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Abstract

A capillary electrophoresis method with direct UV detection was developed for the determination of fosmidomycin, a promising new
anti-malarial drug, in human serum and urine. Optimization of the separation parameters resulted in a buffer system adjusted to pH 10.8
containing a cationic reagent and an organic modifier. Under these conditions, the migration time of fosmidomycin was 5.2 min with serum
and 7.4 min with urine samples. Validation of the method revealed good recoveries, precision and accuracy. The limit of quantification was
0.5pg/ml in serum and 1Qg/ml in urine. The determination of fosmidomycin in serum was linear over a range of 0.4gi80 Short and
long-term stability tests resulted in no significant loss of fosmidomycin. The described technique will provide a fast and accurate analytical
method for future pharmacokinetic studies.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction a plastid-like organelle, the so-called apicoplgkb]. The
efficacy of fosmidomycin against acute uncomplica®daks-
Fosmidomycin, a phosphonic acid derivative, was origi- modium falciparuninfections was demonstrated in phase Il
nally isolated as natural antibiotic froBtreptomyces laven- trials using a regimen of 1.2 g fosmidomycin administered
dulae (Fig. 1) [1]. With respect to its activity against orally every 8h[6]. Clinical studies with a combination
various Gram-negative bacteria, early clinical studies con- of fosmidomycin and clindamycin, which was shown to
ducted during the 1980s focused on a potential role of fos- act synergistically, are currently ongoif@-9]. In previ-
midomycin in the management of urinary tract infections. ous pharmacokinetic studies, a microbiological assay with
In 1998, it was demonstrated that fosmidomycin inhibits Enterobacter cloacaas test organism was used for the de-
1-deoxyb-xylulose 5-phosphate (DOXP) reductoisomerase, termination of fosmidomycin in biological fluidg0]. For
an enzyme of the non-mevalonate pathway (DOXP path- the current studies, a more convenient and reliable assay
way) of isoprenoid synthes[®,3]. This pathway is utilized is required in order to monitor the efficiency of the dose
by most eubacteria and the plastids of algae and higherregimen and to optimize the therapy. Since only poor ab-
plants, but is absent in animals and humans which use thesorption of fosmidomycin was previously reported, such a
mevalonate pathway, instead. Recently it was demonstratedmethod needs to be sensitive enough to detect the relatively
that fosmidomycin possesses potent antimalarial activity, low plasma levels expected to be achieved after oral or
since the isoprenoid biosynthesis of the malaria parasiteintravenous administratiojil]. Here, we report on the de-
depends on the DOXP pathway which is localized inside velopment of a high-performance capillary electrophoresis
(HPCE) technique with direct UV detection for the deter-
mspondmg author. Tels33-3-00-24-37-81: mination of qumidomycin in serum gnq urine. First, the
fax: +33-3-88-25-11-13. electrophoresis parameters were optimized, and a extrac-
E-mail addressfrancois.jehl@medecine.u-strasbg.fr (F. Jehl). tion procedure for the drug established. Then, the method
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cyltrimethylammonium bromide (HTAB). Also, various or-
ganic modifiers were tested (methanol, acetonitrile). Finally,
o the working buffer was 14 mM KpPOy/56 mM KoHPOy,
0.2mM HTAB, 5% (serum samples) or 20% (urine sam-
ples) methanol as additives. The pH was adjusted to 10.8
with 1M NaOH. The resulting current was in part modu-

_ o . o lated by methanol percentages, and it was @AOwith
was subjected to a validation procedure including intra- and serum samples and 1@ with urine samples.

inter-day precision, linearity, and recovery. Also, the stabil-
ity of fosmidomycin under different storage conditions was

Fig. 1. Chemical structure of fosmidomycin.

2.4. Sample preparation

determined.
2.4.1. Serum
) The extraction procedure was based on the technique pub-
2. Experimental lished by Rudrik and Bawdon followed by an ultra-filtration
step [14]. Briefly, the serum samples (5p0) were de-
2.1. Reagents proteinized with 50Qul acetonitrile. After mixing on a

vortex-mixer, the tubes were gently shaken by rotation
Fosmidomycin  [3-(formylhydroxy-amino)propylphos- (20 rpm, 10 min). After centrifugation (2000g), the super-

phonic acid mono-sodium  salt, 8Hformyl-N-hydroxy- natants were mixed for 10 min with 3.5 ml dichloromethane
amino)propylphosphonic acid mono-sodium salt, FR-31564] o remove the excess of acetonitrile. The samples were cen-
was synthesized by a combin__ations of the protocols from trifuged for 10 min, and 15QI of the supernatants passed
work by Kamiya et al. and Ohler and Kanzl¢t2,13] over Ultrafree-MC filter units (molecular mass cut-off
Dichloromethane and acetonitrile, chromatographic grade 5ppg pa: Millipore Corporation, Bedford, MA, USA) for
were purchased from Merck (Darmstadt, Germany); Hex- 15 min. The samples were stored-a10°C in the storage
adecyltrimethylammonium bromide (HTAB) was from compartment of the P/ACE MDQ CE system before anal-
Fluka (Buchs, Switzerland); and methanol was from Prolabo ysis. The validation procedure was performed with human
(VWR International S.A.S., Fontenay-sous-Bois, France). type AB serum (off clot, sterile filtered, male donors) from

ICN Biomedicals France S.A., Orsay (Lot: 4507F, 6433F).
2.2. Capillary electrophoresis system

2.4.2. Urine

Electrophoresis was carried out using a Beckman P-ACE A pool of five urine samples from healthy humans or pa-

MDQ HPCE system (Beckman-Coulter, Fullerton, CA, tients with urinary tract infections was used for the valida-
USA) with direct UV detection at 214 nm wavelength. The tion procedure. Prior to the injection into the capillary, the
capillary thermostat was set to 26. A fused-silica capil- urine samples were diluted 1 in 10 with ultra-pure water.
lary of 75cm total length (62.5cm length to detection
window) with 75um i.d. was used for the experiments.
For the first use, the capillary was filled with buffer and
equilibrated for at least 2h applying a voltage of 15kV. 2.51. Serum
Then, it was rinsed with 0.1 M NaOH for 10 min, followed
by 10 min ultra-pure water. The samples were injected by 2.5.1.1. Linearity and accuracy.Six linearity curves were
pressure (0.5 psi) for 15 or 25s. Before the injection of the determined with an injection time of 15s (150, 75, 50,
first sample and between two runs the capillary was rinsed 25, 7.5, 5, 2.5, 0.75, 0y56g/ml, nine concentrations), and
successively with 0.1M NaOH, water, and the working three concentrations were used as quality control (QC) sam-

buffer for 1 min each. The electrophoresis of the samples ples (100, 10, fug/ml). For the lower concentrations (10,
was performed in reverse mode from the cathode towards7.5, 2.5, 1, 0.75, 0.5, 0dg/ml, seven concentrations) four

2.5. Validation procedure

the anode at 15kV. calibration curves were constructed, and one concentration
(5p.g/ml) was used as QC sample. Consequently, two mean
2.3. Electrophoresis buffer calibration curves were determined.

The accuracy was determined as the deviation of the mean

Various instrumental setting for migration were tested results obtained by our method from the spiked concentra-
(voltage, capillary temperature), and the buffer properties tions, and determined with the mean calibration curves.
were optimized (pH values, component molarities). The
effect of the ionic strength of the buffer was assessed 2.5.1.2. Limits of detection and quantificationThe limit
by different concentrations of NBIPO, (10-200 mM) or of detection (LOD) in human serum was defined as the mini-
KHoPOW/KoHPOy. The electroosmotic flow (EOF) was mum detectable concentration for which the signal-to-noise
modified by cationic ion pairing reagents, such as hexade-ratio is three.



S. Bronner et al. / J. Chromatogr. B 806 (2004) 255-261 257

The limit of quantification (LOQ) was defined as the mini- At day 0, samples were extracted in triplicate immediately
mum fosmidomycin concentration resulting in an accuracy after the preparation of the solutions and before freezing at
higher than 80% (determined with the standard mean curve),—80°C. The solutions were thawed at room temperature,
or a deviation of the mean concentration from the spiked and aliquots extracted in triplicate at day 1, 2, 3 and 4. On
value lower than 20%. each day, the solutions were refrozen.

2.5.1.3. Precision. 2.5.1.6. Exogenous interferencesthe effect of molecules
potentially co-administered with fosmidomycin (clin-
Repeatability. In order to assess the repeatability of damycin) or used in blood sample tubes as anti-clogging
the injection, each of three samples containing 0.75, 10, agents (heparin, EDTA), which may interfere with the assay,
or 100pg/ml fosmidomycin were measured 10 times. Be- were analyzed directly or after pretreatment.
tween two runs the capillary was rinsed as described in the
Section 2.2 2.5.2. Urine

Day-to-day and intra-day reproducibility. The day-to- ~ 2.5.2.1. Linearity and accuracy.Linearity in urine sam-
day reproducibility was determined on serum samples spikedples was assessed over the concentration range 10—
with three different concentrations (100, 10 anplgiml). 500pg/ml before 1 in 10 dilution (500, 125, 100, 62.5,
For each concentration, 10 samples were extracted and an25, 10ug/ml), and two concentrations were used as QC
alyzed one by one at different days and/or time. samples, 250 and 31.2%/ml. The sample injection time
The intra-day reproducibility determines the closeness was 15s. Five linearity curves were recorded, and the ac-
of individual measures when the procedure is applied to curacy of the concentration was determined with the mean
multiple aliquots of a single volume of serum. This pa- curve.
rameters reflects in particular the reproducibility of the

extraction procedure. To study the intra-day reproducibility, 252 2. Limits of detection and quantificationBoth the

volumes of serum spiked with three concentrations (100, | OD and LOQ were determined as described for the serum
10, and 0.7%.g/ml) were distributed in nine (5001 each), (Section 2.5.1.p

and the aliquots of the same concentration were extracted
simultaneously. 2.5.2.3. Precision.

2.5.1.4. Recovery.Pretreatment of the serum samples was

necessary to improve the sensitivity and to reduce the ma- Repeatability. The precision of injection (repeatabil-
y P y . ity) was determined at three concentrations (250, 100, and

tr|xtpomp}ofnent§dwh|ch poéelzntlally |r|1te:ferehd with the mi- 10pg/ml). The samples were diluted 1 in 10 before injec-
gration of fosmidomycin. t.leaner electropherograms Were ., "each sample was injected 10 times, and the capillary

obtained after ultra-filtration of the samples. The recovery rinsed between two runs. The variation coefficients of the

e s sy COTEEe e b e gl s viere detrmined 1
evaluate the injection reproducibility.

area determined in water at the same concentratica 7).

The recovery was determined for three concentrations (100, ] ) ]
10, and Zug/ml). 2.6. Analyzing and integrating data

Peak integration was done using the 32 KHfaSoftware
(Beckman-Coulter). To compensate for potential mobility

Short-term stability. Short-term stability (24 h) of three ~ changes between the single runs, results were expressed
concentrations of fosmidomycin (1, 10, and 3agml) in as corrected areas{), which corresponds to the ratio

human serum was assessed at room temperature 4n@. of the peak area to the migration time (arbitrary units)
[15].

2.5.1.5. Stability.

Long-term stability. Long-term stability in serum was

determined at three concentrations (1, 10, andpl@ml).

At day 0, samples were extracted in triplicate, and for each 3. Results

concentration, the resulting solutions were divided before

freezing at—80°C. For each time point, three aliquots of 3.1. Migration time and specificity

each concentration were thawed and extracted until 6 months

of storage. A typical electropherogram of human serum spiked with

10pg/ml fosmidomycin before extraction in comparison to

Freeze—thaw stability. Freeze—thaw stability was as- blank serum is shown ifrig. 2 Fig. 3 shows the electro-

sessed with three concentrations (1, 10, and jlgml). pherograms of pooled human urine diluted 1 in 10 without
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Fig. 2. Detection of fosmidomycin in human serum. Blank serum (A)
and serum spiked with 1©0g/ml fosmidomycin (B) was extracted and
analyzed as described in the experimental section.

fosmidomycin and spiked with 1Q0g/ml of the drug. The
migration time was 5.2min with serum and 7.4 min with 3.3.2. Limits of detection and quantification

urine samples. There was no interference of endogenous sig- The limit of detection (LOD) of our method in human
nals with the fosmidomycin peak.

3.2. Stability of the stock solution

The long-term stability of the fosmidomycin stock solu-
tion was assessed. A solution of 10 mg/ml of fosmidomycin for the 10 and 10Q.g/ml samples, and 25 s for the 0.75 and
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Fig. 3. Detection of fosmidomycin in human urine. Blank urine (A) and
urine spiked with 10@.g/ml fosmidomycin (B) was diluted 1 in 10 and

analyzed

as described in the experimental section.

in water was divided at day 0 and the aliquots were stored at
—80°C pending analysis. Before analysis, the solution was
diluted 1 in a 100 (10Q.g/ml) in triplicate. After 3 months

of storage, the difference of the mean corrected area to the
corresponding value from day 0 was/.5%.

3.3. Serum

3.3.1. Linearity and accuracy

The assay was linear over the concentration ranges tested.
The coefficient of correlation of the mean calibration curve
was 2 = 0.99993, and the equation was= 0.2828+
0.0063x (15s injection), wherex corresponded to the cor-
rected area measured by CE for each assay. The accuracy
for the QC samples was good for high and medium concen-
trations (15s injection), with a deviation of 2.3 and 0.6%
for 100 and 1Qug/ml, respectively Table J).

For the low concentrations (0.1-@/ml, 25s injection
time), the slope of the mean curve was 0.0036, and the
intercept—0.0187 ¢ = —0.0187+ 0.0036t). The R was
0.99972. The deviation of the QC sample value determined
with the mean calibration curve from the spiked value
(5 ng/ml) was 4.3% Table 2.

serum was 0.jtg/ml. The LOQ value was 045g/ml, with
an accuracy of 95.0%rable 2.

3.3.3. Precision
For these experiments, an injection time of 15 s was used

1 pg/ml samples.
Table 1

Deviation of the concentration values determined with the mean calibration
curve in human serum from the spiked values (15 s injection)

Mean concentration Deviation
determined with the mean (%)
standard curvepg/ml)

Spiked concentrationgug/ml)

150 151.24 0.8
75 74.96 0.05
50 49.77 0.5
25 24.60 1.6
7.5 7.64 1.9
5 5.01 0.2
25 2.79 11.4
0.75 1.07 43.0
0.5 0.84 64.5
Quality control samples
100 102.32 2.3
10 9.94 0.6
1 1.23 234

Three concentrations (100, 10,u@)/ml) were used as quality control
samples.
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Table 2
Deviation of the concentration values determined with the mean calibration
curve in human serum from the spiked values (25s injection)

Mean concentration determined Deviation
with the mean standard curve %
(rg/ml)

Spiked concentrationgu@/ml)

10 10.04 0.4
7.5 7.37 1.7
25 2.47 1.2
1 0.99 1.0
0.75 0.77 2.9
0.5 0.53 5.0
0.1 0.22 123.6

Quality control sample
5 4.78 4.3

One concentration was used as quality control sample.

Repeatability the coefficients of variation between mul-
tiple injections were 2.3, 3.3, and 3.9% for 0.75, 10, and
100wg/ml, respectively.

Day-to-day reproducibilitythe day-to-day reproducibility
resulted in coefficients of variation (CV%) of 5.9, 4.7, and
3.1% for 1, 10, and 10@g/ml, respectively = 10).
Intra-day reproducibility the intra-day reproducibil-
ity (CV%), was 6.4, 4.2, and 5.2% for 0.75, 10, and
100pg/ml, respectivelyf = 9).

3.3.4. Recovery

The recovery of the acetonitrile/dichloromethane pretreat-
ment from serum was 122.0, 121.2 and 110.2% for 1, 10,
and 10Qxg/ml, respectivelyf = 7).

3.3.5. Stability

High long-term stability of fosmidomycin in human serum
was recorded at-80°C (Table 3. Fosmidomycin was also
stable for 24 h at room temperature or4a4°C (Table 3.

Moreover, fosmidomycin was resistant to numerous cycles

of freezing and thawing. After four freeze—thaw cycles (4
days), 98.2, 102.7, and 99.7% of fosmidomycin were recov-
ered from the 100, 10, andulg/ml samples, respectively
(Table 3.

3.3.6. Exogenous interferences
No interference with clindamycin, which is co-administe-
red with fosmidomycin in the current clinical studies,

Table 3
Stability of fosmidomycin in human serum

Difference to day 0 (%)

1 (ng/ml) 10 (g/ml) 100 @g/ml)
Long-term (3 months) —80°C —5.5 -8.8 —-14.6
Short-term (24 h) +4°C =2.0 2.7 -75
RE -0.3 +12.5 —15.3
Freeze—thaw (4 days) -0.3 +2.7 -1.8

2 Room temperature.
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occurred. Also, no interferences with heparin, which is
frequently used as anti-clogging agent, did occur. How-
ever, strong interference with EDTA was observed. This
compound is present in some blood sampling tubes as
anti-clogging (K3E, Becton-Dickinson), and consequently,
should not be used.

3.4. Urine

3.4.1. Linearity and accuracy

The assay was linear over the range of concentrations
used (10-50Q.g/ml) with an injection time of 15sR? =
0.99991). The slope of the mean curve was 0.0079 and the
intercept—0.1792 § = —0.1792+ 0.007%). For the QC
samples, the accuracy determined with the standard curves
was 99.98 and 96.5% for 25 and 31 2%/ml, respectively
(Table 4.

3.4.2. Limits of detection and quantification

The limit of detection was 0.pg/ml, corresponding to
5wug/ml in the urine samples before dilution. The limit of
guantification was determined using the linearity mean curve
as reported for serum. The LOQ wag.d/ml (10pg/ml
in the urine samples), with a deviation of the mean value
determined by the assay from the spiked value of 11.4%.

3.4.3. Repeatability and day-to-day reproducibility

The repeatability of the injection of urine samples was de-
termined for three concentrations (250, 100, angud.0onl).
Before injection, the samples were diluted 1 in 10 with
ultra-pure water. The repeatability of the injection (CV%)
was 1.7, 2.0, and 2.2% for 250, 100, andufIml, respec-
tively (n = 10). Concomitantly, the variations of the migra-
tion times between the runs were determined. The variations
were 1.3, 1.0, and 1.1% for 250, 100, andufIml, respec-
tively. The day-to-day reproducibilities were determined

Table 4

Deviation of the concentration values determined with the mean calibration
curve in human urine from the spiked values (15s injection, diluted 1 in
10)

Mean concentration  Deviation
determined with the (%)
mean standard curve
(pg/ml)
Spiked concentrationg.@/ml)
50 49.70 0.6
125 12.63 1.0
10 10.14 1.4
6.25 6.25 0.01
2.5 2.28 8.9
1.0 0.89 11.4
Quiality control sample
25 25.01 0.02
3.125 3.23 35

Two concentrations (25 and 3.1g8/ml) were used as quality control
sample.
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using the linearity assays, and by the variation between current. These effects were concentration dependent and
each assay spiked with the same concentratios ). The affected the migration time and the peak shape. The mi-
day-to-day reproducibility was 4.7, 3.4, and 5.1%, for 250, gration time decreased when the HTAB concentration was
100, and 2%.g/ml, respectively. increased until a threshold concentration of about 0.2 mM
was reached. This was probably the consequence of the
reversion of the cathodic EOF to an anodic flow, which
4. Conclusion and discussion enhances the fosmidomycin mobility towards the anode.
The migration temperature was controlled by a thermostat
Since it provides short analysis times and high separationdevice since the temperature is one of the most critical pa-
efficiency capillary electrophoresis (CE) was applied for the rameter in CE for robustness and reproducibility. Variations
determination of fosmidomycin in serum and urine. Direct of the temperature potentially modify both pH and viscos-
UV absorption was chosen for detection taking advantage ity of the electrolyte and, consequently, the mobility of the
of the high absorption of fosmidomycin at 214nm. This test compoundl7]. Adjusting the pH of the electrophoresis
method is easier to handle in CE than indirect UV detection, buffer to 10.8 by the addition of sodium hydroxide resulted
which was applied, for example, for the determination of in an increased current.
fosfomycin in biological sampled. 6]. Methanol, which was added as organic modifier, had a
However, the quantitative determination of the target strong influence on the migration, presumably by modifying
molecule was complicated by numerous endogenous com-the viscosity[17]. The increased methanol content of the
pounds with high UV absorption at 214nm present in buffer used for the urine samples resulted in an increased
biological fluids. In addition, these compounds potentially migration time of fosmidomycin and improved selectivity.
interfere with the migration behavior of fosmidomycin, and Also, the current was reduced to 108 with 20% methanol,
direct injection of serum may reduce the lifetimes of the compared to 150.A with 5% methanol.
capillary due to clogging15]. The UV response of fosmidomycin in serum was linear
Therefore, an extraction procedure was necessary which,over a large range of concentrations from 0.1 to A§0ml.
however, potentially reduces the sensitivity of the assay. For This is in good accordance with the commonly reported
this purpose, a technique previously published by Rudrik limit of quantification achieved by CE with UV detection
and Bawdon was used resulting in good recovery and intra- ranging from 0.1 to l.g/ml [15]. Unfortunately, no well
and inter-days reproducibility and excellent linearity of the described microbiological procedure for the determination
response$l4], indicating that significant variations of the of fosmidomycin had been published, so it was not possible
injected volumes are unlikely to occur. Thus, an internal to compare the newly developed HPCE method with any
standard was not need. The peaks measured with the exother technique.
tracted serum samples were higher than those obtained with The limit of quantification of our method with urine sam-
the aqueous samples, resulting in recovery above 100%. Thigples was relatively high (1@g/ml), but appears to be suffi-
behavior was described by Rudrik and Bawdon, who ob- cient with respect to the high recovery of fosmidomycin in
served a relative concentration of cloxacillin in the aqueous urine determined in previous human pharmacokinetic stud-
layer during extractiorjl4]. The extraction procedure was ies using a bioassajl0]. Indeed, according to references
followed by an ultra-filtration step leading to cleaner electro- [10,11] the concentrations of fosmidomycin in human bio-
pherograms and increased capillary lifetimes. The mean life- logical fluids, either after oral or intravenous administration,
time of the capillary was 220 runs. Capillaries were changed are in the range of 0.5-12/ml in blood and 20 to about
when the migration time became unstable or when the capil- 300pg/ml in urine, respectively. Thus, the concentrations
laries were clogged. The capillary specifications were cho- used in the present study (0.1-3&@ml) to develop the
sen to offer the best compromise between migration time, HPCE assay are relevant.
resolution and heat production. As expected, an improved In conclusion, we have developed a convenient CE tech-

resolution was achieved with a capillary of @ i.d. but nique for the determination of fosmidomycin in serum and

the limit of quantification was shifted to unacceptably high urine which offers advantages of speed, sensitivity, and ac-

values. curacy. This technique will be applied for pharmacokinetic
Various buffer compositions (N&IPO;, KH2POyf studies in humans or animal models, and for therapeutic

KoHPQy) were tested. An increase of the molarity and, drug monitoring in order to improve the dose regimen for
consequently, of the ionic strength led to an improvement the treatment of malaria.

of the peak shape and an increase of peak height, but also

to longer migration times. The fosmidomycin molecule

is negatively charged at pH 10.8, and its migration from Acknowledgements

the cathode towards the anode is due to its electrophoretic
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