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bstract

Monitoring of plasma antibiotic drugs is useful for better clinical management in infected patients, particularly in intensive care units. A
imple and sensitive high-performance liquid chromatography (HPLC) method with ultraviolet (UV) detection has been developed and validated
or simultaneous quantification of five �-lactam antibiotics in human plasma: cefepim, ceftazidim, cefuroxim, meropenem and piperacillin. The
lasma sample, after spiked with ceforanid as an internal standard (IS), was submitted to a solid-phase extraction (SPE) prior to HPLC analysis. A
hromatographic separation was achieved on a C8 symmetry column with a mobile phase consisting of an acetonitrile and phosphate buffer (pH
.4) mixture in a gradient mode. Detection was carried out at a wavelength between 200 and 400 nm. The method developed was linear over the

oncentration range of 2.5–60 �g/mL for each antibiotic in the plasma samples. Accuracy ranged from 93.2 to 107.1% and precision was between
.9 and 12.2%. The method has been applied to plasma samples obtained from patients treated with �-lactam antibiotics and is appropriated for
asy determination of plasma concentrations for therapeutic monitoring applications.
 2008 Elsevier B.V. All rights reserved.
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. Introduction

The discovery of penicillin in the middle of the last century
1928) revolutionized the treatment of patients with infectious
iseases. After the introduction of penicillin for clinical use, a
arge number of other antimicrobials were added to the antimi-
robial arsenal: tetracyclines, cephalosporins, aminoglycosides.
ighty years later, �-lactam antibiotics are always one of the
ost frequently used antimicrobial agents, including penicillin

erivates, cephalosporins, monobactams, carbapenems and �-
actamase inhibitors [1].
�-Lactams are time-dependent antibiotics, which implies that
heir activity is primarily related to the time during which their
erum concentration remains above the minimal inhibition con-
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entration (MIC) for the offending organism. This period above
he MIC is the major parameter determining efficacy of �-lactam
ntibiotics. Many authors suggest that the time the concentra-
ion of the antibiotic remains above the MIC should be long,
rom 40 to 70% of the interval-time between doses [2]. Some-
imes, a more long time, up to 100% of the dosing interval,
ay be needed in case of resistant organisms [3]. As announced

n the scientific notices, the MIC for the described antibiotics
re very different from one bacteria to another one, but are very
ften comprised between 0.5 and 4 �g/mL for the most sensitive
erms. Determination of the serum concentration of antimi-
robials and comparison with the MIC of the micro-organism
ausing the infection is now an effective tool in individualising
ntimicrobial therapy. These evaluations led to the optimisation

f the dosage regimens which allow to increase clinical efficacy
nd to reduce the selection of resistant mutants [4–6].

The purpose of this study was to develop a reproducible,
eliable, rapid and selective method for the determination

mailto:Raphael.denooz@chu.ulg.ac.be
dx.doi.org/10.1016/j.jchromb.2008.01.037
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f five �-lactam antibiotics in plasma for therapeutic drug
onitoring. Various methods have already been developed to

nalyse antibiotics in biological fluids using different sample
reparation procedures: precipitation, liquid- or solid-phase
xtraction, generally followed by liquid chromatography
oupled to UV detection [7–15].

We introduced a simple and rapid assay method for the
imultaneous determination of piperacillin (penicillin derivate),
efuroxim (second generation cephalosporin), ceftazidim
third generation cephalosporin), cefepim (fourth generation
ephalosporin) and meropenem (carbapenem) in plasma. Com-
ared to other LC methods using UV detection that have been
ublished for �-lactams in biological samples, our technique is
ble to measure simultaneously these five different compounds
nder the same extraction and chromatographic conditions.

. Experimental

.1. Reagents and chemicals

Piperacillin was kindly provided by Wyeth Pharmaceuticals
Louvain-la-Neuve, Belgium). Ceftazidim and cefuroxim
ere generously supplied by GlaxoSmithKline (Erem-
odegem, Belgium), cefepim and ceforanid by Bristol-Myers
Braine-l’Alleud, Belgium) and meropenem by AstraZeneca
Destelbergen, Belgium). These products were obtained as
ertified reference compounds. Acetonitrile and methanol
MeOH) were purchased from Biosolve (Valkenswaard, The
etherlands), potassium dihydrogenophosphate and di-sodium
ydrogenophosphate from Merck (Darmstadt, Germany).
ll reagents were at least of analytical grade. HPLC-grade
ater was produced by a laboratory MilliQ system (Millipore,
ruxelles, Belgium). Pooled blank plasma was purchased

rom the blood bank of the Hospital. End-capped C18 SPE
artridges (pore size: 60 Å; particle size: 45 �m; specific
urface: 500 m2/g; sorbent: 100 mg; volume: 1 mL; carbon
ontent: 14%) were from Macherey-Nagel (Düren, Germany).

.2. Chromatographic system

The development and validation work was carried out on a
hromatographic system consisting of a Waters Alliance 2695
eparation Module, equipped with a quaternary, low-pressure
ixing pump, a degassing line and a thermostated autosampler,

onnected with a Waters 2996 photodiode array detector (Zel-
ik, Belgium). The Empower® software (Waters) was used to
ilot the HPLC instrument and to process the data (area integra-
ion, calculation and plotting of chromatograms). Baselines were
isually inspected and were manually adjusted when necessary.

HPLC separation was performed at 25 ◦C using a Symmetry®

8 analytical column (250 mm × 4.6 mm i.d.) packed with 5 �m
iameter particles (Waters), equipped with a guard column
20 mm × 4.6 mm) containing identical packing material. The

utosampler was programmed with an injection volume of
0 �L, a carousel temperature of 4 ◦C and a run time of 35 min.

The mobile phase consisted in acetonitrile (A) and a phos-
hate buffer (B). It was delivered at 1 mL/min, with the following

l
p

p
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tep-wise gradient elution program: 5% A at time 0, held for
min; then the proportion of A was linearly increased to 50%

n 20 min, held 1 min and finally decreased to 5% in 5 min. The
V–vis spectra were obtained in the range 200–400 nm.

.3. Solutions

Stock standard solutions were prepared by dissolving antibi-
tics (20 mg) in 10 mL of ultrapure water to get a 2.0 mg/mL
oncentration for each component. Plasma calibration standards
t 2.5, 5, 10, 20, 40 and 60 �g/mL concentration of each antibi-
tic, and plasma control samples at 15, 30 and 50 �g/mL were
repared in batches of 10 mL by adding appropriate volumes
f the respective stock solutions to blank plasma. Calibration
tandards and control samples were stored as 500 �L aliquots in
olypropylene Eppendorf tubes at −80 ◦C until use and thawed
he day of analysis. The compound ceforanide was used as the
nternal standard at the concentration of 125 �g/mL in ultrapure
ater. This solution was stored at −80 ◦C.
Phosphate buffer solution was prepared by mixing 197 mL

f a 1/15 M potassium dihydrogenophosphate solution (9.07 g
issolved in 1000.0 mL of ultrapure water) and 803 mL of a
/15 M di-natrium hydrogenophosphate solution (11.87 g dis-
olved in 1000.0 mL of ultrapure water). The pH was adjusted
o 7.4. The buffer solution was filtered through a 0.45-�m HV
lter (Millipore) prior to use.

.4. Sample preparation

Calibration curve standards, quality controls and patient sam-
les were thawed and allowed to equilibrate at room temperature.
he thawed samples were vortexed to ensure complete mixing
f contents. The clean up procedure of the biological samples
as performed by SPE using the 24 tubes vacuum manifold
acherey-Nagel (Düren, Germany). The C18 sep-pak cartridges

Waters) were conditioned with 3× 1 mL MeOH followed by
× 1 mL phosphate buffer pH 7.4. Five hundred microliters of
lasma was mixed in a polypropylene Eppendorf vial with 50 �L
f I.S. solution. Then, 500 �L of the resulting solution were
oaded on the cartridges and completely drawn through under
ight vacuum (typically 5 mm Hg). The cartridge was washed
our times with 300 �L of phosphate buffer pH 7.4 solution and
wice with 300 �L of 5% MeOH in phosphate buffer pH 7.4
olution. Antibiotics were desorbed three times with 500 �L of

eOH. The eluted solutions were evaporated under a nitrogen
tream at +30 ◦C and the residue was reconstituted in 100 �L of
hosphate buffer–acetonitrile (95:5, v/v). Samples were intro-
uced into 200 �L HPLC microvials and a volume of 30 �L was
sed for HPLC analysis.

.5. Validation of the method

The method has been validated following the general guide-

ines for validation of analytical methods with the Enoval
rogram [16,17].

Calibration curves were obtained by plotting ratios of analyte
eak area divided by internal standard peak area versus the
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Fig. 1. HPLC chromatograms of (A) a blank patient plasma and (B) a plasma
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piked with 15 �g/mL of each antibiotic and 20 �g/mL of the internal stan-
ard (1, ceftazidim; 2, cefepim; 3, ceforanide; 4, meropenem: 5, cefuroxim; 6,
iperacillin).

nalyte concentrations in spiked samples. The concentration

f the unknown sample was calculated using linear regression
nalysis. The linearity of the method was demonstrated over
he concentration range of 2.5–60 �g/mL for each compound
y assaying six calibration standards in duplicate, one set at

s
+
A
w

ig. 2. The stacked chromatograms of a standard mixture of antibiotics at 15 �g/mL
, cefepim; 3, ceforanide; 4, meropenem: 5, cefuroxim; 6, piperacillin).
atogr. B  864 (2008) 161–167 163

he beginning and the second at the end of the HPLC run, on
hree separate occasions. Control samples were analysed in
riplicates at four concentration levels (5, 15, 30 and 50 �g/mL)
f each compound, on three different days too. The control
amples were used for determination of precision and accuracy
f the method, calculated with the established calibration
urves, and, of course, in each run. The limits of quantification
LOQ) were experimentally determined by analysing plasma
amples spiked with antibiotics at 0.5, 1, 1.5, 2 and 2.5 �g/mL
oncentrations. The lower LOQ was chosen as the concentration
hich provided measurements with a precision and accuracy
ithin the recommended ±20% from their nominal values, in

ccordance with the FDA guidelines [18].
Different solutions were prepared to evaluate the absolute

ecovery: spiked plasma (5, 15, 30 �g/mL) subjected to SPE
efore being injected into the HPLC system and spiked aque-
us solutions, not subjected to SPE, but injected directly into
he system at equivalent concentrations of antibiotics. The abso-
ute recovery (expressed in %) was evaluated as the ratio of the
oncentrations of antibiotics calculated for each solution.

The stability of antibiotics in plasma and in stock solutions
as inspected during all the storage steps (i.e., at room temper-

ture (22–25 ◦C), at +4 ◦C and at −80 ◦C). To determine the sta-
ility of �-lactams in the matrix, the plasma pool was spiked with
he standard mixture to achieve a concentration of 20 �g/mL for
ach antimicrobial agent and then aliquoted in polypropylene
ppendorf tubes. Five aliquots from each storage condition were
nalysed at hour 0, 3, 6, 9, 12 and 24 for the room temperature

tability study, at hour 3, 6, 9, 12, 24, 48 and 72 for the test at
4 ◦C, and at week 1, 2, 4 and 8 for samples stored at −80 ◦C.
fter being placed at the appropriated temperature, samples
ere stored if necessary at −80 ◦C until the day of analysis.

at 220 nm (A), at 256 nm (B), at 270 nm (C) and at 300 nm (D) (1, ceftazidim;
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ig. 3. The UV–vis spectra between 200 and 400 nm of each analyte (A, ceftaz

olutions of ceforanide at the concentration of 125 �g/mL in
ltrapure water were tested too. Prior to their analysis, frozen
amples were brought to room temperature and vortex-mixed
ell and concentrations were determined using calibration

urves. The freezing-thawing stability of drugs at −80 ◦C was
lso confirmed. Samples were then analysed on a daily basis
fter repeated freezing-thawing cycles at −80 ◦C on three con-
ecutive days. Drugs were considered stable in plasma if at least
0% of products were retained at the end of the study period
nd, stable if at least 95% were retained in the other solutions.

The influence of the matrix on the extraction by SPE was
ested by varying the concentrations of proteins. Plasma, before
piked with antibiotics, was diluted with zero to ten volumes of
hysiological serum (NaCl 0.9%) to investigate the influence of
roteins on the extraction procedure.

Each of the studied antibiotics were known to be instable, and
pecially at room temperature. The ruggedness of the procedure
as estimated by checking its susceptibility to minor changes
uch as the time for the post-extracting of the samples. In normal
onditions, the total time of extraction procedure was between 1
nd 1.5 h. Eluates obtained from spiked plasma and ready to be
njected in the HPLC system were stored during 0, 1, 2, 3, 4 and

3

c

B, cefepim; C, ceforanide; D, meropenem; E, cefuroxim; F, piperacillin).

h at room temperature before injection. Stability of �-lactam
ave been evaluated too, by storing eluates in an autosampler
rogrammed at 4 ◦C during different periods of time (0, 6, 9, 12,
8, 24 h). Each determination was performed in triplicate.

Of course, control samples (15, 30 and 50 �g/mL) had been
sed in each run to validate the method.

.6. Application

The method developed was used to investigate the plasma
oncentrations of �-lactam antibiotics in seriously infected
atients. Blood samples were collected into heparinized test
ubes and immediately centrifuged at 900 × g for 10 min. The
lasma was immediately frozen at −80 ◦C in microtubes until
nalysis.

. Results and discussion
.1. Chromatograms

The proposed method enables the simultaneous quantifi-
ation of five �-lactams antibiotics in plasma sample on the
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Table 1
Assessment of the accuracy, precision and recovery

Analyte Nominal concentration (�g/mL) Accuracy (%) Precision Recovery (%)

Intra-assay (%) Inter-assay (%)

Cefepim 5 96.2 3.7 6.8 70.0
15 95.5 3.0 4.4 71.7
30 93.2 3.8 4.8 57.4
50 94.2 4.2 4.2 nt

Ceftazidim 5 98.2 6.6 8.4 66.3
15 98.8 5.4 5.8 75.7
30 94.8 3.3 4.3 65.6
50 96.8 2.5 2.5 nt

Cefuroxim 5 97.8 3.5 4.0 82.7
15 101.9 1.9 4.3 84.8
30 104.0 9.6 9.7 83.4
50 107.1 6.0 12.2 nt

Meroapenem 5 100.3 0.9 5.9 74.3
15 96.7 3.1 3.2 76.9
30 94.3 2.0 3.5 79.7
50 96.5 1.3 1.3 nt

Piperacillin 5 100.0 3.6 3.8 81.1
15 99.1 2.2 3.3 78.7
30 98.3 5.2 5.2 78.3

n

s
c
1
t
b
o
c
c
3
i
a
(
p
w
A
i
a

3

u
m
T
(

3

t
a

T
f
a
b
a
o
[
w
0
b
c
g

3

d
c
t
d
a
p
R
E
o

3

50 98.4

t: Not tested.

ame HPLC run. The retention times of ceftazidim, cefepim,
eforanide, meropenem, cefuroxim, and pipéracillin were 11.50,
3.00, 16.80, 17.80, 19.95 and 22.36 min, respectively and the
otal run time of analysis was 30 min. As illustrated in Fig. 1, a
lank patient sample and a plasma sample spiked with 15 �g/mL
f each antibiotic are of high chromatographic quality. For spe-
ific quantifications, the wavelength were set at 256 nm for
efepim and ceftazidim, 270 nm for cefuroxim and ceforanide,
00 nm for meropenem and 220 nm for piperacilline, as shown
n the chromatograms presented in Fig. 2. The identification of
ntibiotics was based on the retention time and UV spectrum
Fig. 3). Peak purity of the analytes was corroborated by com-
aring the UV spectra of antibiotics peaks in plasma samples
ith the spectra of the drugs in the working solution standards.
s shown in the chromatogram of the blank plasma (Fig. 1), no

nterfering peaks due to the matrix components were observed
t the retention time of antibiotics.

.2. Calibration curves and linearity

The standard curves were satisfactorily described by
nweighted linear regression analysis. The calibration para-
eters were stable with regression coefficients always ≥0.994.
he curves were linear over the concentration range studied

2.5–60 �g/mL).

.3. Limit of quantification
The limit of quantification in plasma samples was experimen-
ally determined to be 0.5 �g/mL for ceftazidim, piperacillin
d meropenem, and 1.0 �g/mL for cefepim and cefuroxim.

m
s

4.0 5.6 nt

he mean precision and accuracy for this limit value was
ound to be less than the maximum tolerable CV of 20%
nd within 80–120%. These limits are better or compara-
le to those reported previously in published HPLC methods
nd are sufficient to determine plasma concentrations of each
f the five antibiotics in the clinical pharmacokinetic studies
7–15]. Insofar as in all the spiked samples, each antibiotic
as easily detected, the limits of detection were at least at
.5 �g/mL. These limits were sufficient to establish correlations
etween the plasma concentrations and the MICs, generally
omprised between 0.5 and 4 �g/ml for the most sensitive
erms.

.4. Precision, accuracy and recovery

The precision, the accuracy and the recovery of the HPLC
eveloped method are given in Table 1. The accuracy and pre-
isions were within the acceptable criteria: precision lower
han 15% and mean accuracy within 85–115%. The intra-
ay and extra-day run precision were evaluated by replicating
t three different moments the analyses of the plasma sam-
les containing the antibiotics at four different concentrations.
ecovery was determined at three different concentrations.
ach value represents the mean of five measurements carried
ut.

.5. Stability
Internal standard solutions, stock solutions and spiked plas-
as did not reveal any appreciable degradation after 8 weeks of

torage at −80 ◦C. At least three freeze-thaw cycles were able
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Table 2
Result of analysis of several plasma samples obtained from patients undergoing
chronic antibiotic treatments with continuous perfusion (A) or obtained from
patients approximately 3 h after the end of a 30 min perfusion (B)

�-Lactams Doses (g/day) Concentrations (�g/mL)

(A)
Meropenem 6 32.4
Meropenem 6 19.8
Meropenem 6 19.7
Piperacillin 20 86.0
Piperacillin 36 152.0
Piperacillin 24 59.3
Piperacillin 16 40.4
Cefepim 6 66.5
Ceftazidim 6 60.0
Ceftazidim 6 114.4
Ceftazidim 2 39.7
Ceftazidim 2 48.8
Ceftazidim 6 71.6
Ceftazidim 6 90.1
Ceftazidim 6 40.3

(B)
Meropenem 4× 0.5 3.5
Meropenem 4× 1 48.0
Meropenem 3× 2 3.1
Cefepim 1 22.8
Cefepim 2 17.5
Cefepim 2 10.8
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Cefepim 2 16.1
Cefepim 6 22.2

o be executed without losses higher than 5% for solutions and
han 10% for plasmas.
Stock solutions could be stored at 4 ◦C for 24 h with no evi-
ence of decomposition (<5%) and up to 48 h for ceftazidim.
t 20 ◦C, all antibiotic stock solutions could be conserved for

t least 12 h, excepting for the cefuroxim, which presented a

t
c
a
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Fig. 4. Results of the quality controls obtained for ceftazidim
togr. B  864 (2008) 161–167

egradation of 8% at this temperature. After 9 h, the stability
emained acceptable (degradation <5%).

The antibiotics spiked in plasma presented more unstability.
t room temperature, the degradation of cefuroxim was 11%

fter 9 h but less than 8% after 6 h. The other �-lactams presented
cceptable stability after 9 h of storage at +20 ◦C. At 4 ◦C, all
ntibiotics were judged stable for at least 24 h, with degradation
lways lower than 10%.

Therefore, stock solutions and spiked plasmas could stay at
east 2 months at −80 ◦C, at least 24 h at 4 ◦C and no more
han 6 h at +20 ◦C. Treatments at room temperature had to be as
hort as possible. Plasma after collection had to be transferred to
aboratories at +4 ◦C as quickly as possible and had to be frozen
t −80 ◦C within the hour of reception.

.6. Matrix effect

To evaluate the matrix effect, the concentration of proteins
as changed by dilution of samples with physiological serum.
o significant differences were observed. The antibiotic peak

reas remained almost constant with decreased concentration of
roteins for the entire series of measurements.

.7. Ruggedness

The stability of �-lactams after processing had been evaluated
n the bench-top at room temperature and in the autosampler
t 4 ◦C. There was no statistical difference (<10%) between
he results for each group according to the tested parameter.
he procedure exhibited suitable ruggedness for some varia-
ions of analysis delays. Consequently, vials ready to be injected
ould stay at least 5 h at room temperature and at least 24 h in
n autosampler programmed at 4 ◦C before injection with no
ignificant difference in concentration determination.

(15 �g/mL) over a 6 months period (25 different runs).
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.8. Clinical application

The present method was successfully applied to perform
he determination of concentrations of cefepim, ceftazidim,

eropenem and piperacillin in several plasma samples obtained
rom patients undergoing chronic treatment, either as mono-
herapy or polytherapy with other antibiotic drugs. Results of
ome analysis are presented in Table 2. Plasma samples obtained
rom patients treated with continuous perfusions were systemat-
cally diluted with physiological serum (NaCl 0.9%) to be sure
o obtain values included in the calibration curves. The results
f the analyses of the ceftazidime control samples (spiked at
5 �g/mL) over a 6 months period are presented in Fig. 4.

. Conclusion

Monitoring of the antibiotics concentration in plasma is an
nteresting tool in the treatment of patients seriously infected
ince the period during which the plasma concentration remains
bove the MIC is one of the most important parameters for the
uccess of the treatment. The aim of this study was to develop
method for the determination of five �-lactam antibiotics in

uman plasma. The simultaneous determination of drugs is
seful for routine application in the clinical laboratory. With
his single sample preparation protocol, the analyst can moni-
or the most used antibiotic in intensive care units. This is the
rst report describing a simultaneous quantification of these �-

actam antibiotics. The method was simple, precise, accurate,
elective and sufficiently sensitive. Analysis of plasma samples
btained from patients treated has shown the clinical suitability
f the method for controlling the antimicrobial therapy of

nfected patients.

Further determinations will be done and comparison between
he results of microbiological techniques and drug plasma mon-
toring will be performed to propose to the physicians a highly

[

[
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erforming approach of the antibiotherapy in intensive care
nits.
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