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antibiotics by inductively coupled plasma atomic emission spectrometry

using various types of spray chamber and nebulizer configurations

G.A. Zachariadis ∗, C.E. Michos
Laboratory of Analytical Chemistry, Department of Chemistry, Aristotle University, GR 54124 Thessaloniki, Greece

Received 26 May 2006; received in revised form 10 August 2006; accepted 8 September 2006
Available online 12 October 2006

bstract

A direct sample introduction inductively coupled plasma atomic emission spectrometric (ICP-AES) method, for multi-element analysis of
owdered antibiotic drugs was developed using the slurry formation technique. The slurry of powdered sample is formed in dilute nitric acid
olution in presence of Triton X-100 surfactant. Two different configurations of spray chamber and nebulizer were tested for direct aspiration of
lurry into the plasma: (i) cyclonic spray chamber combined with babington-type nebulizer and (ii) scott-type double-pass spray chamber combined
ith cross-flow nebulizer. The latter configuration proved to be less tolerable to slurry aspiration. RF power generator, nebulizer argon gas flow rate,
ebulizer sample uptake flow rate and slurry sample concentration were optimized. The sensitivity of the proposed method was compared to the

orresponding sensitivity obtained from aqueous solutions for each analyte. The performance characteristics of the slurry aspiration method were
valuated against the complete acid-digestion method followed ICP-AES. Finally, the proposed method was applied to the analysis of commercial
ntibiotics.

2006 Elsevier B.V. All rights reserved.
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. Introduction

Antibiotic and antibacterial drugs in the form of syrups, liq-
ids, tablets and powders are extensively used to treatment of
arious diseases and infections. The continuous increase of the
se of antibiotics and other pharmaceuticals production and con-
umption leads to development of rapid and sensitive methods
f determination of heavy metals and other contaminants which
an be used in quality control projects and routine analysis. This
s of increasing importance because of the toxic effect of many

etallic ions in human life and the possibility of them to alter the
fficiency of the drugs through formation of stable metal–drug
omplexes [1–3] and under certain conditions catalyze the degra-

ation of the antibiotics [4,5]. The commercial antibiotic for-
ulations usually contain the active pharmaceutical ingredients

APIs) and various organic and inorganic excipients. Residues

∗ Corresponding author.
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f heavy metals is not likely to be found in the main synthetic
harmaceutical substance, however, when catalysts are used dur-
ng certain steps of the synthetic procedure this risk should be
ested [6]. If a specific metal catalyst is used and the synthetic
rocesses are suspected to lead to the presence of residues of this
etal, an element specific assay should be undertaken to deter-
ine the actual amounts of the residues. Also, it is possible to

etect the presence of traces in the final product when a natural
ubstance is used or when various excipients, diluting agents,
atural flavors, etc. are included, without proper purification.

Taking into account the maximum allowable patient expo-
ure to an element, certain limits of heavy metals concentration
n pharmaceutical products can be specified. International phar-

acopoeias recommend routine detection using heavy metals
imit tests [7]. These tests are indicative for the overall quality
f production, which includes sources of metal contamination,

ike manufacturing equipment and environment. The four equiv-
lent test methods proposed in pharmacopoeias [7–9] are based
n wet-acid sample extraction or dry ashing and ignition, precip-
tation at pH 3.5 (acetate buffer) of the colored metal sulphides

mailto:zacharia@chem.auth.gr
dx.doi.org/10.1016/j.jpba.2006.09.018
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sing thioacetamide and subsequent visual comparison test for
ossible presence of metals higher than an equivalent limit con-
entration of a standard lead solution. The main disadvantages of
he above method are the non-specific and non-sensitive deter-

ination of the analytes and also the time consuming digestion
r ignition procedures.

For single element analysis, the atomic absorption spectrom-
try is commonly applied [10–13], or atomic emission spec-
rometry [14,15] after digestion of the pharmaceutical sample.
he development of plasma atomization techniques has recently
nabled the multi-element analysis of various matrices, down
o the �g l−1 concentration level. Inductively coupled plasma
tomic emission spectrometry (ICP-AES) [16,17], and mass
pectrometry (ICP-MS) [18–20] have been also reported for the
nalysis of drugs.

In spite of the fact that the multi-element determination is very
mportant in the pharmaceutical industry, no plasma emission

ethods have been reported in the literature for multi-element
nalysis of antibiotic commercial drugs, as far as we know. ICP-
ES could serve as a convenient multi-element technique for
onitoring and screening analysis of such samples, because it

ffers the significant advantage of less costly instrumentation,
s compared to other multi-element techniques.

The most common approach to analyze pharmaceutical sam-
les by atomization techniques is the application of a prelim-
nary wet or dry sample digestion step [11,14] and aspiration
f the resulting solution into the nebulizer. Direct introduction
f solid sample in the form of slurry is an alternative tech-
ique, which offers significant advantages such as eliminating
ime-consuming digestion steps and avoiding possible losses or
ontamination. Solid samples must be in powder form and aspi-
ated in the form of slurry. Finally, simple sample dilution is
nother approach that can be applied to analyze water-soluble
r miscible liquid substances, like syrups [17] and substances
iscible with suitable organic solvents [21].
The aim of this work was to develop and optimize a method
f direct aspiration of slurry into the nebulization system of
nductively coupled plasma atomic emission spectrometer for
uantitative multi-element analysis of powdered antibiotic
ormulations. The slurry is prepared by mixing the ground

f
t
t
t

able 1
perating conditions and instrumentation of the ICP-AES

F generator 40 MHz, fre
F incident power Optimized (
orch type Fassel type
njector, i.d. Alumina, 2.
iewing mode Axial
uxiliary argon flow rate 0.50 l min−1

ebulizer argon flow rate 0.80 l min−1

lasma gas flow rate 15 l min−1

ebulization configuration (i) Cyclonic
(ii) Scott do

ample propulsion Peristaltic p
ample uptake flow rate 3 ml min−1

olychromator/resolution Echelle/0.00
etector Segmented-
ical and Biomedical Analysis 43 (2007) 951–958

harmaceutical tablets with dilute nitric acid and Triton X-100
olution. Two different configurations of nebulization systems
ere investigated: a cyclonic spray chamber combined to
abington-type nebulizer (abbreviated, as Cyclonic/Babington,
n the following text) and a Scott-type double-pass spray
hamber combined with a cross-flow nebulizer (abbreviated
s Scott/cross-flow). The optimum operating conditions of the
CP were examined. The maximum slurry concentration, which
ould be aspirated without extinguishing the plasma, was inves-
igated for both the examined configurations. The performance
haracteristics of the proposed method were evaluated and com-
ared to the results obtained after conventional acid-digestion
f the antibiotic drugs. Finally, it was applied successfully to the
nalysis of a number of common commercial antibiotic drugs.

. Experimental

.1. Instrumentation

A Perkin-Elmer Optima 3100 XL axial viewing spectrometer
as employed and used according to the operating conditions
escribed in Table 1. The analytical wavelengths were set at
he first and second sensitivity order spectral atomic (I) or ionic
II) lines of analytes listed in Table 2. A three-point background
stimation procedure was applied in order to minimize possible
pectral interferences. In case of extremely high concentration
f Fe, which normally is not expected is such type of samples,
he possible interference of the iron line on the nearby line of
obalt Co II 238.892 nm can be eliminated by using the inter-
lement correction procedure, which is an algorithm normally
ncluded in the operating software of the ICP instruments.

The plasma torch was consisted from alumina, which is suf-
ciently resistant to acidified solutions. A peristaltic pump was
sed to introduce the sample solutions into the ICP-AES at flow
ates 1–3 ml min−1 and in the meantime to discard the wastes.
ygon type PVC peristaltic pump tubes (i.d. 0.030 in.) were used

or sample delivery. Two nebulizer/spray-chamber configura-
ions, as presented in Table 1, were examined in order to evaluate
heir applicability to handle high solid slurries and to estimate
he different ICP conditions needed in each case. These two con-

e-running
1500 W)

0 mm

(optimized)

spray chamber—Babington nebulizer
uble-pass spray chamber—gem tip cross-flow nebulizer

ump, three channel
(optimized)
6 nm at 200 nm

array charge-coupled (SCD)
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Table 2
Spectral wavelengths used for ICP-AES determinations

Ag I 328.068 nm I 338.289 nm
Al I 308.215 nm I 237.313 nm
As I 188.979 nm I 193.696 nm
Ba II 233.527 nm II 230.424 nm
Be I 313.107 nm I 234.861 nm
Bi I 223.061 nm II 190.171 nm
Ca II 317.933 nm II 396.847 nm
Cd II 214.440 nm II 226.502 nm
Co II 228.616 nm II 238.892 nm
Cr II 283.563 nm II 284.325 nm
Cu I 324.752 nm II 224.700 nm
Fe II 238.204 nm II 239.562 nm
Ga I 294.364 nm I 209.134 nm
In II 230.606 nm I 325.609 nm
Mg II 279.077 nm II 280.271 nm
Mn II 257.610 nm II 259.372 nm
Ni II 221.648 nm II 232.003 nm
Pb II 220.353 nm I 217.000 nm
Pd I 340.548 nm I 363.470 nm
Se I 196.026 nm I 203.186 nm
Z
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n I 213.857 nm II 202.548 nm

I) Atomic and (II) ionic lines.

gurations are the most commonly used and at least one of these
s usually available in analytical laboratories equipped with ICP
nstrumentation.

A Perkin-Elmer 5100 flame atomic absorption spectrometer
as employed for independent measurement of metal adsorp-

ion by the antibiotic formulations, using for each analyte the
ame conditions recommended by the manufacturer (oxidiz-

ng flame for all analytes except Cr for which a reducing flame
s needed). Simple aqueous calibration was employed, because
ll measurements referred to the aqueous supernatant solution.
e, Mn, Cu, Cr, Co and Ni where determined at the follow-

ng absorption spectral lines: 248.3 nm, 279.5 nm, 324.7 nm,
57.9 nm, 240.7 nm and 232.0 nm, respectively.

.2. Reagents and solutions

Ultra pure water of Milli-Q quality (18.2 M�, Millipore, Bed-
ord, USA) was used. All chemicals were of analytical reagent
rade (pro analysi, p.a.) and were provided by Merck (Darm-
tadt, Germany). The reagents used for preparation of multi-
lement standards were of analytical grade, provided by Merck.
riton X-100 provided by Merck was used as surfactant reagent
or slurry formation. A working standard solution containing
0 mg l−1 of all the above listed analytes was prepared by mix-
ng suitable aliquots of a multi-element stock solution (Merck)
ontaining Ag, Al, Ba, Bi, Ca, Cd, Co, Cr, Cu, Fe, Ga, In, Mg,
n, Ni, Pb, Zn, 1000 mg l−1 each, with four single-element

tock standard solutions (containing 1000 mg l−1 of each of the
ollowing As, Be, Pd, Se, respectively) in 0.5 mol l−1 HNO3
Merck) and appropriate dilution. All solutions were stored in

olyethylene bottles in the refrigerator. The above solution was
urther diluted, by using 0.5 mol l−1 HNO3 as diluent, to obtain
series of lower concentration standards (0, 10, 50, 100, 200,

nd 500 �g l−1 for each analyte). The compatibility and stor-

fl
i
a
a

ical and Biomedical Analysis 43 (2007) 951–958 953

ge stability of the above 21 elements multi-element standard
as checked for a period of a month, and no precipitation or

urbidity was observed. Finally, a calibration test of the stored
ulti-element standard against a freshly prepared one showed no

nalyte losses. Using the above described aqueous multi-element
tandards, six-point calibration curves were prepared. Also, the
erformance of standard addition procedure was examined by
sing the above aqueous standards as diluents for preparation of
lurries. The slope of the calibration curves was used to estimate
he sensitivity in all cases.

.3. Procedure for slurry formation

Antibiotic samples in the form of tablets were collected from
he market, ground and sieved. In all cases a portion of parti-
le size fraction <100 �m was used for slurry formation. The
olerant slurry concentration was investigated by using suit-
ble amounts of powdered sample, 0.5 mol l−1 HNO3 as diluent
olution and Triton (0.5%, v/v) as surfactant. The slurries were
omogenized by stirring at 600 rpm and introduced during con-
inuous stirring into the nebulization system using a peristaltic
ump in appropriate flow rate. The nebulizer system and the
nner tube (injector) of the torch were cleaned at least every
undred runs, with common rinsing solution (1% HNO3) for
CP in order to avoid any trace carbon deposits. Alternatively,
requent aspiration of the diluent solution can be used.

.4. Procedure for wet digestion of samples

Because there is no commercially available multi-element
tandard reference material of the same nature and matrix as the
ntibiotic powders the wet acid digestion procedure was used
n order to evaluate the accuracy of the developed slurry for-

ation method. The samples were completely acid digested in
losed polytetrafluoroethylene (PTFE) vessels. An accurately
eighed portion of the powdered sample (<100 �m), ca. 0.2 g,
as weighed into PTFE vessel, with the subsequent addition of
ml of concentrated HNO3 (65%, m/m) and 1 ml of H2O2 (30%,
/m). The vessels were closed, placed into a steel pressurized

omb and heated on a hot plate up to 130 ◦C for 2 h. The final
igest was diluted to 25 ml in volumetric flask with 0.5 mol l−1

NO3. Blanks of the whole method were prepared follow-
ng exactly the same acid digestion procedure. The digested
olutions were analyzed by ICP-AES against acidified aqueous
tandards. All glassware and digestion vessels were soaked in
reshly prepared 10% (v/v) HNO3 for 24 h, and finally washed
ve times with Milli-Q quality water.

. Results and discussion

Univariate optimization method was carried out for chem-
cal and instrumental parameters using the two types of neb-
lization configurations, Cyclonic/Babington and Scott/cross-

ow. Due to low concentrations of some trace elements in the

nvestigated samples, the optimization was carried out using
moxicillin-containing slurries spiked with 200 �g l−1 of each
nalyte. The net signal was calculated after subtraction from the
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ecorded signal of the intensity of the not spiked slurry sample.
inally, the optimum spectral line for each analyte was selected

aking into account the higher sensitivity, as it is described
elow.

.1. Study of slurry concentration

In direct sample introduction systems, the slurry concen-
ration plays a very important role because it strongly affects
he overall sensitivity. Very diluted slurries may cause degra-
ation of the precision, while at high slurry concentrations the
lasma stability and the nebulization efficiency of sample may
e reduced significantly, due to the presence of bulk organic
esidues into the plasma. In preliminary experiments with direct
ntroduction of 10% (m/v) slurry concentration, plasma was
xtinguished, independently of the values of the other param-
ters, such as sample flow rate, incident rf powder and nebulizer
rgon flow rate. This observation was confirmed using either
he Cyclonic/Babington or the Scott/cross-flow configuration.
n addition, slurry concentrations between 6 and 9% (m/v) pro-
uced severe clogging of the pump tubes and required frequent
njector cleaning. The effect of slurry concentration was studied
n the range 0.5–5.0% (m/v), using 1500 W RF incident power,
.0 ml min−1 sample uptake flow rate, and 0.80 l min−1 nebu-
izer argon gas flow rate for the two nebulization configurations.
elected analytes like Ca (396.847 nm), Mg (280.271 nm) and

e (238.204 nm), which are present in measurable amount in

he examined samples, can be used for such study. The emission
ntensity of the above mentioned analytes is increasing linearly
y increasing the slurry concentration.

t
1
o
e

ig. 1. Effect of the incident RF power on the emission intensity of Ba and Cd (200 �g
.5%, m/v) and (ii) Scott/cross-flow configuration (slurry concentration 1.0%, m/v).
ical and Biomedical Analysis 43 (2007) 951–958

Consequently, a compromise is needed for higher sensitiv-
ty, which is achieved when high slurry concentrations are used,
nd also for sufficient precision, which is favorable when low
lurry concentrations are used. Thus, the slurry concentration
as finally fixed to a moderate value of 2.5% (m/v) when using

he Cyclonic/Babington configuration, and to 1.0% (m/v) when
sing the Scott/cross-flow configuration. Definitely, the first con-
guration is more efficient, because cyclonic spray chamber is
ore capable to transfer higher amounts of the sample solution

nd in addition the Babington type nebulizer performs bet-
er in high-solid solutions. The above two concentrations were
elected respectively, for further optimization study in order to
ncrease the overall sensitivity of the method with respect to the
ample mass used.

.2. Optimization of ICP parameters

RF power affects seriously the plasma temperature: the
ore RF power the hotter the plasma gets. Thus, RF inci-

ent power was studied for 1300, 1400 and 1500 W employing
ml min−1 sample uptake flow rate and 0.80 l min−1 nebu-

izer argon gas flow rate. As an example, the results for Ba
nd Cd are presented in Fig. 1. As it was proved, the high-
st sensitivity was obtained at 1500 W incident RF power for
ll analytes and both spectral lines, except for Al, Bi and Cr
ith the Cyclonic/Babington configuration and Bi, In, Ni with
he Scott/cross-flow configuration, for which the sensitivities at
400 and 1500 W were almost similar. According to the above
bservations, the incident power was fixed at 1500 W for further
xperiments.

l−1 each one), using (i) Cyclonic/Babington configuration (slurry concentration
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ig. 2. Effect of the slurry sample flow rate on the emission intensity of Cu
oncentration 2.5%, m/v) and (ii) Scott/cross-flow configuration (slurry concen

Nebulizer gas flow rate and sample uptake flow rate affect
eriously the slurry transportation into the ICP, the atomization

nd the excitation performance.

The effect of nebulizer gas flow rate was studied from 0.6 to
.0 l min−1 appearing a maximum in the emission intensity at
.8 l min−1 for both the examined nebulization configurations.

1
l
w

able 3
omparative regression data between aqueous calibration and standard addition curve o
onfigurations

nalyte Spectral line
(nm)

Scott/cross-flow

Aqueous standards
calibration

Standard addition
slurry

Slope r Slope

g 328.068 97.29 0.9994 107.9
l 308.215 12.83 0.9989 13.14
s 193.696 0.388 0.9960 0.807
a 233.527 14.11 0.9999 17.72
e 313.107 1090 0.9999 1220
i 223.061 3.82 0.9988 4.02
a 396.847 2634 0.9974 6161
d 214.440 16.42 0.9999 21
o 228.616 9.01 0.9998 12.00
r 283.563 47.51 0.9960 108.3
u 324.752 166.8 0.9998 222.8
e 238.204 14.87 0.9979 18.05
a 294.364 11.36 0.9994 13.62

n 325.609 6.99 0.9983 11.99
g 280.271 421.4 0.9952 563.4
n 257.610 170.9 0.9999 223.8
i 232.003 2.91 0.9999 4.19
b 220.353 0.471 0.9979 0.633
d 340.458 18.56 0.9981 28.33
e 196.026 0.653 0.9991 1.06
n 213.857 25.12 0.9998 33.21
n (200 �g l−1 each one), using (i) Cyclonic/Babington configuration (slurry
1.0%, m/v).

hus a 0.8 l min−1 nebulizer gas flow rate was adopted through-
ut.
The slurry sample flow rate was optimized in the range
.0–3.0 ml min−1. The results for, e.g. Cu and Zn, in two spectral
ines, are given in Fig. 2. It was found that the signal intensity
as increasing by increasing the sample flow rate for almost all

f slurry aspiration for two spectral lines of each analyte and for two nebulization

Cyclonic/Babington

on Aqueous standards
calibration

Standard addition on
slurry

r Slope r Slope r

0.9995 179.8 0.9995 207.1 0.9999
0.9941 47.17 0.9991 50.21 0.9920
0.9547 1.00 0.9958 1.31 0.9865
0.9982 36.54 0.9999 37.63 0.9995
0.9983 2256 0.9999 2130 0.9970
0.9971 4.16 0.9991 4.51 0.9968
0.9920 5482 0.9988 6404 0.9962
0.9999 42.43 0.9999 37.81 0.9999
0.9967 18.70 0.9999 17.05 0.9945
0.9971 123.0 0.9997 123.1 0.9957
0.9999 301.8 0.9998 384.4 0.9994
0.9992 67.40 0.9999 63.71 0.9992
0.9999 18.91 0.9998 24.73 0.9995
0.9945 15.04 0.9993 18.06 0.9952
0.9945 1215 0.9994 1539 0.9960
0.9997 420.1 0.9999 397.6 0.9995
0.9980 6.41 0.9999 8.32 0.9976
0.9942 1.14 0.9994 1.67 0.9869
0.9959 42.07 0.9991 58.78 0.9999
0.9859 1.34 0.9979 1.88 0.9914
0.9993 48.58 0.9995 57.49 0.9999
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Table 4
Adsorption (%) of several elements from solutions containing 10.0 mg l−1 of
each element and 1% (m/v) suspended antibiotic powder as slurry in 0.5 mol l−1

HNO3

Type of antibiotic % adsorption

Fe Mn Cu Cr Co Ni

AMC 17.3 18.6 18.5 42.8 13.8 8.8
CTM 19.1 11.1 9.1 15.0 17.4 11.5
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nalytes. The behavior of all analytes was similar in both con-
gurations tested. Thus for higher sensitivity, 3 ml min−1 was
elected for the rest of the research.

.3. Selection of nebulization configuration

The above defined optimum conditions (1500 W RF power,
.0 ml min−1 sample uptake flow rate, 0.8 l min−1 nebulizer
rgon gas flow rate, slurry concentration 1.0 and 2.5% (m/v),
or Cyclonic/Babington and Scott/cross-flow, respectively) were
sed in order to prepare calibration curves using aqueous multi-
lement standard solutions and standard addition calibration
urves using spiked slurry solutions. Regression analysis was
pplied and the comparative results are given in Table 3.

The optimum spectral line for each analyte is presented in
old (Table 3). The most sensitive spectral line (higher slopes
nd r > 0.99) of each analyte was selected as optimum and used
or further study and also for application of the method in various
ommercial antibiotic pharmaceuticals. In general, when aspi-
ating slurries, the calculated correlation coefficients are slightly
ower in comparison to those obtained using aqueous calibration
tandards, due to less reproducible analyte mass transportation
o the plasma.

The slopes (S) of the obtained regression lines as they are
isted in Table 3, were compared, and the sensitivity differences
aused by the type of nebulization configuration for each ana-
yte were calculated as the ratio [100 × (Scyclonic − Sscott)/Sscott]
sing: (a) aqueous standard solutions and (b) standard addition
n slurries. It was proved that for all analytes there is a significant
ncrease in the slope of both types of curves which varied in the
ange 0–350% when employing the Cyclonic/Babington config-
ration. Thus, the use of this type of nebulization configuration is
referred over the Scott/cross-flow one, and it is recommended in
he proposed method. The latter can also be used but with poorer
ensitivity for all analytes, usually two to three times lower. This
ifferentiation arises because the cyclonic spray chamber com-
ined with a Babington nebulizer allows higher rate of sample
ransportation into the plasma and is favorable when aspirating
lurries with increased solid concentration.

.4. Study of calibration technique

The slope differences caused by the type of calibration mode
pplied the ratio [100 × (Sstandadditon − Saqueous)/Saqueous], were
alculated by comparing the slopes obtained when employing:
a) Cyclonic/Babington and (b) Scott/cross-flow configurations,
espectively, as they are listed in Table 3. It was proved that
or the majority of the analytes there is an increase in the slope
etween 0 and 50% when the Cyclonic/Babington configura-
ion is used and between 0 and 150% when the Scott/cross-flow
onfiguration is employed. These observations proved that the
yclonic/Babington configuration could compensate more effi-
iently the effect of the slurry matrix. However, the increase in

he sensitivity was in contrast to what was initially expected,
.e. a negative effect was expected for all analytes, due to the
spiration of slurry into the plasma, but this was true only for
ome analytes, for which a slight negative effect was observed.

u
1
�
a

MC: sample containing amoxicillin and excipients; CTM: sample containing
larithromycin and excipients.

The slope’s increase is explained because, during slurry for-
ation by using a mixed-element standard solution, the sus-

ended sample particles adsorb analytes or in some cases forms
etal-complexes, leading thus to preconcentration of the ana-

ytes in the slurry. This fact was confirmed by independent
nvestigation of the adsorption and/or complexation capacity of
wo antibiotic drugs containing amoxicillin and clarithromycin
s APIs. Fe, Mn, Cu, Cr, Co and Ni where determined by flame
tomic absorption spectrometry in the supernatant obtained after
entrifugation of 1% (m/v) slurries containing 10 mg l−1 of each
lement. It was proved that after 1 min stirring, the supernatant
tandard solution has lost 9.1–42.8% of the original concentra-
ion of each analyte (Table 4). This behavior is variable and
epends on the chemical form of the API of antibiotics, which
s capable to form stable metal complexes. For this reason, the
se of aqueous standards calibration is considered more precise
nd reproducible than the standard addition spiked slurries, and
t is recommended.

.5. Robustness test

A quantitative method for multi-element analysis of antibi-
tics must be applicable to various types of samples. Com-
ercial antibiotics contain diverse types of APIs (penicillins,

ephalosporins, etc.) and also numerous excipients. The perfor-
ance of the method should not be sensitive to all these ingre-

ients. For this reason the proposed slurry aspiration method
as tested for its robustness against four different antibiotic for-
ulations. The variation of the slope of the standard addition

urves obtained is presented in Fig. 3. The overall stability of
he level of the slope of almost all the analytes proved that the
ebulization of slurries is efficient and reproducible. Minor vari-
tions (less than 10% for the majority of analytes) may be due to
he different extent of metal complexation or absorption either
y the APIs or by the included excipients, as it was described
bove.

.6. Detection limits, accuracy and precision

Under the above described optimum and recommended con-
itions, the detection limits (LOD, �g g−1) were calculated

sing the 3 s criterion (three times the standard deviation of
0 blank measurements), while the quantitation limits (LOQ,
g g−1) were calculated using the 10 s definition, taking into
ccount 2.50% (m/v) sample concentration in the slurry and the
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ig. 3. Robustness test for the slope, when the proposed method is applied to se
ust to avoid confusing the behavior of each analyte).

se of Cyclonic/Babington configuration. The detection limits
or the most sensitive spectral line of each analyte are presented
n Table 5. The quantitation limits (LOQ) are nearly three-fold
he corresponding detection limit for each analyte. It can be seen
hat for all analytes the capability of the method is satisfactory,
nd can be applied either as a quantitative method or as a screen-
ng one.
The precision, expressed by means of relative standard devi-
tion of 10 replicates at 100 �g l−1 concentration level, was also
alculated and was ranged between 3.3 and 8.1% for almost
ll analytes. Due to the fact that no sample pretreatment is

a
t
c
a

able 5
omparative results (mean concentration ± standard deviation) of the slurry aspiration
nd excipients

nalytea LOD (�g g−1) Slurry technique (�g

l 0.48 (1.1)b

a 0.04 8.2 ± 0.6
u 0.20 (0.4)
e 0.16 1.5 ± 0.1
g 0.08 94 ± 5
n 0.16 (0.30)

n 0.23 0.75 ± 0.10

a All other analytes were below the detection limits.
b Values in parentheses are given as estimation only, because they are higher than l
commercial antibiotics with various excipients (the connecting lines are drawn

equired, a sample measurement frequency of 20 h−1 is easily
chieved.

The accuracy of the proposed method was evaluated versus
omplete wet-acid digestion of commercial antibiotic containing
moxicillin as API and a variety of excipients, because no refer-
nce material with a multi-element certification is commercially
vailable. The results of the wet digestion method were assumed

s reference in order to estimate the error of the slurry introduc-
ion method. The comparative results concerning analytes which
an be quantitatively determined are given in Table 5. All other
nalytes were below their detection limit by both methods.

method vs. complete acid digestion method for sample containing amoxicillin

/g) Wet-acid digestion (�g/g) Error (%)

(1.0) –
7.7 ± 0.2 +6.5
(0.4) –
1.4 ± 0.1 +7.1
89 ± 6 +5.3
(0.34) –
0.81 ± 0.06 −7.4

imit of detection but lower than limit of quantitation.
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Table 6
Analysis of commercial antibiotics by ICP-AES and the slurry technique
(�g g−1)

Analyte LOD
(�g g−1)

CFC
(�g g−1)

CFD
(�g g−1)

CTM
(�g g−1)

Ag 0.11 <LOD <LOD <LOD
Al 0.48 <LOD (0.6) <LOD
As 1.92 <LOD <LOD <LOD
Ba 0.37 <LOD <LOD <LOD
Be 0.08 <LOD <LOD <LOD
Bi 0.79 <LOD <LOD <LOD
Ca 0.04 44 ± 4 59 ± 5 25 ± 3
Cd 0.16 <LOD <LOD <LOD
Co 0.40 <LOD <LOD <LOD
Cr 0.17 <LOD <LOD <LOD
Cu 0.20 (0.3)a <LOD 0.86 ± 0.12
Fe 0.16 1.7 ± 0.1 1.0 ± 0.1 2.2 ± 0.3
Ga 0.80 <LOD <LOD <LOD
In 0.60 <LOD <LOD <LOD
Mg 0.08 424 ± 20 78 ± 16 6 ± 2
Mn 0.16 (0.3) <LOD <LOD
Ni 0.60 <LOD <LOD <LOD
Pb 2.39 <LOD <LOD <LOD
Pd 0.25 <LOD <LOD <LOD
Se 2.08 <LOD <LOD <LOD
Zn 0.23 1.2 ± 0.1 0.8 ± 0.1 1.5 ± 0.2
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a Values in parentheses indicate detectable levels, but not quantitatively deter-
ined.

.7. Application to commercial antibiotic formulations

The developed method was applied to the determination of
race elements in commercial antibiotics, containing cefaclor
CFC), cefadroxil (CFD) and klarithromycin (CTM) as APIs and
arious other excipients like dimethicone, magnesium stearate,
tarch maize, gelatin, titanium dioxide, lactose, flavors, citric
cid, etc. The results are presented in Table 6. It is reminded
hat Table 5 lists also the results of concerning another type of
ntibiotic formulation, with amoxicillin as API.

It was shown that the examined antibiotics did not contained
etectable concentrations of toxic heavy metals like Cd, Pb, Ag,
d, etc. Among the other investigated analytes, only Ca, Mg,
e and Zn were found in measurable levels in all formulations,
hile Al was detected only in sample CFD, Mn in CFC and Cu

n CFC and CTM samples.

. Conclusions
The direct nebulization technique of slurry sample into the
lasma nebulizer was proved an efficient method for analysis
f commercial antibiotic drugs by ICP-AES, independently of
heir other matrix constituents. The developed method can be

[

[

[

ical and Biomedical Analysis 43 (2007) 951–958

sed for quantitative determination of 21 analytes down to the
g g−1 level. Slurry solutions in the range up to 2.5% (m/v)
an be easily aspirated without significant effect on plasma and
aseline stability, using the cyclonic spray chamber combined
ith a Babington-type nebulizer. Combination of a scott-spray

hamber and a cross-flow nebulizer was less tolerable to slurry
spiration. In the latter case slurries containing up to 1.0%
m/v) powder could be sufficiently aspirated. By direct intro-
uction of high mass slurries it is possible to achieve sufficient
ensitivity, comparable to those of other more expensive multi-
lement techniques. The method of standard addition is not
o be used because adsorption and preconcentration of ana-
ytes by the active ingredients of the suspended matter. No
ample pretreatment is needed, thus the method is convenient
or routine and quantitative analysis of antibiotics in powder
orms.
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