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A B S T R A C T

This paper describes the modification of a modified carbon paste electrode (CPE) using nanoparticles of pra-
seodymium erbium tungstate (Pr:Er). The modified electrode was used for the sensitive voltammetric detection
of an anticancer drug (5-fluorouracil (5-FU)) using. The modified-CPE was evaluated using cyclic voltammetry
(CV), square wave voltammetry (SWV) and electrochemical impedance spectroscopy (EIS) and the resulting data
showed the irreversible 5-fluorouracil oxidation peak around 1.0 V vs. Ag/AgCl. Some key parameters such as
pH, the amount of the modifier, potential amplitude, step potential and frequency were studied and optimized.
The square wave voltammetry (SWV) analytical calibration curve was linear in the range of 0.01–50 μM, with a
detection limit of 0.98 nM analyses. The electron transfer coefficient (α) was also determined to be 0.76. The
analyte concentration was also determined in pharmaceutical formulations and recovery percentages were found
to be in the range of 96–102%. The sensor had good reproducibility and repeatability with acceptable RSD
values of 3.6%, and 1.02% and a rather long-term stability of around one month. The as-synthesized nano-
particles were also characterized using FESEM, TEM, FTIR and XRD techniques.

1. Introduction

Treating cancer is a prevailing issue and many studies have been
performed in the area of treating or preventing cancer and oxidative
stress. Also treating wounds to prevent the effects of chronic pre-can-
cerous effect of inflammation have been subjects of different research
projects [1–3]. In effect, the determination of the concentration of an-
ticancer agents in body fluids of patients has become very important.

5-fluorouracil is anti-metabolite that inhibits the essential biosyn-
thetic processes and also interacts with DNA and RNA, inhibiting usual
activity. Therefore, it widely used in treating various kinds of cancers
including aerodigestive tract, colorectal, and breast cancers. The re-
sponse rates and survival 5-FU in neck, breast and head cancers of
improved when it was used with other chemotherapeutic drugs [4]. The

greatest efficiency of the drug was observed in the case of colorectal
cancer [5, 6].

As 5-FU has several sever side-effects apart from its expected
properties, its determination in pharmaceuticals and biological fluids is
of interst specially in the area of oncology [7]. Various analytical
methods such as liquid chromatography [8, 9], GC-MS [10] and ca-
pillary electrophoresis [11] have been used for determining 5-FU in
various samples. Although these methods have great performance, they
have several disadvantages including high time and cost requiredments,
complex sample-preparation procedures, and the need for highy skilled
operators [12], and hence the development of simpler, faster and more
economic analytical techniques for 5-FU is always a need.

Due to the high selectivity, sensitivity, short time response and
econemic advantes of electrochemical techniques, they are considered
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as alternative methods for the aforementioned analyses [13–15]. Spe-
cifically, chemically-modified electrodes (CMEs) constitute very at-
tractive optionswith high sensitivity, selectivity and the analytical
performance [6]. From the various working electrodes that can be
modified, carbon paste electrodes (CPEs) have received extensive at-
tention, because of advantages like ease of preparation, biocompat-
ibility, high stability, low cost, surface renewability, and wide working
potential windows. In addition, the easy incorporation of modifiers in
the formulation of carbon pastes adds to their appeal [16–18]. The
selectivity and performance of modified carbon paste electrodes
(mCPEs) to analytes is highly dependent on the properties of the
modifier.

Nanostructure modified sensors have been developed extensively as
a promising approach to facilitate the electron transfer rate between
electrode and biomolecules [19,20]. Lanthanides or f-block metallic
elements, as an instance of such modifiers are known to have specific
physical, nuclear, photogenic, and magnetic properties and are widely
used in metallurgy, agricultural and ceramic industry. Like many dif-
ferent nanomaterials, nanostructures of lanthanide compounds have
interesting electro-catalytic properties and can be used as modifier in
sensors [21–30].

In the light of the aforementioned, the present work was focused on
developing a novel voltammetric sensor for 5-FU using a Pr:Er-modified
mCPE. The electrode was used in the determination of 5-FU in phar-
maceutical formulations through SWV experiments in optimal pH,
modifier composition, and SWV parameters. Moreover, the method
based on the developed mCPE, and its reproducibility and stability,
were studied and validated

2. Materials and techniques

2.1. Chemicals

Doublly-distilled water (DDW) and analytical grade reagents were
used throughout the experiments. High quality paraffin oil, the graphite
powder, K4[Fe(CN)6].3H2O, K3[Fe(CN)6], praseodymium nitrate hex-
ahydrate, erbium nitrate hexahydrate, sodium tungstate dihydrate, and
other analytical grade chemicals were obtained from Merck Co.
Standard stock 1.0 mM 5-FU solutions were freshly prepared using a
0.1 M phosphate buffer solutions (PBS), prepared using suitable quan-
tities of standard solutions of NaH2PO4 and Na2HPO4, and adjusting the
pH using NaOH solutions.

2.2. Apparatus

Electrochemical tests were performed under ambient conditions,
using a conventional three-electrode setup. The reference electrode
used was a saturated Ag/AgCl electrode, and a graphite electrode was
used as the auxiliary electrode. Modified and unmodified CPEs were
used as the working electrode. To study the qualities of the modified
electrodes cyclic voltametry (CV) and electrochemical impedance
spectroscopy (EIS) analyses were performed. Further the 5-FU was
analyzed in various samples through square wave voltammetry (SWV)
experiments on a PalmSens instrument. The properties of the inorganic
additive were evaluated by field emission scanning electron microscopy
(FESEM) studies on a Hitachi S-4160 instrument. A Zeiss EM900
transmission electron microscope was used for obtaining the TEM
images. For the purpose of the analyses, the sample was deposited on a
carbon-coated Cu grid. X-ray powder diffraction (XRD) analyses were
conducted on a Rigaku D/Max 2500 V instrument with a graphite
monochromator and a Cu target. The Fourier transform infrared (FT-IR)
spectroscopy experiments in the wavenumber range of 4000–500 cm−1

were performed using a Perkin-Elmer spectroscope and the KBr pellet
technique.

2.3. Synthesis of the Pr:Er nanoparticles

Praseodymium erbium tungstate nanoparticles (Pr:Er NPs) were
synthesized through a hydrothermal reaction between a the corre-
sponding solutions of the cations and anion as reported before [31]. To
this end, a mixture of praseodymium (Pr) and erbium (Er) nitrate so-
lutions (0.01 M of each cation) at a 1:1 molar ratio were mixed with an
appropriate amount of a 0.01 M solution of sodium tungstate. The so-
lution of the cations was added to that of the anion under stirring and
the resulting suspension was transferred into a Teflon-lined stainless
style autoclave and heated at 170 °C for 24 h using an electric oven.
Then, the resulting precipitate was centrifuged, separated and re-
peatedly washed using DDW and then ethanol several times and
eventually dried at 80 °C for 120 min. Next the product was calcined in
an electrical furnace at 600 °C for another 120 min.

2.4. Modified and unmodified CPEs

To prepare the CPEs, 0.1 g of the paste was prepared using a 70/30
(w/w) mixture of paraffin oil (binder) and graphite powder. Next, a
quantity of the paste was tightly pressed into a 3-mm (I.D) glass tube
and a copper wire was inserted into it from the opposite end of the tube
to act as a solid contact. The surface of each CPE was smoothed through
rubbing their outer surface on a piece of paper before use.

The modified CPEs were prepared in the same fashion, except for
the fact that 3 to 10% wt. of the Pr:Er nanoparticles were added to the
graphite powder in the initial step.

2.5. Preparation of the real samples

5-FU 50.0 mg mL−1 injections were purchased from a local drug-
store, and based on the labeled content, a known volume of the liquid
was accurately pipetted, diluted using 0.01 M PBS pH = 7.0 to obtain a
1.0 × 10−2 M solution. This sample was next analyzed through stan-
dard addition voltammetric analyses.

In the case of the urine samples, 1 mL of the specimens was diluted
using PBS (pH = 7) in a 100 ml volumetric flask and analyzed after
adding known amounts of a 5FU solution, before SWV analyses under
optimal conditions.

Human blood was obtained from a healthy volunteer, allowed to
clot at ambient conditions, and then centrifuged at 1500 rpm for
10 min. Then 2.5 ml of the supernatant (serum) was diluted using 0.1 M
PBS (pH = 7) in a 25 mL flask and then analyzed.

3. Results

3.1. Characterization of the Pr:Er nanoparticles

As-synthesized Pr:Er nanoparticles were characterized by different
techniques. The morphology and dimensions of the Pr:Er nanoparticles
were evaluated by field emission scanning electron microscopy
(FESEM) and transmission electron microscopy (TEM). Fig. 1A illus-
trates the FESEM image obtained for the nanoparticles and the TEM
image can be seen in Fig. 1B. The latter demonstrates that the nano-
particles are homogeneous spheres. The particle size distribution of the
nanoparticles (Fig. 1C) indicates an average particle diameter of
35 ± 10 nm. To evaluate the composition of the product its EDX
pattern was acquired. Fig. 1d shows the typical EDX pattern of syn-
thesized nanoparticles. The EDX pattern showed that the product is
highly pure, and the average atomic percentage ratio of Pr, Er, W and O
is about 10.3:12.2:50.8:26.7, respectively.

The FT-IR spectra of the Pr:Er nanoparticles are presented in Fig. 2.
The stretching vibrations of OeH groups of the interlayer and surface
water molecules are reflected by two peaks at 3416 and 1628 cm−1

[32–35]. The absorption peaks around 919, 824 and 629 cm−1 were
attributed to the stretching and bending of WeOeW and OeWeO
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bonds [31].
The composition of the Pr:Er nanoparticles was evaluated through

XRD analyses (Fig. 3) and the indexed diffraction peaks in the results
were found to comply with the reference XRD patterns of monoclinic
praseodymium tungstate oxide (JCPDS Card No. 021-0739), and or-
thorhombic structure of erbium tungstate oxide (JCPDS Card No. 038-
0102). The average crystalline size of the nanoparticles was calculated
by the Debye-Scherrer equation [36–39]:

=D 0.9
Cos

where λ (X-ray radiation wavelength) is 0.154059 nm, β represents the
modified band broadening, and θ shows the so-called Bragg's angle [32,
40].

Based on the results the average crystal size of Pr:Er particles was
determined to be around 36 nm.

3.2. Electrochemical characterization experiments

The electron transfer properties of Pr: Er/CPE, and bare CPE were
evaluated through CV and EIS experiments using a 5.0 mM [Fe
(CN)6]3−/[Fe(CN)6]4− solution as a redox probe and the results are
presented in Fig. 4. The CVs in Fig. 4A, illustrate a quasi-reversible
behavior on the part of both electrodes. Clearly, in the case of the
mCPE, the peak currents were stronger while the peak-to-peak potential
separation (ΔEp) was lower. This enhanced behavior was attributed to

the presence of the Pr:Er modifier in the CPE composition, which en-
hances the electron transfer kinetics and reversibility of the modified
electrode due to the enhanced surface area.

The Nyquist plots (EIS) of the modified and untreated CPEs as il-
lustraated in Fig. 4B, comply with the voltammetric results. Given that
the continuous reductions of the electron transfer resistance (Rct) va-
lues, obtained using a proper equivalent circuit, were 3907.05 Ω for the
untreated CPE, and 58.8955 Ω for the Pr:Er/CPE, it can be said that the
electron transfer between the [Fe(CN)6]3−/[Fe(CN)6]4− redox probe
and the electrode surface is faster in the case of the modified electrode.
This indicates that the incorporation of Pr:Er into the CPE comosition
effectively enhanced the conductivity of the electrode, facilitating
electron transfer phenomena.

Using the Randles-Sevcik's equation, the electroactive surface areas
of the modified and unmodified CPEs were determined:

= ×I (2.69 10 ) n A D Cp
5 3/2 1/2 1/2

In this equation Ip and n are the peak current and sum of electrons
transferred; A represents the electroactive surface area (cm2); D and C
are the diffusion coefficient (7.6 × 10−6 cm2 s−1 for 5 mM [Fe
(CN)6]3− ion in KCl 0.1 M), and concentrations of the electroactive
species (mol cm−3), and ν represents the potential scan rate (Vs−1) [41,
42].

For n = 3, the respective values of the average active surface areas
of CPE and Pr:Er/CPE were determined to be 0.045 and 0.093 cm2,
respectively, indicating that the Pr:Er nanocomposite could enhance the

Fig. 1. (A) FESEM image of Pr:Er nanoparticles, (B) TEM image of Pr:Er nanoparticles, (C) Particle size distribution (200 particles), (D) EDS pattern of Pr:Er
nanoparticles.
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Fig. 2. FTIR spectrum of Pr:Er nanoparticles.

Fig. 3. XRD pattern of synthesized Pr:Er nanoparticles.
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availability of effective area of the electrode surface.

3.3. Voltammetric analyses

The performance of the Pr:Er/CPE was evaluated by CV experiments
using bare and mCPEs containing 5% of Pr:Er (5% Pr:Er/CPEs) in a
1.0 mM solution of 5-FU in 0.01 M PBS (pH = 7.0). The experiments
were performed at 100 mV/s (Fig. 5). Both bare and modified CPEs
showed an oxidation peak at around 1.15 and 1.10 V respectively, with
no cathodic peaks during the reverse scan. Yet, the modified electrodes
showed higher sensitivity and stability, as well as higher peak currents,
supporting the higher electrocatalytic activity of the modified electrode
towards 5-FU. However, by further increasing the amount of the
modifier to 7% in the CPE composition, the signal decreased in com-
parison to that 5% Pr:Er/CPE.

No characteristic peaks were observed in blank PBS, using the
modified electrode (Fig. 5), indicating that PBS is inert.

3.4. Effect of the potential scan rate

The effect of scan rate on the results was studied through recording

CVs in a 1.0 mM of 5-FU solution using Pr:Er/CPE while changing the
scan rate within the range of 10–900 mVs−1 (Fig. 6A). It can be seen
that the oxidation currents increased and the peak potential moved to
more positive values as the scan rate increased. Figure (6B) illustrates
that the anodic peak currents (Ip) change linearly with the square root
of scan rate (ν1/2) in this window, which indicates that the electro-
chemical process is diffusion-controlled.

According to the Laviron's equation [43], and using the changes in
the anodic peak potentials versus the logarithm of scan rate, one can
determine the charge transfer coefficient (α) and the heterogeneous
rate constant (k) of a reaction. The Laviron's equation is as follows:

= +Ep E (RT/ nF) [ln (RTk / nF) ln ]0
s

Where E0 is the formal potential, α is the electron transfer coefficient, ʋ
is the scan rate, ks is the heterogeneous rate constant of the surface
reaction and n is the electron transfer numbers. The E0 value can be
obtained from the intercept of Ep vs. ʋ plot on the ordinate by extra-
polating the line to (ʋ = 0). The slope obtained from Figure (6C) (i.e.
changes in the Ep with the logarithm of the scan rate) gives αa, knowing
that the slope of the rectilinear part of the plot is 2.303RT/ (1 – α)nF for
anodic peaks. Given that the oxidation of 5-FU has been reported to be a
two-electron process before [44], the anodic transfer coefficient (αa)
was calculated to be 0.76. The value of the heterogeneous rate constant
(ks) was determined to be 1.35 s−1.

3.5. Effect of pH

pH of the analysis media is an important factor in determining the
electrochemical behavior of the analyte and the sensor since it affects
the mechanism of the electrochemical reaction of the analyte. In this
study, the effect of pH was assessed using PBSs with various pH values
ranging from 3.0 to 9.0 in the voltammetric studies (Fig. 7). The results
showed that increasing the pH shifted the peak potential in the negative
direction. This reflects the involvement of H+ in the electrochemical
reaction. Further increasing the pH from 3.0 to 7.0 increased the peak
current, while the currents decreased beyond this range.

In this light a pH of 7.0, which is a biological pH, was found to be
the optimal value. All other experiments were performed at this pH.
The anodic peak potentials changed linearly with pH according to the
below linear regression equation:

= =Epa (V) 1.5464 0.0596 pH (R 0.995)2

Fig. 4. (A) Cyclic voltammogram, (B) Nyquist plots of bare and Pr:Er/CPE in 5.0 mM K4Fe(CN)6/K3Fe(CN)6 and 0.1 M KCl at 100 mVs−1.

Fig. 5. CVs obtained in absence of 5-FU, bare (dash line) and modified (dotted
line), bare CPE (green line), 5% Pr:Er/CPE (blue line) and 7% Pr:Er/CPE (red
line) working electrodes in a 1.0 mM solution of 5-FU in 0.01 M PBS solutions
(pH = 7.0), at 100 mVs−1. (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.)
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The slope of this line (0.0596 VThis reflects the involvement of
pH−1) indicates that the number of electrons and H+ ions involved in
the reaction are equal.

3.6. Optimizing the SWV experiments

Square wave voltammetry, as a sensitive direct technique for trace

analyses of various compounds, is a conventional tool in the analysis of
pharmaceuticals. The SWV peak current is influenced by different in-
terrelated instrumental factors like SW frequency (ƒsw), step potential
(∆s) and SW amplitude (Esw). To determine the optimal values of these
parameters, changes in the peak current for a 1.0 mM 5-FU in PBS
(0.01 M, pH = 7.0), upon changing each factor were recorded and the
findings are presented in Fig. 8. Based on these observations, an am-
plitude of 70.0 mV (Fig. 8A), an ƒsw of 40.0 Hz (Fig. 8B), and a ΔS of
8.0 mV (Fig. 8C) were found to be the optimal values.

3.7. Reproducibility, repeatability, and stability

The reproducibility of the analytical responses obtained with the
developed modified CPE was evaluated using 5 electrodes to analyze a
1.0 mM 5-FU solution on 5 different days. The relative standard de-
viation (RSD) calculated for the result of these experiments was 3.6%,
which reflects the reproducibility of the electrodes. Under the same
conditions, the repeatability of the results was tested 5 times in one
single day, and the calculated RSD was 1.02%. All measurements were
performed after renewing the electrode surfaces by abrasion and under
ambient conditions, the electrodes showed long-term stability (almost
one month).

Fig. 6. (A) CVs obtained using Pr:Er/CPE in a 0.1 mM of 5-FU in 0.01 M PBS (pH = 7.0), at 0.01 to 0.9 Vs−1, from inside to outside the plots, (B) Variations of the
peak current versus square root of scan rates, (C) Variation of Ep versus the logarithm of the scan rate.

Fig. 7. The plot of pH vs. peak current and peak potentials for Pr:Er/CPE at
different pH values, scan rate 100 mVs−1.
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3.8. Calibration curve

SWV analyses were performed under the optimal conditions.
According to Fig. 9A the peak currents increased with increasing the 5-
FU concentration in the range of 0.01 to 50 μM (Fig. 9B). The detection

limits of the method at 3SD/b (SD: standard deviation (SD) for an in-
tercept and b - the slope of the linear regression equation). The calcu-
lated LOD was 0.98 nM 5-FU, which is much less than the results re-
ported in previous works (Table 1).

Fig. 8. The optimization of amplitude (A), frequency (B) and the step potential, (C) for 1.0 mM 5-FU in PBS, pH 7.0, at Pr:Er/CPE.
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3.9. Effect of interfering species

The effects of some common pharmaceutical species on the response
of the developed electrode were studied, considering that relative errors

of less than 5% in the peak current as being negligible. The test solu-
tions were a 1.0 μM 5-FU solution spiked with different amounts of the
tested interfering species under the similar conditions. Based on the
results, 100 folds of dopamine (DA), uric acid (UA) and xanthine (XA),
citric acid, dextrose, D-glucose, gum acacia, lactose, starch, and sucrose
did not cause considerable interferences in the results of 5-FU (Table 2),
indicating that the procedures can be confidently used for the analysis
in the presence of rather high amounts of these commonly occurring
species. Fig. 10 shows the interference study of dopamine (DA), uric
acid (UA) and xanthine (XA) on 5-FU determination.

3.10. SWV analysis of 5-FU in pharmaceutical formulations

Using samples of commercial 5-FU injections, as described above
SWV analyses were performed based on standard addition and each
experiment was repeated 5 times. The recorded recovery values are
presented in Table 3. These values were in the range of 96.4 to 102.4%,
indicating that the sample matrix did not significantly influence the
response. The data further complied with the content of the samples
based on the labeled amounts. These results clearly indicate that the
devloped electrode is an efficient tool for the analysis of 5-FU in
pharmaceutical amples.

3.11. Analysis of 5-FU in urine and human serum

The urine and plasma samples were prepared as desribed earlier and
were then spiked with known quantitites of 5-FUand the analyses were
pefroemd using calibration graphs. The results (Table 4) reflected high
recovery (97.0 to 100.8%) and low RSD values (0.8–1.2%), indicating
the accuracy and precision of the analyses. Some of the samples were
analyzed by a reference HPLC technique [49] for validity evalua-
tionsand the results showed good accuracyand percision.

Fig. 9. (A) Square wave voltammograms and (B) Calibration curve observed for
0.01–50.0 μM 5-FU (from inside to outside) in 0.01 M phosphate buffer (pH 7.0)
at Pr:Er/CPE.

Table 1
Comparison of the efficiency of previous work in the electrochemical de-
termination of 5-FU.

Electrode Method LOD (nM) Ref

BTB/MWNT/GCE CV 270 [45]
CETAB/GCE DPV 20.0 [46]
Au Nps/SPE SWV 76.9 [47]
ZnFe2O4/IL/ CPE SWV 70.0 [48]
Au Nps-PFR/CPE DPV 66.0 [6]
MTB/CPE DPV 2.04 [44]
Pr:Er/CPE SWV 0.98 This work

Table 2
Influence of potential excipients on the voltammetric response of 1.0 μM 5-FU.

Excipients Concentration (mM) Signal change (%)

D-Glucose 0.1 2.83
Citric acid 0.1 −1.38
Gum acacia 0.1 3.52
Dextrose 0.1 2.03
Lactose 0.1 3.58
Sucrose 0.1 1.74
Starch 0.1 1.07
Uric acid 0.1 −2.15
Dopamine 0.1 1.47
Xanthine 0.1 −0.35

Fig. 10. Square wave voltammograms of 1.0 μM 5-FU in presence of 0.1 mM
dopamine (DA), uric acid (UA) and xanthine (XA) in 0.01 M phosphate buffer
(pH 7.0) at Pr:Er/CPE.

Table 3
Results for the analysis of 5-FU in injection with the
Pr:Er/CPE by SWV.

Labeled (mg mL−1) 50

Determined (mg mL−1)a 49.4
RSD (%) 0.89
Added (μg mL−1) 11.6
Found (μg mL−1)a 11.2
Recovery (%) 98.6
RSD (%) 0.63
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4. Conclusions

Given the good electrocatalytic activity of Pr:Er nano-composit in
the oxidation of 5-FU, a Pr:Er/CPE was constructed and used in the
SWV analysis of 5-FU. The low detection limit (0.98 nM) makes the
method an attractive candidate for the trace analysis of the analyte. The
developed modified electrode was applied in the analysis of 5-FU in
pharmaceutical formulations and low RSDs were recorded. Based on
the results of Table 1 the method offers a low detection limit and good
sensitivity, together with good reproducibility, short response time,
ease of construction and modification of the electrode and the renew-
ability of its surface, which prove it to be a good electrochemical sensor
for use in different systems.
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