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Mixtures of gold–platinum nanoparticles (Au–PtNPs) are fabricated consecutively on a multi-walled

carbon nanotubes (MWNT) coated glassy carbon electrode (GCE) by the electrodeposition method.

The surface morphology and nature of the hybrid film (Au–PtNPs/MWCNT) deposited on glassy

carbon electrodes is characterized by scanning electron microscopy (SEM), energy dispersive X-ray

spectroscopy (EDS), X-ray diffraction (XRD), electrochemical impedance spectroscopy (EIS) and

cyclic voltammetry (CV) techniques. The modified electrode is used as a new and sensitive

electrochemical sensor for the voltammetric determination of cefotaxime (CFX). The electrochemical

behavior of CFX is investigated on the surface of the modified electrode using linear sweep

voltammetry (LSV). The results of voltammetric studies exhibited a considerable improvement in the

oxidation peak current of CFX compared to glassy carbon electrodes individually coated with

MWCNT or Au–PtNPs. Under the optimized conditions, the modified electrode showed a wide linear

dynamic range of 0.004–10.0 mMwith a detection limit of 1.0 nM for the voltammetric determination of

CFX. The modified electrode was successfully applied for the accurate determination of trace amounts

of CFX in pharmaceutical and clinical preparations.
1 Introduction

In recent years, metal nanoparticles have drawn great interest in

electrochemical studies because of their roles and favorable

features in the fields of catalysis and sensor technology.1–5

Bimetallic nanoparticles, in particular, show many favorable

properties for researchers in comparison with the corresponding

monometallic counterparts, which include high catalytic activity,

catalytic selectivity, and better resistance to the deactivation

difficulties. These bimetallic nanostructures have received much

attention because of the modification characteristics observed

not only due to the effects of nanoparticles size, but also as

a result of the combination of different metals.6–11 Carbon

nanotubes (CNTs) as a catalyst-support material have drawn

greater interest over the other carbon based supporting materials

because of their large accessible surface areas, high stability, and

high electron conductivity.12–14 In principle, MWNTs are seam-

less cylinders, but they often have defect sites, where the

attachment of metallic nanoparticles most likely occurs.15 Several
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reports have demonstrated that uniform adsorption of metallic

(or bimetallic) nanoparticles on CNT surfaces can offer new

opportunities for the development of new sensors with high

analytical performances.16–18 It is well-known that the

morphology and response characteristics of metal NPs greatly

depend on their size, distribution and composition of nano-

particles. Therefore, it is important to develop effective methods

for the preparation of nanoparticles with well-controlled

composition, shape and size. Several methods have been

proposed for the deposition of metal (or bi-metal) NPs on carbon

nanotubes.19–23 Electrochemical techniques are particularly

attractive for the electrodeposition of metallic nanostructures on

the surface of the electrode not for mass preparation in the bulk

solution. In this method, various experimental parameters

including solution composition, potential and time of deposition

can be manipulated to control the nucleation and growth rate of

the metal NPs.24–26 Finally, electrochemical deposition is a clean,

rapid and facile synthesis that facilitates control over the size and

distribution of NPs, we can then use these nanoparticles with

different morphologies and features in sensor applications.

Among the various bimetallic nanoparticles based carbon

nanotubes, Au–PtNPs have more potential applications in the

area of the electrocatalysts,27–30 electrochemical sensors31–34 and

biosensors.35–38 Due to these advantages of bimetallic nano-

particles, it becomes significant to develop Au–Pt nanoparticles

for application in electrochemical sensors with appropriate
This journal is ª The Royal Society of Chemistry 2012
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characteristics such as high sensitivity, fast response time, wide

linear range, better repeatability and reproducibility.

Cefotaxime (CFX) with a trade name of Claforan� (Scheme 1)

is a third-generation cephalosporin antibiotic and is used to treat

infections caused by bacteria, mostly respiratory and urinary

infections. Like other third-generation cephalosporins, it has

broad spectrum activity against Gram positive and Gram nega-

tive bacteria. The biological activity of these antibiotics is the b-

lactam ring.39,40 The major routes of CFX degradation involve

hydrolysis of the b-lactam ring and the acetoxy ester. At physi-

ologically relevant pH (pH 6–7), temperature and concentration

values the amide side chain hydrolysis is negligible.41 De-esteri-

fication proceeds more rapidly than the b-lactam ring opening.

At low pHs, an internal ring closure can occur to form the

lactone of the de-esterified product.42 CFX acts by interfering

with the ability of bacteria to form cell walls. The cell walls of

bacteria are vital for their survival. This antibiotic impairs the

bonds that hold the bacterial cell wall together. This allows holes

to appear in the cell walls and kills the bacteria. CFX can also be

given before certain types of surgery that are associated with an

increased risk of infection, for example, abdominal, bowel, heart

or bone surgery, to help prevent infections after the operation.

Because of its important role in numerous pathological

processes, the detection and quantification of CFX is an

important feature in pharmaceutical and clinical procedures.

Several methods have been reported for the determination of

CFX, including spectrophotometry43–47 and chromatog-

raphy.48–52 Though these methods give good sensitivity and

selectivity they have disadvantages, including high costs, long

analysis times, and the requirement of complex and tedious

sample pretreatments. On the other hand, electrochemical

methods have attracted great interest because of their simplicity,

rapidness and high sensitivity in detecting CFX without

requiring tedious pretreatments. CFX is an electroactive

compound that can be oxidized and reduced electrochemically.

The presence of the methoxyimino group in the cefotaxime

molecule is very important for its chemical and electrochemical

behavior. There are a few references in the literature dealing with

CFX estimation based on cathodic reduction53–55 and also anodic

oxidation.56–60 To the best of our knowledge, nanoparticulate

hybrid materials made from metallic (bimetallic) NPs and

MWCNTs have not been reported previously for the determi-

nation of this drug.

In the present work, a nanostructured thin film (as amodifier) is

prepared on the surface of a glassy carbon electrode (GCE) by

coating it with a thin layer of multi-walled carbon nanotubes
Scheme 1 Chemical structure of cefotaxime (CFX).

This journal is ª The Royal Society of Chemistry 2012
(MWCNTs) and then the consecutive electrodepositionofAuNPs

and PtNPs on the MWCNTs layer, which is capable to forming

auniformand stable thin filmon the surface of theGCE. Scanning

electronmicroscopy (SEM), energydispersiveX-ray spectroscopy

(EDS), X-ray diffraction (XRD), electrochemical impedance

spectroscopy (EIS) and cyclic voltammetry (CV) were used to

characterize the surface of the modified electrode. The resulting

electrochemical sensor under the optimum conditions is conve-

nient and applicable for the determination of CFX with a nano-

molar detection limit. Excellent features, like a lowdetection limit,

wide linear dynamic range and high sensitivity of the modified

electrode proved the successful application of this sensor for the

voltammetric determination of CFX in pharmaceutical prepara-

tions and human blood serum samples.

2 Experimental

2.1 Chemicals and reagents

Multi-walled carbon nanotubes (MWCNTs), synthesized by

catalytic chemical vapor deposition (CVD) method (purity more

than 95%) with o.d. (outer diameter) of 10–20 nm, i.d. (inner

diameter) of 5–10 nm and tube length of 5–20 mm, was obtained

from Nanostructured & Amorphous Materials (Houston, TX,

USA). CFX was taken kindly from Excir Daru pharmaceutical

company (Tehran–Iran). All aqueous solutions were prepared

with doubly distilled deionized water. Stock solutions of CFX

were freshly prepared as required in appropriate buffer solution.

In all electrochemical experiments, a stock Britton–Robinson

(BR) buffer solution (containing 0.04 M of glacial acetic acid,

orthophosphoric acid and boric acid) was used as the supporting

electrolyte. Buffer solutions of different pHs were then prepared

by the addition of 0.2 M sodium hydroxide. CFX ampoules (500

mg per ampoules) were purchased from local Pharmacies. Fresh

frozen human blood serum was obtained from Iranian Blood

Transfusion Organization. A 2% (v/v) of pure methanol was

added to the serum sample. After vortexing each of the samples

for 2 min, the precipitated proteins were separated by centrifu-

gation for 10 min at 10 000 rpm. Then, this sample was diluted

10-fold and spiked with the different amounts of standard CFX

without extraction for further treatments and applied for the

recovery tests in the spiked samples. Each sample was run in

triplicate and relative standard deviation (RSD) for each sample

was calculated. All experiments on human serum samples were

performed in compliance with the relevant laws and institutional

guidelines of the Sharif University of Technology.

2.2 Apparatus

Electrodeposition of Au–PtNPs on MWCNTs and voltammetric

experiments were performed using a Metrohm potentiostat/gal-

vanostat model 797VA. A conventional three-electrode system

was used with a GC working electrode (unmodified or modified),

a saturated Ag/AgCl reference electrode and a Pt wire counter

electrode. A digital pH/mV/ion meter (CyberScan model 2500)

was used for preparation of the buffer solutions. The morphol-

ogies ofMWCNTsandAu–PtNPs electrodepositedonMWCNTs

were obtained using with scanning electron microscope (SEM),

and the composition of the Au–PtMWCNT/GC electrode was

investigated by energy dispersive X-ray spectroscopy (EDS)
Analyst, 2012, 137, 2706–2715 | 2707
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Fig. 1 SEM images with different resolutions of (A) MWCNT and (B)

Au–PtNPs/MWCNT modified glassy carbon electrode.
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(RONTEC, QUANTAX). Scanning electron microscopy (SEM)

images were obtained with a VEGA\\TESCAN scanning electron

microscopy.TheX-raydiffraction (XRD)datawere collectedwith

a MPD Model (GNR, Italian company) 3000� diffractometer

that was usingmonochromated CuKa radiation (40 kV, 100mA)

and was operated using a step scan program (step width¼ 0.05�).
All measurements were conducted at room temperature. Electro-

chemical impedance spectroscopy (EIS) measurements were per-

formed with a Potentiostat/Galvanostat EG&G model 273A

(Princeton Applied Research, USA) equipped with a Frequency

ResponseDetector model 1025 (Power Suite software), which was

used with a frequency between 100 MHz and 10 kHz and a 5 mV

rms sinusoidal modulation (effective value of a varying AC

amplitude) in 0.1 M KCl solution containing 1 mM of both

K4Fe(CN)6 and K3Fe(CN)6 (1 : 1 mixture) at the E1/2 of the

[Fe(CN)6]
3�/4� (0.13 V vs. Ag/AgCl). Voltammetric experiments

were carried out in buffered solutions of CFX that were deoxy-

genated by purgingwith pure nitrogen (99.999% fromRohamGas

Company). Nitrogen gas was also flowed over the surface of the

test solutions during the experiments.

2.3 Preparation of Au–Pt nanoparticle-modified electrodes

An appropriate amount of pureMWCNTswas treated with a 1 : 3

(v/v) mixture of HNO3 (65%) and H2SO4 (98%) under reflux

conditions for 6 h in order to obtain more edge sites and better

dispersion of nanotubes by the creation of carboxylate groups.

Before the modification, the GCE was polished with 0.1 mm

alumina slurry on a polishing cloth, rinsed thoroughly with water,

sonicated in water for 5 min and finally dried in air. A 3.0 mg

portion of the functionalized MWCNT was dispersed in 3.0 mL

DMFandhomogenizedultrasonically for 10min.Then, 3mLof the

suspension was placed on the GCE surface by micropipette and

the water allowed to evaporate at 55 �C in an oven to obtain the

MWCNT/GCE. The gold nanoparticles were deposited electro-

chemically at the MWCNT/GCE. Briefly, the MWCNT/GCE

electrode was immersed into a deoxygenated solution of 0.1 mM

chloroauric acid (HAuCl4) in 0.5 M H2SO4 and a constant

potential of �0.2 V (vs. Ag/AgCl) was applied to it for 5 s. So,

AuNPs/MWCNT/GCEwasprepared. In thenext step, theAuNPs/

MWCNT/GCE electrode was immersed in 0.5 M H2SO4 aqueous

solution containing 1 mM hexachloroplatinic acid (H2PtCl6). The

electrochemical deposition of the Au–PtNPs was conducted for 5 s

at �0.3 V (vs. Ag/AgCl). Finally, Au–PtNPs/MWCNT/GCE was

prepared at these optimum conditions. The Au–PtNPs/GCE was

alsopreparedas abovewithout the castingof theMWCNTlayeron

the GCE surface. Before the voltammetric measurements, the

modified electrode was cycled five times between 0 and 1 V (scan

rate 0.1 V s�1) in a BR buffer solution of pH 2 to obtain a repro-

ducible response. When it was necessary, renewal of the electrode

surface was easily accomplished by soaking the modified electrode

in BR buffer solutions and cycling the potential as mentioned

above. The modified electrode was prepared daily.

3 Results and discussion

3.1 Morphological analysis

The surface morphology of the Au–PtNPs/MWCNT/GCE was

characterized by SEM. As shown in Fig. 1A, a MWCNT layer
2708 | Analyst, 2012, 137, 2706–2715
without aggregation was observed on the electrode surface,

indicating that the MWCNTs were homogeneously dispersed on

the surface of the GCE. The diameters of the MWCNTs were

approximately 25–55 nm. As can be seen in Fig. 1B, the Au–

PtNPs deposited with a good distribution on the MWCNTs were

spherical with an average diameter of approximately 35 nm (16–

60 nm). The elemental compositions for the Au–PtNPs/

MWCNTs and MWCNT samples were evaluated by EDS

analysis (Fig. 2A and B). The EDS results show that, Pt and Au

were the major elements on the electrode surface. The gold

coatings with the same diameter (5 nm) are used during SEM

analysis of MWCNT and Au–PtNPs/MWCNT modified GCE.

The difference in Au content of MWCNT and Au–PtNPs/

MWCNT in EDS analysis is related to the AuNPs that were

electrodeposited on the surface of the MWCNT/GCE. So, the

EDS results clearly show that both Au and Pt are electro-

deposited in the MWCNT matrix.

3.2 Structural analysis

The crystalline structure of the Au–PtNPs was characterized by

XRD measurement. The XRD pattern for the electrodeposition

of Au–PtNPs is shown in Fig. S1.† The wide-angle XRD patterns

of the Au–PtNPs/MWCNT showed both Au fcc and Pt fcc

peaks, indicating either a mixture or core–shell Au–Pt nano-

particles structure instead of an alloy nanostructure on the

electrode surface.6,31,61

3.3 Electrochemical characterizations

Fig. 3A shows cyclic voltammetric (CV) profiles obtained in

nitrogen-purged 0.1 M PBS of pH 7.0 for different electrodes.

For the AuNPs/MWCNT/GC electrode, the reduction peak of

the oxide species appeared at about 0.55 V (vs. Ag/AgCl). This

reduction peak appeared at about 0.09 V (vs. Ag/AgCl) for the
This journal is ª The Royal Society of Chemistry 2012
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Fig. 2 The EDS pattern of (A) Au–PtNPs–MWCNT/GCE and (B) MWCNT/GCE.

Fig. 3 (A) CVs of Au–PtNPs/MWCNT/GCE (----, brown), MWCNT/GCE (/, cyan), AuNPs/MWCNT/GCE (——, purple) and PtNPs/MWCNT/GCE

(--.-, blue) in 0.1 M phosphate buffer solution (pH 7); inset: CVs of Au–PtNPs/GCE (——, red) and bare GCE (----, blue) in the same solution of above. (B)

Nyquist diagram (�Z0 0 vs. Z0) for the EIS measurements in 1 mM K3Fe(CN)6/K4Fe(CN)6 and 0.1 M KCl at E1/2 ¼ 0.13 V for a bare GCE (-),

Au–PtNPs/GCE (:); inset: MWCNT/GCE (C), Au–PtNPs/MWCNT/GCE (;).
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PtNPs/MWCNT/GC electrode, due to the reduction of surface

platinum oxides. On the other hand, comparison of the cyclic

voltammograms for the Au–PtNPs/GC and Au–PtNPs/

MWCNT/GC electrode with the bare GC and MWCNT/GC

showed two reduction peaks, at about 0.55 V and 0.09 V, which
This journal is ª The Royal Society of Chemistry 2012
correspond to the reduction of gold and platinum oxide species,

respectively.62,63 Electrochemical impedance spectroscopy (EIS)

was employed to investigate the impedance changes and also the

interfacial characterization of the electrode surface during the

modification processes. Fig. 3B shows the Nyquist plots of K3Fe
Analyst, 2012, 137, 2706–2715 | 2709
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(CN)6/K4Fe(CN)6 at the bare GC, Au–PtNPs/GC, MWCNT/

GC and the Au–PtNPs/MWCNT/GC. A semicircle with a large

diameter is observed at the surface of the bare GC. The diameter

of this semicircle is reduced at the Au–PtNPs/GC and Au–

PtNPs/MWCNT/GC compared to the bare GC and MWCNT/

GC, respectively. These results suggest that the surface of the

Au–PtNPs/MWCNT modified electrode exhibits lower electron-

transfer resistance and greatly increases the electron-transfer

rate. The observed improvements are attributed to a synergistic

enhancement rather than merely the combination of bimetallic

Au–Pt nanoparticles and carbon nanotube layers. The EIS

changes during the modification process also indicated that the

Au–PtNPs/MWCNT layer was firmly immobilized on the

surface of the GC electrode.
3.4 Electrochemical behavior of various electrodes in CFX

oxidation

Fig. 4A illustrates cyclic voltammetric (CV) responses of 10 mM

CFX on the surface of the bare GCE, Au–PtNPs/GCE,

MWCNT/GCE and Au–PtNPs/MWCNT/GCE. The CFX

response has a very weak voltammetric response with an

oxidation peak current of 1.3 mA on the surface of the bare GCE.

However, in comparison with the bare electrode, a remarkable

enhancement in the peak current was observed by a factor of 3.53

(Ip,a ¼ 4.6 mA) at the surface of Au–PtNPs/GC. The peak

currents of CFX on the surface of MWCNT/GCE and Au–

PtNPs/MWCNT/GCE are 17 mA and 26.0 mA that are enhanced

respectively by a factor of 13.07 and 20.0 due to the bare GCE. In

fact, Au–PtNPs immobilized on the bare GC and MWCNT/GC

surfaces with their large surface area increase the adsorptive sites,

resulting in a significant increase in the oxidation peak current.

On the other hand, in the presence of MWCNT for the modified

electrodes, the electrochemical responses toward CFX increase,

which is due to the presence of the electroactive oxygenated

functional groups and edge sites in the structure of nanotubes,

specific electronic structure and high electrical conductivity of

MWCNT. We also recorded LSVs of 10 mM CFX oxidation on

the surfaces of AuNPs/GC, PtNPs/GC, AuNPs/MWCNT/GCs,
Fig. 4 CVs of 10 mMof CFX on the surface of various electrodes: (A) Au–PtN

bare GCE (/); (B) AuNPs/GC (——), PtNPs/GC (/) and Au–PtNPs/GC (----);

MWCNT/GC (----). Potential sweep rate was 100 mV s�1 and supporting elec

2710 | Analyst, 2012, 137, 2706–2715
and PtNPs/MWCNT/GCs. As shown in Fig. 4B and C, modifi-

cation of the surface of the bare GCE and MWCNT/GC with

AuPt nanoparticles, in comparison to independent contributions

from Au or Pt nanoparticles, improved the voltammetric

response toward CFX. It should be due to the higher surface area

of Au–PtNPs with respect to the Au or Pt NPs alone. Also, in the

case of the Au–PtNPs/GC and Au–PtNPs/MWCNT/GC, the

stability and reproducibility of the electrode responses to CFX

were improved.
3.5 Optimization of the experimental parameters

3.5.1 Influence of pH. The voltammetric investigations were

performed in the pH range of 2.0–12.0 using 0.04 M BR buffer

solution as supporting electrolyte, containing 10 mM CFX

(Fig. 5A). As can be seen in Fig. 5C, the anodic peak potential

shows a negative shift by increasing the solution pH with a slope

value of 49.8 mV per pH unit (near to the theoretical slope,

�59 mV per pH unit). From the results, it can be concluded that

equal numbers of electrons and protons are involved in the

electro-oxidation of CFX on the surface of the modified elec-

trode.64 From the results of pH investigations shown in Fig. 5B,

BR buffer with pH 2.0 was selected as the supporting electrolyte

for obtaining the best sensitivity in all voltammetric

determinations.

3.5.2 Effect of potential scan rate. LSVs at different potential

sweep rates were used for elucidation of the electrochemical

mechanism. Fig. 6A shows LSVs of 10 mM CFX at a modified

electrode in a buffered solution of BR (0.04 M, pH 2.0) at

different scan rates from 10 to 400 mV s�1. A slope of 0.776 is

obtained for the linear variation of the logarithm of the peak

current with respect to the logarithm of the sweep rate (Fig. 6B).

Observation of such variation can be related to the adsorption of

CFX at the modified electrode surface and their diffusion

through the porous Pt–AuNPs/MWCNT film.65 The investiga-

tions herein show that increasing the potential scan rate results in

a positive shift of the oxidation peak potential with increasing the

potential scan rate (Fig. 6C). There is a linear relationship
Ps/MWCNT/GCE (——), MWCNT/GCE (----), Au–PtNPs/GCE (--.-) and

(C) AuNPs/MWCNT/GC (——), PtNPs/MWCNT/GC (/) and Au–PtNPs/

trolyte was 0.04 M BR buffer solution (pH 2.0).

This journal is ª The Royal Society of Chemistry 2012
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Fig. 5 (A) LSVs of 10 mM CFX at the Au–PtNPs/MWCNT/GCE in various pHs (from 2 to 12) of 0.04 M BR buffer solution. (B) Dependence of

oxidation current (Ip,a) with pH solution. (C) Plot of the oxidation peak potential (Ep,a) with solution pH; scan rate 100 mV s�1.

Fig. 6 (A) Effect of potential sweep rate on LSV response of 10 mM CFX (10–400 mV s�1). (B) Plots of log Ip,a vs. log y, and (C) variation of peak

potentials (Ep,a) with log y.
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between Ep,a and the logarithm of the scan rate, eqn (1), which

further reveals the irreversible nature of the electrochemical

process:

Ep,a ¼ 57.92 log y + 838.9 (R2 ¼ 0.993, Ep,a: mV, y: mV s�1)(1)

For a totally irreversible electrode process (with a ¼ 0.5),

according to Laviron theory, a value of ana as 1.02 can be easily

calculated from the slope of E versus log y.66 So the number of

electrons (n) transferred in the electro-oxidation of CFX was

calculated to be 2. Integrating the results obtained in pH and

scan-rate studies, the electrochemical oxidation of CFX at the

Au–PtNPs/MWCNT/GCE should be a two-electron and two-

proton process.

3.5.3 Influence of CNT film thickness. In the case of thin film

modified electrodes, the current responses toward the analyte

species can be affected by the thickness of the modifier film. The

film thickness of the porous thin film modified electrode can

affect both the kinetics of the electrode processes and the mass

transfer mechanism via diffusion through the porous film.67–70 To

vary the thickness of the film modifier, different volumes of
This journal is ª The Royal Society of Chemistry 2012
MWCNT suspension in DMF (1 mg mL�1, 1–4 mL) were

deposited on the electrode surface and then the electrochemical

response toward CFX was investigated via LSV (Fig. 7). The

results showed that by increasing the amount of MWCNTs

suspension from 0 to 4 mL, a remarkable increase in the oxidation

peak current of 10 mM CFX is obtained using the Au–PtNPs/

MWCNT/GCE. In our investigations, the optimal CFX

response was obtained under conditions employing 3 mL of the

MWCNT suspension. Greater suspension volumes of 3 mL

resulted in an upper detection limit (about 10 times), inappro-

priate mechanical properties and decreased the adherence of the

MWCNT film onto the GCE surface. Such effects led to

a remarkable decrease in the sensitivity and reproducibility of the

modified electrode response.

3.5.4 Optimization of accumulation conditions. Cyclic vol-

tammograms of 10 mM CFX at the modified electrode in a BR

buffered solution of pH 2 were obtained after a specified accu-

mulation time (data not shown). In the first scan, a well-defined

oxidation peak appeared which gradually disappeared in subse-

quent cycles, resulting from fact that the electrode surface is

blocked by the strong adsorption of the CFX or its oxidation
Analyst, 2012, 137, 2706–2715 | 2711
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Fig. 7 LSVs of 10 mMCFX at the Au–PtNPs/MWCNT/GCE in various

drop sizes of the MWCNT suspension (0–4 mL) cast on the GCE surface.
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products. On the other hand, increasing the adsorption time

caused an increase in the CFX peak current. These observations

indicated that CFX is chemically adsorbed on the electrode

surface and then diffuses through the porous Au–PtNPs/

MWCNT layer. Therefore, the effects of the accumulation time

and corresponding potential parameters were studied in a solu-

tion containing 10 mM of CFX. Results showed that longer

accumulation times up to 330 s increase the amount of the

adsorbed analyte and, therefore, give higher peak currents. With

further increase in this time, saturation of the electrode surface

was achieved and the peak current remained nearly unchanged.

Taking account of sensitivity and also response repeatability, the

accumulation time was set at 330 s in the following experiments

(Fig. 8). It was found that accumulation potential has no influ-

ence on the oxidation peak current. The results showed that, in

comparison to the open circuit conditions, the oxidation peak

current remained almost constant when the accumulation

potential was applied. Therefore, accumulation of CFX was

performed under open circuit conditions.
Fig. 8 (A) Effect of accumulation time, tacc(s), on LSVs of 10 mMof CFX on t

(pH 2.0). (B) Plot of current versus accumulation time for different concentra

2712 | Analyst, 2012, 137, 2706–2715
3.6 Analytical characteristics and methods validation

The practical applicability of the proposed method was evalu-

ated by investigating the analytical performance characteristics

such as linear range, detection limit, repeatability and repro-

ducibility under the optimized conditions. The results of the

voltammetric studies for various concentrations of CFX on the

surface of the Au–PtNPs/MWCNT/GCE are shown in Fig. 9A.

Using the plot of peak currents versus the concentration of CFX,

two linear ranges of 0.004–4.0 mM and 4.0–10.0 mM in 0.04 M

BR solution (pH 2) were obtained (Fig. 9B). Linear regression

equations for these two regions were:

I (mA) ¼ 4.76CCFX (mM) + 0.26 (R2 ¼ 0.994) (2)

I (mA) ¼ 1.3CCFX (mM) + 13.6 (R2 ¼ 0.993) (3)

A detection limit of 1 nM (based on S/N¼ 3) was obtained for

CFX using the first range of the calibration plot. Table 1

compares the response characteristics of the Au–PtNPs/

MWCNT/GCE with those of other modified electrodes reported

in the literature for the determination of CFX. As can be seen, in

comparison with the previous works, the present method exhibits

the lowest limit of detection, the highest sensitivity and widest

linear dynamic ranges (more than 3 orders of magnitude) for the

electrochemical determination of CFX. To study the reproduc-

ibility of the electrode preparation procedure, five electrodes

modified by a same fabrication procedure were prepared and

used for the determination of a 10 mM solution of CFX. The

RSD for the electrodes’ peak currents (average of three deter-

minations on each electrode) was calculated to be 3.96%. To

determine the precision of the method, electrochemical experi-

ments were repeated 5 times with the same Au–PtNPs/MWCNT/

GCE in solution containing 10 mM of CFX. The RSD was

calculated to be 2.16%. In this work, any adsorbed CFX or its

oxidation product was counteracted by applying ten CVs in

supporting electrolyte (BR) between measurements, thereby

obviating the fouling problems and renewing the electrode

surface. Thus, the results herein indicate that the modified
he surface of the Au–PtNPs/MWCNT/GCE in 0.04MBR buffer solution

tions of CFX.

This journal is ª The Royal Society of Chemistry 2012
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Fig. 9 (A) LSVs for various concentrations of CFX in the range of 0.004–10 mM supporting electrolyte was 0.04 M BR buffer solution (pH 2.0). (B)

Corresponding linear calibration curve of peak current vs. CFX concentration.

Fig. 10 LSVs of Au–PtNPs/MWCNT/GCE for the determination of 10

mM cefotaxime (--.-, cyan) and 10 mM cefotaxime in the presence of 1 mM

AA (----, purple), 0.1 mM UA (----, blue), 10 mM DP (/, red), 1 mM Glu

( , black) and the mixture of AA, UA, DP and Glu interferences (——,

green) in 0.04 M BR buffer solution (pH 2.0). Scan rate: 100 mV s�1.
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electrode has an excellent repeatability in both preparation and

determination steps. In the present work, the interference effects

of 1 mM ascorbic acid (AA), 0.1 mM uric acid (UA), 10 mM

dopamine (DP) and 1 mM glucose (Glu) were tested on the
Table 1 Comparison of different modified electrodes for determination of C

Electrode Method Linear ra

Zn(II)complex/graphite paste electrode DPVa 0.001–0.0
Activated GCE HFSWVb 20–100, 2
Dropping mercury electrode (DME) AdSDPc 0.15–1.1
Hanging mercury dropping electrode
(HMDE)

SWAdSVd 0.007–0.1

Au–PtNPs/MWCNT/GC LSVe 0.004–4, 4

a Differential potential voltammetry. b High-frequency square wave voltamme
adsorptive stripping voltammetry. e Linear sweep voltammetry. f Not report

This journal is ª The Royal Society of Chemistry 2012
voltammetric response of 10 mMCFX (Fig. 10). No change in the

response current of CFX was observed in the presence of these

compounds or mixtures of them. In the mixture of all these

compounds by using the modified electrode, four well-defined

waves with a very good resolution are obtained. Among these

interferences, glucose has no response but AA, UA, and DP

showed an oxidation process in the selected potential range.

Therefore, in this study it was proved that this method can be

successfully applied for the simultaneous determination of

cefotaxime in the presence of the other interference compounds

in the clinical preparations.
3.7 Applicability of sensor to real matrixes

3.7.1 Determination of CFX in ampoule sample. Because

components of the matrix of the drug may interfere with the

accurate determination of the analyte, potential effects from

matrix components must be investigated. So, the reliability of the

modified electrode was assessed for determination of CFX

ampoules using a standard addition recovery method. A CFX

ampoule was diluted to 500 mL by 0.04 M BR buffer solution

(pH 2) to get an approximate concentration of 10 mM. A 2.5 mL

portion of the resulting solution was added to the standard CFX

solutions (in the range of 4–10 mM) and the samples were diluted

to 25.0 mL. The voltammetric response and corresponding

calibration plot of peak currents versus concentration are shown
FX

nge/mM) Sensitivity/mA mM�1 LOD/nM Ref.

5, 0.1–50 Nf N 58
00–600 0.005, 0.017 N 57

0.4 N 53
0, 0.12–1.2 3.03, 5.27 1.7 55

–10 4.76, 1.3 1 This work

try. c Adsorptive stripping differential pulse voltammetry. d Square wave
ed.

Analyst, 2012, 137, 2706–2715 | 2713
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Fig. 11 (A) LSVs for the addition of the different amounts of CFX (4, 5, 6, 7, 8 and 10 mM) in the real sample solution of CFX diluted with 0.04 M BR

buffer solution (pH 2.0) and (B) the plot of peak current vs. added concentration of CFX.

Table 2 Recovery results of CFX analysis spiked in plasma samplesa

No Spiked/mM Found/mM Recovery (%) RSD (%)

1 0.01 0.009 95.06 1.29
2 0.1 0.104 104.36 2.85
3 0.6 0.660 110.00 3.46
4 2.0 1.931 96.56 5.87

a Mean � standard deviation (n ¼ 3) (rounded).
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in Fig. 11A and B. The equation for resulting standard addition

calibration curve was:

I (mA) ¼ 1.26CCFX (mM) + 10.6 (R2 ¼ 0.997) (4)

By comparing two slopes of the standard and spiked drug

samples, it is concluded that no interferences in the drug matrix

were found for the electrochemical analysis of CFX. An amount

of 483.87 mg with a good accuracy of 96.77% and an RSD of

3.86% (n ¼ 3) was found for the analysis of drug samples.

Moreover, for accuracy studies, recoveries were evaluated in the

lower, middle and higher level concentrations of the spiked CFX

to the pharmaceutical solutions. The recoveries were in the range

from 106.87 to 95.92%.

3.7.2 Determination of CFX in human plasma. For prepara-

tion of serum samples, 2% (v/v) of methanol was added to the

human serum sample and thoroughly mixed. Then, the plasma

samples were diluted 10 times with BR buffer solution (pH 2).

Recovery evaluation of CFX was carried out by spiking of its

standard solutions in the range of 0.01–4 mM into the diluted

plasma samples. The modified electrode was applied for analysis

of these samples. The results showed an average recovery of

96.28% for CFX added to the human serum samples (Table 2).

4 Conclusion

In conclusion, we have successfully prepared the Au–PtNPs/

MWCNT/GCE by consecutive electrochemical deposition of

AuNPs and PtNPs onto an MWCNT film pre-casted on the
2714 | Analyst, 2012, 137, 2706–2715
surface of a glassy carbon electrode at room temperature for

a short time. This modified electrode is used as an enhanced

material for the sensitive voltammetric determination of cefo-

taxime. The highly effective microscopic area of the Au–PtNPs/

MWCNT modifier together with effective accumulation of CFX

at the electrode surface resulted in a considerable increase in the

obtained peak currents. The modified electrode also has other

remarkable electrochemical advantages such as high reproduc-

ibility, excellent repeatability, antifouling behavior, wide linear

dynamic range (more than 3 orders of magnitude) and nano-

molar detection limit that provide the successful application of

this sensor for the determinations of CFX in pharmaceutical and

clinical preparations.
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