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In this paper we report the synthesis and application of CdO nanoparticle (CdO/NPs) and 1,3-dipropylimidazolium
bromide as high sensitive sensors for voltammetric determination of nicotinamide adenine dinucleotide (NADH)
using carbon paste electrode. The cyclic voltammogram showed an irreversible oxidation peak at 0.68 V (vs.
Ag/AgClsat), which corresponded to the oxidation of NADH. Compared to common carbon paste electrode, the
electrochemical response was greatly improved for NADH electrooxidation at a surface of CdO/NP modified
ionic liquid carbon paste electrode (IL/CdO/NP/CPE). The linear response range and detection limit were found
to be 0.09–750 μmol L−1 and 0.05 μmol L−1, respectively. Result shows that other physiological species did
not interfere in the determination of NADH at the surface of the proposed sensor in the optimum condition.
The proposed sensorwas successfully applied for the determination of NADH in tapwater, urine and pharmaceu-
tical serum samples.

© 2014 Elsevier B.V. All rights reserved.
1. Introduction

NADH is a coenzyme for more than 350 dehydrogenases, being in-
volved in a wide range of enzymatic reactions. In living cells, it is in-
volved in the production of adenosine triphosphate, compound that
regulates the energy release from cells [1]. The NADH and its oxidized
form, NAD+, are ubiquitous bio-molecules found in both eukaryotic
and prokaryotic organisms [2]. According to the above points, there is
a great deal of interest in the development of new strategy for determi-
nation of NADH oxidation in biological systems. Due to its importance
NADH as a cofactor for dehydrogenase enzymes and its role in the
electron-transfer chain in biological system, electrochemical investiga-
tion of NADH has attracted considerable attention in the recent years.
On the other hand, direct electrochemical detection by oxidation of
NADH to its corresponding oxidized formNAD+ at bare electrodes is ac-
companied by very high overpotential [3]. For this reason, the use of
modified electrodes are necessary to obtain a suitable sensor with as
high as possible a rate constant for NADH oxidation at the lowest
ahlavan),
possible overpotential, which are both important parameters for suc-
cessful applications in biosensors and biofuel cells [4].

Nanoscience and nanotechnology represent new and enabling plat-
forms that promise to provide a broad range of novel uses and improved
technologies for environmental, biological and other scientific applica-
tions [5]. Materials in the nanoscale such as graphene, nanoparticles,
carbon nanotubes and nanocomposite are being used for several analyt-
ical and bioanalytical applications [6–10]. Electrochemical analysis is
taking advantages from all the possibilities offered by nanocompounds
easy to be detected by conventional electrochemical methods [11–16].

Room temperature ionic liquid (RTIL) has been used as a new kind
of modifier for a chemically modified electrode in the recent years
[17–20]. The room temperature ionic liquids are composed entirely of
ions and exist as a liquid at room temperature with the characteristics
of negligible vapor pressure and good solubility and chemical stability
[21–24]. As a novel green media, the RTIL has many unique optical
and electrochemical properties, such as higher ionic conductivity and
wider electrochemical windows [25–28].

In this work, we describe the synthesis and application of a novel
CdO/NP modified ionic liquid carbon paste electrode, which utilizes
1,3-dipropylimidazolium bromide as a binder. The electrochemical be-
havior of NADH at IL/CdO/NP/CPE, at a surface of carbon paste electrode
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Fig. 1. A typical picture of the modified electrode.

Fig. 2. XRD patterns of as-synthesized CdO/NPs.
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modified with ionic liquid (IL/CPE), at CdO/NP carbon paste electrode
(CdO/NP/CPE), and at carbon paste electrode (CPE) was investigated.
The results showed the superiority of IL/CdO/NP/CPE to the other elec-
trodes in terms of better reversibility and higher sensitivity. The pro-
posed method is selective and sensitive enough for the determination
of NADH in real samples.

2. Experimental

2.1. Chemicals

All chemicals used were of analytical reagent grade purchased from
Merck (Darmstadt, Germany) unless otherwise stated. Doubly distilled
water was used throughout. Phosphate buffer (sodium dihydrogen
phosphate and disodium monohydrogen phosphate plus sodium hy-
droxide, 0.1 mol L−1) solutions (PBS) with different pH values were
used.

High viscosity paraffin (d= 0.88 kg L−1) and pure graphite powder
(particle size b 50 μm) from Merck was used for the preparation of the
carbon paste electrodes.

2.2. Apparatus

Cyclic voltammetry, electrochemical impedance spectroscopy, and
square wave voltammetry were performed in an analytical system,
Autolab with PGSTAT 302N (Eco Chemie, the Netherlands). The system
was run on a PC using GPES and FRA 4.9 software. For impedance mea-
surements, a frequency range of 100 kHz to 0.1 Hz was employed. The
AC voltage amplitude used was 5 mV, and the equilibrium time was
15 min. A conventional three-electrode cell assembly consisting of a
platinumwire as an auxiliary electrode and an Ag/AgCl/KClsat electrode
as a reference electrode was used. The working electrode was either an
IL/CdO/NP/CPE.

2.3. Synthesis of CdO/NPs

To prepare the CdO/NPs, in a typical experiment, a 0.5M aqueous so-
lution of Cd(NO3)2 and a 0.25 M aqueous solution of sodium hydroxide
(NaOH) were prepared in distilled water. Then, the beaker containing
NaOH solution was heated at the temperature of about 60 °C. The
Cd(NO3)2 solutions were added drop wise (slowly for 2.0 h) to the
above heated solution under high-speed stirring. The beaker was sealed
at this condition for 2 h. The precipitated Cd(OH)2 was cleanedwith de-
ionized water and ethanol then calcined at 400 °C for 2.0 h for synthesis
of CdO/NPs.

2.4. Preparation of the modified electrode

IL/CdO/NP/CPE was prepared by mixing 0.1 g of 1,3-
dipropylimidazolium bromide, 0.8 g of liquid paraffin, 0.2 g of CdO/
NPs and 0.9 g of graphite powder. Then the mixture was mixed well
for 50 min until a uniformly wetted paste was obtained (see Fig. 1). A
portion of the paste was filled firmly into a glass tube as described
above to prepare IL/CdO/NP/CPE. When necessary, a new surface was
obtained by pushing an excess of the paste out of the tube and polishing
it on a weighing paper.

2.5. Preparation of real samples

Urine samples were stored in a refrigerator immediately after col-
lection. Ten milliliters of the sample was centrifuged for 35 min at
2000 rpm. The supernatant was filtered using a 0.45 mm filter and
then diluted 5 times with the phosphate buffer, pH 7.0. The solution
was transferred into the voltammetric cell to be analyzed without any
further pretreatment. The standard addition method was used for
NADH determination in real samples. Also, water and pharmaceutical
serum samples were directly subjected to the voltammetric measure-
ment of NADH.

3. Results and discussion

3.1. CdO/NP characterization

The XRD patterns of the CdO nanoparticles showed diffraction peaks
absorbed at 2θ values (Fig. 2). The prominent peaks have been utilized
to estimate the grain size of sample with the help of Scherrer equation
D = Kλ / (ßcosθ) where K is a constant (0.9), λ is the wavelength
(λ = 1.5418 Å), ß is the full width at the half-maximum of the line
and θ is the diffraction angle. The grain size estimated using the relative
intensity peak (111) for CdO nanoparticleswas found to be 17.5 nm and
increase in sharpness of XRD peaks indicates that particles are in
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Fig. 4.Plot of potential, E, vs. pH for the electro-oxidation of 80 μmol L−1 NADH at a surface
of IL/CdO/NPs/CPE. Inset: influence of pHon cyclic voltammogramsofNADH at a surface of
the modified electrode (pH 5–8, respectively).
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crystalline nature. The (111), (200), (220), (311), (222) and (400) re-
flections are clearly seen and closely match the reference patterns for
CdO (Joint Committee for Powder Diffraction Studies (JCPDS) File No.
05-0640) [29]. The morphology of the as-grown nanostructures was
characterized by TEM technique. Fig. 3a shows the TEM images of the
product synthesized. The dark spots correspond to CdO/NPs, which
were only synthesized in our synthesis condition. NPs with near-
spherical shapes were synthesized. It is clear that, in this case, CdO
nanoparticles were successfully prepared. Fig. 3b displays a typicalmor-
phology of modified electrode characterized by SEM. As shown in
Fig. 3(b), CdO/NPs on the surface ofmodified carbon paste electrode dis-
tributed well.

3.2. Electrochemical investigation

The active surface areas of the working electrodes are estimated ac-
cording to the slope of the IP versus ν1/2 plot for a known concentration
of K4Fe(CN)6, based on the Randles–Sevcik equation:

Ip ¼ 2:69� 105n3=2AD1=2ν1=2CO ð1Þ

where Ipa refers to the anodic peak current, n the electron transfer
number, A the surface area of the electrode, DR the diffusion coeffi-
cient, C0 the concentration of K4Fe(CN)6 and ν is the scan rate. For
1.0 mmol L−1 K4Fe(CN)6 in 0.10 mol L−1 KCl electrolyte with n = 1
and DR = 7.6 × 10−6 cm s−1 and from the slope of the Ipa–ν1/2 rela-
tion, the microscopic areas were calculated. They were 0.20, 0.14,
0.12 and 0.09 cm2 for IL/CdO/NP/CPE, IL/CPE, CdO/NP/CPE and CPE,
respectively. The results show that presence of CdO/NPs and ILs togeth-
er causes the increase of the active surface in modification of electrode.
According to scientific investigations, nanomaterials have high surface
area and can increase current density and sensitivity in modified elec-
trodes [30]. On the other hand, to summarize contrary to the electrodes
modified by unsupported organic phase the electrochemical generation
of charge in IL deposit may generate the transfer of its component
across liquid|liquid interface. These points can increase active surface
area for modified electrode [31].

Standard solutions of NADH (80 μmol L−1) was used to find the op-
timum pH of supporting electrolyte which is best suited for determina-
tion of NADH employing IL/CdO/NP/CPE. The influence of the pH on the
oxidation peak current of NADHwas investigated employing PBS. It was
observed that as pH of the mediumwas gradually increased, the poten-
tial kept on shifting towards less positive values, suggesting the involve-
ment of proton in the reaction (Fig. 4 inset). Over the pH range 5.0–8.0,
the peak potential (Ep) for NADH oxidation is a linear function of pH.
From the plot of Ep vs. pH, slopes of −68.8 mV pH−1 was obtained for
NADH (Fig. 4) in the working pH range. The Epa of NADH has linear
Fig. 3. a) TEM image of as-synthesized CdO/N
relationship with pH of the buffer solution regarding the following
equations:

Ep ¼ −0:0688 pHþ 1:2624 R2 ¼ 0:9985
� �

: ð2Þ

This slope of −68.8 mV pH−1 reveal that an equal number of pro-
tons and electrons are involved in the oxidation reactions of NADH.
It was observed that the peak current for NADH was maximum at
pH 7.0 (not shown). Thus, this pH was employed for further studies.
Various buffers, viz., phosphate, tris, citrate–phosphate and Britton–
Robinsonwere then employed at pH 7.0. Out of these, pH 7.0 phosphate
buffer solutions gave the best response in terms of peak current and
peak shape and hence were employed as supporting electrolyte for fur-
ther studies. In the next step, optimization of buffer concentration was
carried out by varying its concentration in the range of 0.02–0.2 M.
The best peak response was observed for 0.1 M of phosphate buffer
and hence was used for further studies.

The cyclic voltammograms of NADH (50 μmol L−1) at IL/CdO/NP/
CPE, IL/CPE, CdO/NP/CPE and CPE are given in Fig. 5. It can be observed
from the figure that moving from CPE to IL/CdO/NP/CPE, the anodic
peak current of NADH increases and oxidation peak potential shifts to
negative value simultaneously. It can also be observed that the back-
ground current is higher for IL/CdO/NP/CPE. This is due to the increased
surface area of the electrode surface. Thus, the oxidation of NADH be-
comes facile on IL/CdO/NP/CPE.

The effect of potential scan rate on the peak current of NADHwas also
studied in the optimum condition. It can be seen that NADH (Fig. 6 inset)
Ps. b) SEM images of modified electrode.
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Fig. 5. Cyclic voltammograms of a) IL/CdO/NP/CPE, b) IL/CPE, c) CdO/NP/CPE and d) CPE in
the presence of 50 μmol L−1 NADH at pH 7.0, respectively.

Fig. 7. A) Chronoamperograms obtained at IL/NiO/NP/CPE in the presence of a) 100; and
b) 200 μmol L−1 NADH in the buffer solution (pH 7.0). B) Cottrell's plot for the data
from the chronoamperograms.
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is completely irreversible in nature. From Fig. 6, it can be seen that the
oxidation peak shifted to a more positive value for NADH with increas-
ing scan rates along with a concurrent increase in current. The cyclic
voltammetric results indicated that the anodic peak currents (ip) of
the molecule increase linearly with the square root of scan rate (ν1/2)
in the range from25mVs−1 to 250mV s−1 (Fig. 6). Thisfinding implied
that the oxidation of NADH is diffusion controlled on the IL/CdO/NP/
CPE.

The dependence of the peak potential (Epa) and ln(ν) showed a lin-
ear relationship with a regression equation of:

Ep ¼ 0:0283 ln νð Þ þ 0:7812 r2 ¼ 0:9935; Ep in V; ν in V s−1
� �

: ð3Þ

According to the following equation [32]:

Epa ¼ E0= þm 0:78þ ln D1=2ks
−1

� �
–0:5 lnm

h i
þ m=2ð Þ ln νð Þ ð4Þ

with

m ¼ RT= 1–αð Þnα F½ : ð5Þ

The value of m= 0.0566 is calculated in Eq. (4). Therefore, the elec-
tron transfer coefficient (α) is approximately 0.55 for the irreversible
electrode process.
Fig. 6. Plot of Ipa versus ν1/2 for the oxidation of NADH at IL/CdO/NPs/CPE. Inset shows cy-
clic voltammograms of NADH at IL/CdO/NPs/CPE at different scan rates (from inner to
outer) of 25, 50, 75, 100, 120, 150, 200 and 250 mV s−1 in 0.1 M phosphate buffer, pH 7.0.
The oxidation of NADH at the surface of IL/CdO/NP/CPEwas also stud-
ied using chronoamperometry (Fig. 7A) method. Chronoamperometric
measurements of different concentrations of NADH at the surface of the
modified electrode were performed by setting the working electrode po-
tential at 0.8 V vs. Ag/AgCl/KClsat. From the chronoamperometric study
the diffusion coefficient, D, of NADHwas determined in aqueous solution
by using the Cottrell equation [33]:

I ¼ nFACD1=2π–1=2t–1=2 ð6Þ

where C is the known concentration, D is the apparent diffusion co-
efficient, and A is the area of the electrode. The experimental plots
of I vs. t−1/2 for different concentrations of NADH were employed
(Fig. 7B). The slopes of the resulting straight lines were then plotted
vs. the NADH concentration. From the slope of the resulting plots and
using the Cottrell equation, we calculated D as 9.2 × 10−6 cm2 s−1.

The electrochemical characterization of CPE, CdO/NP/CPE, IL/CPE
and IL/CdO/NP/CPEwas carried out bymeans of electrochemical imped-
ance spectroscopy. The Nyquist plots for NADH (500 μmol L−1) show a
significant difference in the response for all the four electrodes as shown
in Fig. 8. A semicircle with larger diameter is observed for CPE in the
frequency range of 102–106 Hz. However, the diameter of semicircle
diminished with the employment of IL/CdO/NP/CPE. This implies that
charge transfer resistance of the electrode surface decreases and the
charge transfer rate increases on employing IL/CdO/NP/CPE. The electrical
Fig. 8.Nyquist plots of CPE (a), CdO/NPs/CPE (b), IL/CPE (c), and IL/CdO/NPs/CPE (d) in the
presence of 500 μmol L−1 NADH. Conditions: pH, 7.0; Edc, +0.6 V vs. Ag/AgCl; Eac, 5 mV;
frequency range, 102–106 Hz. Inset: equivalent circuit for the system.

image of Fig.�5
image of Fig.�6
image of Fig.�7
image of Fig.�8


214 A. Pahlavan et al. / Materials Science and Engineering C 45 (2014) 210–215
equivalent circuits (from the electrodes in the presence of NADH) com-
patible with the impedance spectra are shown in Fig. 8 inset. In this
circuit, Rs, Q, and Rct represent solution resistance, a constant phase ele-
ment corresponding to the double-layer capacitance, and the charge
transfer resistance associated with the oxidation of low valence mediator
species. W is a finite-length Warburg short-circuit term coupled to Rct.
Fig. 9. Square wave voltammograms of IL/CdO/NPs/CPE in a solution containing 5.0 ml of
the buffer (pH 7.0) and 5.0 ml of a serum sample for row no. 8 from Table 1. NADH added
as a) 0.0, b) 10.0, c) 20.0, and d) 30.0 μmol L−1.
3.3. Dynamic range and limit or detection

The calibration curve for NADH detection in pH 7.0 PBS was mea-
sured by SWV and two linear segmentswere observed. The initial linear
portion increased from 0.09 to 30.0 μmol L−1 with a linear regression
equation of ipa (μA) = 0.2999 ± 0.0261 C (μmol L−1) + 1.0967 ±
0.1621 (n = 6, R2 = 0.9926). The second linear segment is from 30.0
up to 750.0 μmol L−1 with a linear regression equation of ipa (μA) =
0.0607 ± 0.0024 C (μmol L−1) + 7.9072 ± 0.5381 (n = 11, R2 =
0.9944) (data obtained after base line correction). The difference in
the slopes for the calibration curves is due to the different activities of
the electrode surface with low and high concentration of the analyte.
In the lower NADH concentration, due to a high number of active sites
(in relation to the total number of the analyte molecules), the slope of
the first calibration curve is high. While in the higher NADH concen-
tration, due to decreasing active sites (in relation to the total number
of analyte molecules, mainly at the surface of the electrode), sensi-
tivity dramatically decreased and therefore, the second calibration
slope decreased too. The detection limit of NADH was determined
0.05 μmol L−1 according to the definition of YLOD = YB + 3σ.
3.4. Interference studies

Interference studies were carried out with several chemical sub-
stances prior to the application of the proposed method for the assay
of NADH in serum, water and urine samples. The potential interfering
substances were chosen from the group of substances commonly
foundwith NADH in pharmaceuticals and in biological fluids. The influ-
ence of various substances as potential interference compounds on the
determination of 5.0 μmol L−1 NADH under the optimum conditions
was studied. Tolerance limit was defined as the maximum concentra-
tion of the interfering substance that caused an error less than 3% in ox-
idation current of potential for the determination of NADH. After the
experiments, we found that neither 1000-fold of glucose, sucrose, lac-
tose, fructose, methanol and ethanol nor 700-fold of Br−, K+, Li+, Cl−,
Ca2+, Mg2+, SO4

2−, Al3+, NH4
+, F−, Na+ and ClO4

−, nor 600-fold citric
acid, methionine, alanine, phenylalanine, valine, tryptophan, glycine,
valine, histidine and glutamic acid affected the selectivity. Nor did satu-
ration of starch solution and 500-fold of urea, ascorbic acid (after addi-
tion 1 mM ascorbic oxidase) and thiourea were interfered with the
determination of NADH. These results demonstrate that the modified
electrode has a good selectivity for NADH analysis.
Table 1
Determination of NADH in real samples (n = 5).

Sample Added
(μmol L−1)

Expected
(μmol L−1)

Founded
(μmol L−1)

Recovery
(%)

Urine – – bLimit of detection –

1.0 1.0 1.05 ± 0.09 105.0
10.0 10.0 10.72 ± 1.15 107.2

Tap water – – bLimit of detection –

30.0 30.0 29.85 ± 0.72 99.5
50.0 50.0 50.87 ± 1.22 101.7

Pharmaceutical serum – – bLOD –

10.0 10.0 10.09 ± 0.35 100.9
15.0 15.0 15.56 ± 0.75 103.7

± shows the standard deviation.
3.5. Real sample analysis

In order to evaluate the analytical applicability of the proposed sen-
sor, also it was applied to the determination of NADH in biological sam-
ples such as water, serum and urine. Standard addition method was
used for measuring NADH concentration in the samples. A typical
SWV for the determination of NADH in a urine sample (Table 1, row
no. 8) is shown in Fig. 9. The results are given in Table 1; which confirm
that themodified electrode retained its efficiency for the determination
of NADH in real samples.

3.6. Stability and reproducibility of the modified electrode

The stability and reproducibility of any sensor are two important
parameters for applicationof a suggestion sensor.Our experiments showed
that after IL/CdO/NP/CPE was stored for 4 weeks at 4 °C, only a small
decrease of peak current sensitivity with a relative standard deviation
(RSD) of 1.7% (for 5.0 μmol L−1 NADH) was observed. This showed good
stability of the modified electrode. Furthermore, the reproducibility of the
determination was performed with seven successive scans in the solution
containing 5.0 μmol L−1 NADH. The RSD values were found to be 2.1% for
the analyte, indicating good reproducibility of the modified electrode. The
electrode can be immersed in an aqueous media for 2.0 h with stable
response. After that, the background current began to increase, which
may be due to the partly leakage of ionic liquid from the electrode and
the roughness of the electrode surface increases gradually.

4. Conclusion

The novel IL/CdO/NP/CPE was developed for the rapid determina-
tion of NADH in aqueous solution. IL/CdO/NP/CPE combines the fea-
tures of CdO/NPs and room temperature ionic liquid to play a good
voltammetric sensor for NADHanalysis. Hence, it shows high sensitivity
and reproducibility in sensing of NADH. Comparedwith traditional CPE,
a decrease in overpotential of oxidation of NADH was about 120 mV
with 4.0-fold increment in the oxidation peak current when using IL/
CdO/NP/CPE as a sensor. Result confirms that the presence of CdO/NPs
with high surface area and ILs with high conductivity structure can in-
crease sensitivity proposed sensor for NADH analysis. The proposed
methodwas successfully applied to theNADHdetection in real samples.
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