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bstract

A sensitive and selective ion-pair liquid chromatography–tandem mass spectrometric method (IP-LC–MS/MS) for the simultaneous deter-
ination of amodiaquine (AQ) and its active metabolite, N-desethylamodiaquine (AQm), in human blood has been developed and validated.
entafluoropropionic acid (PFPA) was applied as ion-pairing reagent in reversed-phase chromatographic separation. The effects of PFPA concen-

rations and the volume fraction of acetonitrile in the mobile phase on the retention of analytes were investigated on a Venusil MP-C18 column,
nd the mobile phase was finally optimized as acetonitrile:water (23:77, v/v) with 0.0667% PFPA in the aqueous phase. The results proved that
FPA as an ion-pairing reagent could provide desirable chromatographic performance in the IP-LC–MS/MS determination of 4-aminoquinoline
ompounds. Blood samples were protein precipitated with acetonitrile using hydroxychloroquine (OHCQ) as the internal standard. The detection

as carried out in multiple reaction monitoring (MRM) mode via positive atmospheric pressure chemical ionization (APCI) interface. The lower

imits of quantification were established at 0.150 and 1.50 ng/mL for AQ and AQm, respectively. The validated IP-LC–MS/MS method was applied
o a clinical pharmacokinetic study of AQ and AQm in human blood after an oral administration of 600 mg AQ hydrochloride (459 mg base).
 2007 Published by Elsevier B.V.

eywords: Amodiaquine; N-desethylamodiaquine; Pentafluoropropionic acid; Ion-pair liquid chromatography–tandem mass spectrometry; Pharmacokinetics
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. Introduction

Amodiaquine (AQ) is a 4-aminoquinoline antimalarial drug
hat has remained at the forefront of antimalarial chemother-
py in the treatment of Plasmodium falciparum, and retains
herapeutic activity against chloroquine resistant parasites [1].
n addition, the combined therapy with artesunate and AQ
s widely used in the treatment of P. falciparum malaria
2]. After oral administration, AQ is rapidly and extensively
etabolized mainly to the pharmacologically active derivative,
-desethylamodiaquine (AQm), which is probably responsible
or the most of the therapeutic effect [3,4]. It has been reported
hat AQ targets hematin, and blood cells have a strong uptake
f AQm [5], so it is necessary to determine the concentrations
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f AQ and AQm in human blood to better characterize the phar-
acokinetic profile of the drug.
AQ and AQm are organic bases, the pKa values of AQ are

eported to be 8.14 (pKa1, terminal side chain diethylamine nitro-
en) and 7.08 (pKa2, quinoline ring heteroatom nitrogen) [6].
everal methods have been reported for the simultaneous quan-

ification of AQ and AQm in biological samples which were
ased on HPLC separation with UV [7–12] or EC detection [13].
he limit of quantification of HPLC–UV methods were above
ng/mL for AQ and 200 ng/mL for AQm. The retention of these

onogenic bases in liquid chromatography is strongly dependent
pon the pH and acidic modifiers in the mobile phase [14]. In the
ethods previously reported, phosphoric acid [7–9], perchloric

cid [10,12] and sodium pentanesulfonate [13] were used as acid

dditives of the mobile phase. However, these HPLC mobile
hases are not compatible with mass spectrometry. Alkyl chain
erfluorinated carboxylic acids are volatile ion-pairing reagents,
hich are compatible with MS, however, most of the applica-
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ions have been limited to biomolecules such as peptides and
mino acids [15,16], and applications to polar pharmaceuticals
ave not been extensively explored.

In the present study, PFPA was evaluated as an ion-
airing reagent in reversed-phase HPLC separation of AQ,
Qm and OHCQ. The influences of PFPA concentration
s well as the volume fraction of organic solvent in the
obile phase on the retention of analytes were investigated.
he optimized ion-pair liquid chromatography–tandem mass
pectrometry method was validated for the simultaneous deter-
ination of AQ and AQm in human blood and was applied

n a pharmacokinetic study after a single oral administration
f 600 mg AQ hydrochloride (459 mg base) to healthy human
olunteers.

. Experimental

.1. Materials

Amodiaquine hydrochloride (99.5% purity) was supplied
y Guilin Pharmaceutical Co., Ltd. (Guilin, China). N-
esethylamodiaquine was purchased from BD Gentest, Woburn,
A, USA. Hydroxychloroquine obtained from Chongqing Kan-

le Pharmaceutical Co., Ltd. (Chongqing, China) was used
s the internal standard (IS). Two hundred milligrams amodi-
quine hydrochloride tablets (Flavoquine, 153 mg base per
ablet) were obtained from Aventis (Paris, France). Acetoni-
rile and methanol (HPLC grade) were purchased from Sigma
St. Louis, MO, USA). Pentafluoropropionic acid was pur-
hased from Alfa Aesar (Karlsruhe, Germany). Blank (drug free)
uman blood was obtained from Shanghai Shuguang Hospital
Shanghai, China). Milli-Q water (18.2 m� and TOC ≤ 50 ppb)
rom Milli-Q system (Millipore SAS, Molsheim, France) was
sed.

.2. Chromatographic conditions

An Agilent 1100 liquid chromatographic system equipped
ith a G1379A vacuum degasser, a G1311A quaternary
ump, a G1316A column oven, a G1313A autosampler and
G1313A variable wavelength detector (Agilent, Waldbronn,
ermany) was used. Data were collected and processed using
hemstation software Version Rev.A.10.02 (Agilent Tech-
ologies). The analytes were dissolved in the mobile phase
o obtain sharp peak shapes. Mobile phase A was water
ith PFPA in the concentration range of 0.003–0.4% and
obile phase B was acetonitrile. The injection volume was

0 �L and the flow-rate was 0.5 mL/min. UV-vis detec-
ion was performed at 340 nm. A Venusil MP-C18 column
50 mm × 2.1 mm ID., 5 �m, Agela, Newark, DE, USA) pro-
ected by a SecurityGuard C18 column (4 mm × 3.0 mm ID.,
�m, Phenomenex, Torrance, CA, USA) was used for all

easurements. The column hold-up volume (Vm) was deter-
ined as the elution volume of uracil (non-retained marker)

t the wavelength of 254 nm. The column was thermostated at
5 ◦C.
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.3. IP-LC–MS/MS analysis

An IP-LC–MS/MS method for the determination of AQ and
Qm in human blood was developed using the column men-

ioned above. Mobile phase A was water with PFPA at the
oncentration of 0.0667% and mobile phase B was acetonitrile.
hromatography was performed by running 23% B isocrati-
ally at the flow rate of 0.5 mL/min. The column temperature
as maintained at 25 ◦C.
Mass spectrometric detection was conducted on an API 4000

riple quadrupole mass spectrometer (Applied Biosystems, Con-
ord, Ontario, Canada) equipped with APCI interface operated
n the positive ionization mode. The tuning parameters were
ptimized for AQ, AQm and IS separately by infusing solu-
ions of AQ, AQm and IS at a flow-rate of 20 �L/min into the

obile phase (0.5 mL/min) using a post-column “T” connec-
ion. The nebulizer, auxiliary and curtain gases (nitrogen) were
et at 50, 50 and 10 psi, respectively. The optimized nebulizer
urrent (NC) and temperature were set at 3.5 �A and 400 ◦C,
espectively. For collision activated dissociation (CAD), nitro-
en was used as the collision gas set at 4 psi. The values of
ollision energy (CE) and declustering potential (DP) were set
t 25 eV and 50 V, respectively for AQ, AQm and IS. Multi-
le reaction monitoring (MRM) was used to quantify AQ and
Qm using the transitions m/z 356 → m/z 283 for AQ, m/z
28 → m/z 283 for AQm and m/z 336 → m/z 247 for IS, respec-
ively, with a dwell time of 200 ms per transition. The mass
pectrometer was operated at unit mass resolution (peak width
t half-height set at 0.7 Da) for both Q1 and Q3. Data were
ollected and processed using Analyst 1.4.1 software (Applied
iosystems).

.4. Preparation of standard and quality control (QC)
amples

Standard stock solutions of AQ and AQm were prepared
ndividually in methanol at the concentrations 400 �g/mL (cal-
ulated as the free base) and 200 �g/mL, respectively. Stock
olutions were further diluted with methanol to obtain a com-
ined stock solution of 5.00 �g/mL of AQ and 50.0 �g/mL
f AQm. Serial working solutions were prepared by fur-
her dilutions of combined stock solution with 1% formic
cid aqueous solution to obtain the desired concentrations
f 0.750, 1.50, 5.00, 15.0, 50.0, 150 and 500 ng/mL for
Q and 10-fold higher than that of AQ for AQm at each

evel. The working solution (400 ng/mL) of IS was pre-
ared by diluting the 400 �g/mL stock solution of OHCQ
ith methanol–water (50:50, v/v). All the solutions were

tored at 4 ◦C and were brought to room temperature before
se.

QC solutions were prepared by a separate weighing
f the standard reference and the QC samples were pre-
ared at the concentrations of 0.240/2.40, 20.0/200 and

0.0/900 ng/mL for AQ/AQm by spiking appropriate amount
f QC solutions into blank human blood. QC samples
ere aliquoted into 1.5 mL polypropylene vials and stored

t 78 ◦C.
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.5. Sample preparation

Frozen unknown samples and QCs were thawed at room tem-
erature and vortexed thoroughly. To 200 �L of blood sample,
0 �L of 1% formic acid aqueous solution and 40 �L of the
nternal standard (400 ng/mL OHCQ) were added. The sam-
le mixture was vortexed briefly and 600 �L of acetonitrile
as added to precipitate the protein. The mixture was vor-

exed for 1 min on a vortex mixer, and left standing at room
emperature for about 5 min, then centrifuged at 11,300 × g
or 5 min. The supernatant was transferred into a glass tube
nd evaporated to dryness at 40 ◦C under a gentle stream of
itrogen. Residues were dissolved in 150 �L of the mobile
hase and vortexed briefly. A 20 �L aliquot of the result-
ng solution was injected onto the IP-LC–MS/MS system for
nalysis.

.6. Method validation

The selectivity of the method was evaluated by analyzing six
lank blood samples and six spiked blood samples at LLOQ
evel from six different sources. The MRM chromatograms of
hese blank blood samples were compared with MRM chro-

atograms obtained when spiking blank blood samples from
he same source with the analytes and the internal standard.
eak areas of endogenous compounds coeluting with the ana-

ytes should be less than 20% of the peak area of the LLOQ
tandard.

The matrix effect was investigated by comparing the
xtracted blank blood from six different sources spiked with
ow (1.20/12.0 ng/mL, AQ/AQm), medium (100/1000 ng/mL,
Q/AQm) and high (450/4500 ng/mL, AQ/AQm) concentra-

ions with those of standard solutions that had been prepared
n the same way as the QC samples, except that water was sub-
tituted for blank blood. The corresponding peak areas of the
nalytes in spiked blood post-extraction samples (A) were then
ompared to those of the water-substituted samples (B) at equiv-
lent concentrations. The ratio (A/B × 100) is defined as the
atrix effect.
Calibration curves were constructed by analyzing spiked

alibration samples (each concentration in duplicate) on three
eparate days. The calibration samples were prepared by adding
0 �L of the AQ/AQm standard solutions to 200 �L of blood.
amples were quantified using the ratio of the peak area of each
nalytes to that of IS. Peak area ratios were plotted against ana-
ytes concentrations, and standard curves were calculated using
eighted (1/x2) least squares linear regression.
Accuracy and precision were assessed by the determination

f QC samples at three concentration levels in six replicates
low, 0.240/2.40 ng/mL; medium, 20.0/200 ng/mL; and high,
0.0/900 ng/mL for AQ/AQm) in three validation days. The pre-
ision was expressed by relative standard deviation (RSD) and
he accuracy by relative error (RE). The intra- and inter-day

recisions were required to be below 15%, and the accuracy
o be within ± 15%, except at the lower limit of quantification
LLOQ), where precision should be below 20% and accuracy
ithin ± 20%.

m
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The extraction recovery was estimated by comparing the peak
reas of the analytes in the extracted QC samples (n = 6) with
hose obtained from the extracted blank blood samples post-
piked with corresponding neat solutions in six replicates. The
xtraction recovery of the IS was determined in a similar way
sing the QC samples at medium concentration as a reference.

The stabilities of AQ and AQm in human blood were eval-
ated by analyzing replicates (n = 3) of blood samples at the
oncentrations of 0.240/2.40 and 90.0/900 ng/mL for AQ/AQm,
hich were exposed to different conditions (time and temper-

ture). These results were compared with those obtained from
reshly prepared blood samples. The analytes were considered
table in the biological matrix when 85–115% of the initial con-
entrations were found. The short-term stability was determined
fter the exposure of the spiked samples at room temperature
or 6 h, and the ready-to-inject samples (after extraction) in the
PLC autosampler at room temperature for 24 h. The long-

erm stability was assessed after storage of the standard spiked
lood samples at −78 ◦C for 20 days. The freeze/thaw stability
as evaluated after three complete freeze/thaw cycles (−78 to
5 ◦C) on consecutive days. The stabilities of standard solutions
ere also investigated at 4 ◦C for 19 days and for 6 h at room

emperature.

.7. Application of the method

The developed IP-LC–MS/MS method was used to inves-
igate the blood profiles of AQ and AQm after a single oral
ose of three 200-mg AQ hydrochloride tablets (153 mg base
er tablet) to 12 healthy Chinese male volunteers. The pharma-
okinetic study was approved by the Medical Ethics Committee
f Shanghai Shuguang Hospital. Venous blood samples (3 mL)
ere collected in heparinized tubes before and 0.25, 0.5, 0.75,
.0, 1.5, 2, 3, 4, 6, 8, 12, 16, 24, 48, 72, 96 and 336 h after
he dose. Blood samples were stored at −78 ◦C until analy-
is. The pharmacokinetic parameters of AQ and AQm were
alculated by non-compartmental analysis using the computer
rogram WinNonlin (WinNonlin V5.0.1, Pharsight Corporation,
ountain View, CA, USA). The maximum blood concentra-

ions (Cmax) and their time of occurrence (Tmax) were both
btained directly from the measured data. The area under the
lood concentration–time curve from time zero to the time of
he last measurable concentration (AUC0−t) was calculated by
he linear trapezoidal method; the terminal elimination rate con-
tant (ke) was estimated by linear least squares regression of the
erminal portion of the blood concentration–time curve, and the
orresponding elimination half-life (T1/2) was then calculated as
.693/ke.

. Results and discussion

.1. Investigation of the effects of ion-pairing reagent on
he retention of analytes
Several HPLC methods have been reported for the deter-
ination of AQ and AQm, including normal phase HPLC
ethod using dichloromethane:methanol:1 M perchloric acid
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100:10:0.9, v/v/v) as mobile phase [11], and reversed-phase
PLC methods which typically employed phosphoric acid

7–9], perchloric acid [10–12] or ion-pairing reagent alkyl sul-
onates [13] as acid modifiers to achieve the baseline separation
nd improve retention of protonated AQ and AQm.

Mass spectrometric detection provides high sensitivity and
pecificity, but it is not compatible with the mobile phases
eported previously [7–13]. At the present study, a reversed-
hase HPLC condition compatible with MS detection was
eveloped. When the chromatographic separation was carried
n a Zorbax SB-C8 column (150 mm × 4.6 mm ID, 5 �m), ace-
onitrile:water:acetic acid (40:60:0.1, v/v/v) was used as mobile
hase. Although good peak shapes and reasonable retention
imes of the analytes and IS could be achieved, a retention time
rift was observed after multiple injections. When a short col-
mn (Venusil MP-C18, 50 mm × 2.1 mm ID, 5 �m) was used,
he analytes and IS were all eluted at the dead time.

An effective way to increase the retention of polar compounds
s ion-pair chromatography. Houze et al. [17] and Zhong et al.
18] have reported ion-pair chromatography methods for the
etermination of chloroquine, which is an analogue of AQ, in
iological samples by UV detection, with alkyl sulfonate being
sed as ion-pairing reagent. However, for the MS detection,
olatile perfluorinated carboxylic acids are preferred, which
ave been successfully applied in the LC–MS/MS analysis of
nderivatized small peptides and amino acids [15,16].

In the present study, PFPA was used to increase the retention
f AQ, AQm and OHCQ on the Venusil MP-C18 column. There
ight be two processes in ion-pair chromatographic separation:
P retention and ion-exchange retention. These processes might
e altered by adjustment of the amount of ion-pairing reagent
hat is taken up by the stationary phase. In the experiment,
PLC–UV was used as a supplementary method to systemati-
ally investigate the effects of ion-pair reagent on the retention of
he three 4-aminoquinoline compounds, AQ, AQm and OHCQ.
lot of retention factor (k) versus the ion-pairing reagent concen-

ig. 1. Retention factors of amodiaquine, N-desethylamodiaquine and hydrox-
chloroquine in relation to the percentage of PFPA in the aqueous phase.
hromatographic column: Venusil MP-C18 (50 mm × 2.1 mm ID, 5 �m); mobile
hase: 80% aqueous with PFPA in the concentration range of 0.003–0.4%
nd 20% acetonitrile; column temperature: 25 ◦C; UV wavelength: 340 nm.
= VR/Vm − 1 is the retention factor.
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rations was generated, where k = VR/Vm − 1, VR is the elution
olume of the analytes and Vm is the dead volume of the system,
etermined to be 0.23 mL using uracil.

Fig. 1 demonstrates the retention for the three compounds
n relation to the amount of PFPA in the mobile phase. It was
bserved that the analytes were unretained (k = 0) without ion-
airing reagent. The increase of k was more pronounced in
he PFPA concentration range of 0.003–0.04% and tended to
evel off in the concentration range of 0.05–0.07%, which was
suitable PFPA concentration range for choosing. In view of a

easonable retention factor value, reproducible retention behav-
or and column life, PFPA concentration in the aqueous phase
as optimized to be 0.0667%, which fell in the plateau range
f the k–PFPA percentage curve. Retention times for AQ, AQm
nd OHCQ were 2.7, 2.1 and 1.9 min, respectively, using the
obile phase of acetonitrile:water (20:80, v/v) with 0.0667%
FPA in the aqueous phase.

.2. Effects of the concentration of acetonitrile in the
obile phase on the retention of analytes

During the optimization of chromatographic condition, the
nfluence of acetonitrile on the retention factor was investigated
y adjusting the percentage of acetonitrile in the mobile phase
rom 18 to 27% with 0.0667% PFPA in the aqueous phase. Fig. 2
hows good linearity of the plots of the logarithms of retention
actors, log k, versus the volume fraction of acetonitrile in the
obile phase for AQ, AQm and OHCQ, which is in agreement
ith the equation [19]:

og k = a − mφ (1)

The parameters a, m of the regression equation and statistical
esults were provided in Table 1. The higher is m, the greater
hange in retention is induced by changing the concentration of
cetonitrile by 1%. The results indicated that the retention of AQ,

Qm and OHCQ were sensitive to the percentage of acetoni-

rile in the mobile phase, and the effects of the volume fraction
f acetonitrile on the retention of the three compounds were
imilar. For the purpose of improving throughput of the method,

ig. 2. Effects of the volume fraction of acetonitrile on the retention, log k, of
modiaquine, N-desethylamodiaquine and hydroxychloroquine. Mobile phase
was water containing 0.0667% PFPA. Other conditions are same as in Fig. 1.
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Table 1
Parameters of Eq. (1), intercepts a, slopes m, and statistic results for AQ, AQm
and OHCQ

Compound Parameters Statisticsa

a m R SE P

Amodiaquine 3.01 11.5 0.9993 0.015 0.0007
N-desethylamodiaquine 2.77 11.0 0.9992 0.016 0.0008
H
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ydroxychloroquine 2.76 11.3 0.9996 0.012 0.0004

a R, correlation coefficient; SE, standard error; P, value of f-statistic.

he mobile phase was finally chosen as acetonitrile:water (23:77,
/v) with 0.0667% PFPA in the aqueous phase, which was deliv-
red using binary pump at the flow rate of 0.5 mL/min, and the
etention time for AQ, AQm and IS were 1.27, 1.06 and 0.96 min,
espectively.

.3. Mass spectrometry

The possibility of using electrospray ionization (ESI) or
PCI source under positive ion detection mode was evaluated.
esults showed that APCI could offer higher stability of signal

esponse for the analytes than that of ESI, and thus improve the
eproducibility of the assay. Consequently, APCI was chosen in
his study. Full-scan Q1 mass spectra of AQ and AQm in the
ositive-ion mode formed protonated molecule [M + H]+ at m/z
56 and 328, respectively as base peak ions. The internal stan-
ard, OHCQ, also gave rise to abundant protonated molecule
M + H]+ at m/z 336. The base peak ions of the analytes and
S were therefore selected as the precursor ions to obtain their
ajor fragment ions for MRM analysis. The structural similar-

ty of AQ and AQm leads to a same abundant fragment ion at
/z 283, which is corresponding to the elimination of the amino

ide chain from precursor ions. This fragment was observed
s the most abundant ion when the CE was increased from
0 to 50 eV. The fragment ion at m/z 247 was chosen for IS.
he optimal CE value was found to be 25 eV for AQ, AQm
nd IS. The corresponding product ion scan spectra are shown
n Fig. 3.

.4. Sample preparation

The adsorption of AQ on the glassware has been reported
n the literature [7], for this reason, the working solu-
ions were prepared with 0.1% formic acid to minimize AQ
dsorption.

Either plasma or blood has been chosen for the pharmacoki-
etic study of AQ. Considering blood cells have a strong uptake
f AQm [5], it is preferable to determine simultaneously AQ and
Qm in human blood to characterize the pharmacokinetic pro-
le of the drug. The biological sample preparation procedures
eported in the literature were liquid–liquid extraction (LLE)
7–10,12,13] or solid-phase extraction (SPE) [11]. In this study,

rotein precipitation was used in sample preparation and ace-
onitrile was selected as precipitant due to its efficiency in protein
recipitating. The simple preparation procedure can save time
nd simplify the operating process.

s
p
A
i

ig. 3. Full scan product ion spectra of [M + H]+ of amodiaquine (A), N-
esethylamodiaquine (B) and hydroxychloroquine (IS, C) dissolved in the
obile phase.

.5. Method validation

.5.1. Selectivity and matrix effect
Selectivity was assessed by comparing the chromatograms

f six different batches of blank human blood with the cor-
esponding spiked blood samples. Fig. 4 shows the typical
hromatograms of a blank blood sample, blank blood sample

piked with AQ and AQm at the LLOQ and IS, and a blood sam-
le obtained at 24 h after a single oral administration of 600 mg
Q hydrochloride (459 mg base) to a volunteer. No interfer-

ng endogenous substances were observed at the retention times
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ig. 4. Typical MRM chromatograms of (A) a blank human blood sample; (B) a
LOQ (0.150 and 1.50 ng/mL, respectively) and IS at 80.0 ng/mL; (C) a human b
ydrochloride (459 mg base). Peak I, amodiaquine; Peak II, N-desethylamodiaq

f the analytes and IS. The chromatograms presented in Fig. 4
ndicated that the method was selective.

The matrix effect data in six different batches of human blood
ere 103.6 ± 5.3%, 101.7 ± 1.3%, and 100.9 ± 1.2% for AQ at

oncentrations of 0.240, 20.0 and 90.0 ng/mL, respectively, and
01.4 ± 2.7%, 101.7 ± 1.5% and 102.3 ± 0.6% for AQm at con-
entrations of 2.40, 200 and 900 ng/mL, respectively. The matrix
ffect for the IS was 101.4 ± 1.2%. The results indicated that no
oeluting substances significantly influenced the ionization of
Q, AQm and IS.

.5.2. Linearity of calibration curve and lower limit of
uantification

The linear regressions of the peak area ratios ver-

us concentrations were fitted over the concentration range
.150–100 ng/mL for AQ and 1.50–1000 ng/mL for AQm in
uman blood. Typical equations of the calibration curves were
s follows: AQ: y = 2.21 × 10−2x – 2.60 × 10−4, r2 = 0.9991;

R
d
d

able 2
recision and accuracy data for the analysis of amodiaquine and N-desethylamodiaqu

nalyte Concentration (ng/mL)

Added Found

modiaquine 0.240 0.229
20.0 20.6
90.0 91.8

-desethylamodiaquine 2.40 2.39
200 199
900 875
human blood sample spiked with amodiaquine and N-desethylamodiaquine at
ample obtained at 24 h after a single oral administration of 600 mg amodiaquine
Peak III, IS.

Qm: y = 2.50 × 10−2x + 5.66 × 10−4, r2 = 0.9985. Where y
epresents the ratios of AQ or AQm peak area to that of IS and
represents the blood concentrations of AQ or AQm.

The LLOQ was 0.150 ng/mL for AQ and 1.50 ng/mL for
Qm. The precision and accuracy at LLOQ were 10.4% and
.6% for AQ, while the values were 13.6% and 8.0% for AQm.
nder the present LLOQ, the AQ concentration could be deter-
ined in blood samples up to 96 h and the concentration of AQm

ould be determined up to 336 h after a single oral dose of 600 mg
Q hydrochloride (459 mg base), thus indicated that the method
as sensitive enough to investigate the pharmacokinetics of the
rug.

.5.3. Precision and accuracy

The precision of the method was determined by calculating

SD for QCs at three concentration levels over three validation
ays using a one-way analysis of variance (ANOVA) [20]. Intra-
ay precision was 5.2% or less for AQ and 4.5% or less for

ine in human blood (in prestudy validation, 3 days, six replicates per day)

RSD (%) Relative

Intra-day Inter-day Error (%)

5.2 1.0 −4.7
0.9 4.9 3.0
1.1 4.5 2.0

2.4 5.4 −0.3
0.8 5.8 −0.3
4.5 3.5 −2.8
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Table 3
Summary of stability of amodiaquine and N-desethylamodiaquine under various storage conditions (n = 3)

Condition Concentration (ng/mL) Amodiaquine N-desethylamodiaquine

Amodiaquine N-desethylamodiaquine

Added Found Added Found RSD (%) RE (%) RSD (%) RE (%)

Ambient, 6 h 0.240 0.224 2.40 2.47 4.2 −4.2 3.0 3.1
90.0 94.6 900 873 0.7 2.2 4.8 −3.0

−78 ◦C, 20 days 0.240 0.235 2.40 2.68 10.8 −1.9 5.5 11.6
90.0 91.4 900 854 0.4 1.6 0.1 −5.1

Three freeze–thaw 0.240 0.237 2.40 2.53 2.3 −1.4 1.4 5.6
90.0 91.7 900 862 0.9 1.9 0.6 −4.1

A 4.6 −2.8 2.0 4.4
A 0.1 0.9 0.5 −3.9
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Fig. 5. Mean blood concentrations of amodiaquine (A) and N-dese-
thylamodiaquine (B) after a single oral dose of 600 mg amodiaquine hydrochlo-
ride (459 mg base) to 12 healthy volunteers.

Table 4
Mean pharmacokinetic parameters for amodiaquine and N-desethylamodiaquine
after an oral administration of 600 mg amodiaquine hydrochloride tablets to 12
healthy volunteers

Parameters Amodiaquine N -desethylamodiaquine
uto sampler 0.240 0.233 2.40 2.51
mbient, 24 h 90.0 90.8 900 865

Qm, and the inter-day precision was 4.9% or less for AQ and
.8% or less for AQm at each QC level (0.240/2.40, 20.0/200,
0.0/900 ng/mL for AQ/AQm, respectively).

The accuracy of the method, expressed in terms of RE, ranged
rom −4.7% to 2.0% for AQ, and from −2.8% to −0.3% for
Qm at each QC level. Assay performance data are presented

n Table 2. The above results demonstrated that the values were
ithin the acceptable range and the method was accurate and
recise.

.5.4. Extraction recovery
Mean extraction recoveries of AQ were 93.8 ± 6.2%,

3.0 ± 1.0% and 91.1 ± 0.5% (n = 6) at concentrations of 0.240,
0.0 and 90.0 ng/mL, respectively; Mean extraction recoveries
f AQm were 90.7 ± 3.5%, 93.3 ± 0.8% and 90.2 ± 5.6% (n = 6)
t concentrations of 2.40, 200 and 900 ng/mL, respectively. The
xtraction recovery of the IS was 93.1 ± 3.3% (n = 6).

.5.5. Stability
The stability tests of the analytes were designed to cover

nticipated conditions for the preservation of the clinical sam-
les. The stability results showed that AQ and AQm spiked into
uman blood were stable for 6 h at room temperature, for 20
ays at −78 ◦C, and during three freeze–thaw cycles. Stability
f AQ and AQm extracts in the sample solvent on autosampler
as also observed over a 24 h period. The stock solutions of the

nalytes were stable for at least 19 days. The results of stability
xperiments are shown in Table 3.

.6. Application of the method to a pharmacokinetic study
n healthy volunteers

The validated analytical method was applied to the assay
f AQ and AQm in human blood after a single oral adminis-
ration of 600 mg AQ hydrochloride (459 mg base) to healthy

ale volunteers. The blood samples were processed based on
he proposed extraction protocol for the quantification of AQ

nd AQm. Mean blood concentration versus time profile is
resented in Fig. 5. This method was sensitive enough to mon-
tor the AQ blood concentration up to 96 h while AQm up to
36 h. Table 4 lists the major pharmacokinetic parameters of

Tmax (h) 0.90 ± 0.60 2.17 ± 1.17
Cmax (ng mL−1) 30.3 ± 10.9 356 ± 82
AUC0−t (ng h mL−1) 305 ± 77 22451 ± 4460
T1/2 (h) 23.1 ± 5.2 153.7 ± 82.0
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Q and AQm in 12 volunteers. Compared with the pharma-
okinetic results reported previously [10,21], it was observed
hat the value of T1/2 in this study was longer, but that Tmax did
ot differ significantly among them, which might result from
he different sensitivities of the analytical methods or ethnic
ifferences.

. Conclusions

An ion-pair liquid chromatography–tandem mass spectrom-
try method for the simultaneous determination of AQ and
Qm in human blood was developed and validated. The volatile
FPA as ion-pairing reagent in the mobile phase provided neces-
ary retention enhancement and reproducible chromatographic
ehavior for the ionizable polar analytes. This method offers
dvantages of improved sensitivity and selectivity, short run
ime, and simple blood sample preparation. It was successfully
pplied to a pharmacokinetic study after a single oral adminis-
ration of 600 mg AQ hydrochloride (459 mg base) to healthy
uman volunteers, with AQ and AQm being quantified at lower
evels in blood and for longer duration than previously docu-

ented.
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