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Design an Amperometric Biosensor for the Detection of Lactate
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Abstract

In this study, we present the design of a new electrode material, as a L-lactate selective
electrochemical sensor. We identified the conditions under which the mediator DHB-
Nafion provides the best reversibility and robustness. We also found that by using a
Nafion overlayer 50% of modified material is preserved. With these conditions the
electrochemical detection of NADH is carried out. By adding to the molecular
electrode's material L-LDH enzyme, the detection is accomplished at different
concentrations of L-lactate. Finally we performed the determination of L-lactate under
hydrodynamic regime. The working potential under hydrodynamic regime is 0.56 V vs.
Ag/AgCl (pH 7.4) in 50 mM phosphate buffer with 50 mM KCI as supporting
electrolyte. The results from the calibration curve obtained by linear regression was
0.9826 at concentrations from 0.0 to 0.6 mM of L-lactate, and 0.9738 at concentrations
from 0.7 to 0.11 mM of L-lactate.
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1. INTRODUCTION

The chemical characterization of biological samples of interest is tough due to the complexity of the media (matrices)
where the samples are inversed. In order to analyze these samples is necessary to take them into the laboratories and
pre-process them, with the purpose of separating their components. This fact must be considered when in-situ and
real-time data is required, to control a determinant chemical spice in medical diagnosis. Because the miniaturization
required by the equipment, the ease of implementation in the place where the analysis is made and the operation in
real-time is not easy to achieve [1]. The use of electrochemical sensors can be a viable alternative to solve the problem
before mentioned. However, the use of conventional electrodes (without modifications) presents some complications,
because many compounds have slow electronic transfer kinetics or they produce the passivation of the electrode [2]. In
addition of this, the presence of other electroactive substances in the matrix, adds another level of difficulty. This
situation causes interference during the determination of the interest analyte [3], resulting in the decrease of specificity
in the analysis. The solution for these set-backs is to modify the surface of the electrode with a redox catalytic
mediator [4], in order to carry out the electrochemical activation of the interest analyte. In this manner, two tendencies
are reported in diverse works in the literature: 1) the use of synthetic compounds [5-12]. Which are usually porphyrins,
phthalocyanines and other metallic complexes with a square planar structure and are useful for the assisted electro-
activation of analytes and 2) the use of bio-molecules [13-21], like proteins, enzymes and antibodies between others
[22], which ensure the selective recognition of the interest spice. In the case of bio-molecules, though they have the
capacity of recognize selectively one analyte and frequently they can be redox mediators, they have the limitation of
denaturalization of their base structure, which restricted their use in the heterogeneous medium of a modified
electrode. In this study we pretend to approach the detection of L-Lactate. Because the monitoring of their levels have
an important biological interest in the detection of lactic acidosis and tissue hypoxia [23]. Since these affections are
characterized by the rise in the concentration of L-Lactate in the organism. We have the perspective to obtain a new
molecular material of electrode, with possible applications like electrochemical selective sensor. The immobilization
(over the surface of the electrode) of enzymes with the capacity of selectively recognize the L-Lactate and the L-
Lactate Dehydrogenase [24], was made by the use of a membrane of Nafion which basically is a commercial
ionophore and gave us a suitable environment to the incorporation of biomolecules in a modified electrode, due to
their amphiphilic nature and physicochemical stability.

2. EXPERIMENTAL

2.1 Reagents and chemicals

lon exchange resin perflourinated Nafion®, 3.4-dihydroxybenzaldehyde (DHB), nicotinamide adenine dinucleotide
(NADH) L-lactate dehydrogenase enzyme (L-LDH) from rabbit muscle (EC 1.1.1.27), L-lactate lithium, K,HPO,
Potassium monohydrogen phosphate and potassium dihydrogen phosphate KH,PO,4 [25]. All reagents were analytical
grade (Sigma-Aldrich).

2.2 Apparatus

We used a three-electrode electrochemical system. A glassy carbon electrode as working electrode, platinum wire as
auxiliary electrode and the reference electrode was Ag/AgCl (Cypress Systems Inc.). The electrode potential was
controlled with a potentiostat-galvanostat Gamry (Reference 600, ZRA Software v.5) with computational interface.

2.3 Preparation of modified electrodes and glassy carbon biosensors
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Glassy carbon electrodes were modified with DHB mediator mixture (100 mM), the cofactor NADH (1 mM), coal
dust (0.5 mg/mL), L-LDH (545 ULDH), and 0.05% Nafion 50 mM phosphate buffer with 50 mM KCI. The mixture
was gently stirred to avoid denaturing the enzyme. The surface of the glassy carbon electrode was previously polished
to reach mirror finish and sonicated to remove excess alumina. Modified electrodes were dried for 12 hrs at room
temperature. After drying an overlayer of 50% Nafion was placed, to increase the robustness of the material, and
finally was allowed to dry for 12 hrs [25].

2.4 Lactate biosensor design

Our purpose design of the novel biosensor of L-Lactate is shown in the Figure 1. This shows that LDH enzyme
depends on NAD". Because of this the 3,4-Dihydroxybenzaldehyde is incorporated to the design in order to assure the
oxidation of NADH to the NAD" cofactor [26-30].
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Figure 1. Design scheme of L-lactate biosensor.

3. RESULTS AND DISCUSSION

3.1 Characterization of DHB-Nafion electrode

The expected operation of the biosensor is while a mixture of L-LDH enzyme remains in the surface of the glassy
carbon electrodes, the L-Lactate reacts enzymatically to form L-Pyruvate on solution and NADH on the molecular
material of the electrode, all this, through the cofactor NAD®. The NADH generated, reacts with the 4-formile-o-
benzoquinone to form the NAD" cofactor y the DHB. By the monitoring of the oxidation currents generated in the
process before described, is possible calculate the concentration of L-Lactate in the dissolution. The Figure 2 shows
the cyclic voltamperogram of the characterization of DHB-Nafion electrode. The irreversible oxidation signal of the
DHB (where the benzoquinone is formed) around a potential of 0.68 mV vs. Ag/AgCl can be observed. This
irreversible process do not allows the study of the reduction of the benzoquinone to DHB. This due to the fact that the
benzoquinone can react chemically with the medium, and possibly forms benzenodiols. Once the electrochemical
signals from the electrode of DHB-Nafion are determined, the next stage is to test if the electrode is capable of oxidize
the NADH to the NAD" cofactor. Because this, NADH is added to the electrochemical cell and the electrochemical
response of the electrode against the oxidation of the NADH is obtained. The Figure 3 shows the cyclic
voltammogram of the DHB-Nafion electrode with and without NADH. An increase of 0.5 uA of the anodic current
(oxidation zone in blue line), with the addition of NADH can be observed. As well as the contrast, without NADH
(red line). The increase of current indicates that the oxidation of the NADH to NAD" is taking place.
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Figure 2. Cyclic voltammogram of DHB-Nafion electrode; 100 mV/s, -0.7 to 0.8 V vs Ag/AgCl, 50 mM phosphate/50
mM KCI buffer, pH = 7.4.
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Figure 3. Cyclic voltammogram trace of the DHB-Nafion electrode with and without NADH. 100 mV/s, -0.7 to 0.8 V
vs. Ag/AgCl, Buffer of phosphates 50 mM, pH 7.4.

(0] (o)
HO 0
" A
d p— +2e +2HY
HO 0
(0] (0]
0 HO
H
b +NADH +H* —> + NAD*
0 HO

Figure 4. Reaction generated in the matrix and surface of modified glassy carbon electrode.
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The oxidation zone of the reaction can be observed in Figure 3, can be explained with the reaction “b” of the Figure 4,
when after the generation of benzoquinone (oxidized form of the DHB) a chemical reaction between the benzoquinone
and NADH occurs and results in the formation of the NAD"* and DHB. Because of the last, the NAD", not presents a
reduction signal. The obtained results until this phase, indicate that is possible generate NAD™ from NADH, giving the
possibility to immobilize DHB, NADH and L-LDH to obtain a L-Lactate biosensor

3.2 Characterization of modified electrodes with DHB, NADH and L-LDH and oxidation of L-Lactate

The electrochemical characterization of the modified electrode with Nafion-DHB-NADH-L-LDH, is observed in
Figure 5, where the cyclic voltammogram shows that the resistance of the system increases. This is expected due the
low electrical conductivity of the proteins in the dissolution. A signal of irreversible oxidation around a potential of
0.56 V vs. Ag/AgCI, can be observed. This potential is where the most part of transformation of L-Lactate to L-

Pyruvate takes place and will be the potential to maintain constant in the amperometric detection of L-Lactate.
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Figure 5. Cyclic voltammogram of the DHB-LDH-NAD"-C-Nafion electrode. In buffer solution of phosphates 50
mM with KCI 50 mM, pH 7.4, 100 mV/s.
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Figure 6. Cyclic voltammogram of the DHB-LDH-NAD*-C-Nafion with overlayer of 50% Nafion electrode. In buffer
of phosphates 50 mM with KCI 50 mM, pH 7.4, 100 mV/s and concentration of Lactate 0, 0.10, 0.20 and 0.30 mM.
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Figure 6 shows the increase of anodic current due the formation of the NAD™ and the L-Pyruvate, with the addition to
the solution of lactate (0, 10, 20 and 30 mM). This indicates that the L-LDH enzyme has activity and detects
selectively to the L-Lactate. In the cyclic voltammogram, the L-Lactate to L-Pyruvate oxidation at a potential of 0.56
V can be observed. The DHB mediator oxidizes the NADH to NAD+ and together with the L-LDH enzyme resulting
in the oxidation reaction previously mentioned (L-Lactate to L-Pyruvate). Due to this products the currents are
additive in the anodic signal

3.3 Detection in hydrodynamic regim of L-Lactate
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Figure 7. Schematic of the implementation of SSBA technique.
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Figure 8. SSBA of the detection of Lactate with the electrode of Nafion-DHB-NADH-L-LDH.

Once the characterization of the Nafion-DHB-NADH-L-LDH electrode was carried out, the next stage was in the
detection of L-Lactate in hydrodynamic regimen. This was performed through Steady State Batch Amperometry
(SSBA) technique, which is based in applying the cronoamperometry technique with agitated medium (Figure 7) and
additions of well known concentrations of the analyte. The result are increments in the current that describe a stairway

form. This technique can help to prove the detection selective of the L-Lactate. In Figure 8 the response curve of the
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SSBA applied to the detection of L-Lactate with the electrode of Nafion-DHB-NADH-L-LDH is shown. The applied
potential is 0.56 V by 10 min, with an agitation speed of 800 rpm and additions of 0.01 mM of lactate when the signal
remains stable. We propose two detection zones in Figure 8, the first around 0.01 to 0.06 mM and the second around
0.06 to 0.11 mM. This is because in the first addition the sensor doesn’t have resistance problems. However, the
passivation begins to be present because of the products of the reaction and also a change in the slope can be observed
with a decrease of the sensitivity. The absence of reversibility of the reduction reaction from 4-formile-o-
benzoquinone to 3,4- dihydroxybenzaldehyde [31], this is because non-conductor benzaldehydes are being formed
[32] and are the cause of the electrical conductivity decrease. This produces passivation of the electrodes modified
with this mediator. The calibration curve (Figure 9) of detection (L-Lactate) is obtained when the values of
concentration of L-Lactate against the increase the current produced in each addition are plotted. This Figure shows
the changes in slope before mentioned. The linear coefficient of the first slope is an acceptable 0.9826, while in the
second slope, the linearity is reduced. Because of this, we propose that the designed material is appropriate for the
additions of Lactate that don't exceed 0.06 mM of concentration. The evidences discussed above show that is possible
to build an efficient device for the Lactate detection.

y = 42.286x + 2.939

y=12511x +1.16 R2= 09738

R?=0.9826
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Figure 9. Calibration curve for the detection of L-Lactate.

4. CONCLUSIONS

The modified Nafion-DHB electrode is capable of generating the cofactor NAD", which is essential to carry out the
enzymatic reaction of L-Lactate to L-Pyruvate. The modified Nafion-DHB-NADH-L-LDH electrode, is capable of
detecting selectively the L-Lactate through the increase of concentration of this analyte in the cell due to the increase
of anodic signal. Furthermore we accomplished the L-Lactate detection in hydrodynamic regimen. Also their
calibration curve was obtained and two linearly zones were observed. The first one is around 0.0 to 0.06 mM while the
second one is around 0.07 to 0.11 mM. It is important to note that this second zone, has less sensitivity due the
decrease of its slope. Finally, we can conclude that the specific L-Lactate detection is viable and is possible to measure
this analyte without the previous preparation of the sample. The detection limits found show lactate concentrations up
to 0.11 mM, allowing identifying small quantities in tests of quality of food, medicine, clinical trials, etc. The
overlayer of Nafion also provides adequate strength to preserve the modification in the electrode material. It is
recommended for each modified electrode standardizing their specific correlation. It is important to note that, the
detection area as a logarithmic zone that represents one single equation instead of the two linear areas could be
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considered, however, this area would cause more correlation errors that the correlation of the linear equations
proposed in this article.
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