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Abstract

The electrochemical behavior of the antibiotic drug cefazolin sodium (CFZ) in Britton–Robinson buffers (pH 2–11) at the mercury elec-
trode was studied by means of dc-polarography, cyclic voltammetry, controlled-potential coulometry and square-wave adsorptive stripping
voltammetry techniques. A validated square-wave adsorptive cathodic stripping voltammetric procedure was described for the trace deter-
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ination of cefazolin in bulk form up to limits of detection and quantitation of 2.6× 10−10 M and 8.6× 10−10 M, respectively. The metho
as successfully applied for determination of cefazolin in pharmaceutical preparation without the necessity for samples pretreatm

ime-consuming extraction or evaporation steps prior to the analysis.
2005 Elsevier B.V. All rights reserved.
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. Introduction

Cefazolin sodium: 3-[(5-methyl-1,3,4-thiadiazol-2-yl)
hiomethyl]-7-(tetrazol-1-ylacetamido)-3-cephem-4-carbo-
ylic acid; is a semi synthetic cephalosporin antibiotic. Cefa-
olin (CFZ) is classified as a first generation cephalosporin
aving a broad spectrum of activity and exhibits somewhat
reater activity againstklebsiella pneumoniae [1]. It is active

n vitro against many Gram-positive aerobic cocci but has a
imited activity against Gram-negative bacteria[2].

Numerous analytical procedures were reported for the
etermination of CFZ including the use of fluorimetry

3], colourimetry and AAS[4], spectrophotometry[5–7],
adiosensitivity [8], capillary zone electrophoresis[9],
ensitometry[10], liquid chromatography[11–13], high-
erformance liquid chromatography[14–18], and voltam-
etry [19–21]. Most of these methods required formation
f CFZ-metal complexes[3–5] or samples pretreatment and

∗ Corresponding author. Tel.: +20 10 6632694; fax: +20 40 3350804.
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time-consuming extraction steps prior to analysis of the
[6–18]. The reported voltammetric methods achieved
detection limits of 1.5× 10−5–1× 10−6 M CFZ [19–21],
which are not sensitive enough for the trace assay of
zolin.

The aim of this study was to investigate the elec
chemical behavior of cefazolin at a mercury electrode
to describe a validated sensitive and precise square-
adsorptive stripping voltammetric procedure for trace a
of cefazolin in bulk form and pharmaceutical formulation

2. Experimental

2.1. Solutions

A standard solution (1× 10−3 M) of cefazolin sodium wa
prepared daily in deionized water from the pure compo
(Sigma, St. Louis, MO, USA). A series of Britton–Robins
(B-R) buffer of pH 2–11 was prepared[22] and used as
supporting electrolyte. Deionized water was obtained fro
731-7085/$ – see front matter © 2005 Elsevier B.V. All rights reserved.
oi:10.1016/j.jpba.2005.05.020
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Purite Still Plus Deionizer attached to an Aquamatic bidistil-
lation water system (Hamilton Laboratory Glass Ltd., Kent,
UK). A Mettler balance (Toledo-AB 104, Switzerland) was
used for weighing the solid materials. All the chemicals
(Merck) were of analytical-reagent grade and were used with-
out further purification.

2.2. Instrumentation

A polarograph Model 4001 (Sargent-Welch) was used for
studying the polarographic behavior of CFZ. A polarographic
cell with a dropping mercury electrode as a working electrode
(m = 1.03 mg s−1, t = 3.3 s at mercury height = 60 cm) and a
saturated calomel electrode (SCE) as a reference electrode
was used. A computer-controlled Electrochemical Analyzer
Model 394-PAR (Princeton Applied Research, Princeton, NJ,
USA) with the software package 270/250 (PAR) was used for
cyclic and square-wave measurements. The electrode assem-
bly 303A (PAR) incorporated with a micro-electrolysis cell
comprising of a hanging mercury drop electrode (HMDE)
as a working electrode, an Ag/AgCl/KCls as a reference
electrode and a platinum wire as a counter electrode was
used.

A potentiostat/galvanostat Model 173-PAR incorporated
with a digital coulometer Model 179-PAR was used for the
controlled-potential coulometric measurements at a mercury
p CFZ
m l 2.
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Fig. 1. Dc-polarograms of 2.5× 10−4 M cefazolin in (1) 0.1 M HCl solution
(pH 1) and in B-R buffers of various pH values: (2) 1.8; (3) 3.0; (4) 4.0; (5)
5.0; (6) 6.0; (7) 7; (8) 8.0; (9) 10.0; and (10) 11.0.

3. Results and discussion

3.1. Dc-polarography

Polarograms of CFZ in B-R buffers of pH 2–11 exhibited a
single 2-electron irreversible cathodic wave with almost pH-
independent limiting current which could be due to the reduc-
tion of the –CH2 S– moiety of CFZ molecule[21,23–26].
In addition a pre-wave was appeared at less negative poten-
tial in solutions of pH <7 (Fig. 1). A similar behavior was
obtained in 0.1 M HCl solution (pH 1),Fig. 1, curve 1. The
pre-wave may be an adsorption one due to the reduction of
the adsorbed CFZ species. Gibbs energy of adsorptive CFZ
species makes the reduction of the adsorbed species easier
than that of CFZ species in bulk solution[27]. Sulfur atoms
of CFZ molecule play a crucial role in the adsorption phe-
nomena of the analyte onto the mercury electrode surface
[28]. Plots ofEd.e. against log (i/id − i) [29] at the various
pH values were straight lines with the slope values reported
in Table 1(slope, mV =S1 = 59/αna, whereα is the trans-
fer coefficient andna is the number of electrons involved in
the rate—determining step). The estimated values ofαna and
α indicated the irreversible nature of the reduction process
of CFZ at the mercury electrode and the number of elec-
trons (na) involved in the rate-determining step equals 2. The
half-wave potential (E ) of the polarographic wave of CFZ
s up
t ate-
d
r

-
m :
E ect
o
s
Z te-
d
t he
n ng
ool electrode. The number of electrons transferred per
olecule in the B-R buffer of pH 2–11 was found to equa

.3. Procedures

.3.1. Assay of bulk CFZ
A known volume of cefazolin sodium solution was pip

ed into 10 ml calibrating flask and made up to the mark
B-R buffer of pH 6. The solution was introduced into

lectrolysis cell, and then deoxygenated with pure nitro
or 10 min in the first cycle and 30 s for each successive c
he nitrogen was then kept over the solution. Preconce
ion of CFZ onto the HMDE was performed at−0.6 V for 90 s
hile stirring the solution at 400 rpm with a magnetic stir
fter an equilibrium time of 5 s was allowed for the so

ion to become quiescent, the stripping voltammogram
ecorded by scanning the potential toward the negative d
ion using the square-wave waveform under the optim
onditions.

.3.2. Assay of CFZ in formulation
Constitute sterile powder of the CFZ preparation (C

olin, 1 vial/1 g, produced by October Pharma S.A.E Eg
nder license of Biochemie Austria) was dissolved in a
me of deionized water accurately measured correspo

o the volume specified in the labeling. An accurately m
ured volume of the prepared injection solution was dil
uantitatively with deionized water to obtain a 1× 10−3 M.
efazolin solution was then analyzed using the optim
oltammetric procedure.
1/2
hifted to more negative values with the increase of pH
o 8, which indicated the involvement of protons in the r
etermining step of the reduction process[30] within this pH
ange.

TheE1/2–pH plot (Fig. 2, curvea) composed of two seg
ents; the linear segment (pH≤8) follows the equation

1/2 =−0.50− 0.086 pH while at higher pH values the eff
f pH is almost negligible. From slope values (S2) of the linear
egment of theE1/2–pH plot{δE1/2/δ pH =S2, mV = (59/αna)
H

+}, whereZH
+ is the number of protons participated in ra

etermining step of the reduction process}, and those (S1) of
he Ed.e. versus log (i/id − i) plots at various pH values, t
umber of protons (ZH

+) participated in the rate-determini
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Table 1
Data of dc-polarographic and cyclic voltammetric measurements for 2.5× 10−4 M CFZ in B-R buffers of various pH values at 25◦C

Dc-polarography Cyclic voltammetry

pH S1 (mV) αna α (na = 2) S2 (mV) ZH
+ S3 (mV) S4 (mV) αna α (na = 2)

1.0 55.9 1.06 0.53 86.1 1.5 87.8 45.5 1.29 0.64
1.8 57.1 1.03 0.52 1.5 46.1 1.28 0.64
3.0 60.7 0.97 0.49 1.4 48.4 1.22 0.61
4.0 62.8 0.94 0.47 1.4 50.0 1.18 0.59
5.0 60.2 0.98 0.49 1.4 57.5 1.03 0.51
6.0 63.7 0.93 0.47 1.4 61.6 0.96 0.48
7.0 64.6 0.91 0.46 1.3 63.1 0.94 0.47
8.0 61.4 0.96 0.48 1.4 72.4 0.81 0.41
9.0 64.6 0.91 0.46 – – – 83.5 0.71 0.35

S1: slope ofEd.e.–log (i/id − i) plots,S2: slope ofE1/2–pH plot;S3: slope ofEp–pH plotS4: slope ofEp–logν plots.

step was determined by applying the relation:[29,31]:

ZH
+ = δE1/2/δpH

59/αnα

= S2

S1

and was found to equal one (Table 1). The data reported
in Table 1, indicated that the most probable values of�-
parameter were obtained at the ratio (ZH

+/na) = 0.5.

3.2. Cyclic voltammetry

Cyclic voltammograms of 2.5× 10−4 M CFZ in B-R
buffers of pH 2–11 showed a single 2-electron irreversible
cathodic peak over the entire pH range, in addition to a pre-
peak at less negative potentials in solution of pH values <7.
The peak potential shifted to more negative values with the
increase of pH up to 8. Plot ofEp versus pH (slopeS3,Table 1)
showed two segments (Fig. 2, curveb) similar to that observed
for theE1/2 versus pH plot (Fig. 2, curvea). Over the linear
segment (pH≤8) the peak potential shifted to more negative
values according to the equation:Ep =−0.67− 0.0878 pH,

F
b

while over the pH range >8 the effect of pH is almost neg-
ligible. Moreover, the peak potential (Ep) shifted linearly to
more negative values with increase of scan rate (ν) that con-
firmed the irreversible nature of the electrode reaction. Values
of αna andα (Table 1) obtained from slope (S4) of Ep versus
logν plots agree well with those obtained from polarographic
measurements.

The interfacial adsorptive character of CFZ onto surface
of the mercury electrode was identified by recording cyclic
voltammograms of 4× 10−6 M CFZ in a B-R buffer of pH 6 at
open circuit and following preconcentration onto the HMDE
in a stirred solution for a period of 30 s at−0.6 V (Fig. 3). The
preconcentration of CFZ gave substantial enhancement of the
cathodic peak (curveb) compared with those at open circuit
(curvea) and subsequent second scan at the same mercury
drop (curvec), confirming the interfacial adsorptive character
of CFZ onto surface of the HMDE.

F n
r for
3 .
ig. 2. Plots ofE1/2–pH (a) andEp–pH (b) for 2.5× 10−4 M CFZ in B-R
uffers.
ig. 3. Cyclic voltammograms for 4× 10−6 M CFZ in a B-R of pH 6 at sca
ateν = 200 mV s−1: (a) at open circuit; (b) following preconcentration
0 s atEacc.=−0.6 V; and (c) repetitive cycle at the same mercury drop
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The electrode surface coverageΓ (mol cm−2) was calcu-
lated from the amount of charge (Q) consumed by the surface
process (as calculated by the integration of the area under the
peak of the cyclic voltammogram corrected to residual cur-
rent) using the equation:Γ = Q/nFA, wheren is the number
of electrons consumed in the overall reduction process of
CFZ (n = 2) andA is the electrode surface area (0.026 cm2).
On dividing the number of coulombs transferred, 0.8755�C,
by conversion factornFA (5017.3 C) yielded a monolayer
surface coverage of 1.745× 10−10 mol cm−2. Each adsorbed
CFZ molecule therefore occupies an area of 0.951 nm2.

3.3. Square-wave stripping voltammetry

Square-wave voltammograms of 5× 10−7 M CFZ in
B-R buffers of pH 2–11, following preconcentration onto
the HMDE for 60 s at−0.4 V, showed a single irreversible
cathodic peak. The response proceeded by preconcentration
increases extensively at pH 5–6 (Fig. 4). The dependence of
stripping peak current on the preconcentration potential was
evaluated over the range−0.2 to −0.8 V for 5× 10−7 M
CFZ in a B-R buffer of pH 6 following preconcentration for
60 s. A potential of−0.5 V was chosen as a preconcentration
potential that has given the best-defined peak and more
developed current. The extent of adsorption of CFZ onto
s
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Fig. 4. SWAdCS voltammograms for 5× 10−7 M CFZ in B-R buffer of vari-
ous pH values;tacc= 60 s,Eacc=−0.4 V,f = 120 Hz,�Es = 10 anda = 25 mV.

period of 5 s was found to be sufficient to allow the forma-
tion of a uniform concentration of the analyte onto the mer-
cury drop. Thus, the achieved optimal operational parameters
of the proposed square-wave adsorptive cathodic stripping
(SWAdCS) voltammetric procedure were:Eacc.=−0.5 V,
tacc.= 60− 90 s, �Es = 10 mV, a = 50 mV, f = 120 Hz, elec-
trode area = 0.026 cm2 and a rest period = 5 s.

3.4. Method validation

Following preconcentration of CFZ onto the HMDE for
90 s linear calibration graph (regression equationip = 0.0152
C + 0.07, r = 0.997) was obtained within the concentration
range 8.6× 10−10− 2× 10−7 M. Limits of detection (LOD)
and quantification (LOQ) of CFZ were calculated using the
following equations[32]: LOD = 3Sb/m and LOQ = 10Sb/m,
where Sb is the standard deviation of the blank andm is
the slope of the calibration curve. The obtained results of
LOD = 2.6× 10−10 M and LOQ = 8.6× 10−10 M indicated
the reliability of the proposed SWAdCS voltammetric pro-
cedure for the trace assay of CFZ.

Repeatability of results was evaluated by performing six
measurements for 5, 10 and 20 nM CFZ, following precon-

T
A y the proposed SWAdCS voltammetric procedure (n = 5) following preconcentration for
9

C

Precisi .%

.6
1 .8
2 .3
urface of the HMDE was studied for 5× 10−8, 1× 10−7

nd 5× 10−7 M CFZ solutions. Preconcentration durat
f 60–90 s corresponding to a more developed peak cu
as chosen to evaluate the analytical characteristics o
eveloped procedure.

The peak current for 1× 10−7 M CFZ in a B-R buffer o
H 6 following preconcentration for 60 s atEacc.=−0.5 V
as optimized by changing the pulse-amplitude (a), scan

ncrement (�Es) and frequency (f) within the range
0–100 mV, 2–10 mV, and 10–120 Hz, respectively. De
ence of the peak current (ip) on the square-wave frequen
f) was found to be linear according to the equationip
µA) = 0.4 f (Hz) −0.16 (r = 0.999). Also the peak curre
ncreased with the increase of pulse-amplitude; how
ulse-amplitude of 50 mV was chosen since at higher va
eak broading was observed. With increasing scan incre

he peak intensity increased linearly. The influence of
orking electrode area on the peak current was also

ed. As expected, an increase of the electrode area yie
ncrease in the peak current, so a large area (0.026 cm2) was
onsidered suitable for the present analytical study. A

able 2
nalytical precision and accuracy of CFZ determination in bulk form b
0 s

oncentration (taken) (nM) Intra-day

R% Accuracy bias%

5 98.6 −1.4 2
0 100.7 0.7 0
0 99.2 −0.8 1
Inter-day

on R.S.D.% R% Accuracy bias% Precision R.S.D

98.3 −1.8 2.1
101.3 1.3 0.9
100.2 0.2 1.5
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centration onto the HMDE for 90 s at−0.5 V (Table 2).
Mean recoveries of 98.6–100.7% with R.S.D. of 0.8–2.6%
were achieved. The precision and accuracy of the proposed
procedure were investigated by intra- and inter-day determi-
nations of CFZ for three concentrations (n = 6) within the
linear range. Accuracy of the procedure was expressed as
bias% within and between days was less than (1.3%) at low
and high concentrations (Table 2).

The specificity[33] of the proposed stripping procedure
was tested by analysis of a 5× 10−7 M bulk CFZ solution,
then a standard CFZ injection real solution corresponding
to a 5× 10−7 M CFZ, following preconcentration onto the
HMDE for 60 s in both cases. No significant differences in
the recoveries or the standard deviations were observed in
the absence (100.2± 0.6%) and presence (101.1± 0.6%) of
excipients, thus the proposed procedure can be considered
specific.

The robustness[33] of the proposed procedure was exam-
ined by analysis of 5× 10−8 M bulk CFZ in B-R buffers
of pH 5–6,Eacc.=−0.4 to −0.6 V andtacc.= 85–95 s. The
obtained mean recoveries and standard deviations were not
significantly affected within the studied range of variation of
the procedural operational conditions, and consequently the
proposed procedure can be considered robust[33].

The intermediate precision[33] of results was examined
in our laboratory by application of the proposed procedure to
a d
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s ery of
9 ed
t reti-
c nce
b e and
t t
t

4

lec-
t ecise
s pro-
c and
p am-
p prior
t t of

CFZ was low enough to reach its concentration at trace
levels.
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