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Abstract Through layer-by-layer adsorption (LBL) tech-
nique, the positively charged multiwalled carbon nanotubes
(MWCNTs) and negatively charged graphene multilayer film
were formed on graphite-poly(diallyldimethylammonium-
chloride)-polystyrenesulphonate (Gr/PDDA/PSS) modified
electrode. Due to large surface area and remarkable electro-
catalytic properties of MWCNTs and graphene, the Gr/
(PDDA/PSS-[MWCNTs-NH3

+-graphene-COO−]5) electrode
exhibits potent electrocatalytic activity towards the electro-
oxidation of nicotinamide adenine dinucleotide (NADH). A
substantial decrease in the overpotential was observed at mod-
ified electrode, and the electrode showed high sensitivity to the
electrocatalytic oxidation of NADH. The modified electrode
was characterized by cyclic voltammetry and electrochemical
impedance spectroscopy. The diffusion coefficient was calcu-
lated by chronocoulometry. Chronoamperometric studies
showed the linear relationship between oxidation peak
current and the concentration of NADH in the range
25–250 μM (R00.999) with the detection limit of 0.1 μM (S/

N03). Further, dopamine, uric acid, acetaminophen and hy-
drogen peroxide do not interfere in the detection of NADH.
The ability of MWCNTs and graphene to promote the
electron transfer between NADH and the electrode
exhibits a promising biocompatible platform for devel-
opment of dehydrogenase-based amperometric biosen-
sors. Alcohol dehydrogenase (ADH) was casted on Gr/
(PDDA/PSS-[MWCNTs-NH3

+-graphene-COO−]5) elec-
trode; the resulting biosensor showed rapid and high
sensitive amperometric response to ethanol with the
detection limit of 10 μM (S/N03).
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Introduction

Nicotinamide adenine dinucleotide plays a central role in
mitochondrial respiratory metabolism by stimulating the
energy production in all living cells. The detection of
NADH is of great importance because it is produced in
reactions that are catalyzed by hundreds of dehydrogenases.
The electrochemical oxidation of NADH involves an elec-
tron transfer followed by deprotonation and a second elec-
tron transfer. The mechanism of the oxidation of NADH is
reported to be as follows [1].

NADH� e� ! NADH�þ ð1Þ

NADH�þ ! NAD� þ Hþ ð2Þ

NAD� � e� ! NADþ ð3Þ
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The efficient recycling of NAD+/NADH system is essen-
tial in the operation of a variety of electrochemical biosen-
sors that are based on NAD+-dependent dehydrogenase
enzymes. The oxidation of NADH on unmodified electrodes
suffers from high overpotential and form surface fouling due
to the adsorption of radical intermediates produced [2].
The major product formed is NAD+, which undergoes
dimerization and gets adsorbed on the electrode surface
hindering the direct electron transfer. Thus, the ampero-
metric detection of NADH lacks stability and sensitivity.
In addition, the electrochemical oxidation becomes un-
selective since at the high overpotential, other electro-
active species present in the analyte solution would undergo
oxidation.

The initial attempts to overcome these limitations were
based on the use of redox mediators such as meldola blue [3,
4], prussian blue [5], phenoxazine [6], phenothiazine [7],
toluidine [8] and quinones [9] to recycle the NADH back to
the enzymatically active NAD+. The activity of these medi-
ators towards NADH oxidation has been explained in terms
of hydride transfer mechanism in which the mediator
accepts the hydride and has the ability to delocalize the
electrons. Though such platforms offer an increased perfor-
mance of the modified electrode for NADH sensing, there
are still disadvantages such as leaching of mediators and the
high overpotential that is not sufficient to eliminate interfer-
ences from other easily oxidizable species in real samples.
The oxidation of NADH has been investigated using ferro-
cene [10, 11], conducting polymers [12–15] and nitrofluor-
enone derivatives [16, 17]. The recent approaches to
facilitate the oxidation of NADH include the use of electro-
des based on various forms of carbon such as pyrolytic
graphite [18], carbon nanotubes (CNTs) [19–21] and gra-
phene [22, 23].

CNTs are of great interest for the assembly of nanostructured
macroscopic electrodes, biosensors and nano-bioelectronic devi-
ces due to their nanosize, lack of toxicity, good electrocatalytic
properties and efficient accumulation of biomolecules as well as
minimization of surface fouling. The unique properties of CNTs
make them extremely attractive for the preparation of chem-
ical sensors in general, particularly electrochemical sensors. In
addition, CNTs can be functionalized with organic com-
pounds with minimal change in their electronic and chemical
properties.

Graphene, a 2-D, single layer sheet of sp2 hybridized
carbon atoms has attracted tremendous attention and re-
search interest, owing to its exceptional physical properties,
such as high electronic conductivity, good thermal stability
and excellent mechanical strength. The promising properties
together with the ease of processibility and functionalizabil-
ity make graphene-based materials ideal candidates for the
application in many areas including electrochemical sensing
and biosensing. Graphene-based electrodes have been

shown to exhibit excellent electron transfer promoting abil-
ity for some enzyme-based biosensors [24, 25].

Layer-by-layer (LBL) technique has been regularly
employed in developing biosensors. Alternate adsorption
of oppositely charged ions on solid electrode surface has
been used to fabricate biosensors systems. Finely controlled
multilayer films could be constructed using LBL method
[26].

This paper demonstrates the construction of thin films of
positively charged MWCNTs and negatively charged gra-
phene on PDDA/PSS modified graphite electrode using
LBL technique. The modified electrode decreases the over-
potential for NADH oxidation and was used to develop an
alcohol dehydrogenase based biosensor. The electrochemi-
cal behavior of the modified electrode towards determina-
tion of NADH was investigated by cyclic voltammetry,
electrochemical impedance spectroscopy, chronoamperom-
etry and chronocoulometry.

Experimental details

Reagents

NADH, multiwalled carbon nanotubes (MWCNTs), thionyl
chloride, ethylenediamine, toluene, polystyrenesulphonate
(PSS) (Mw 70,000), poly(diallyldimethylammoniumchlor-
ide) (PDDA) (Mw 200,000–350,000) and alcohol dehydro-
genase were purchased from Sigma-Aldrich and used as
received. Ethanol was received from Changshu Yangyuan
Chemical, China. Phosphate buffer solution (PBS) was pre-
pared using stock solutions of 0.1 M K2HPO4 and 0.1 M
KH2PO4. The pH was adjusted using 0.1 M HCl and 0.1 M
NaOH. All other chemicals used were of analytical grade,
and they were used without further purification. All solu-
tions were prepared with milli-Q water.

Electrochemical measurements

Cyclic voltammetry, chronoamperometry, chronocoulome-
try and electrochemical impedance spectroscopy were car-
ried out with Versastat 3 (Princeton Applied Research,
USA). All electrochemical measurements were carried out
in a three-electrode electrochemical cell with Gr/(PDDA/
PSS-[MWCNTs-NH3

+-graphene-COO−]5) electrode as
working electrode, saturated calomel (SCE) as reference
electrode and platinum as auxiliary electrode.

Preparation of negatively charged graphene and positively
charged MWCNTs

Graphene was produced by the solvothermal reduction of
colloidal dispersions of graphite oxide according to the
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procedure described in a research article [27]. In brief, about
1 g of graphite powder was added to 23 ml of cooled (0 °C)
concentrated H2SO4, and about 3 g of KMnO4 was added
gradually with stirring and cooling, so that the temperature
of the mixture was maintained below 20 °C. The tem-
perature of the reaction mixture was increased to 35 °C
and maintained for 30 min with constant stirring. To
cause an increase in temperature to 98 °C, 46 ml of
distilled water was slowly added, and the mixture was
maintained at that temperature for 15 min. The reaction
was terminated by adding 140 ml of distilled water
followed by 10 ml of 30 % H2O2 solution. The solid
product was separated by centrifugation and washed
repeatedly with 5 % HCl solution until sulphate could
not be detected with BaCl2. Finally, the product was
washed three to four times with acetone and dried in an
air oven at 65 °C overnight. One hundred milligrams of
graphene oxide was dispersed in 50 ml of ethylene
glycol by sonication for 0.5 h at a temperature of 120 °C for
48 h. The brown colloidal dispersion was transferred to stain-
less steel autoclave, sealed and heated in oven. The graphene
sheets obtained after solvothermal treatment were washed
with acetone followed by water and then dried in hot air oven
at 65 °C.

The conductivity of the graphene oxide (graphite oxide)
is much lesser than that of reduced graphene oxide (gra-
phene). Graphene oxide sheets were reduced to obtain high
conductive graphene sheets. Graphene oxide showed a re-
sistivity of about 188–413 kΩ/m [28]. However, resis-
tivity decreases drastically to~15 kΩ/m after high
thermal reduction with alcohol. Similarly electrical con-
ductivity of graphene is 10,000-fold increased after re-
duction of graphene oxide [29]. Thus, we prepared
graphene from graphene oxide by solvothermal reduc-
tion method. But it is difficult to get stable dispersion
of graphene in aqueous media, because it aggregates in
aqueous media and eventually precipitates. In order to
overcome this, COO− functional groups are introduced at the
edges of graphene by refluxing with conc. HNO3 for 5 h. The
resulting functionalized graphene was well dispersed in water
and does not aggregate. The presence of COO− functional
groups at graphene sheets was characterized by FT-IR and
confirmed; the figure was given in our earlier research article
[30].

MWCNTs were refluxed with H2SO4:HNO3 (3:1v/v) at
70 °C to obtain carboxylic acid functionalized MWCNTs
(MWCNTs-COO−) and then washed with distilled water
and dried in vacuum at 50 °C. MWCNTs-COO− was
chlorinated by refluxing with thionyl chloride for 12 h.
Amine functionalized MWCNTs (MWCNTs-NH2) were
obtained by reacting chlorinated MWCNTs with ethyl-
ene diamine in dehydrated toluene for 24 h at 70 °C.
After washing with ethanol and distilled water several

times, MWCNTs-NH2 powder was dried at 50 °C in
vacuum for 24 h [31].

Fabrication of Gr/(PDDA/PSS-[MWCNTs-NH3
+-graphene-

COO−]5) electrode

An electrode was made by inserting a graphite cylinder
of 6-mm diameter in the hole of a Teflon bar with the same
internal diameter. Electrical contact was made with a copper
wire through the centre of the Teflon bar. Prior to the modifi-
cation, the graphite electrode was polished to get a mirror
shining surface using different grades of emery paper, i.e.,
1000, 800, 6/0, 4/0 and finally with 2/0. It was than ultra-
sonicated for several minutes and rinsed with milli-Q water.
Graphene-COO− (2 mg/ml) was dispersed in pure water, and
MWCNTs-NH2 (2 mg/ml) was dispersed in acetate buff-
er (pH 3) to get MWCNTs-NH3

+ [28]. The polished graphite
electrode was dipped in PDDA (3 %w/v) containing 0.5 M
NaCl for 1 h. The positively charged PDDAmodified graphite
electrode was immersed in PSS (3 % w/v) for 1 h to obtain
negatively charged PDDA/PSS modified graphite electrode.
This electrode was dipped alternately in MWCNTs-NH3

+ and
graphene-COO− solution for 30 min each. The films were
carefully rinsed in distilled water after each dipping step to
remove excess and loosely held materials. The above proce-
dure was repeated five times to obtain Gr/(PDDA/PSS-
[MWCNTs-NH3

+-graphene-COO−]5) electrode which is
henceforth referred to as modified electrode.

Immobilization of enzyme on Gr/(PDDA/PSS-[MWCNTs-
NH3

+-graphene-COO−]5) electrode

Seven milligrams per milliliter of alcohol dehydrogenase
(ADH) was dissolved in phosphate buffer solution at pH
7.0. Four microliters of enzyme was cast on to the modified
electrode and dried at ambient temperature. The enzyme
modified electrode was stored in phosphate buffer at pH
7.0 at 4 °C when not in use.

Results and discussion

Characterization of the Gr/(PDDA/PSS-[MWCNTs-NH3
+-

graphene-COO−]5) modified electrode using cyclic
voltammetry and electrochemical impedance spectroscopy

The electrochemical behavior of bare graphite and modified
electrodes in 0.1 M phosphate buffer solution is as shown in
Fig. 1a. Well-defined peaks at 0.029 and −0.141 V were
observed for the modified electrode due to the redox process
of oxygen containing groups present in graphene-COO−

[20]. The cathodic and anodic peak currents increased line-
arly with increase in the number of bilayers [see inset in
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Fig. 1a], suggesting uniform growth of each bilayer. The
linear equations were as follows:

ipa ¼ 3:71� 10�5 þ 8:75� 10�5NL R ¼ 0:990ð Þ ð4Þ

ipc ¼ �8:02� 10�5 � 8:96� 10�5NL R ¼ 0:984ð Þ ð5Þ
where, NL is the number of bilayers.

The modified electrode remained unaltered on continu-
ous potential cycling and repetitive measurements, suggest-
ing that the graphene-COO− and the positively charged
MWCNTs-NH3

+ layers are bound strongly to each other
through electrostatic interaction.

Electrochemical impedance spectroscopy is an effective
method for probing the features of surface-modified electro-
des using the redox probe Fe(CN)6

4−/3−. Figure 1b shows
that at bare graphite electrode the impedance spectrum was
composed of a semicircle and a straight tail line. The semi-
circle part at high frequency corresponds to limited electron-
transfer process, and the linear part at low frequency origi-
nates from the mass transfer limitation of Fe(CN)6

4−/3−.
Interestingly after modifying the graphite electrode with
MWCNTs-NH3

+ and graphene-COO−, the semicircle was
not observed and only a straight line was observed suggest-
ing diffusion controlled electron transfer process. Because
MWCNTs-NH3

+ and graphene-COO− are excellent electric
conducting materials, they could accelerate the electron
transfer and resulted in the reduction of charge transfer
resistance [32]. This indicates that the impedance offered
by modified electrode–electrolyte interface for charge trans-
fer process is less compared to the bare electrode.
Impedance decreases as the number of bilayers increases
[33].

Morphology of MWCNTs and graphene modified electrode
surfaces

The modified electrode is characterized by SEM. Figure 2
displays typical images of bare Gr (a), first bilayer (b), third
bilayer (c) and fifth bilayer (d) of the modified electrode.
The bare Gr electrode exhibits high heterogeneity with
many cavities and stacked flakes. Upon modification with
MWCNTs and graphene (first bilayer), the surface of the
electrode shows decrease in cavities and stacked flakes.
Similarly for the third and fifth bilayers, the adsorption of
MWCNTs and graphene increases. Thus, one may expect to
obtain a porous film of MWCNTs and graphene with a large
surface area.

Electrocatalytic oxidation of NADH at Gr/(PDDA/PSS-
[MWCNTs-NH3

+-graphene-COO−]5) electrode

At unmodified carbon electrodes, the oxidation of NADH
occurs at very high potential (> 0.7 V) with the surface
fouling due to the accumulation of reaction intermediates
(NAD+) on the surface of the electrodes with many electro-
chemical interferences such as ascorbic acid, dopamine and
uric acid [34, 35]. Cyclic voltammetric technique was used
to determine the influence of bilayers on the electrocatalytic
activity towards NADH. From Fig. 3a we observe that the
oxidation of NADH on modified electrode occurs at
+0.07 V. With increase in the number of bilayers, the oxi-
dation current increases, and it remains almost constant after
the formation of fifth bilayers. Hence, Gr/(PDDA/PSS-
[MWCNTs-NH3

+-graphene-COO−]5) electrode was used
for further studies. Cyclic voltammograms recorded in

Fig. 1 Cyclic voltammograms of Gr/(PDDA/PSS-[MWCNTs-NH3
+-

graphene-COO−]n) modified electrode (a) where n01–5 (a–e) in phos-
phate buffer solution of pH 7.0 at a scan rate of 0.05 Vs−1; a is the
cyclic voltammogram of bare electrode. b Nyquist impedance plots of
bare (a), after first (b), third (c) and fifth (d) bilayer modification of the
electrode in 1 mM Fe(CN)6

4−/3−. The frequency range is from 100 kHz
to 0.1 Hz, and amplitude is 5 mV. The supporting electrolyte is 0.1 M
phosphate buffer containing 0.1 M KCl. Inset shows the charge transfer
resistance of bare Gr (a) and fifth (d) bilayer
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phosphate buffer (pH 7.0) for Gr/(PDDA/PSS-[MWCNTs-
NH3

+-graphene-COO−]5) electrode, in the absence and in
the presence of 5 mM NADH, are shown in Fig. 3b.
The modified electrode exhibits substantial negative
shift of anodic peak potential (> 0.6 V) and high elec-
trocatalytic activity for the oxidation of NADH. The
large decrease in the overpotential and high electrocata-
lytic activity for the oxidation of NADH at the modified
electrode is ascribed to the high surface area provided
by MWCNTs and graphene.

Effect of increasing concentration and scan rate
at Gr/(PDDA/PSS-[MWCNTs-NH3

+-graphene-COO−]5)
electrode

The cyclic voltammogram responses for a series of NADH
solution with various concentrations are shown in Fig. 4a.
With the addition of NADH, there was an increase in the
anodic peak current linearly. In the limiting case, where all
of the electroactive species undergoing a charge transfer is
adsorbed at the solution–electrode interface, the peak cur-
rent (ip) will be proportional to scan rate (ν), and a plot of ln
ip vs ln ν will have a slope of 1. If a non-adsorbed

electroactive species undergoes charge transfer either re-
versibly or irreversibly, a slope of ln ip vs ln ν will be 0.5
[36]. Thus, for Gr/(PDDA/PSS-[MWCNTs-NH3

+-gra-
phene-COO−]5) electrode, a slope ln ip vs ln ν was
found to be 0.65. It depicts that oxidation of some
adsorbed NADH is taking place at electrode surface.
Thus, slight positive shift in peak potential with in-
crease in concentration of NADH could be due to some
amount of NADH adsorbed on electrode surface. The
linear regression equation is given by

ip NADHð Þ Að Þ ¼ 4:28� 10�4 þ 1:35� 10�5CNADH mMð Þ;

R ¼ 0:999; SD ¼ 9:4� 10�7: ð6Þ

Figure 4b shows the cyclic voltammograms recorded for
5 mM NADH solution in different scan rates. It is observed
that by increasing the sweep rate, the peak potential for the
oxidation of NADH shifts to more positive values. The peak
currents for the anodic oxidation of NADH are proportional
to the square root of scan rate, predicting a diffusion con-
trolled process [37]. The inset in the figure shows the

Fig. 2 SEM of bare Gr (a), first
bilayer (b), third bilayer (c) and
fifth bilayer (d) of MWCNTs
and graphene
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relation between scan rate and anodic peak current, and the
linear regression equation is given by

ip Að Þ ¼ �3:4� 10�4 þ 1:0� 10�4n V s�1
� �

;

R ¼ 0:997; SD ¼ 3:3� 10�5

ð7Þ

Adsorption of NADH on Gr/(PDDA/PSS-[MWCNTs-
NH3

+-graphene-COO−]5) electrode using chronocoulometry

The diffusion characteristics of NADH at the Gr/(PDDA/
PSS-[MWCNTs-NH3

+-graphene-COO−]5) electrode were
investigated by chronocoulometry, according to the integrat-
ed Cottrell equation:

Q ¼ 2nFAC Dtð Þ1=2=p1=2 þ Qdl þ Qads ð8Þ

where Qdl is the double-layer charge and Qads is the Faradaic
charge due to the oxidation of adsorbed NADH. Qads can be
calculated from the difference of the intercepts of the plot of
Q versus t1/2 in the presence and absence of NADH. Qdl is
assumed not changed in the presence and absence of NADH
[38, 39]. A is the surface area of the working electrode, C is
the concentration of NADH, F is Faraday constant.
Figure 5 shows the chronocoulometric curve obtained
with modified electrode in the absence of NADH (curve
a) and in the presence of 25 μM NADH at an applied
potential of +0.07 V (curve b). The plot of Q has a
linear relationship with the square root of time (t1/2) (as
shown in inset). The number of electrons involved in
the oxidation of NADH is 2. A is 0.28 cm2 and C is

Fig. 3 Cyclic voltammograms of a [MWCNTs-NH3
+-graphene-

COO−] bilayers on Gr/PDDA/PSS modified graphite electrode where
n01–6 (a–f) in phosphate buffer solution at pH 7.0 containing 0.1 M
KCl and 5 mM NADH at a scan rate of 0.05 Vs−1. b Gr/(PDDA/PSS-
[MWCNTs-NH3

+-graphene-COO−]5) modified electrode in the ab-
sence (a) and presence (b) of 5 mM NADH

Fig. 4 Cyclic voltammograms of Gr/(PDDA/PSS-[MWCNTs-NH3
+-

graphene-COO−]5) a for varying NADH concentrations of 0, 1, 2, 3, 4
and 5 mM (a–f) in phosphate buffer solution at pH 7.0 containing
0.1 M KCl at a scan rate of 0.05 Vs−1. Inset: The calibration curve; (b)
at different scan rates (a–f) of 0.05, 0.1, 0.15, 0.2, 0.25 and 0.3 Vs−1 in
a solution containing 5 mM NADH. Inset: Plot of Ip vs (scan rate)1/2
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2.5×10−5 mol L−1. The calculated diffusion coefficient
is 1.32×10−6 cm2 s−1 from chronocoulometry, and the
same is calculated from cyclic voltammetric method
using the Randles–Sevcik equation:

ip ¼ 2:69� 105
� �

n3=2ACD1=2n1=2 ð9Þ
and it is found to be 2.99×10−6 cm2 s−1 (concentration
of NADH used for the calculation is 5 mM). The value
of the diffusion coefficient of NADH calculated is in
good comparison with the values reported in literature,
i.e., 2.4×10−6 cm2 s−1 [12] and 2.98×10−6 cm2 s−1 [15].
The surface coverage of the electrode was calculated by
adopting the method due to Laviron [40]. According to
this method, the total amount of charge (Q) is related to
the surface concentration of electroactive species (Γs) by
the equation

Γ s ¼ Qads=nFA ð10Þ
The surface coverage was found to be 2.75×10−9 mol cm−2.

Constant amperometric determination of NADH at Gr/
(PDDA/PSS-[MWCNTs-NH3

+-graphene-COO−]5)
electrode

Figure 6a shows the amperogram recorded for the Gr/
(PDDA/PSS-[MWCNTs-NH3

+-graphene-COO−]5) elec-
trode at a working potential of +0.07 V with successive
additions of NADH into the 0.1 M phosphate buffer solution
at pH 7.0. The reaction occurring at the Gr/(PDDA/PSS-
[MWCNTs-NH3

+-graphene-COO−]5) electrode was very
fast, reaching a dynamic equilibrium upon each addition of
the analyte with a response time less than 3 s to reach 100 %
signal. Such a fast amperometric response time is indicative

of faster charge transport on the modified electrode. A wide
linear response range from 25–250 μM was observed, and
the linear regression equation is as follows:

ipNADH Að Þ ¼ 1:2� 10�6 þ 1:7� 10�7CNADH μMð Þ;

R ¼ 0:999; SD ¼ 5:4� 10�7

ð11Þ

A sensitivity of 55 μA cm−2 μM−1 was obtained. Various
NADH sensors have been reported in literature. However, it
is very difficult to compare one sensor to other because the
performance of the sensor is greatly dependent on the ap-
plied potential, supporting electrolyte, electrode material
and its surface area. Different NADH sensors are summa-
rized in Table 1 with respect to operating conditions, sensi-
tivity and the detection limit; it can be seen that the

Fig. 6 Chronoamperometric response of Gr/(PDDA/PSS-[MWCNTs-
NH3

+-graphene-COO−]5) electrode for the oxidation of NADH at
+0.07 V in phosphate buffer solution (pH 7.0). Each addition increased
the concentration of NADH by 25 μM (a). Inset: plot of NADH vs.
catalytic peak current. Amperometric response depicting the effect of
coexisting DA, ACT, H2O2 and UA on the measurement of NADH at
Gr/(PDDA/PSS-[MWCNTs-NH3

+-graphene-COO−]5) (b) at the ap-
plied potential of +0.07 V in phosphate buffer solution at pH 7.0

Fig. 5 Chronocoulometric curve of modified graphite electrode (a) in
buffer solution and (b) for 25 μM NADH in phosphate buffer solution
at pH 7. The inset shows the linear relationship between charge (Q) and
square root of time (t½)
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performance of the developed sensor is comparable to most
of NADH sensors in literature in one or more categories
[41–46]. The detection and quantification limits were esti-
mated at 0.1 μM (S/N03) and 5 μM, respectively. We
investigated the effect of interfering species commonly
found in biological samples such as DA, UA, ACT and
H2O2 as shown in Fig. 6b. The addition of NADH to the
stirred solution shows the increasing current response; how-
ever, the addition of interfering species such as DA (50 μM),
UA (50 μM), ACT (50 μM) and H2O2 (250μM) did not show
any current response. The preparedmodified electrode is good
for NADH sensor.

The effect of pH at Gr/(PDDA/PSS-[MWCNTs-NH3
+-

graphene-COO−]5) electrode towards oxidation of NADH

The effect of solution pH on the response of NADH at Gr/
(PDDA/PSS-[MWCNTs-NH3

+-graphene-COO−]5) electrode

was investigated over the range of pH 4–8. Figure 7 shows
that the anodic peak current and peak potential decrease with
increase in pH. This shows that proton is involved in the
oxidation of NADH. The maximum oxidation peak current
was observed at pH 4.0. However, to mimic the physiological
condition, pH 7.0 was chosen in this work.

Stability and reproducibility

Long-term stability is one of the most important require-
ments of biosensors. The stability of Gr/(PDDA/PSS-
[MWCNTs-NH3

+-graphene-COO−]5) electrode was checked
in the presence of 0.5 mMNADH by performing amperomet-
ric experiment in 0.1 M phosphate buffer solution of pH 7.0 at
an applied potential of +0.07 V under stirring condition for a
period of 20 min. Figure 8 shows that the decrease of current
observed was only around 10 % even in stirring condition
indicating that the modified electrode is stable and suitable for
sensor application. The modified electrode showed an

Table 1 Comparison of the Gr/(PDDA/PSS-[MWCNTs-NH3
+-graphene-COO−]5) electrode with other biosensors

NADH biosensor Applied potential
(V vs. SCE)

Sensitivity
(μA mM−1 cm−2)

Detection limit
(μM)

Response
time (s)

References

IL-graphene/chitosan/GC +0.45 37 – < 10 [23]

BCNS/GC +0.3 2.25 0.05 – [41]

TCBQ/MWCNTs/EPPG +0.15 – 0.05 < 1 [21]

GCE/MWCNTs/poly-Xa +0.1 2.2 0.1 < 0.1 [12]

CGA-modified carbon composite electrode +0.3 0.025 0.2 < 1 [42]

Ti-MCM-41/GCE +0.28 0.0018 8 – [43]

BDD electrode +0.58 – 0.01 – [44]

Peptide nanotube-based gold electrode +0.4 – – – [45]

Catechin/PEDOT/GC +0.35 0.019 0.5 – [46]

Gr/(PDDA/PSS-[MWCNTs-NH3
+-graphene-COO−]5)

electrode
+0.07 55 0.1 < 3 Present work

Fig. 7 Effect of pH at Gr/(PDDA/PSS-[MWCNTs-NH3
+-graphene-

COO−]5) on the cyclic voltammetric response of 5 mM NADH. pH
(a) 4.0, (b) 5.0, (c) 6.0, (d) 7.0 and (e) 8.0

Fig. 8 Stability of the current response of 0.5 mM NADH at Gr/
(PDDA/PSS-[MWCNTs-NH3

+-graphene-COO−]5) at the applied po-
tential of +0.07 V in phosphate buffer solution at pH 7.0
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acceptable repeatability. The interface was prepared eight
times in the same manner, and tests were performed in
0.1 M phosphate buffer at pH 7.0. A relative standard devia-
tion lower than 5%was obtained indicating good repeatability
of the preparation of the sensor.

Effect of metal ions on the electrooxidation of NADH using
Gr/(PDDA/PSS-[MWCNTs-NH3

+-graphene-COO−]5)
electrode

It is evident from Fig. 9a that the anodic current for the
oxidation of NADH increases in the presence of metal ions.

This may be due to the relationship between the presence of
carboxylic groups (negative charge) on the electrode surface
which binds between NADH and the catalyst due to the
formation of metal ion bridge. Curves a and b in Fig. 9a
show respective cyclic voltammograms at 0.01 Vs−1 of Gr/
(PDDA/PSS-[MWCNTs-NH3

+-graphene-COO−]5) elec-
trode in phosphate buffer at pH 7.0 in the absence and
presence of 5 mM NADH. Electrocatalytic oxidation of
NADH varies with concentration of metal ions, and the
maximum oxidation current was observed in the presence
of 10 mM metal ions. Therefore, we have added specific
amount (10 mM) of metal ions in to the solution. Curves c to
f show the effects on the electrocatalytic current in the
presence of 10 mM AlCl3, BaCl2, CaCl2 and MgCl2, re-
spectively, in the solution. Ca2+ and Mg2+ ions enhanced the
electrocatalytic current significantly for the oxidation of
NADH. Other metal ions like Al3+ and Ba2+ show a similar
behavior, but the effects are not as pronounced as in the case
of Ca2+ and Mg2+ ions. In order to compare the results of the
modified electrode in the absence and presence of different
ions, the peak current was normalized to the charge of the
modified electrode alone (ip/qp). This was then expressed as
a percentage of the value obtained in the absence of delib-
erately added ions (control). From the results presented in
Fig. 9b, it is clear that the most significant enhancements
were from Ca2+ and Mg2+. This may be due to the formation
of ternary complexes during the charge transfer process. The
enhancement effect on the electrocatalytic current for NADH
oxidation due to the presence of Ca2+ and Mg2+ ions was
concentration dependent. In case of Ca2+ and Mg2+, the
maximum effects were observed at a concentration of
10 mM. As the concentration of Ca2+ and Mg2+ are more
than 10 mM, a decreased activity coefficient and adsorption
of NADH is observed because of the increase ionic strength
[17, 47].

Fig. 9 Cyclic voltammograms at 0.01 Vs−1 of Gr/(PDDA/PSS-
[MWCNTs-NH3

+-graphene-COO−]5) electrode in 0.1 M phosphate
buffer (pH7.0.) (a) and in the presence of 5 mM NADH (b), 5 mM
NADH+10 mM AlCl3 (c), 5 mM NADH+10 mM BaCl2 (d), 5 mM
NADH+10 mM CaCl2 (e) and 5 mM NADH+10 mM MgCl2 (a).
Charge normalized peak currents (ip/qp) for the electroxidation of
5 mM NADH at Gr/(PDDA/PSS-[MWCNTs-NH3

+-graphene-
COO−]5) electrode in 0.1 M phosphate buffer (pH 7.0). The control
represents the value obtained for the charge normalized peak current in
the absence of added metal ions (b)

Fig. 10 Chronoamperometric response for the sensing of ethanol by
Gr/(PDDA/PSS-[MWCNTs-NH3

+-graphene-COO−]5)-ADH electrode
at +0.1 V in phosphate buffer solution containing 3.0 mM NAD+.
Inset: plot of ethanol vs. catalytic peak current
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Constant amperometric determination of ethanol
at Gr/(PDDA/PSS-[MWCNTs-NH3

+-graphene-COO−]5)-
ADH electrode

An ethanol biosensor was developed using Gr/(PDDA/PSS-
[MWCNTs-NH3

+-graphene-COO−]5) and ADH. The enzyme
was cast on the modified electrode and allowed to dry. A
steady state amperometric response of Gr/(PDDA/PSS-
[MWCNTs-NH3

+-graphene-COO−]5)-ADH electrode to the
addition of ethanol aliquots to stirred phosphate buffer solu-
tion (pH 7.0) in the presence of cofactor NAD+ at an applied
potential of +0.1 V is shown in Fig. 10. Upon addition of an
aliquot of ethanol, the oxidation current increased steeply and
attained stable value within 5 s, indicating a fast response at
the electrode. The electrode responds linearly to ethanol con-
centration over the range of 25–200 μM with a good sensi-
tivity of 82.5 nA cm−2 μM−1. The stability of the enzyme
modified electrode was investigated after 5 days, and the
response current was still retained at 92 % of the initial
response. This implies that the Gr/(PDDA/PSS-[MWCNTs-
NH3

+-graphene-COO−]5) electrode was efficient for retaining
the bioactivity of ADH.

Conclusion

In this work, the electrocatalytic oxidation of NADH at Gr/
(PDDA/PSS-[MWCNTs-NH3

+-graphene-COO−]5) electrode
has been investigated. An overpotential diminution of 0.6 V
is achieved at the modified electrode at pH 7.0 with higher
electron transfer kinetics. The electrochemical oxidation of
NADH is a diffusion controlled process. The modified elec-
trode also offers stable amperometric detection of NADH at a
lower applied potential of +0.07 V with a linear range of 25–
250 μM and detection limit of 0.1 μM. The modified elec-
trode showed diminished response from its interferences, and
the surface fouling was not observed during voltammetric and
amperometric measurement of NADH. A biosensor was de-
veloped by immobilizing alcohol dehydrogenase enzyme on
to the modified electrode to detect ethanol.
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