weighed amounts of sodium pyruvate, and/or
NADH, the homogenization by mixing, then ad-
dition of the graphite and homogenizing until the
resolidification of the paste.

The preparation of modified CPEs and the
smoothing of the surface were made with the
same technique as described in Section 2.2.

3. Results and discussion

3.1. Electrochemical study of separate partners of
enzymatic reaction

A first step was to study the electrochemical
behavior of the main partners of the LDH reac-
tion system separately (i.e. sodium pyruvate,
NADH and LDH) in order to establish the opti-
mal working conditions, for each substance and
also for the entire system. Intensity—potential
curves of the three components have been
recorded in water and 0.15 M phosphate buffer
solution (pH 7.5), at room temperature (20—
25°C), in a potential range from — 0.1 to +1.3V
at different sweep rates, between 2 and 20 mV
s

The results revealed that neither the sodium
pyruvate nor the LDH show oxidation peaks in
anodic polarization and in the potential range
used above (Fig. 1a and b).

. I -0. 10V
01V £ (V) vs AglAgCl +10V =01V EywAgAa '

Fig. 1. Linear sweep voltammograms from —0.1 to +1.0 V,
using CPE vs. Ag/AgCl reference electrode, 20 mV s~ !, 0.15
M phosphate buffer (pH 7.4). (a) 5.6 x 10 3 M pyruvate, 200
nA V~1!; (b) 2.35 U ml~' LDH, 200 nA V~!, 23°C.

1000 pl
A
:[ 2.5pA
100 ul
+10V
OS5V g () vs Ag/agCl

Fig. 2. Linear sweep voltammograms of 5.6 x 10~°-5.6 x
10~* M NADH solutions from + 0.5 to + 1.0 V, with CPE
vs. Ag/AgCl reference electrode (20 mV s~ !, 5 pA V=1, 0.15
M phosphate buffer).

As expected, the only oxidizable compound was
NADH. The intensity—potential curves present a
well defined oxidation peak at 4+ 0.95 +0.05 V. In
current response as a function of NADH concen-
trations, the oxidation curves have been registered
using linear sweep voltammetry (same CPE sur-
face) in 4 ml water and phosphate buffer, at room
temperature 22 + 1°C, by successively spiking
samples of 100—1000 ul 2.25 mM NADH solu-
tion, stirring 30 s after each addition. The oxida-
tion curves in the potential range from — 0.1 to
+ 1.3 V, registered at the rate of 5 mV s~ ! on the
scale of 5 pA at 22°C and then again in a higher
potential range comprised between + 0.5 and +
1.0 V with a rate of 20 mV s~ ! confirmed the
linear relationship between the NADH concentra-
tion and the current intensity (Fig. 2). The equa-
tion of the regression line for the concentration
range 5.6 x 107°-5.6x10=* M is y=39.8x+
0.9 where y is pA and x is pl (r>=0.992) and
allows the determination of NADH with
good results in different media. The calculated
repeatability of several injections (n=37)
corresponded to a RSD of 2.1% and the
reproducibility for three series of six samples was
found to be 3.6%. The accuracy of the method
was good and can be compared to other analyti-
cal methods: 102 + 2% and the detection limit is
2.75 nM.

Although in the individual cases things look
simple and confirming what we proved so far,
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Fig. 3. Continuous drift of the oxidation potential of 5.6 x
10~* M NADH solutions in the presence of sodium pyruvate
(5.6 x 1074-3.4x 1073 M).
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Fig. 4. Linear sweep voltammograms of LDH from + 0.5 to
+1.2 V, with CPE vs. Ag/AgCl reference electrode (20 mV
s~1, 2 pA V!, phosphate buffer) in the presence of 2.8 x
10~* M NADH and 5.6 x 10 ~* M pyruvate solutions (19-94
pU LDH).

problems become more complicate when studying
associations.

3.2. Electrochemical study of the enzymatic
reaction

To establish the concentration and optimal
working conditions only the pairs NADH-
sodium pyruvate and NADH-LDH have been
studied, because the third combination was not

very promising to give a satisfying result. In this
second step of the research the working condi-
tions and the optimal concentrations for the LDH
determination were established.

As it can be seen in Fig. 3, when adding succes-
sive samples of 22.5 mM sodium pyruvate solu-
tion, between 100 and 600 pl in a solution
containing 5.6 x 10~* M NADH solution in wa-
ter, a continuous shift of the oxidation potential
of NADH to greater values has been observed,
while the current intensity was relatively constant.

The studies have established the working condi-
tions for the determination of LDH, by adding
successive volumes of LDH to a solution contain-
ing 500 or 1000 pl 2.25 mM NADH and 100 pl
22.5 mM sodium pyruvate solution on the sensi-
tivity scale of 2 pA V! with a sweep rate of 20
mV s~ ! after stirring for 1 min between each
replicate.

Studies done at LDH concentrations between
10 and 50 pl (120-600 uU) have revealed a linear
relation between the concentration of the enzyme
and the decrease of the current intensity, due to
the NADH oxidation (Fig. 4). The equation of
calibration curve was y= —0.79x+96 (r*>=
0.994) where y is in pA and x in pl.

The study has revealed the fact that the most
stable and reproducible results were obtained in a
0.15 M phosphate buffer (pH 7.5) and 1 M NaCl
added in order to increase the ionic strength. The
working temperature was between 20 and 25°C
(room temperature), because the optimal working
temperature of the enzyme (37°C) complicates the
analytical method without bringing any significant
advantages.

3.3. Optimal parameters of LDH calibration
curve

A very important factor is the electrode surface
fouling due to the fact that after oxidation
NADH is presumed to form polymers (dimers)
that could diminish, in time, the surface of the
CPE. As seen in Fig. 5a, where in the presence of
10 pl LDH the current for 100 pl 2.25 mM
NADH (5.5 x 10 =3 M) decreases from one repli-
cate to another (the time between each replicate is
90 s, 60 s for stirring solution). After 20 min the
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Fig. 5. Linear sweep voltammograms of LDH vs. time from + 0.5 to +0.9 V, with CPE vs. Ag/AgCl reference electrode (20 mV
s~1 100 nA V1, 23°C, phosphate buffer). (a) 23 pU LDH in the presence of 5.6 x 10 ~> M NADH and 1.1 x 10 ~* M pyruvate
solutions; (b) 2.3 uU LDH in the presence of 2.8 x 10~> M NADH and 5.5 x 10 ~°> M pyruvate solutions.

intensity—potential curves can no longer be used.
Although, we obtained a linear variation of the
current along with the LDH concentration varia-
tions (1-10 pl), in rigorous respected time condi-
tions, the equation of the regression line being
y= —1.52x+112.3 (+>=0.997) where y is in nA
and x in pl, we ‘redesigned’ all the operational
parameters of the system, decreasing even more
the concentration of the reaction partners. The
same experiment was repeated for 1 pl LDH (2.3
pU) in the presence of 50 pl 2.25 mM NADH
solution (2.75 x 10 ~> M) and 10 ml sodium pyru-
vate (5.5 x 10> M) (Fig. 5b). It is to be men-
tioned also that the oxidation potential for
NADH was decreased to +0.70 £0.05 V.

The intensity—potential curves have been regis-
tered for samples between 1 and 10 ul LDH at
100 nA V~! in a potential range from + 0.5 to
+0.9 V, with a sweep rate of 20 mV s~ ' and 60
s between replicates (30 s for stirring solutions).
The other two components of the reaction system
were in saturating concentrations 50 pl 2.25 mM
NADH (2.75x107° M) and 10 pl 22.5 mM
sodium pyruvate (5.5 x 10~ M). The total time
of the determinations is between 5 min (for five
equal samples of 2 ul) and 10 min (for 10 equal
samples of 1 ul), the linear relation between the
current intensity and enzyme concentration being
obvious (Fig. 6). The equation of the regression
line is y = —3.76x + 80.8 (r>=0.997) where y is
expressed in nA and x in ul (1 pl solution contains
2.3 wU LDH). The calculated repeatability of

several samples (7 = 25) correspond to a RSD of
10.2%, the reproducibility of three series of six
samples (three different days with different elec-
trode surface) to a RSD of 10.5% and the accu-
racy of the method was found to be 98.5 + 4.5%.

3.4. The enzymatic reaction study using modified
carbon paste electrodes

The experiments have been repeated under the
same conditions, using modified carbon paste,

that contains 5% sodium pyruvate and comparing
the intensity—potential curves obtained when

! ul LDH

10 ul LDH

+05V +09V

E (V) vs Ag/AgCl
Fig. 6. Linear sweep voltammograms of LDH from + 0.5 to
+0.9 V, with CPE vs. Ag/AgCl reference electrode (20 mV
s 1, 23°C, phosphate buffer, 2.3-23 wU LDH in the presence

of 5.6 x 107> M NADH and 1.1 x 10-* M pyruvate solu-
tions on 200 nA V! scale).
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Fig. 7. Linear sweep voltammograms of LDH from + 0.5 to + 0.9 V, with 5% pyruvate modified CPE vs. Ag/AgCl reference
electrode (20 mV s~ !, 100 nA V!, 23°C, phosphate buffer). (a) 2.3-34.5 pU LDH in the presence of 2.8 x 10~°> M NADH
solution; (b) 2.3-23 pU LDH in the presence of 2.8 x 10~> M NADH and 5.5 x 10~° M pyruvate solutions.

adding volumes of LDH between 1 and 10 pl to a
solution of 2.75 M NADH. The current decreases
very slowly but obvious (Fig. 7a), so we came to
the conclusion that the absence of the pyruvate ion
in solution is the limiting parameter, fact that was
proved doing the same experiments after adding 10
ul of 22.5 mM sodium pyruvate (5.5 x 1075 M)
(Fig. 7b) in the measuring cell and we obtained
curves that were similar to those made with the
unmodified carbon paste (calibration curve equa-
tion is y = — 6.84x + 130.7; r? = 0.993).

Similar results were also obtained when using a
modified carbon paste with 0.1% NADH, in this
case the NADH concentration being the limiting
factor. An interesting fact was that in this case the
intensity of the initial registered current was very
high and this determined us to decrease sensitivity.

Finally, the experiments have been done with a
carbon paste modified with both 0.1% NADH and
2.5% sodium pyruvate. The electrode stabilizes
after repeated polarizations for 20—30 min, when
a reproducible baseline is obtained. The shape of
the oxidation curve of NADH is present, but
poorly defined, which makes the procedure too
long and useless.

The addition of increasing concentrations of
LDH solution (1-10 pl) showed oxidation curves
a little higher (until 5—6 pl) that than the response
decreased progressively. That can probably be
explained by the fact that the presence of the
enzyme favored, in the initial phase, the displace-

ment and the solubilisation of the NADH from the
carbon paste. The same LDH concentrations have
no influence if the measuring cell contained also
5.5 x 10> M sodium pyruvate. The intensity of
the currents registered increased linearly with the
LDH volumes added until 56 pU, then remained
constant. If the measuring cell contained both
1.4 x 105 M NADH solution and 2.75 x 10=°M
sodium pyruvate solution, similar results can be
observed. The intensity of the signal increased
linearly with the LDH concentration from 2.3-23
pU and then decreased. In all the above-mentioned
cases, discrete differences between oxidation curves
for different LDH concentrations and the curve
shapes do not allow their analytical use.

4. Conclusions

For the assay of LDH from an enzyme prepara-
tion and in biological media, the electroanalytical
study of the LDH reaction system by linear sweep
voltammetry has been initiated using a CPE versus
an Ag/AgCl reference electrode and a platinum
wire as auxiliary electrode.

The sodium pyruvate and LDH are not elec-
troactive in positive polarization in the potential
range from —0.10 to + 1.30 V. NADH has a well
defined peak at + 0.95 + 0.05 V, within concentra-
tion values of 5.6 x 107°-5.6 x 10~*M in 0.15 M
phosphate buffer (pH 7.5) at 22°C with a sweep rate
of 20 mV s~ 1,
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The studies about the couples NADH —sodium
pyruvate and NADH-LDH have shown that the
current intensity remained constant, but the oxi-
dation curves are influenced by the ionic strength,
pH and temperature.

The intensity—potential curves for the samples
between 1 and 10 pl LDH in 0.15 M phosphate
buffer and 1 M NaCl at 25°C, in the po-
tential range from 4+ 0.50 to +0.90 V with a
sweep rate of 20 mV s~! have revealed the
linear relation between the current and the
LDH concentration. The other two compo-
nents of the reaction system have been added
in saturating concentrations, 2.75x 107> M
NADH and 5.5 x 107> M sodium pyruvate, re-
spectively.

Experiments done with three new modified car-
bon pastes: one with 5% sodium pyruvate, the
second with 0.1% NADH and the third with 0.1%
NADH and 2.5% sodium pyruvate, have brought
inferior results, compared to the cases in which
the three reaction components are in solution.
The presence of one or two reaction partners in
the carbon paste does not assure the optimal
concentration balance for the voltammetric
dosage of LDH.
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