J Appl Electrochem (2013) 43:985-994
DOI 10.1007/s10800-013-0594-6

RESEARCH ARTICLE

L-Lactic acid biosensor based on multi-layered graphene

Antonio Radoi *+ Alexandru Cosmin Obreja *
Sandra A. V. Eremia + Adina Bragaru *
Adrian Dinescu + Gabriel-Lucian Radu

Received: 20 March 2013/ Accepted: 16 July 2013 /Published online: 31 July 2013

© Springer Science+Business Media Dordrecht 2013

Abstract Pristine graphene platelets and graphene oxide
were used as electrode modifiers, aiming the investigation of
their electrochemical efficacy towards B-nicotinamide ade-
nine dinucleotide (NADH). The electrochemical detection
of NADH is one of the most studied areas of bioelectro-
analysis because of the ubiquity of NAD(P)H-based enzy-
matic reactions in nature. Commercially available graphene
and laboratory prepared graphene oxide were used to modify
glassy carbon electrodes and the behaviour of such modified
electrodes against potassium ferricyanide (III) and NADH
was reported. Relying on the graphene-modified transducer,
L-lactic dehydrogenase (L-LDH) was successfully immobi-
lisedina 1 % Nafion® membrane. The developed biosensor,
working at 4250 mV versus Ag/AgCl reference electrode,
was used to assess L-lactic acid in four different types of
yogurts, revealing an L-lactic acid concentration ranging
between 0.3 and 0.6 %.
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1 Introduction

Carbonaceous-based materials are extensively used in many
research fields, potential applications spanning from electric
double-layer capacitors [1], energy production [2], field
emission [3] or electrochemistry [4]. Carbon is a versatile
element, and can be present as various allotropes including
graphite, diamond and fullerene-like structures. Belonging
to the carbon family, carbon nanotubes [5] (CNTs) consist of
seamlessly rolled up graphene layer(s), meanwhile only
graphene differentiates as a two-dimensional material, made
of a single monolayer of carbon atoms [6]. Graphene is
considered to be important in the electrochemistry field [7],
since it has high electron conductivity [8], fast heteroge-
neous electron-transfer rate [9], high surface area [10] and
also it can be obtained at affordable costs [11].

The relevance of B-nicotinamide adenine dinucleotide
(NADH) as cofactor in naturally occurring enzymatic reac-
tions, as well as the potential applications in developing
NADH-based biosensors are still considered as key aspects
in the bio-electro-analytical research field [12-18]. The
electrochemistry of the redox couple NAD'/NADH has
been intensively studied by Gorton [19]; and the formal
redox potential (E®) of the NAD1/NADH is known to be
—560 mV versus SCE [20]. Even if it is still controversial,
however, a sequential electrochemical-chemical-electro-
chemical mechanism is widely accepted to be the path
undertaken in NADH oxidation. Direct electrochemical
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oxidation of NADH to its corresponding oxidised form
(NAD™) at the bare/unmodified electrodes is highly irre-
versible, requires large activation energy, and proceeds with
coupled side reactions, poisoning the electrode [21, 22]. The
decrease of the anodic oxidation overpotential may be
achieved using redox mediators [23-25], carbon in various
hybridizations and forms [26-28], boron-doped diamond
[29], metallic sputtered CNTs [30], single crystal gold [31] or
carbon paste electrode modified with nickel oxide nanopar-
ticles [32]. The advancement of graphene-based biosensors
has been reviewed [33, 34] and the NADH-based biosensors
relaying on the use of graphene or graphene derived mate-
rials (such as GO or reduced GO) were reported by several
worldwide research groups [35-38].

In this paper, we report the preparation and analytical
characterisation of multi-layered graphene and graphene
oxide (GO)-modified glassy carbon (GC) electrode used for
NADH. This electrochemical sensing probe was further uti-
lised as transducer for the development of an L-lactate bio-
sensor. This L-lactate biosensor, working at an applied
potential of +250 mV versus Ag/AgCl reference electrode,
was used to determine L-lactic acid in several types of yogurts,
illustrating that the concentration of L-lactic acid was corre-
lated with the percentage of fat in the analysed samples.

2 Experimental
2.1 Materials, reagents and instrumentation

Graphene was supplied by NanoIntegris, USA (PureSheets ™
QUATTRO) as a water-based dispersion (0.05 mg/mL)
containing 2 % (w/v) ionic surfactant. Graphite flakes (SP1)
were from Bay Carbon, Inc., USA. Spectral graphite rods
(d = 2 mm) were provided by Elektrokarbon a.s. (Slovak
Republic).

NADH (purity >97 %) was purchased from Santa Cruz
Biotechnology, Inc. (http://www.scbt.com/). L-lactate dehy-
drogenase (~ 140 IU/mg), NAD™ (>95 %, HPLC), L-lactic
acid, Nafion® 5 % (v/v) solution, NaNOs, H,SO,, KMnO,,
HCI, H,0,, hydrazine monohydrate, isopropanol, diethyl
ether potassium phosphate dibasic, potassium dihydrogen
phosphate, potassium chloride, potassium permanganate and
all the other reagents used for buffers were from Sigma-—
Aldrich. PTFE-membrane filters (0.5 um pore size) from Carl
Roth GmbH (http://www.carlroth.com) were also used. All
chemicals from commercial sources were of analytical grade.
A colorimetric assay kit (R-Biopharm AG, Darmstadt, Ger-
many) for L-lactic acid was also used.

Glassy carbon electrodes, d = 3.0 mm, were supplied by
Bioanalytical Systems (BAS, West Lafayette, USA). PK-3
electrode polishing kit (0.05 pm alumina and 1 pm diamond)
was purchased from Bio-Logic SAS (http://www.bio-logic.

@ Springer

info). Electrochemical investigations were performed using
the Autolab electrochemical system (Eco Chemie, The
Netherlands). All electrochemical measurements were per-
formed with a three electrode configuration. Potentials were
measured versus the Ag/AgCl reference electrode obtained
from BAS West Lafayette, USA. A platinum wire was used as
the auxiliary electrode. Nova NanoSEM 630 (FEI Company,
USA) was used for scanning electron microscopy (SEM)
investigations and Allegra X-22 (Beckman Coulter) centri-
fuge was used for yogurt sample pre-treatment. Yogurt sam-
ples were from local suppliers.

2.2 Graphene oxide synthesis and graphene
preparatory

Graphene oxide was prepared accordingly to Hummers
method [39], slightly modified [40]. Basically 2 g of
graphite flakes and 1 g of NaNO3 were mixed with 46 mL
of concentrated H,SO,4, under continuous stirring and
controlled temperature (5 °C). KMnO,4 (6 g) was added
and the temperature was maintained below 5 °C for at least
60 min; the reaction was allowed to proceed by carefully
monitoring the temperature in order not to exceed 35 °C.
The reaction slurry was gradually diluted using 300 mL of
deionized water and the unreacted KMnO, was neutralized
by adding 5 % v/v solution of H,O, (50 mL). The reaction
mixture was filtered on a sintered glass filter (medium pore
size); sulphate salts were removed by using HCI solution
(5 % v/v) and plenty of deionized water. The obtained cake
was dried under vacuum, at 80 °C, during 48 h. A stable
dispersion of GO (1 mg/mL) was achieved after ultrason-
ication, for about 30 min in water, and further used to
modify the electrodes as described in Sect. 2.3.
Surfactants are necessary to avoid agglomeration and
precipitation of graphene platelets [41], but removal of
surfactant is a key aspect for graphene to preserve its
intrinsic properties. The commercial available graphene
consisted of: 27 % single layer, 48 % double layer, 20 %
triple layer and 5 % four or more layers and does not have
any graphite impurities. A detailed technical specification
sheet, including also atomic force microscopy character-
istics is available at: www.nanointegris.com. Since graph-
ene was supplied as water-based dispersion containing 2 %
(w/v) ionic surfactant, we proceed with the removal of the
surfactant. For such a reason a certain volume of the
received graphene dispersion was mixed with isopropanol
and diethyl ether (1:1:2 v/v/v), by using a glass rod.
Allowing few minutes to settle down, graphene platelets
gathered in a fine layer, at the interface between the organic
(i.e. diethyl ether) and the aqueous phase (i.e. mixture of
isopropanol and water), by selective partition and floated at
the interface due to the large surface available (2,630 m%/g)
[10]. The graphene suspension was removed and dispersed
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again by ultrasounds in 50 mL of distilled water; again the
above described process was repeated five times, and in the
end, the purified graphene platelets were dried under vac-
uum, at 80 °C, during 48 h. A stable dispersion of graph-
ene (1 mg/mL) was achieved in water:ethanol (1:1 v/v),
with ultrasonication for 30 min, and further used to modify
the electrodes as described in Sect. 2.3.

2.3 Preparation of modified electrodes

Several types of electrodes were prepared for our electro-
chemical studies. Prior modification, GC electrodes
(d = 3.0 mm) were mechanically polished (PK-3 Electrode
Polishing kit), immersed in distilled water in an ultrasonic
bath (20 s.) and electrochemically cleaned, in 0.1 M H,SO,
solution using cyclic voltammetry, by performing 35 scans,
at 50 mV/s, sweeping between —300 mV and +1,200 mV.
Glassy carbon electrodes were modified by using 4 pL from
the respective graphene or GO dispersions and allowed to
dry under a moderate stream of nitrogen. Lactate biosensors
were prepared by adsorbing L-lactate dehydrogenase on
graphene-modified electrode and thereafter 5 pL of 1 %
(v/v) Nafion® neutralized solution were casted and allowed
to dry. The L-lactate biosensor, when not used, was stored in
10 mM phosphate buffer saline (PBS), at 4 °C. After
investigating the effect of enzyme loading, 20 IU of L-lactic
dehydrogenase (L-LDH)/electrode were selected to be the
best enzyme loading among 5, 10, 20 and 40 IU of L-LDH.
The concentration of the cofactor (NAD™) was also opti-
mised. It was found that 3 mM NAD™ was the best con-
centration, (from 0.5, 3.0 and 6.0 mM investigated
concentrations of cofactor), to be used for the analytical
determination of L-lactic acid, with the proposed biosensor.
The optimised pH value was found to be 7.5. The biosensor
working applied potential was 4250 mV versus Ag/AgCl
reference electrode.

2.4 Sample preparation

Commercially available yogurt samples were bought from
local markets. Samples were centrifuged during 15 min at
6,000 rpm, and the supernatant was carefully collected,
filtered through 0.5 um PTFE-membrane filters and dilu-
ted, prior analysis, in 10 mM PBS.

3 Results and discussion
3.1 Characterisation of graphene oxide and graphene
Scanning electron microscopy (SEM) investigations

revealed that there was a significant difference in the mor-
phology of graphene and GO. SEM micrographs illustrated

0 0,5 10 15 20 25
Lm

Fig. 1 Microscopic images illustrating: a wrinkled graphene with
uneven edges after surfactant removal (inset the energy dispersive
X-ray spectrum is depicted), b flat graphene oxide with sharp edges
(inset the energy dispersive X-ray spectrum is also depicted; Si and
Au peaks are ascribed to the support substrate), ¢ graphene oxide
atomic force microscopy with height profiles

in Fig. 1la, b depicted wrinkled graphene sheets with uneven
and swollen margins, while home-made GO was flat with
even edges. Energy dispersive X-ray spectra indicated that
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Fig. 2 Cyclic voltammetry recordings illustrating: a the behaviour of
bare glassy carbon electrode (GC_bare), graphene (GC_G) and
graphene oxide (GC_GO)-modified electrodes, b the electrode
coverage study and relationship between the mass of graphene

the ratio of C to O was ~ 6:1 in graphene, meanwhile for GO
this ratio was roughly 1:1, due to the presence of oxygen
functionalities (i.e. hydroxyl, epoxy, carboxyl groups, etc.)
on the surface of graphene sheets, and also indicated that the
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deposited upon the electrode surface and the resultant peak separation
(inset) and ¢ the behaviour of GC_G electrode at different scan rates
illustrating that the response of the electrode is purely diffusional
(inset C1 and C2)

oxidation process has been achieved. Graphene supplied by
Nanolntegris is supposed to be entirely pristine graphene
platelets that have not been oxidised, reduced or chemically
modified in anyway, and we assumed that the presence of
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oxygen in EDX spectrum is due to adsorbed oxygen.
Moreover, the presence of sodium indicated that traces of
surfactant were still present, even after five washing steps.

Atomic force microscopy (Fig. 1c) performed on GO
illustrated that the flake thickness (~0.8 — 0.9 nm) was
typical for single-layered GO [42].

3.2 Electrochemical characterisation of the modified
electrodes

In order to rationalise on the electrocatalytic behaviour of
the modified GC electrodes, as a preliminary assay, we
used potassium ferricyanide (1 mM) in supporting elec-
trolyte to investigate peak separation. As it can be seen
from Fig. 2a, in the case of the unmodified electrode the
peak potential separation (AE = Ep,—Ep.) was 110 mV
(Ep, = +283 mV, Ep. = +173 mV), while for the GO-
modified GC electrode AE = 100 mV (Ep, = +273 mV,
Ep. = +173 mV). Instead graphene-modified GC elec-
trode (AE = 70 mV, Ep, = +263 mV, Ep. = +193 mV)
illustrated to be able to drive the electron transfer reaction
faster than both bare or GO-modified electrode. The
obtained results are in good agreement with the results
reported in other studies, illustrating the fast electron
transfer behaviour on graphene, for single-electron-based
electrochemical reaction [33]. Brownson et al. [43, 44]
observed that heterogeneous electron kinetics is influenced
by the global coverage of graphene on the electrode sur-
face. Two distinct cases were described: “Zone I"—

-0,4 -0,2 0,0 0,2 0,4 0,6 0,8 1,0

corresponding to an incomplete coverage of the underlying
electrode surface, predominance of graphene basal planes
and reduced electrochemical reactivity, and “Zone II”"—
made of layered graphene, governance of edge planes and
thus increase in heterogeneous electron transfer and
improved electrochemical response. By doing this cover-
age study, we were able to illustrate the case of “Zone II”
(Fig. 2b), where increased amounts of graphene casted on
the GC electrodes produced a decrease in peak potential
separation, approaching the graphite case (Fig. 2b—inset).
Peak potential separation for bare graphite rod was 60 mV
and for 2, 3 and 4 pL graphene (1 mg/mL graphene stock
solution) casted GC electrodes AE varied from 120 to
90 mV and finally to 70 mV, respectively. As reported in
[43] the AE changed with the amount of graphene immo-
bilised on the surface of the underlying electrode, reduced
peak-to-peak separation illustrating improved electron
kinetic ascribed to electrochemically active edge plane
sites in “Zone II.” In order to discriminate between thin-
layer effects and diffusional response at the multi-layered
graphene-modified electrode, scan rate was varied in the
presence of 1 mM potassium ferricyanide as redox probe.
Plots illustrating the logarithm of the anodic peak current
versus the logarithm of the scan rate (Fig. 2c) inset cl)
gave a slope coefficient of 0.445 close to 0.5. Corroborat-
ing this data with the linear correlation obtained from
plotting peak current versus the square root of the applied
scan rate (Fig. 2c) inset c2), we can assume that the
response of the electrode is governed by diffusion.
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3.3 Electrochemical behaviour of NADH
at the modified electrodes

Considering the performance of an electrochemical sensor,
the properties of the electrode material are the most signifi-
cant. The electrochemical response of graphene sheets
(single-, few- and multi-layer graphene) has shown to be
independent of the number of layers [7] and does not have
tremendous advantages over graphite micro-particles [45].
Nonetheless the combination of its interesting electro-
chemical properties [43, 44, 46—48] and its peculiar phys-
iochemical properties made graphene beneficial to be
utilised in a range of sensing and energy related electro-
chemical applications. Keeley et al. [48] used exfoliated
graphene, obtained in dimethylformamide after prolonged
ultrasonication, to investigate the detection of NADH. Under
Ar atmosphere, electrochemistry experiments were achieved
using a GC electrode modified with graphene nano-sheets.
Chronoamperometry, conducted at +0.4 V versus Ag/AgCl,
illustrated a LOD in the low micromolar range (1.9 uM) for
NADH and a stability improvements over bare GC electrode.

In our experiments peak oxidation (Ep) of NADHat bare
GC electrode occurred at 4625 mV versus Ag/AgCl.
Graphene oxide (GC_GO)-modified electrodes were able
to detect NADH at Ep = 4525 mV versus Ag/AgCl,
lowering by 100 mV the potential but with a concomitant
decrease (roughly 50 %) in current intensity. Graphene-
modified GC electrode was able to drop further the over-
potential at Ep = +280 mV versus Ag/AgCl, indicating a
decrease with ~350 mV when compared with the bare GC
(Fig. 3a). Also in this case, as reported by Keeley et al. [48]
and Goh and Pumera [7], the electrocatalytic effect was
ascribed to the presence of large electrochemically active
area of graphene [10] and edge-plane sites on multi-layered
graphene, since it is no particular advantage in using
monolayer graphene instead of few- or multi-layer graph-
ene as electrode material. Ascorbic acid (AA) is one of the
most common interfering specie in the electrochemical
determinations of NADH. Nonetheless, ascorbic acid cap-
italized also on the large electrochemically active area of
the graphene and its edge-plane sites, the anodic oxidation
peak being situated at ~+4400 mV versus Ag/AgCl
(Fig. 3b). In amperometry ascorbic acid produced a sig-
nificant positive interference (+125 %, for 10~ mol L™"
ascorbic acid and NADH). This relevant issue is acute for
the majority of the carbon-based modified electrodes and
could be minimized either by electrochemical pre-treat-
ments [49] or by using ascorbate oxidase [50].

The reluctant behaviour of GO to further promote the
electron transfer reaction or to improve the electrochemical
properties of the GC electrode can be ascribed to its con-
ductivity, smaller than that of graphene; moreover GO has a
resistivity of about 188-413 kQ/m [51] and, by nature, it is
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Fig. 3 Cyclic voltammetry recordings (50 mV/s) illustrating: a the
behaviour of bare glassy carbon electrode (GC_bare), graphene
(GC_G) and graphene oxide (GC_GO)-modified electrodes in the
presence of 2 mM NADH, b the behaviour of graphene-modified
electrode in the presence of NADH and ascorbic acid

considered as an insulating nanomaterial [52]. Ampero-
metric measurements carried out at constant applied poten-
tial (4+250 mV vs Ag/AgCl reference electrode), performed
in a stirred solution at pH 7.4, clearly indicated that the
modified electrode is suited as NADH amperometric sensor
(Fig. 4). It can be observed that a nonlinear dependence of
the anodic current on NADH cofactor concentration in the
whole calibration range was obtained, as would be antici-
pated for a Michaelis-Menten type process. When consid-
ering GO-modified GC electrode, the linear working range
(LWR) was very narrow, comprised between 1 x 107* =
25x 10> M (RSD =6.5%, n=3,y=58 x 10°° +
0.1 x 107 X, r = 0.9969), while the multi-layered graph-
ene-modified GC electrode displayed improved analytical
features (LWR =5 x 107 = 1 x 100 M, RSD =
45%, n=3, y=4x 1072 +11.1 x 107 X, r=
0.99458). The limit of detection (LOD) was calculated as
3sy,/S, where s, is the standard deviation of the blank signal
and S is the sensitivity. For the GO-modified GC electrode,
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presence of successive additions (0.5, 1.0, 2.0, 4.0, 8.0, 16, 32, 64,
128, 256 pL of 0.1 M L-lactic acid in 5 mL constant cell volume) in

the calculated LOD was 1 x 10~* M, meanwhile for the
graphene-modified GC electrode, the LOD was 1.0 x 107 °M.

3.4 L-lactic acid determination in yogurts

L-lactate biosensor was developed relaying on the GC
electrode modified with multi-layered graphene. L-lactic

(PBS) + 0.1 M KCI, pH 7.4); inset the linear working range is
depicted

acid in the presence of the oxidised form of B-nicotinamide
adenine dinucleotide (NAD™) is enzymatically converted
to pyruvic acid, in the presence of (L-LDH) (Equation 1).

L-LDH
L-lactic acid + NAD" <= Pyruvic acid + NADH
+H* (1)
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Table 1 Analytical features of several L-lactic acid biosensors reported in literature

No. Sensing scheme Linear working Limit of detection Sensitivity Eqppt (V) Reference
range (mM) (LOD, uM) (LA/mM)
Fe;0,/MWCNT composite 0.05-0.5 5.0 7.67 0.0 vs Ag/AgCl [59]
2 Poly-5,2'-5',2""-terthiophene-3'- 0.005-0.09 1.0 10.6 +0.3 vs Ag/AgCl [12]
carboxylic acid/MWNT
3 3-Mercaptopropyl-trimethoxysilane/ 0-0.8 0.1 446 —0.065 vs Ag/AgCl [60]
gold nanoparticles
4 MWNT/Meldola’s Blue/carbon paste 0.1-10 7.5 3.46 0.0 vs SCE [61]
5 SWCNT/Variamine blue 0.005-0.45 1.0 - +0.2 vs Ag/AgCl [62]
6 Carbon hollow spheres 0.0005-0.012 37+0.2 41+£02 +0.15 vs Ag/AgCl [63]
7 Multi-layered graphene 0.03-0.6 19 - +0.25 vs Ag/AgCl This work

Table 2 r-lactic acid content in several yogurt types from local
supermarkets

Sample Fat Biosensor Spectrophotometric
(%) assay

Dilution  Lactic acid Lactic acid content
(viv) content (%) (%)

1 0 1/200 0.33 0.35

2 1/200 0.48 0.45

3 35 1/400 0.52 0.55

4 1/400 0.61 0.68

Amperometric sensing of L-lactic acid in samples was
achieved by coupling the L-lactate dehydrogenase with the
sensor for NADH. Based on equation 2, NADH was
oxidised at the electrode, thus producing an oxidation
current directly proportional with the vr-lactic acid
concentration.

NADH = NAD' +H" +2e”~ (2)

Finally, a calibration plot for L-lactic acid, in buffer, was
generated (Fig. 5). The linear working range was comprised
between 3 x 107> and 6 x 10™* M, and the calculated
LOD was 1.9 x 107> M (LOD was calculated as 3sb/S,
where sb is the standard deviation of the blank signal and S is
the sensitivity). Table 1 summarise the analytical
characteristics of the developed biosensor compared to
previously L-lactic biosensors reported in literature. The
results obtained, using the L-lactate biosensor, were
compared with the data from the colorimetric kit for
L-lactic acid determination acid in foodstuffs, obtaining a
good degree of correlation. The content of L-lactic acid in
yogurt samples is illustrated in Table 2.

Lactose, milk fat, proteins, citrates and their enzymatic
degradation products are considered as the source of fla-
vour compounds in yogurt. During milk incubation with
yogurt cultures, minimum 15 % of lactose is fermented to
lactic acid, the degree of lactose utilisation and the rate of
lactic acid production depending on bacteria and their
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symbiotic effect [53-55]. It has been reported that lactic
acid sources in yogurts can be considered both proteins and
fat, beside lactose [56—58]. Taking this into consideration,
we consider the estimated L-lactic acid content in the
analysed yogurts correlates well both with the increasing
fat content (from 0 % up to 5 %) and with the data reported
in literature [56-58].

4 Conclusions

Pristine graphene platelets and GO were used as electrode
modifiers, aiming the investigation of their electrochemical
efficacy towards NADH. The peak potential separation
(AE) of the unmodified GC electrode in the presence of
1 mM ferricyanide was 110 mV, while after the modifi-
cation of GC with graphene and GO, the electrode peak
potential separation was 70 mV and 100 mV, respectively.
When NADH, our analyte of interest was used, cyclic
voltammetry experiments revealed that the graphene-
modified GC was able to decrease the anodic peak potential
with ~350 mV, when compared with the bare GC,
meanwhile in the case of GO-modified electrode the
decrease was relatively moderate, i.e.~ 100 mV. Relying
on the graphene-modified transducer, (L.-LDH) was suc-
cessfully immobilised in a 1 % Nafion® membrane. The
developed biosensor, working at +250 mV versus Ag/
AgCl reference electrode, was used to assess L-lactic acid
in four different types of yogurts, revealing an L-lactic acid
concentration ranging between 0.3 and 0.6 %. The ana-
lytical performances of the biosensor reported were more
or less similar in terms of linear range and detection limits
(in the micromolar range) and were comparable with those
of the L-lactic acid biosensor reported in literature [59-63].
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