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Abstract

Liquid chromatography—electrospray ionization mass spectrometry methods are described for the simultaneous quantification of a bis-
thiazolium compound (T3), its related prodrug (TE3) and an intermediate compound (mTE3) that appeared during the prodrug/drug conversion
process, in human plasma, whole blood and red blood cells (RBCs). The methods involve solid phase extraction (SPE) of the compounds
and the internal standard (verapamil) from the three different matrices using®8aBiolumns with an elution solvent of 2 1 ml of
acetonitrile containing 1 ml/l trifluoroacetic acid (TFA). HPLC separation was performed qa @enCapped Xterfacolumn packed with
3.5pum particles. The mobile phase used a 8 min gradient, from water containing 1 ml/l TFA to acetonitrile containing 1 ml/l TFA, at a flow rate
of 400l/min. Verapamil and the TE3 compound were characterized by the protonated moleculeds% andm/z 541, respectively. The
mTE3 species was detected through the*(Mh atm/z 497. The T3 compound was detected by use of two ions, the quaternary ammonium
salt (M?*/2) atmyz 227.3 and by the adduct with TFA (M + TFAatm/z 567.3. The drug/internal standard peak area ratios were linked via a
quadratic relationship to plasma (or whole blood) concentrations in the tested range of 6.4g1282.8—2564.g/kg) for T3, 20-200G.g/I
(40-400Qrg/kg) for mTE3 and 10-2000g/I (40—4000Q.g/kg) for TE3, and to T3 concentrations in RBCs ranging from 12.8 to 25Kg.
Inter-assay precision (in terms of R.S.D.) was below 13.5% and accuracy ranged from 95.4 to 107%. The dilution of the samples (plasma or
whole blood) has no influence on the performance of the methods. The extraction recoveries averaged 87% for T3, 53% for mTE3 and 79%
for TE3 in plasma; 79% for T3, 57% for mTE3 and 65% for TE3 in blood; and 93% for T3 in RBCs, and was constant across the calibration
range. The lower limits of quantitation were g/l for T3, 200/l for MTE3 and 1Qwg/l for TE3 in plasma; 12.8.9/kg for T3 and 4Q.g/kg
for mTE3 and TES3 in blood; and 128y/kg for T3 in RBCs. Stability tests under various conditions were also investigated. The three-step
SPE procedure (loading, clean-up, and elution) described in this paper to quantify these new anti-malarial compounds in plasma, whole blood
and RBCs, can easily be automated by using either robotisation or an automated sample preparation system.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction
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P. malariaeandP. ovale P. falciparumis responsible for the s/\+ .
vast majority of deaths from malaria and has demonstrated N—(CH,);;—N
an ability to develop resistance to most, if not all, of the an- =
timalarial agents presently availaltg]. It is becoming an HO OH
increasingly more widespread problem because of drug and CH, H,C
insecticide resistance, as well as social and environmental 1
changeg?2]. It is quite possible that within the next decade 1.12-bis[4-methyl-5-(2-hydroxyethyl)-3-thiazol-3-ium-3- yl}dadecane dibromids
there will be parts of the world in which malaria is an un-
treatable disease. Consequently, unless new treatments arc
developed, the already significant number of fatalities aris- H 0
)
0

L)

ing from this disease will increase dramatically. In addition
the development of new anti-malarial strategies, there is an
urgent need for the identification of new chemotherapeutic
agents that work through new, independent mechanisms of OH
action and which are structurally unrelated to existing anti- CH,3 H;C
malarial agents. mTE3

The growth and asexual reproduction of the intra- 3-(12-{Formyl-[1-(2-0x0-[1 3Joxathian-ylidene)-ethyl|-amino} -dodecyl)-5-(2-
cellular malaria parasite within the red blood cells of  nydroxyethyl-4-meylthiazol-3-ivm bromide.
its vertebrate host entails the synthesis of new mem-

branes. The phospholipid content (phosphatidylcholine and 2 0 0
phosphatidylethanolamine representing about 85%) of the )\ H\< }/H /(
o ; o ) S S
malaria-infected erythrocyte increases by up to six-fold dur o N (CHy).2 ..

' IE3

A

+
N—/(CH;);;—N,

ing the course of parasite developmf&ijt The de novo phos-

phatidylcholine biosynthesis within the intracellular parasite

is dependant upon the uptake of choline from the external CH

medium. Thus, any compounds inhibiting this de novo phos-

phatidylcholine biosynthesis may potentially be effective as

anti-malarial agentgt,5]. N-12-{formyl-[1-(2-0x0-[1 3Joxathian 4-ylidene) ethyl]-amino} dodecyl)-  N-[1-(2-0x0-
During the last 10 years, compounds mimicking the [1.3]oxathian-4-ylidene)-ethyl]-formamide

choline structure have been synthesized and have been showi

to be highly effective against multiresistaRt falciparum |

malaria[6—13]. Three generations of compounds have been — N P
synthesized, the first two of which consisted of quaternary \/\C[ ?

H,C

ammonium saltg§9,10], and amidine and guanidine com- CN
pounds (manuscript in preparation). These compounds were  H;co

found to be highly potent both in vitro and in vivo against
P. falciparumand P. cynomolgi a P. vivaxrelated parasite
with a high therapeutic indef6,8,12] These drugs possess
a permanently charged cationic groj$10] that is essen-
tial for activity but poorly absorbed orally. The third genera- version. In a previous published paper, we have shown that
tion consisted of neutral prodrugs that deliver bis-thiazolium the bis-cationic compounds accumulate within infected red
compounds with antimalarial activity in the nanomolar range blood cells (RBCs) and that 60% of total uptake was within
[13]. These prodrugs are converted into an active ionized the parasit§l3]. Thus, a method to quantify T3 in RBCs was

Yerapamil

Fig. 1. Chemical structures of T3, mTE3, TE3 and verapamil.

form by enzymes present in plasifia8]. From in vitro ex- also developed and validated to further quantify this drug in
periments performed in 80% plasma, we have shown that hu-infected RBCs during pharmacokinetic studies carried out in
man plasma promoted rapid conversion of TE3 int T3H. infected mice or monkey. The structures of these compounds

Moreover, the bis-thiazolium compounds were shown to be are presented iRig. 1 Validated methods were required in
specifically and highly accumulated in infected erythrocytes. order to investigate the pharmacokinetic properties of this
This chemical series is currently under evaluation for further new class of drugs. These methods described here are based
development. on solid-phase extraction and verapamil was selected as in-
In this paper, liquid chromatography—electrospray ioniza- ternal standard. Complete validation of these assays was car-
tion mass spectrometry methods (LC—ESI-MS) were devel- ried out according to validation procedures, parameters and
oped in human plasma and whole blood to simultaneously acceptance criterifl4—17] based on the recommendations
quantify the TE3 neutral prodrug, its enzyme-converted ac- of Shah et al[16] and USP XXIII guidelineq15]. These
tive bis-cationic metabolite, T3, and an intermediate mono- methods have enhanced precision due to the high selectivity
cationic compound, mTE3, formed during prodrug/drug con- of liquid chromatography coupled with mass spectrometry.
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2. Experimental was obtained from Waters (Saint Quentin, France). Solid-
) phase extraction (SPE) columns (Oasis HLB, £rmere

T3 (1,12-bis[4-methyl-5-(2-hydroxyethyl)-3-thiazol-3-

) ) ) 2.3. Liquid chromatography—mass spectrometry
ium-3-yllJdodecane dibromide, MW 614.7), TEN-12-

- ' < conditions
{formyl-[1-(2-0x0-[1,3]oxathian-4-ylidene)-ethyl]-amifeo
dodecyl)-  N-[1-(2-oxo-[1,3]oxathian-4-ylidene)-ethyl]- The mobile phase used was a linear gradient over 8 min
formamide, MW =540.7) and mTE3 (3-(1Zermyl-[1-(2- from 1 ml/l TFA in water (solvent A) to 1 ml/l TFA in acetoni-
oxo-[1,3]oxathian-4-ylidene)-ethyl]-aminedodecyl)-5-(2- trile as organic modifier (solvent B). The column was then

hydroxyethyl-4-methylthiazol-3-ium bromide, MW=577)  washed for 1 min with the final gradient solution, brought
are characterized products of Laboratoire des Aminoacides,back to the initial conditions over 1 min and re-equilibrated
Peptides et Proteine$)MR 5810 (Montpellier 1 and Il for 4 min. The total run cycle was therefore 14 min. The col-
Universities, France)Rig. 1) [18]. The purity of these  umnwas thermostatted at 20 and the injection volume was
standards was evaluated by elemental analysis; results werg . The flow rate through the LC column was 4@0min
within 0.4 of calculated values. T3, TE3 and mTE3 were and the effluent was split so that the flow rate entering the ion
stored at ambient temperature and protected from light. Tri- source was 3gI/min.
fluoroacetic acid (TFA) and the internal standard (verapamil)  The mass spectrometer was calibrated in the positive ion
were from Sigma (St. Louis, MO, USA). Verapamil was mode using a mixture of Nal and Csl. Voltages were set at
stored at room temperature (20) and protected from light.  +3.0kV for the capillary and +0.5KkV for the skimmer lens.
HPLC-grade acetonitrile and methanol were p.urc'hased fromThe heated nebulizer temperature was35hebulizer pres-
Merck (Darmstadt, Germany). In-house deionised water sure was 35 psiand drying gas flow was 720 I/h. The sampling
was further purified with a Milli-Q water-purifying system  cone voltage was set at 30 V.
(Millipore, Bedford, MA, USA). Mass spectrometric data were acquired in single ion
For method validation, whole blood, human plasma and recording (SIR) mode. Verapamil and the TE3 prodrug were
RBCs were obtained from pooled blood samples collected characterized by the protonated molecules (M ¥ Bz
from healthy volunteers not undergoing drug therapy. Coagu- 455 3 andn/z 541, respectively. nTE3 was detected through
lation was prevented by adding EDTA-sodium salt. The blood the (M)* ion atm/z497. The T3 compound was detected by
was Centrifuged at 200@9 for 10 min to obtain plasma. use of two ions, the quaternary ammonium 5a|?'tM) at
RBCs were washed twice with an equal volume of 0.9% nyz 227.3 and by the adduct with TFA (M + TFA)at m/z

sodium chloride before storage. The drug-free whole blood, 567.3. The mass spectra (scan mode) of T3, mTE3, TE3 and
plasma, and RBCs were stored-e80°C before use. verapamil are shown iRig. 2

A stock standard solution of T3 was prepared by dissolv-
ing an accurately weighted amount of the drug in deionised 2.4. Working standards
water to give a stock solution containing 64 mg/l of T3 ex-
pressed in the form of the doubly charged species. A stock ~ Stock solutions were extemporaneously diluted to ob-
solution of mTE3 (100 mg/l) was prepared in deionised wa- tain 11 working standards (T3: 0.16—-32mg/l in purified wa-
ter containing 10 ml/l TFA for enhanced stability. Stock ter; TE3: 0.25-50 mg/l in acetonitrile—purified water (50:50,
solutions of TE3 (100 mg/l) and verapamil (internal stan- V/V); mTE3:0.50-50 mg/lin purified water containing 10 ml/l
dard, 250 mg/l) were prepared in acetonitrile—deionised wa- TFA). The stock solution of verapamil was extemporaneously
ter (50:50, v/v) and methanol-deionised water (1:100, v/v), diluted 100-fold in distilled water before use.
respectively due to their poor solubility in pure water. For A reference standard solution containing T3 (1.3 mg/l),
each compound, two separate stock standard solutions werd E3 and mTE3 (2mg/l) and the internal standard (0.5 mg/l)
prepared; one which was used for the preparation of the cali-Wwas prepared daily in acetonitrile containing 1 ml/l TFA and
bration curve standards and the second which was used for thénjected before each run to verify the performance of the
preparation of quality control (QC) samples. Stock solutions LC—ESI-MS system.

were stored at +4C and protected from light. ) ]
2.5. Preparation of standards and quality-control (QC)

2.2. Equipment samples

The LC-MS analysis was performed using a Hewlett- Calibration standards were prepared in acidified plasma
Packard (Les Ulis, France) Agilent 1100 mass spectrometeror whole blood (0.5ml drug-free plasma or 0.25g drug-
equipped with an electrospray interface and a data acquisitionfree whole blood diluted with 0.25ml of deionised water
station. The mass spectrometer was coupled to a Hewlett-+0.5 ml deionised water containing 10 ml/l TFA) to avoid
Packard LC system equipped with a ternary pumping unit TE3/T3 and mTE3/T3 conversions. In blood, the acidic so-
(G1312A) and an autosampler set &CA4(G1329A). The LC lution was dripped while the mixture was vortex mixed
column, Ggencapped Xterra, 3jpm, 30 mmx 2.1 mm, i.d., in order to obtain smaller particles of precipitate which
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Fig. 2. Mass spectra for T3 (A), mTE3 (B), TE3 (C) and verapamil (D).

avoided important losses of analytes. The calibration setcon- Before the SPE procedure, standards and QC sam-
sisted of seven to eight concentrations, prepared by spik-ples previously vortex-mixed were incubated &tCAfor
ing drug-free acidified matrices with 20 of the appropri- 30min, to allow a steady-state with the matrix compo-
ate working solutions (TE3, mTE3 and T3). Concentration nents.
ranges were 6.4-128y/l for T3 (expressed in the form
of doubly charged species), 20-200§/| for mTE3 and 2.6. Sample preparation procedure
10-200Qug/lfor TE3in plasma. They were 12.8-2564d/kg
for T3 (expressed in the form of doubly charged species) The SPE column was pre-washed with 1 ml of methanol
and 40-400Q.g/kg for mTE3 and TE3 in blood. Calibration  followed by 1 ml of purified water. A volume of 20l of in-
curves in drug-free RBCs were prepared by adding20 ternal standard (2.5 mg/l) was added to 1 ml of acidified (pH,
of the appropriate working solution of the T3 compound to 3.6) plasma samples or standards. The mixture was shaken
0.25g of RBCs diluted with 0.25ml of deionised water to and centrifuged at 4C for 15min at 1500« g; the super-
obtain concentrations ranging from 12.8 to 2p@#kg. The natant was then loaded onto the cartridge under a light vac-
volume added was always less than or equal to 4% of total uum (approximately 86 kPa) using a Vac Elut®20/arian,
volume of the samples, so that the integrity of the matrix was Les Ulis, France). The column was rinsed with 1 ml of pu-
maintained. rified water and was then dried for 2 min by vacuum aspira-
QC samples used in the validation study were prepared intion (approximately 27 kPa). The compounds of interest were
the same way as the calibration standards, by mixing drug- eluted from the column with 2 1 ml of acetonitrile contain-
free plasma, whole blood or RBCs with appropriate volumes ing 1 ml/l TFA under a light vacuum (approximately 86 kPa).
of working solutions to obtain three different concentrations, The eluate was dried at 4C€ under a stream of nitrogen for
low, medium and high (T3: 16, 160.3 and 96{.@1in plasma 30 min. The dried residue was reconstituted in {LOOf ace-
and 32, 320.6 and 1923.&)/kg in whole blood and RBCs;  tonitrile containing 1 ml/l TFA and ultrasonicated for 1 min.
TE3 and mTES: 25, 250 and 150@/l in plasma and 50,500 A 10 pl volume was injected into the HPLC system for anal-
and 300Qug/kg in whole blood). ysis.
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Twenty microlitres of internal standard (2.5mg/l) was Selectivity was studied by analysing control human
added to 0.5ml of diluted RBC samples or standards, plasma, blood and RBCs from 10 different healthy subjects by
mixed with 0.5 ml of water containing 10 ml/l TFA (added the described procedures and the chromatograms examined
drop by drop as described above), or to 1 ml of acidified for visible evidence of interfering endogenous compounds.
whole blood samples or standards (pH, 3.3). The result- The possible interference by other commonly-used anti-
ing mixture was briefly vortex-mixed then centrifuged for malarial drugs was also verified. The following drugs were
20min at 17,56 g. The assay procedure was as described checked: chloroquine, quinine, amodiaquine, mefloquine,
above for the plasma samples, except that interfering mate-sulfadoxine and pyrimethamine.
rial was removed by washing with>20.75ml of purified
water. 2.9. Validation

2.7. Data analysis Validation of the assay procedure was carried out to es-
tablish inter-assay variability, selectivity and extraction effi-
Analyte-to-internal standard peak area ratios were ciency over the calibration range. The inter-assay variability
recorded and calibration curves were constructed from was determined by calculating the accuracy and precision of
the calibration standard data using a quadratic equation,the assay. The accuracy is expressed as the percent recovery
Y=aX?+bX+c, in which Y is the peak area ratio arXlis in terms of the nominal concentration (i.e., [mean found con-
the concentration of the analyte. The regression curve wascentration/theoretical concentration]L00), and precision is
not forced through zero. The resulting a, b and ¢ parame- expressed by the relative standard deviation (R.S.D.).
ters were used to determine back-calculated concentrations, Inter-assay variability was determined from the analysis
which were then statistically evaluated. The normal distri- of QC samples (T3: 16, 160.3 and 96L&/ in plasma, 32,
bution of the residuals (the difference between nominal and 320.6 and 1923.8g/kg in RBCs and whole blood; TE3 and
back-calculated concentrations) was verified. Moreover, the mTES3: 25, 250 and 15Q0g/l in plasma and 50, 500 and
mean residual values (or mean predictor error ) was computed3000u.g/kg in whole blood) assayed against independent cal-
and compared to zero (Studetiest); the 95% confidencein-  ibration curves on 7-33 separate occasions.

terval was also determined. In order to establish that dilution of plasma or whole blood
samples with T3 concentrations above the upper limit of
2.8. lon suppression and specificity studies the standard curve does not interfere with method perfor-

mance, QC samples containing this compound at concentra-
The absence of ion suppression attributable to the matri- tions of 1300, 3250 and 65Q@y/1 in plasma and 2600, 6500

ces was demonstrated by the method of Matuszewski et al.and 13,00Qug/kg in whole blood (expressed in the form of
[19]. A total of 10 human EDTA-anticoagulant blood sam- bis-charged compound) were prepared. The three QC sam-
ples from 10 different donors were used. Plasma, whole blood ples were diluted 2-, 5- and 10-fold, respectively, with drug-
and RBCs were extracted in duplicate{20 per matrix) by free human matrix in order to bring concentrations within
the method described above. The final dried extracts obtainedthe range of standard curves. Each analysis was performed
from plasma and blood samples were reconstituted with two six times at each concentration, using calibration curves and
reference solutions containing the three drugs and the inter-QC samples. The found concentrations were compared to the
nal standard in 10Ql acetonitrile—1 ml/I TFA atfinalnominal ~ nominal concentrations.
concentrations of 800 and 4800/ (T3), 1250 and 5000.9/I The absolute extraction recoveries were determined based
(TE3 and m TE3) and 500g/I (internal standard). The dried on the comparison of the areas under the peaks of the ex-
residues obtained from RBCs were reconstituted with two tracted QC samples as described above with those of un-
different solutions containing T3 (800 and 480@/) and extracted reference standard solutions containing the corre-
the internal standard (5QQy/l) in 100l acetonitrile-1 ml/| sponding concentrations. Three replicate analyses were per-
TFA. A reference solution comprising 1QQ of acetoni- formed at each concentration point. The extraction efficiency
trile containing 1 ml/l TFA was also enriched with the four was also determined for the internal standard.
drugs to the same nominal concentrations. The reconstituted The lower limit of quantitation (LLOQ) was determined
extracts and reference solutions were injected onto the anato be that concentration where the inter-assay precision and
lytical column. The peak areas for T3, TE3 and mTE3, and accuracy were acceptable (accuracy 80—120% and precision
the internal standard for the extracted samples were com-<20%)[14—17] based on six replicate analyses of fortified
pared with the mean of those produced by the reference soluplasma, whole blood or RBCs.
tions (h=6 injections). The peak area ratios (extracted sam-
ples/references) in the three matrices were as follows: T3,2.10. Stability studies
1.01-1.03; TE3, 1.02-1.05; mTE3, 1.00-1.03 and verapamil
1.03-1.06. These findings confirmed that there was no influ-  The stability of stock solutions was determined 4C4
ence of the matrix on the detection of either T3, TE3, mTE3 Appropriately diluted stock solutions were injected in tripli-
or the internal standard. cate into the LC-MS system immediately after preparation
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(time 0) and at periodic intervals after storage aC4over a Compounds were considered stable when losses were less
span of 1 month. than 15%.
Stability assays in plasma and whole blood were assessed
by use of QC samples at the following concentrations: T3:
16, 160.3 and 961,2g/l, mTE3 and TE3: 25, 50, 250 and 3. Results and discussion
1500p.g/l in plasma; T3: 32, 320.6 and 1923.8/kg, mTE3
and TE3: 50, 500 and 30Q@y/kg in whole blood. The sta- 3.1. Retention times and specificity
bility assays were carried out as follows:
The high polarity and the ionic nature of T3 com-

(a) By storing plasma and whole blood QC samples at ordi- plicated the selective clean-up of the sample, which

nary laboratory conditions (2@ and daylight exposure)  probably was the principal handicap for its determina-

and in a refrigerator at4C for 6 h. tion in biological samples. The Oasis HLB sorbei- (
(b) By storing QC samples in plasma and whole blood at vinylpyrrolidone—divinybenzene copolymer) used in this
—30°C for 4 and 1 months, respectively. study during sample pre-treatment retained ionised analytes

more strongly than silica-based reversed-phase sorffjts
Special attention was paid to the preparation of QC sam- Moreover, this water-wettable sorbent retains both ionised
ples. Before to supplement plasma or blood samples with and non-ionised compounds. The clean-up procedure by SPE
TE3 and mTE3, polypropylene tubes containing 0.5 ml of was found to be a suitable method for eliminating interfering
drug-free plasma or 0.25 g of drug-free blood diluted with material from both plasma, blood and RBCs. As presented in
0.25 ml of purified water were stored in the refrigerator for Fig. 3, no discernible peaks due to the matrices were observed
1 h then immediately chilled in an ice water bath. Thereafter, within the time frame in which the different analytes were de-
each sample was enriched with TE3 and mTE3, stirred andtected. T3, mTE3 and TE3 were well resolved from endoge-
immediately placed for 10s in solid carbon dioxide pellets nous matrix components as shown in the typical LC profiles
forimmediate freezing. Samples were then stored3i°C. (Figs. 4 and h Over the 4 months of the validation study,
Spiked samples were analysed immediately after preparationretention timesrf{= 10) were 4.7 min (R.S.D. =1.6%) for T3,
(reference values) and at selected time intervals after storagés.1 min (R.S.D.=0.4%) for mTE3, 7.3 min (R.S.D.=1.0%)
over the study period. Prior to their analysis, before thawing, for TE3 and 5.6 min (R.S.D. = 1.1%) for the internal standard.
samples were acidified by addition of 20 ml/l TFA in water, Under the chromatographic conditions used, the number of
brought to room temperature and thoroughly vortex-mixed. theoretical plates (calculated from the internal standard peak)
Concentrations were calculated at each time point using awas approximately 13,500. The column was replaced when
calibration curve freshly prepared and QC samples. Each de-the number of theoretical plates decreased below 7000 (i.e.,
termination was performed in triplicate. after 940 analyses; this value is the mean obtained from four
columns).

(c) By subjecting plasma and whole blood QC samples for-  No interference was found with all tested drugs.

tified with the T3 compound to three freeze—thaw cy-

cles; frozen triplicate samples were allowed to thaw 3.2. Drug/response relationship

at room temperature for 1 h and were subsequently re-

frozen. Their T3 concentrations were compared with  The drug/internal standard peak area ratios were linked

aliquots that had not been subjected to the freeze-thawto concentrations according to a quadratic equation. The

cycles. The freeze—thaw evaluation was also performed quadratic regressions gave mean coefficients of determina-

for mTE3 and TE3 in acidified plasma and blood QC tion greater than 0.997 for the three analytes. Mean pa-

samples. rameters of the quadratic equations are givermanle 1
(d) By storing the acidic extracts (acetonitrile containing Tables 2 and 8how precision and percent recovery calculated
1 ml/l TFA) in the autosampler at 20 and@ for 48 h. from the mean back-calculated concentrations. For each ana-

(e) The potential influence of the evaporating step°@p lyte, the goodness of fit between back-calculated concentra-
was also tested: samples were maintained for Lh&E40  tions and nominal concentrations was statistically evaluated
Aliquots were injected into the LC column at selected (i) by comparing the regression line of back-calculated versus
time intervals. nominal concentrations to the reference line of slope =1 and

intercept =0; no significant difference was observed; (ii) by

The possible conversionof mTE3and TE3to T3 duringthe studying the frequency distribution histogram of the resid-
course of evaporation, storage and analysis was also assessedals, which were normally distributed and centred around
Stability tests of the T3 compound in RBCs were also zero, the number of positive and negative values being ap-

carried out by storing fortified samples (32, 320.6 and proximately equal; and (iii) by comparing the bias to zero; a

1923.8u.g/kg) at room temperature and &t@for2h,andat  t-test showed that this parameter was not statistically different

—30°C for 4 months. The freeze—thaw stability (three cycles) from zero; moreover, the 95% confidence interval included

was also determined. the zero value.



O. Nicolas et al. / J. Chromatogr. B 820 (2005) 83-93 89

MS 227
MS 227
120009 12000-
10000 10000
8000 8000
T3
6000 6000 T
4000 l 4000
2000 /\IM 2000 A\
0 - . T T 04= MW\&"%J :
; T 7 7
0 2 4 6 8 min 0 2 4 6 8 10
MS 567 MS 56
120004 120003
10000 10000
8000 - 8000
6000 5 T3 6000
40004 l 4000 IS
2000+ \ /\’\\Nﬁ/\/\\\ﬁ 20007 J \k l e
0 i 7 T T 0 T i T T
0 2 4 6 8 min 0 2 4 6 8 10
MS 455 MS 455
12000 120004
10000 verapamil 10000
8000 8000+ verapamil
6000 | 6000
4000 —/\ I 4000
2000 w 2000 { !
\ -
o ] ,—‘_/ \ - o e e o «\_/I;/___/;J\v/\“'_'
0 2 4 6 8 min 0 2 4 6 8 10
MS 541 MS 541
12000 12000
10000 10000
8000 8000
6000 TE3 60001 TE3
4000 4000
2000 2000
0 AN T _//"\N o b ————— e
: 7 7 T :
0 2 4 6 8 min 0 2 4 6 8 10
MS497 MS 497
12000 12000 ] I‘
10000 10000
8000 8000-]
6000 mTE3 6000 mTE3
4000 4000
20004 2000
o= ;i 7 T T 0t T e . T
(A) © 2 4 6 8 min (B) ° 2 4 6 8 10
Ms 227 .
20009
15009
1000
; . : T T
2 4 6 8 10 min
MS 567
6000
5000 T3
4000
3000
2000
1000
0.
2 4 6 8 10 min
MS 455
150000 Verapamil
100000
50000 l
0 T T
: 7 ;
©) 2 4 6 8 10 min

Fig. 3. Mass chromatograms obtained from 0.5 ml of blank human plasma (A), 0.25 g of blank human whole blood (B) and 0.25 g of blank human RBCs (C).

3.3. Precision, accuracy, extraction efficiency and LLOQ no influence on the performance of the method; following 2-,
5- and 10-fold dilutions of plasma and blood QC samples
The accuracy and precision determined during the valida- containing the T3 compound, precision ranged from 8.8 to
tion procedure are presentedliable 4 At low, medium and 10.6% and accuracy was 94—-103%.
high concentrations, the inter-assay precision was less than In plasma, the mean extraction recoveries 9) averaged
13.5%, and accuracy ranged from 95.4 to 107%. Dilution has 87% (R.S.D., 6.1%) for T3, 53% (R.S.D., 10%) for mTE3
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Fig. 4. Typical mass chromatograms of a blank plasma spiked with T3 at (a) 6.4 ng/ml (LLOQ) and (b) 320.6 ngmik §8Y; (B)n/z 227; and (C)m/'z
455. For LC-MS conditions see SectiBr8. Concentrations are expressed in the form of bis-charged compound.

and 79% (R.S.D., 3.8%) for TES. In the whole blood=(9), Using 0.5ml of plasma, the LLOQ was G4/l for the

they were 79% (R.S.D., 10%) for T3, 57% (R.S.D., 8.2%) bis-thiazolium compound, T3; 30g/l for the mTE3 com-

for mTE3 and 65% (R.S.D., 6.5%) for TE3. Recovery of T3 pound and 1@wg/l for the lipophilic prodrug TE3. At these
from RBCs was 93% (R.S.D., 9.2% 9). These recoveries ~ concentrations, accuracy and precision values were 84—-110%
were not statistically different over the range of concentra- and 18—20%, respectively. In blood and RBCs, the LLOQ
tions studied. The extraction recovery of the internal stan- was 12.8.g/kg for the bis-thiazolium compound (accuracy,
dard was determined to be 83% (R.S.D., 7.286} 6) from 82-120%; precision, 17%). It was 4@/kg for the mTE3
plasma, 70% (R.S.D., 11%h€9) from whole blood and  and TE3 compounds (accuracy, 90-115%; precision, 15%)

72.5% (R.S.D., 12.6%n(=7) from RBCs. in blood.
Table 1
Results of calibration curvés
Analyte a (mean) b (mean) ¢ (mean)
Plasma
T3 (n=39) 425x 1075 1.93x 1073 (R.S.D. =20%) —0.058
mTE3 (1=6) —-15x1077 8.6 x 1073 (R.S.D.=16.0%) —0.22
TE3 (n=9) 365x 1078 3.72x 1074 (R.S.D. = 16.9%) ®153
Whole blood
T3 (h=10) —-3.19x 1077 1.62x 103 (R.S.D.=13.5%) m18
mTE3 (1=5) 907x 1078 7.2x 1074 (R.S.D.=8.87%) —0.037
TE3 (n=5) 174x 1078 1.88x 10~ (R.S.D. =14.6%) M090
RBCs
T3 (n=10) —1.86x 1076 7.3x 1073 (R.S.D.=16.7%) —0.0605

n, number of replicates.
ay=a@+bX+c.
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Fig. 5. Typical mass chromatograms of a blank plasma spiked with TE3 at 10 (LLOQ) and 500m{Zi5{) (A) and mTE3 at 20 (LLOQ) and 500 ng/ml
(m/z497) (B). For LC—MS conditions see SectidrB.

3.4. Stability ied, no statistical difference was shown to exist by com-
parison with the reference values. In these two matrices,
Stock solutions containing T3, mTE3 and TE3 were stable rapid mTE3/T3 and TE3 prodrug/T3 conversions occurred,
after storage for 1 month in a refrigerator-@). at both 20 and 4C whatever the concentration studied.
In plasma and blood, after bench-top storage at both The lowest conversion rate was observed a€4conver-
room temperature and at€, T3 (whatever the concentra- sion half-life~3 h); after 15 min mean percent recovery was
tion studied) was stable for 6 h; at each time point stud- 92—-97%. The conversion rate increased with the tempera-

Table 2

Calibration curves in plasma: precision and recovery computed from mean back-calculated concentrations

T3 (n=39) mTE3 (=6) TE3 (=9)

Theoretical R.S.D. (%) Recovery (%) Theoretical R.S.D. (%) Recovery (%) R.S.D. (%) Recovery (%)
concentratiof (ng/l) concentrationg/l)

6.4 103 112 10 - - 19 110
128 136 955 20 64 1051 23 107
321 137 105 50 re 969 113 102
64.2 89 986 100 106 1047 6.7 971

1282 71 997 200 18 960 80 981

3206 6.2 987 500 30 1017 6.5 979

6412 19 101 1000 6 995 11 100
1282 37 993 2000 01 1001 53 980

2 Expressed in the form of bis-charged compound.
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Table 3
Calibration curves in RBCs and whole blood: precision and recovery computed from mean back-calculated concentrations
T3 theoretical RBCs (whole blood)r{=10) Whole bloodif=5)
concentratiof(ug/kg) B0 Recovery (%)  mTES and TES theoretical mTE3 TE3
concentrationjg/kg) R.S.D. (%) Recovery (%) R.S.D.(%) Recovery (%)
128 157 (14.9) 102 (96.8) - - - - -
256 122 (13.1) 98.5 (95.4) 40 186 1119 9.02 1100
64.2 7.9 (5.0) 99.8 (102) 100 12 936 8.22 893
1284 55 (6.0) 99.4 (101) 200 91 1082 3.64 1062
2568 4.8 (3.9) 100 (97.0) 400 .16 963 3.00 992
6412 4.0 (3.6) 99.4 (102) 1000 .64 999 0.30 1000
12824 35(3.8) 99.6 (97.3) 2000 .95 1077 0.10 1000
2564 40 (4.4) 97.4 (103) 4000 .20 995 6.74 967

RBCs: red blood cells.
a Expressed in the form of bis-charged compound.

ture. We have previously shown that, at°87 the initial When stored at-30°C for 4 months in plasma and 1
conversion half-life was about 5 min and this bioconversion month in whole blood, T3, TE3 and mTE3 were stable, all
is almost complete after 8 h (13). The decrease in the con-samples retaining more than 90% of their original concentra-
centration of TE3 occurs concomitantly with the appear- tion values.

ance of T3. Furthermore, this transformation involves plasma  All analytes were stable during the evaporation process. In
enzymatic activity such as esterases or thioesterases (dataxtracts after sample pre-treatment (i.e., in acetonitrile con-
not shown). Acidification of plasma with TFA and oper- taining 1 ml/I TFA), T3, mTE3 and TE3 were stable whatever
ating at reduced temperatures considerably lower TE3/T3the concentration studied for at least 24 h at both room tem-
conversion, enabling preparation of calibration curves and perature and +4C. Extracts must not be stored frozen to
QC samples. Thus, for pharmacokinetic studies, special at-avoid precipitation of the T3 compound.

tention must be paid during the handling of samples con-  Finally, it was determined that three freeze—thaw cycles
taining TE3 and mTES3. Blood must be collected in tubes of plasma or whole blood QC samples fortified with T3 or
placed in an ice water bath then immediately centrifuged at acidified plasma and whole blood QC samples fortified with
4°C. The storage of plasma samples in acidified medium TE3 and mTE3 were well tolerated with no significant losses
(TFA) avoided TE3/T3 and mTE3/T3 conversions during of the compounds (<10%).

the freezing and thawing steps. Working in whole blood RBC samples spiked with T3 and allowed to stand at room
instead of plasma should be more convenient as it wastemperature and at°€ for 2 h did not demonstrate a signifi-
possible to immediately stabilize blood with TFA after sam- cant reduction in the nominal starting concentrations. When

pling. stored at-30°C for 4 months, T3 was stable.
Table 4
Between-day accuracy and precision of the assay in plasma, whole blood and RBCs
T3 (plasman=33; RBCsn=17) mTE3 and TE3 plasma mTEB%15) TE3 o=13)
Theoretical Precision (%)  Accuracy (%) Theoretical Precision (%) Accuracy (%) Precision (%) Accuracy (%)
concentration concentrationg/l)
Plasmagg/l) RBCs (.g/kg) Plasma RBCs Plasma RBCs

16.0 320 117 129 104 987 25 62 105 51 105
1603 3206 124 7.7 995 102 250 &2 102 103 103
9619 19237 106 92 102 101 1500 3 983 4.0 997
T3 Whole blood §=7) mTE3 and TE3 plasma mTEB#£10) TE3 =10)
Theoretical Precision (%)  Accuracy (%) Theoretical Precision (%) Accuracy (%) Precision (%) Accuracy (%)
concentration concentration{g/kg)
(ngrkg)

320 132 100 50 1@ 101 83 983

3206 379 107 500 B 954 109 993

19237 112 963 3000 9 961 111 100

n, number of replicates; RBCs: red blood cells.
2 Expressed in the form of bis-charged compound.
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