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ABSTRACT: A facile approach for the construction of
reagent-free electrochemical dehydrogenase-based biosensors
is presented. Enzymes and cofactors (NAD+ and Fe(CN)6

3−)
were immobilized by modification of screen-printed carbon
electrodes with graphene oxide (GO) and an additional layer
of cellulose acetate. The sensor system was exemplarily
optimized for an L-lactate electrode in terms of GO
concentration, working potential, and pH value. The
biosensor exhibited best characteristics at pH 7.5 in 100
mM potassium phosphate buffer at an applied potential of
+0.250 V versus an internal pseudo Ag reference electrode. Thereby, sensor performance was characterized by a linear working
range from 0.25 to 4 mM and a sensitivity of 0.14 μA mM−1. The detection principle was additionally evaluated with three other
dehydrogenases (D-lactate dehydrogenase, alcohol dehydrogenase, and formate dehydrogenase, respectively). The developed
reagentless biosensor array enabled simultaneous and cross-talk free determination of L-lactate, D-lactate, ethanol, and formate.

Nicotinamide adenine dinucleotide (NAD+) plays an
important role as an oxidizing agent in many central

metabolic pathways. Thereby, the cofactor is involved in the
electron transfer of dehydrogenase-catalyzed reactions.1 Due to
the great number of potentially available NAD+-dependent
dehydrogenases for a variety of analytes, this group of enzymes
has been of special interest for the design of electrochemical
biosensors within the last decades.2,3 However, application of
these enzymes, as biological recognition elements, is
characterized by two main restrictions.4 On the one hand,
high overpotentials are required for direct oxidation of NADH,
causing interference by oxidation of other electroactive species
and electrode fouling.5 Different approaches for a mediated
electron transfer are reported in the literature in order to
diminish this aspect by use of mediator compounds6,7 or
enzymes, like NADH oxidase8,9 or diaphorase.10,11 On the
other hand, dehydrogenase-based biosensors depend on the
permanent presence of the cofactor NAD+. This circumstance
makes the design of such devices more challenging. For this
reason, great efforts have been made for the construction of
reagent-free systems. Efficient coimmobilization of enzymes,
cofactors, and mediators has been described with, for example,
functionalized carbon nanotubes,12−14 entrapment in carbon
pastes,15,16 membranes,17,18 polypyrrol,19,20 or chitosan
films.21,22

Generally, research in this area focuses mainly on the
development of single-analyte biosensors. For clinical,
pharmaceutical, and environmental samples, however, often
the simultaneous detection of more metabolites is of

interest.23,24 In this regard, application of arrays for several
analytes seems advantageous.
Screen-printing technology facilitates cost-efficient produc-

tion of disposable biosensing systems with the potential of
flexible array design.25,26 An amperometric biosensor for
simultaneous determination of glucose and lactate was, for
example, realized by modification of screen-printed carbon
electrodes (SPCEs) with glucose oxidase and lactate oxidase,
respectively.27 Consideration of cross-talk effects is crucial for
the fabrication of multianalyte devices. In order to minimize
this aspect, two different sensing strategies have been used for
dual monitoring of glucose and lactate by immobilizing glucose
dehydrogenase and lactate oxidase on the working electro-
des.28 Additionally, the electrode surfaces were modified with
graphene oxide (GO) for improvement of the electron transfer.
Numerous studies have demonstrated the enhanced electro-
catalytic activity of electrochemical biosensors functionalized
with this biocompatible nanomaterial.29,30

Our group recently presented different multiparameter
biosensors based on platinum thin-film electrodes for detection
of various analytes.31−34 However, these systems still depend
on the addition of the cofactor NAD+ to the measurement
solution. The present work describes a facile approach for the
development of reagentless dehydrogenase-based biosensors
using SPCEs modified with GO and nafion (Figure 1). The
system was evaluated using the example of an L-lactate
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dehydrogenase for construction of an electrochemical L-lactate
electrode. The sensor performance was optimized with regard
to the GO concentration, applied working potential, and pH
value of the buffer solution. Additionally, the proposed sensor
platform was examinated with other dehydrogenases. In this
way, a multianalyte biosensor array for simultaneous and cross-
talk free determination of the metabolites L-lactate, D-lactate,
ethanol, and formate was designed.

■ EXPERIMENTAL SECTION

Chemicals and Solutions. Bovine serum albumin (BSA),
cellulose acetate (CA), ethanol, glutaraldehyde (GA, 25% in
H2O), glycerol, graphene oxide (GO, 4 mg mL−1 in H2O),
nafion, potassium ferricyanide (K3[Fe(CN)6]), and sodium D-
lactate were obtained from Sigma-Aldrich. The cofactor NAD+

and the substrates sodium formate and sodium L-lactate were
purchased from AppliChem. Buffer components (K2HPO4,
KH2PO4, and Tris-HCl) were from Carl Roth.
The enzymes alcohol dehydrogenase (ADH, 310U mg−1

from Saccharomyces cerevisiae), diaphorase (DIA, 51U mg−1

from Clostridium kluyveri), formate dehydrogenase (FDH, 0.49
U mg−1 from Candida boidinii), D-lactate dehydrogenase (D-
LDH, 213 U mg−1 from Lactobacillus leichmanii), and L-lactate
dehydrogenase (L-LDH, 174.5 U mg−1 from Bacillus
stearothermophilus) were supplied from Sigma-Aldrich. All
enzyme solutions were prepared in potassium phosphate buffer
(100 mM, pH 7.5) and the enzymatic activity was determined
photometrically in solution, as described earlier.35 Enzyme
loadings mentioned refer to the total amount of enzyme
immobilized on the electrode surface.
Sensor Modification. Screen-printed carbon array electro-

des were purchased from DropSens (ref 4W110). The sensor
displayed four WEs (each Ø 2.95 mm) sharing one common
carbon counter electrode (CE) and a silver pseudoreference
electrode (RE). Figure 1 shows a schematic illustration of the

sensor layout and the different steps used for construction of a
reagent-less dehydrogenase-based L-lactate biosensor. Prior to
modification, the sensor surface was electrochemically
activated at +1.4 V for 240 s in 100 mM KCl.36 GO (1.25
mg mL−1) was dispersed in 100 mM potassium phosphate
buffer (pH 7.5) by ultrasonication for 30 min and afterward,
mixed with the cofactors (10 mM NAD+, 20 mM K3[Fe-
(CN)]6) and 0.625% nafion. 4 μL of this solution were
dropped on the electrode surface, and air-dried at room
temperature. In the next step, the electrode was modified with
the enzymes (1.5U L-LDH and 6.0U DIA). For improved
enzyme immobilization within the GO matrix, the solution was
enriched with 0.3% GA and 2% BSA. Finally, 3 μL of 1.2% CA
(in acetone) were drop-coated on top of the enzyme
membrane. The electrode was dried and kept at 4 °C when
not in use.
The multianalyte biosensor array for the simultaneous

measurement of L-lactate, D-lactate, formate, and ethanol was
realized by immobilizing a different dehydrogenase on one of
the four working electrodes (WEs). The enzyme loading of the
D-lactate and formate electrodes was the same as described
above (each 1.5U of D-LDH and FDH, respectively). In case of
the ethanol electrode, a dehydrogenase loading of 16U ADH
was used, since earlier studies revealed loss in enzyme activity
after immobilization with the cross-linking agent GA.35,37

Apparatus. Electrochemical measurements were per-
formed with a potentiostat with an integrated multiplexer
(EmStatMUX16, PalmSens), which allows simultaneous
analysis of up to 16 WEs. For all the experiments a
conventional three-electrode arrangement was applied, con-
sisting of the electrodes (4 WEs, CE, and RE) integrated on
the SPCE array. Chronoamperometric studies were conducted
at room temperature in a stirred solution of 10 mL potassium
phosphate buffer (100 mM, pH 7.5) with an applied working
potential of +0.250 V. For calibration of the different enzyme-

Figure 1. Schematic illustration of the multianalyte screen-printed carbon biosensor array. Extension shows exemplarily for the L-lactate sensor the
different modification steps of the electrode surface and the detection principle.
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modified electrodes, the increase in the current to stepwise
addition of 40 mM analyte stock solution (L-lactate, D-lactate,
formate, and ethanol, respectively) was recorded.
Cyclic voltammetry was carried out in the potential range

between −0.4 and +0.8 V at a scan rate of 0.1 V s−1 in 100 mM
potassium phosphate buffer (pH 7.5).

■ RESULTS AND DISCUSSION

Surface Characterization. The electrode surface was
characterized by scanning electron microscopy (SEM) and
atomic force microscopy (AFM), in order to evaluate the
alterations in the morphology after each modification step.
Figure 2.1a−d shows SEM images taken with a Jeol JSM-
7800F (JEOL GmbH, Germany). Compared to the bare SPCE
(Figure 2.1a), the morphology of the electrode modified with
GO and the cofactors was characterized by a rougher surface
with some porosity (Figure 2.1b). After immobilization of the
enzymes with GA within the porous GO matrix, the surface
appears relatively smooth, as displayed in Figure 2.1c. In
comparison to the enzyme layer, the CA membrane exhibits an
even smoother morphology with a denser matrix (Figure 2.1d).
Figure 2.2a−d and Figure 2.3a−d represent AFM height

profiles and three-dimensional images, respectively, taken in
the tapping mode with silicon cantilevers (Arrow NCR,
NanoWorld AG, Switzerland) using a BioMat Workstation
(JPK Instruments, Germany). The surface roughness was
determined in terms of root-mean-square (RMS) roughness.
The untreated SPCE exhibited a RMS of 16.5 ± 4.4 nm. After
application of GO, the roughness increased to 37.8 ± 5.9 nm.
Further modification steps resulted in a lower RMS of 9.2 ±
1.3 and 2.3 ± 0.7 nm of the enzyme membrane and the CA
layer, respectively. These findings are consistent with the SEM
images, as described above.

Optimization of the Current Response. GO Concen-
tration. The protocol for the electrode modification was
optimized in regard to the applied GO concentration. For this
reason, the effect of the GO loading on the immobilization of
the cofactors was evaluated by cyclic voltammetry. Figure 3

shows the cyclic voltammograms obtained with GO concen-
trations in the range from 0 to 1.5 mg mL−1. All curves
exhibited the typical cyclic voltammogram characteristic for the
reversible reduction of Fe(CN)6

3− to Fe(CN)6
4− with

increasing potential.38,39 Thereby, a higher current for the
oxidation peak was observed with increasing GO loading.
These results demonstrate the enhanced electrocatalytic

Figure 2. SEM images (1), AFM height (2), and three-dimensional profiles (3) of the blank SPCE (a), modified with GO and the cofactors (b), an
additional layer of the enzymes L-LDH and DIA (c) and a membrane of CA (d). The scanned area of the AFM images was 2 × 2 μm2.

Figure 3. Cyclic voltammograms of SPCEs modified with Fe(CN)6
3−,

NAD+, and different concentrations of GO 0−1.5 mg mL−1.
Measurements were performed in 100 mM potassium phosphate
buffer (pH 7.5).
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activity of the SPCEs modified with GO. Various studies
demonstrated superior electrochemical properties of different
electrode materials (such as SPCEs,40,41 glassy carbon
electrodes,42,43 and platinum electrodes44) by modification
with GO and nafion. The electrode modified with 1.5 mg mL−1

GO displayed the highest current response. However, the high
GO amount hindered homogeneous distribution of the
solution on the electrode surface and uniform drying. So, for
further experiments, a concentration of 1.25 mg mL−1 GO was
chosen.
Working Potential. The optimal working conditions for

amperometric detection of L-lactate were additionally exam-
ined in terms of the applied working potential and the pH
value of the measurement solution. In Figure 4, the

relationship between the relative current response after the
addition of 1 mM L-lactate and the potential applied to the WE
is depicted. The signal was normalized to the maximum
obtained current change. The highest signal increase was
observed at a potential of +0.250 V versus the internal pseudo
silver reference electrode. At more positive potentials, the
amperometric signal decreased to about 26.5% at +0.4 V.
These results are in good agreement with the typical redox
potentials of the Fe(CN)6

3−/Fe(CN)6
4− system, as visualized

by the cyclovoltamograms in Figure 3. Similar optimal
potentials are reported in the literature for electrochemical
biosensors based on the mediated electron transfer of the
redox couple Fe(CN)6

3−/Fe(CN)6
4−.11,45 Thus, for further

studies, a working potential of +0.250 V was selected.
pH of the Buffer Solution. The characteristics of the

surrounding environment have a great impact on the catalytic
activity of enzymes, which determines mainly the overall
biosensor sensitivity. For this reason, the dependence of the
amperometric response on the pH value of the measurement
solution was studied over the range from pH 6.0 to 8.0 in
potassium phosphate buffer and from pH 8.5 to 9.0 in Tris-
HCl buffer. As presented in Figure 5, the current increased
with increasing pH value, reaching a maximum signal in
phosphate buffer at pH 7.5. Measurements at higher pH values
resulted in lower change in the current signal. This

characteristic is consistent with other L-lactate biosensors
described in literature that also utilize L-LDHs in combination
with DIA11,35,46 or an alternative approach for electrochemical
detection of L-lactate.47,48 Hence, further experiments were
conducted at pH 7.5 in phosphate buffer.

Amperometric Detection of L-Lactate. The effect of
each component (cofactors, GO and CA, respectively) on the
electrochemical electrode response was investigated by
modification of the SPCE with different membrane composi-
tions. Figure 6 shows the individual amperometric signal of
each electrode to the successive addition of L-lactate in the
concentration range from 0.25 to 6 mM. The curve in Figure
6a represents an GO/Enzymes/CA electrode that has been
constructed without the cosubstrates NAD+ and Fe(CN)6

3−. In
this case, no change in the current occurred after stepwise
increase of the L-lactate concentration. This observation proves
that both cofactors are essentially required for the enzymatic
reaction, as depicted in Figure 1, and thus, for the
amperometric detection principle. In comparison, modification
of the electrode surface with cofactors/enzymes/CA (b)
resulted in a stepwise increase in the current response each
time the analyte is added to the measurement solution.
However, the final three concentrations steps (3, 4, and 6 mM)
are accompanied by a gradual decrease of the amperometric
signal, probably due to leakage of one or both of the cofactors
from the sensor surface. The improved immobilization of the
cofactors by modification of the electrode with GO is revealed
by curve Figure 6c,d. The electrode modified with GO, but
without CA (see Figure 6c GO+Cofactors/Enzymes), showed
a continuous increase of current with increasing L-lactate
concentration. This was also the case for the GO+Cofactors/
Enzymes/CA electrode (d). For both electrodes, a stable signal
response over the whole measurement time was obtained. This
might be due to an enhanced immobilization of the required
cosubstances by integration of GO on the sensor surface,
compared to the electrode prepared without GO (Figure 6a).
The insets in Figure 6 display the corresponding calibration
curves of the different electrodes. The sensitivities obtained for
the Cofactors/Enzymes/CA, GO+Cofactors/Enzymes, and

Figure 4. Influence of the applied working potential on the
amperometric response of the L-lactate electrode modified with 1.25
mg mL−1 GO to 1 mM L-lactate in 100 mM potassium phosphate
buffer (pH 7.5). Relative current response represents the signal
normalized to the maximum obtained current.

Figure 5. Effect of pH on the amperometric sensor response.
Experiments were carried out in 100 mM potassium phosphate buffer
(pH 6.0−8.0) and Tris-HCl buffer (pH 8.5−9.0) at an applied
working potential of +0.250 V. Relative current response represents
the signal increase after addition of 1 mM L-lactate, normalized to the
maximum obtained current.
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GO+Cofactors/Enzymes/CA electrode were 0.16, 0.51, and
0.14 μA mM−1, respectively. Thereby, the GO+Cosubstrates/
Enzymes/CA electrode (d) exhibited the broadest linear range
from 0.25 to 4.0 mM. These results demonstrated that with an
additional CA layer the linear detection range can be extended,
as also described by other electrochemical enzyme-based
biosensors.49,50 The permselective membrane serves as a
diffusion barrier, which hinders the transport of the analyte to
the electrode surface. Consequently, the sensitivity of the

SPCE is influenced. The application of such membranes is also
commonly used in order to reduce the impact of other
electroactive species in complex sample solutions.51

Reagent-Free Biosensor Array for Simultaneous
Measurement. The applicability of the developed reagent-
free sensor platform was evaluated with three other
dehydrogenases. For construction of D-lactate-, formate-, and
ethanol-sensitive electrodes, D-LDH, FDH, and ADH,
respectively, were used for sensor modification, as described
earlier. First, each electrode was calibrated by amperometric
measurements with the corresponding analyte. Table 1

summarizes obtained characteristics of the different electrodes
in terms of the linear working range and sensitivity. In
comparison, the ethanol sensor exhibited the highest sensitivity
with 1.07 μA mM−1. These performances proved that the
detection principle, in combination with the electrode
modification, is generally applicable to different NAD+-
dependent dehydrogenases.
In order to evaluate potential cross-talk effects between

electrodes modified with different dehydrogenases, a multi-
analyte biosensor was constructed. Figure 7 illustrates an
amperometric measurement of four analytes at the same
applied potential of +0.250 V. The capability of cross-talk free
detection is demonstrated by consecutive titration of each
analyte individually (D-lactate, L-lactate, formate, and ethanol,
respectively). In each case, the addition of the particular
analyte results in an increase in the current signal of only the
corresponding dehydrogenase electrode, while the other ones
remain constant. The capability of simultaneous analysis of all
four different analytes is substantiated by the last two titration
steps, in which a multicomponent solution was used. Hereby,
all four electrodes responded with an increase in the
electrochemical signal due to increasing analyte concentration,
according to the specific sensitivity for each electrode.

■ CONCLUSIONS
The modification of SPCE with GO has provided a simple
technique for construction of reagentless NAD+-dependent
biosensors. In this study, this platform has been evaluated by
the development of an electrochemical enzyme-based L-lactate
biosensor. The immobilization of the cofactors NAD+ and
Fe(CN)6

3− on the electrode surface has been achieved by
functionalization with GO and an additional layer of CA.
Thereby, the amperometric signal response was optimized in
regard to GO concentration, working potential, and pH of the
buffer solution. Experiments revealed that best results were
obtained at an applied potential of +0.250 V in 100 mM
potassium phosphate buffer at pH 7.5. Furthermore, the
proposed reagent-free biosensing system has been successfully
tested with three other NAD+-dependent dehydrogenases. In
this way, a multianalyte biosensor for simultaneous determi-
nation of L-lactate, D-lactate, ethanol, and formate was
fabricated based on an SPCE array. This device enabled

Figure 6. Amperometric response of SPCEs with different electrode
modifications (GO/Enzymes/CA (a), Cofactors/Enzymes/CA (b),
GO+Cofactors/Enzymes (c), and GO+Cofactors/Enzymes/CA (d))
to the successive addition of L-lactate (0.25−6 mM). Measurements
were performed in 100 mM phosphate buffer (pH 7.5) at an applied
potential of +0.250. Insets show the corresponding calibration curves
as a function of L-lactate concentration.

Table 1. Characteristics of the Individual Electrodes of the
Reagentless Multianalyte SPCE Array

analyte linear range (mM) sensitivity (μA mM−1)

L-lactate 0.25−4.0 0.14
D-lactate 0.25−4.0 0.18
ethanol 0.05−2.0 1.07
formate 0.25−4.0 0.09
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cross-talk free amperometric detection of four analytes without
the requirement of adding external NAD+ and mediator to the
measurement solution. The present work demonstrates the
promising potential of a disposable biosensor array charac-
terized by facile application and rapid analysis. Such system
could, for example, be used for the monitoring of fermentation
processes, where knowledge about the concentration profile of
different analytes is of great importance. In this regard, future
work concentrates on the improvement of the sensor
performance and evaluation of the stability in complex
biological samples such as fermentation broth.
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