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a b s t r a c t

A biosensor for the measurement of lactate in serum has been developed, which is based on a screen-
printed carbon electrode, modified with Meldola’s Blue-Reinecke Salt (MBRS-SPCE), coated with the
enzyme lactate dehydrogenase NAD+ dependent (from Porcine heart), and NAD+. A cellulose acetate
layer was deposited on the top of the device to act as a permselective membrane. The biosensor was
incorporated into a commercially available, thin-layer, amperometric flow cell operated at a potential of
eywords:
low cell
creen-printed electrode
eldola’s Blue-Reinecke salt

mperometric biosensor
(+) Lactate

only +0.05 V vs. Ag/AgCl. The mobile phase consisted of 0.2 M phosphate buffer pH 10 containing 0.1 M
potassium chloride solution; a flow rate of 0.8 ml min−1 was used throughout the investigation. The
biosensor response was linear over the range 0.55–10 mM lactate; the former represents the detection
limit. The precision of the system was determined by carrying out 10 repeat injections of 10 mM l(+)lactic
acid standard; the calculated coefficient of variation was 4.28%. It was demonstrated that this biosensor
system could be applied to the direct measurement of lactate in serum without pre-treatment; therefore,

ough
erum
IA

this would allow high thr

. Introduction

Lactic acid is an important analyte in clinical analysis where it
s an important biomarker in the detection of heart failure [1]. Its

easurement is also important in the food industry, for example
uring fermentation of beer, wine and cider [2].

For such determinations, simple, inexpensive, and reliable
ethods are highly desirable; we considered that amperometric

iosensors offer these features.
This is certainly the case when screen-printed carbon electrodes

orm the base transducers upon which a suitable enzyme/cofactor
ystem is immobilised [3–5]. We considered that a suitable enzyme
or this measurement would be lactate dehydrogenase, which
onverts NAD+ to NADH in the presence of lactate; the NADH pro-
uced is then detected amperometrically and forms the analytical

esponse. In order to reduce the overpotential for NADH oxidation,
everal mediators may be used to modify the SPCEs surface.

Phenazine ethosulphate and methosulphate [6], Prussian Blue
7], Meldola‘s Blue [8] are some examples of the mediators used in

∗ Corresponding author. Tel.: +44 0117 328 2469; fax: +44 0117 328 2904.
E-mail address: john.hart@uwe.ac.uk (J.P. Hart).

039-9140/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.talanta.2010.03.051
put-analysis, at low cost, for this clinically important analyte.
© 2010 Elsevier B.V. All rights reserved.

the past for the fabrication of lactate biosensors. Our goal was to
employ Meldola’s Blue-Reinecke Salt Screen-Printed Carbon Elec-
trodes (MBRS-SPCEs) as these were previously shown by us to be
suitable in flow injection analysis, both for NADH detection and
glucose determinations [9].

The main benefits of MBRS-SPCEs for incorporation into a dehy-
drogenase based biosensor are that the devices do not readily
dissolve in the FIA mobile phase and the operating potential is close
to zero volts. FIA systems are attractive, as it is possible to perform
analyses of clinical samples with minimal operator effort, and they
can be easily automated.

In the present paper we describe the development of an
FIA/amperometric biosensor system for lactate, based on these
principles. The application of the new assay to serum analysis is
also discussed.

2. Experimental
2.1. Chemicals and reagents

Lactate dehydrogenase (LDH from Porcine heart EC 1.1.1.27) was
purchased from BBI (Bleanavon South Wales UK) with a specific
activity of 257 U/mg material, newborn calf serum from bovine
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alves (N-4637), BSA fraction V (A 3059) and NAD+ were obtained
rom Sigma. All other chemicals were of analytical reagent grade
nd also purchased from Sigma–Aldrich (UK).

NaH2PO4 (0.2 M), and Na2HPO4 (0.2 M) containing KCl (0.1 M)
ere mixed together in order to prepare the buffer solutions for all

lectrochemical investigations. The l(+) lactic acid standard stock
olutions were prepared fresh daily at 1 M concentrations in phos-
hate buffer at the pH required. The pHs were adjusted with sodium
ydroxide if necessary.

The Meldola‘s Blue-Reinecke salt complex was prepared using
he method described in our previous paper which was concerned
ith the design of a glucose biosensor [9]. This was then used in

he preparation of the appropriate modified screen-printed carbon
lectrodes and for the fabrication of the lactate biosensors.

.2. Apparatus and biosensors

Cyclic voltammetric measurements, for characterisation of the
creen-printed electrodes, were performed using an �Autolab Type
I computer controlled Potentiostat (Windsor Scientific, UK).

Flow injection analysis was performed with a peristaltic pump,
onnected to a Rheodyne (AnaChem, UK) 4-way injection valve fit-
ed with a 65 �l loop; this was connected to a thin-layer flow cell
Uniscan Ltd, UK), containing a screen-printed lactate biosensor.

The screen-printing of the MBRS mediated SPCEs was carried
ut at Gwent group using a DEK 1202 semiautomatic printer (DEK
eymouth, UK). The MBRS-SPCEs (GEM Ltd base electrodes code:

E2060227D2), were printed on to an alumina substrate (from
oorstek, Fife, UK, laser cut at Laser Cutting, Ceramics Ltd, Sheffields
K)) using a specially laser cut substrate from which the sensor
ere snap to fit into the flow cell. SPCEs for use in a flow cell
ere fabricated by screen-printing carbon inks containing 2% MBRS

GEM Ltd code: C2070418D4), this was prepared by modification
f a base carbon ink (Gem Ltd code: C2030319D4); an Ag/AgCl
eference/counter electrode (GEM Ltd ink code: C61003P7), was
creen-printed alongside the working electrode. These MBRS-
PCEs electrode was investigated for their cyclic voltammetric
ehaviour with NADH in carrier buffer.

Biosensors were manufactured by depositing 3 �l of a biocock-
ail containing the following: 10 U of LDH, 225 �g NAD+, 294 �g of
SA, and 15 �g of glutaraldehyde onto the working electrode area.
he biosensors were stored at +4 ◦C desiccated.

A membrane was deposited on the top of the dried biosensor
n the day of testing by depositing 15 �L of 2% cellulose acetate in
cetone and allowed to dry for 30 min at room temperature. When
ry the biosensor was ready to be incorporated in the FIA system
or serum lactate determinations.

.3. Procedures
.3.1. Cyclic voltammetry
Cyclic voltammetry was performed with NADH prepared at a

oncentration of 1 mM and dissolved in 0.2 M phosphate buffer pH
0.0–0.1 M KCl.

Fig. 1. Sequence of reactions involved in th
82 (2010) 34–37 35

The cyclic voltammetric behaviour of this solution was exam-
ined with Meldola‘s Blue-Reinecke Salt modified screen-printed
electrodes (MBRS-SPCEs), with no added enzyme. The voltammet-
ric conditions were: initial potential −0.80 V, final potential +0.80 V
(vs Ag/AgCl); scan rate 50 mV s−1.

2.3.2. Hydrodynamic voltammetry
The current/voltage behaviour of our complete lactate biosen-

sor, housed in a commercial thin-layer cell [9] was examined over
the potential range −0.5 V to +0.1 V; the potential was changed in
100 or 50 mV steps. Triplicate injections of 3 mM lactate were made
through a 65 �L loop at each potential step.

2.3.3. pH study
Calibration studies at different pH values were performed using

a biosensor in conjunction with flow injection analysis. A separate
biosensor was used to perform each calibration study. The effect
of pH was investigated over the pH range 7.0–10.0, with constant
phosphate buffer strength (0.2–0.1 M KCl).

These studies were performed in triplicate with a 65 �L loop
for each lactate concentration examined. The operating potential
was +50 mV and the lactate concentration investigated in the range
0–25 mM.

2.3.4. Analytical application
The proposed biosensor, housed in a commercial thin-layer cell,

was incorporated into a FIA system and evaluated for the direct
measurement of lactate in calf serum.

Undiluted serum was injected directly into the FIA system
through a 65 �L loop; this procedure was repeated a total of 6
times on a single biosensor. The unknown lactate concentration
was determined by comparing the resulting FIA peaks to the cali-
bration plot obtained using carrier buffer pH 10.

3. Results and discussion

3.1. Principle of biosensor operation

The cascade of reactions occurring during operation of the lac-
tate biosensor is shown in Fig. 1. Initially, lactate undergoes an
enzymatic oxidation in the presence of lactate dehydrogenase and
NAD+ to produce pyruvate, H+ and NADH. Next, the reduced form of
the cofactor (NADH) reacts with the oxidised form of Meldola’s Blue
to produce the reduced form of the mediator. The latter form then

undergoes electrochemical oxidation at the surface of the screen-
printed carbon electrode. These last two reactions characterise the
electrocatalytic oxidation of NADH, which generates the analyti-
cal response. In this format, higher concentrations of lactate will
generate higher amperometric responses.

e operation of the lactate biosensor.
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Fig. 3. Hydrodynamic voltammogram obtained using FIA. Biosensor with 10 U LDH.
Triplicate injections of 3 mM lactic acid in 0.2 M pH 10 phosphate buffer plus 0.1 M
KCl. 65 �L sample injections.
ig. 2. Cyclic voltammograms obtained using MBRS-SPCEs with (a) 0.2 M phosphate

uffer pH 10.0 containing 0.1 M KCl, (b) 1 mM NADH in 0.2 M phosphate buffer pH
0.0 containing 0.1 M KCl.

.2. Voltammetric studies of NADH at different modified
creen-printed carbon electrodes and calibration by FIA

.2.1. Cyclic voltammetry
Cyclic voltammetric studies were carried out with MBRS-SPCEs

n the absence (Fig. 2a) and presence (Fig. 2b) of 1 mM NADH, the
upporting electrolyte consisted of 0.2 M phosphate adjusted to pH
0, containing 0.1 M KCl.

A well-defined peak occurred for NADH at a potential similar to
hat observed for one of the MBRS oxidation peaks, i.e. −0.05 V vs
g/AgCl.

From this behaviour we deduced that an electrocatalytic
esponse occurred for NADH with MBRS-SPCE, and that it should
e feasible to detect NADH, at a low operating potential, in studies
here MBRS-SPCE was employed within the FIA detector.

.2.2. Hydrodynamic voltammetry
The current–voltage behaviour of a complete biosensor, com-

rising 10 U of LDH, 225 �g NAD+, 294 �g of BSA, and 15 �g of
lutaraldehyde, was examined using a flow injection system. Trip-

icate injections of a 3 mM lactate solution were made using a
5 �L loop at each potential examined. Fig. 3 shows the resulting
oltammogram from which it is apparent that the electrocatalytic
xidation current for NADH produce a plateau between −0.15 and
0.05 V; the direct oxidation begins at about +0.10 V (see Fig. 3). It

Fig. 5. Amperometric responses obtained using the lactate biosensor.
Fig. 4. Lactate calibration plots obtained using FIA. Biosensor with 10 U of LDH,
225 �g of NAD+, 294 �g of BSA, 15 �g of Glutaraldehyde tested at different pH.
Carrier 0.2 M phosphate buffer plus 0.1 M KCl.

should be noted that the electrocatalytic signal rises from the in situ
generation of the reduced cofactor as illustrated in Fig. 1. We have
previously shown that good reproducibility of the NADH response
could be obtained using a potential of +0.05 V with the MBRS-SPCE
[9]. Consequently, we selected this applied potential for all subse-
quent measurements involving the lactate biosensor/flow injection
system.
3.2.3. pH study
Fig. 4 shows the resulting calibration plots for each pH examined

and Table 1 summarises the calibration data. Clearly, the highest

Carrier solution 0.2 M phosphate buffer plus 0.1 M KCl at pH 10.
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Fig. 6. Amperometric responses obtained with 10 m

Table 1
Calibration data obtained using different pH values of the carrier solution.

PH Calibration curve: Linear range (mM)

7.0 y = 0.535x + 2.87 R2 = 0.9858 2–10
8.0 y = 1.445x + 2.5033 R2 = 0.9946 2–10
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8.5 y = 1.7333x + 5.3133 R2 = 0.9949 2–10
9.0 y = 2.0939x + 3.5923 R2 = 0.9914 1–8

10.0 y = 4.2092x + 1.6968 R* = 0.9935 0.25–10

ensitivity for lactate was obtained using a carrier solution of pH
0. This observation is in agreement with other workers who used
ptical methods to investigate the enzymatic conversion of lactate
o pyruvate [10,11]. It should be mentioned that the amperomet-
ic biosensor/FIA system had the advantage of simplicity, speed of
nalysis and selectivity. Fig. 5 shows representative amperometric
esponse for some different lactate concentrations. The replicate
esponses showed good reproducibility for example 4 mM gave a
oefficient of variation of 3.1% (n = 3).

.3. Precision of the proposed biosensor with standard lactate
olutions and application to commercially available serum

The precision of our biosensor was examined by making 10
epeat injections of 10 mM lactate (Fig. 6) and the calculated coef-
cient was determined to be 4.28% for injections with a single
iosensor. This data indicated that the proposed biosensor should
e suitable for our analytical application. It should be noted that
his data demonstrates that the cofactor NAD+ does not readily dif-
use through the cellulose acetate membrane; if this had occurred
he response would decrease with each injection.

In order to evaluate our new biosensor for possible clinical appli-

ations we performed replicate determinations on commercially
vailable calf serum. The serum samples were simply injected into
he flow system via a 65 �l loop without any previous treatment.
able 2 shows the calculated lactate concentrations, which were
ound by referring the FIA peak currents to the calibration plot.

able 2
erum lactate concentrations determined with the proposed biosensor.

Native Add Found % Recovery

1 4.59 8.00 12.94 104.36
2 4.40 8.00 13.01 107.55
3 4.18 8.00 12.51 104.14
4 5.06 8.00 13.59 106.63
5 5.15 8.00 14.70 119.38
6 4.76 8.00 12.49 96.63

X 4.69 13.21 106.45
St. Dev. 0.38 0.83 7.41
CV% 8.02 6.32 6.96

[

[
[

M l(+)lactate injections. CV% = 4.35 for n = 10.

The precision indicated that reliable data should be expected when
the biosensor is used in a FIA system. It should be added that the
performance of this FIA system is similar to that shown by a HPLC
method for serum which required ultrafiltration as an additional
pretreatment step [12].

4. Conclusions

This study demonstrates the possibility of fabricating MBRS-
based sensors for use with FIA, which produce well-defined
electrocatalytic oxidation signals in the presence of NADH. These
devices were successfully converted to re-usable lactate biosensors
by depositing lactate dehydrogenase, BSA, NAD+, and glutaralde-
hyde onto the surface of the sensors. These were coated with a
cellulose acetate to act as a permselective membrane.

Calibration studies were performed using these devices in a flow
injection system and it was found that they gave a linear response
to lactate over the range 0.2510 mM and the Km was calculated
to be 26.7 mM using the Lineweaver–Burk method. The coefficient
of variation determined with 10 mM lactate was calculated to be
4.29% (for n = 10 injections). It was shown that the new biosensor
system could be used for the direct analysis of lactate in commer-
cially available serum without pre-treatment and with a response
in 10 s; the biosensors were stable for at least 17 days when stored
at +4 ◦C.

This behaviour demonstrates the possibility of applying the
biosensor, together with FIA, for the rapid determination of lactate
in clinical analyses, at low cost.

In addition it is feasible that other dehydrogenase enzymes may
be incorporated with the MBRS-SPCE FIA system to produce amper-
ometric biosensors for other clinically important compounds.
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