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A B S T R A C T   

Amodiaquine is a drug used for treatment of malaria and is often used in combination with artesunate in areas 
where malaria parasites are still susceptible to amodiaquine. Liquid chromatography tandem-mass spectrometry 
was used to quantify amodiaquine and its active metabolite, desethylamodiaquine, in plasma samples. A low 
sample volume of 100 µl, and high-throughput extraction technique using a supported liquid extraction (SLE+) 
technique on an automated liquid handler platform for faster sample processing are some of the advantages of 
this method. Separation of amodiaquine from desethylamodiaquine was achieved using a reversed phase Zorbax 
SB-CN 50 mm × 4.6 mm, I.D. 3.5 µm column with acetonitrile and 20 mM ammonium formate with 1% formic 
acid pH ~ 2.6 (15–85, v/v) as mobile phase. The absolute recoveries of amodiaquine and desethylamodiaquine 
were 66% to 76%, and their isotope label internal standard were in the range of 73% to 85%. Validation results 
of the developed method demonstrated intra-batch and inter-batch precisions within the acceptance criteria 
range of ± 15.0%. There were no matrix or carry-over effects observed. The lower limit of quantification was 
1.08 ng/ml for amodiaquine and 1.41 ng/ml for desethylamodiaquine. The method showed robust and accurate 
performance with high sensitivity. Thus, the validated method was successfully implemented and applied in the 
evaluation of a clinical trial where participants received artemether–lumefantrine plus amodiaquine twice daily 
for three days (amodiaquine dose of 10 mg base/kg/day).   

1. Introduction 

Amodiaquine is an anti-malarial drug with a relatively short terminal 
elimination half-life (t1/2 ~ 27 hrs [1]) that is metabolized in-vivo to its 
slowly eliminated active metabolite, desethylamodiaquine (t1/2 ~ 11 
days [1]), which confers the majority of the anti-malarial effect [1,2]. 
Amodiaquine in combination with artesunate is a recommended first- 
line drug treatment for uncomplicated Plasmodium falciparum malaria 
[3]. Amodiaquine also has high efficacy against chloroquine resistant 
P. vivax, P. ovale, P. malariae and P. knowlesi parasites [3,4]. However, 
amodiaquine is structurally similar to chloroquine and cross resistance 
has developed in some areas and needs to be monitored [5]. The slow 
elimination of its metabolite, desethylamodiaquine, requires a highly 
sensitive assay to measure the sustained low concentrations in the 
elimination phase [6–12]. Plasma has been used traditionally as a 

sample matrix because it often allows for simple extraction techniques to 
be used to remove endogenous components from the sample, compared 
to other sample matrices such as whole blood. A high-throughput 
method for sample clean-up and analysis is desirable for large phar
macokinetic studies with large batch of samples to process. 

Previously published methods for separation and quantification of 
amodiaquine have used liquid chromatography (LC) in combination 
with ultraviolet (UV), fluorescence, electrochemical, or mass spec
trometry (MS) detection (Table 1). However, published LC-UV methods 
require the same or greater sample volume to obtain sufficient sensi
tivity, and long analysis runtimes. LC-MS has become the gold standard 
in clinical pharmacology application, and offers higher sensitivity and 
selectivity. However, previously published LC-MS methods also present 
a few limitations similar to those for conventional LC-UV which used 
non-selective protein precipitation for sample extraction that still leave 
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phospholipids and other residues in the sample. Some methods use more 
efficient sample extraction technique (e.g., SPE) and still maintained 
very good sensitivity. However, considering how time consuming SPE 
techniques can be, consisting of several labour-intensive steps and the 
total cost of SPE [13,14] this might have an impact on time and cost for 
larger studies. 

Here, we present a fast LC separation linked with a sensitive tandem 
mass spectrometry quantification method (LC-MS/MS), with a simple 
and efficient low sample volume preparation process, for amodiaquine 
and desethylamodiaquine determination in clinical plasma samples. 
Low plasma sample volume is an advantage when collecting clinical 
field samples due to practical and/or ethical constraints (i.e. resource- 
limited settings, interrupted/incomplete sampling procedures due to 
patient care, pediatric or pregnant patients). 

2. Materials & methods 

2.1. Chemicals and reagents 

All reference standards, amodiaquine (purity 100%), desethylamo
diaquine (purity 99.4%) and the stable isotope-labeled internal stan
dards (amodiaquine-D10 and desethylamodiaquine-D5, purity > 99%) 
were acquired from AlsaChim (Illkirch, France). MS grade water, 
acetonitrile and methanol, and HPLC grade ethyl acetate were obtained 
from JT Baker (Phillipsburg, USA). MS grade formic acid (98–100%) and 
ammonium formate were obtained from Fluka (Sigma-Aldrich, MO, 
USA). Analysis grade ammonium hydroxide 0.5 M was prepared from 
ammonia solution 25% (Merck, Darmstadt, Germany). Blank plasma 
with citrate phosphate dextrose (CPD) were obtained from the Thai Red 
Cross, Bangkok, Thailand. Blank plasma with other anticoagulants (Na- 
heparin, Li-heparin, fluoride-heparin and fluoride-oxalate) were ob
tained from healthy volunteers at the Faculty of Tropical Medicine, 
Mahidol University, Thailand (ethical approval: MUTM 2017–014-01). 

2.2. Standards and working solutions 

Stock solutions (1 mg/ml) of amodiaquine, desethylamodiaquine, 
amodiaquine-D10 and desethylamodiaquine-D5) were dissolved in 
water-acetonitrile (50–50, v/v) containing 1% formic acid and stored at 
− 80 ◦C. Working solutions were diluted in acetonitrile–water (50–50, v/ 
v) and used for spiking of plasma. All solutions were allowed to equili
brate to room temperature before use. 

2.3. Calibration standards and quality control (QC) samples 

The concentrations of the amodiaquine/desethylamodiaquine cali
bration range were 1.08–263/1.41–610 ng/ml in plasma. Three QC 
levels of amodiaquine/desethylamodiaquine were prepared at 3.19, 
30.7, 226/4.64, 56.4, 524 ng/ml. The lowest and highest concentration 
in the calibration range represent the lower limit of quantification 
(LLOQ) and upper limit of quantification (ULOQ), respectively. Over- 
curve samples were prepared at about 3 × ULOQ and diluted ten- 
times with blank plasma before analysed as a test of dilution integrity. 

2.4. Sample preparation 

An automated liquid handler platform (Freedom Evo 200, TECAN, 
Mannedorf, Switzerland) was used for the sample preparation process. 
Plasma 100 µl was aliquoted into a 96-wellplate and extracted using 350 
µl ammonium hydroxide 0.5 M containing stable isotope-labelled in
ternal standards (8.08 ng/ml of D10-amodiaquine and D5- desethyla
modiaquine). The pre-treated plasma samples were mixed on a Mixmate 
(Eppendorf, Hamburg, Germany) (1000 rpm, 2 min) and centrifuged 
(1100 × g, 2 min). Then, 200 µl of extracted samples were loaded onto 
supported liquid extraction SLE+ 96-well plate (ISOLUTE SLE+, 
820–0200-P01, IST, Biotage, Uppsala, Sweden) and vacuum (3–4 in. Hg) Ta

bl
e 

1 
Pu

bl
is

he
d 

qu
an

tit
at

io
n 

m
et

ho
ds

 o
f a

m
od

ia
qu

in
e 

an
d 

de
se

th
yl

am
od

ia
qu

in
e.

  

D
ru

g 
/M

et
ab

ol
ite

 
M

at
ri

x/
Sa

m
pl

e 
vo

lu
m

e 
(µ

l)
 

Ex
tr

ac
tio

n 
m

et
ho

d 
Co

lu
m

n 
Ty

pe
 

El
ut

io
n 

of
 

so
lv

en
t s

ys
te

m
 

D
et

ec
tio

n 
m

et
ho

d 
Ex

tr
ac

tio
n 

Re
co

ve
ry

 (%
) 

In
je

ct
io

n 
vo

lu
m

e 
(µ

l)
 

A
na

ly
si

s 
ru

n 
tim

e 
(m

in
) 

LL
O

Q
 

Re
fe

re
nc

e 

A
m

od
ia

qu
in

e/
 

de
se

th
yl

am
od

ia
qu

in
e 

Pl
as

m
a/

10
0 

Su
pp

or
te

d 
Li

qu
id

 
Ex

tr
ac

tio
n 

pl
at

es
 (S

LE
+
) 

Zo
rb

ax
 S

B-
CN

 
50

 m
m

 ×
4.

6 
m

m
, 3

.5
 µ

m
 

Is
oc

ra
tic

 
M

S/
M

S 
66

–7
0/

69
–7

4 
2 

6.
5 

1.
08

/1
.4

1 
ng

/m
l 

D
ev

el
op

ed
 

m
et

ho
d 

A
m

od
ia

qu
in

e/
 

de
se

th
yl

am
od

ia
qu

in
e 

Pl
as

m
a/

25
0 

SP
E 

H
yp

er
si

l G
ol

d 
10

0 
m

m
 ×

4.
6 

m
m

, 5
 µ

m
 

Is
oc

ra
tic

 
M

S/
M

S 
85

/8
6 

5 
*3

.5
 

0.
25

0/
 

1.
50

 n
g/

m
l 

[1
4]

 

A
m

od
ia

qu
in

e/
 

de
se

th
yl

am
od

ia
qu

in
e 

Pl
as

m
a/

20
0 

Pr
ot

ei
n 

pr
ec

ip
ita

tio
n 

A
tla

nt
is

®
 d

C1
8 

50
 m

m
 ×

2.
1 

m
m

, 3
 µ

m
 

G
ra

di
en

t 
M

S/
M

S 
91

–9
7/

94
–9

8 
10

 
21

 
0.

3/
0.

3 
ng

/m
l 

[2
1]

 

A
m

od
ia

qu
in

e 
Pl

as
m

a/
10

00
 

LL
E 

µB
on

da
pa

k 
Ra

d-
Pa

k 
Ph

en
yl

 1
00

 
m

m
 X

 8
 m

m
, 1

0 
µm

 
Is

oc
ra

tic
 

U
V 

60
 

50
 

*8
 

5 
ng

/m
l 

[2
2,

23
] 

A
m

od
ia

qu
in

e/
 

de
se

th
yl

am
od

ia
qu

in
e 

Pl
as

m
a/

50
0 

LL
E 

Li
Ch

ro
sp

he
r 

Si
 (

E.
 M

er
ck

)-
ba

se
d 

no
rm

al
-p

ha
se

 2
50

 m
m

 ×
4 

m
m

, 5
 

µm
 

Is
oc

ra
tic

 
U

V 
83

/7
5 

10
0 

*2
4 

5/
5 

ng
/m

l 
[2

4]
 

A
m

od
ia

qu
in

e/
 

de
se

th
yl

am
od

ia
qu

in
e 

Pl
as

m
a/

20
0 

Pr
ot

ei
n 

pr
ec

ip
ita

tio
n 

A
gi

le
nt

 Z
or

ba
x 

C1
8 

15
0 

m
m

 ×
4.

6 
m

m
, 5

 µ
m

 
Is

oc
ra

tic
 

D
A

D
 

71
–9

3/
63

–7
8 

20
 

*8
 

10
0/

10
0 

ng
/m

l 
[9

] 

A
m

od
ia

qu
in

e/
 

de
se

th
yl

am
od

ia
qu

in
e 

Pl
as

m
a/

10
0 

LL
E 

Zo
rb

ax
 S

B 
C1

8,
 7

5 
m

m
 ×

4.
6 

m
m

, 
3.

5 
µm

 
Is

oc
ra

tic
 

U
V 

70
–9

7/
75

–8
1 

10
0 

*1
2 

35
.6

 /
32

.8
 

ng
/m

l 
[2

5]
 

A
m

od
ia

qu
in

e 
Pl

as
m

a/
10

0 
SP

E 
Kr

om
as

il 
C8

 1
50

 m
m

 ×
4.

6 
m

m
, 5

 
µm

 
Is

oc
ra

tic
 

M
S/

M
S 

89
 

15
 

4 
0.

30
 n

g/
m

l 
[1

3]
 

*A
pp

ro
xi

m
at

e 
to

ta
l r

un
tim

e 
ba

se
d 

on
 fi

gu
re

s 
an

d 
ch

ro
m

at
og

ra
ph

ic
 c

on
di

tio
ns

. 

K. Kaewkhao et al.                                                                                                                                                                                                                             



Journal of Chromatography B 1179 (2021) 122887

3

was applied for 30 s until the wells became dry. Five minutes were 
allowed for the liquid to fully absorb to the sorbent before elution of the 
bound sample molecules with 800 µl of ethyl acetate (gravity flow, no 
vacuum). Thereafter, vacuum (1 in. Hg) was applied for 1 min to com
plete the elution. The eluated samples were evaporated under nitrogen 
gas at 70 ◦C (TurboVap® 96, Biotage) and the dried samples were 
reconstituted in 800 µl of mobile phase (acetonitrile-ammonium formate 
20 mM with 1% formic acid (15–85, v/v). 

2.5. LC-MS/MS 

The LC system was an Agilent 1260 infinity system consisting of a 
binary LC pump, a vacuum degasser, a temperature-controlled micro- 
well plate autosampler set at 4 ◦C and a temperature-controlled column 
compartment set at 40 ◦C (Agilent technologies, CA, USA). Data acqui
sition and processing were performed using Analyst 1.6.2 (Sciex, MA, 
USA). The analytes were separated on a Zorbax SB-CN 50 mm × 4.6 mm, 
I.D. 3.5 µm (Agilent Technologies), with a pre-column CN AJO-4305 4 
mm × 3 mm, I.D. 3.5 µm (Phenomenex, Torrance, California, USA), at a 
flow rate of 700 µl/min. The mobile phase consisted of (A) acetonitrile- 
ammonium formate 20 mM with 1% formic acid pH ~ 2.6 (15–85, v/v) 
and (B) methanol–acetonitrile (75–25, v/v). The mobile phase gradient 
was A: 0–2 min, B: 2.2–3.7 min and A: 3.9–6.5 min (with 0.2 min linear 
gradient switch), resulting in a total runtime of 6.5 min per sample. The 
injection volume was 2 µl. 

An API 5000 triple quadrupole mass spectrometer (Sciex, MA, USA) 
with a TurboV ionization source interface, operating in the positive ion 
mode, was used for the MS/MS analysis. Ion spray voltage was set to 
5500 V, with a drying temperature at 650 ◦C. The curtain gas (CUR) was 
25 psi and the nebulizer (GS1) and auxiliary (GS2) gases 60 psi. All used 
collision energy of 29 V. 

Quantification was performed using selected reaction monitoring 
(SRM) for the transitions m/z 356.15 → 283.2 and 366.15 → 283.15 for 
amodiaquine, and D10-amodiaquine, and 328.1 → 283.15 and 333.15 
→ 283.15 for desethylamodiaquine and D5-desethylamodiaquine, 
respectively. 

2.6. Method validation 

Method validation was performed according to the US Food and 
Drug Administration (FDA), 2018 [15] and European Medicines Agency 
(EMA), 2012 guidelines [16]. Four independent validation runs were 
performed for the calibration curve, accuracy and precision tests. 
Weighted (1/x and 1/x2) and non-weighted linear regression models 
were evaluated for the calibration curve. The best performing model was 
chosen based on the accuracy of back-calculated concentrations of the 
calibration curves and quality control (QC) samples from four runs [17]. 
Accuracy and precision were calculated as mean relative error (%) and 
coefficient of variation (%CV), respectively. A single factor ANOVA was 
used for precision calculations (intra-batch, inter-batch and total-assay 
variability). 

Selectivity and matrix effects evaluation were performed using 
plasma from six different donors, different anticoagulants (Na-heparin, 
Li-heparin, fluoride-heparin, CPD, and fluoride-oxalate), and co- 
administered antimalarial drugs. All these tests were performed 
through post-column infusion and then as a regular analysis run to 
confirm that there was no signal that potentially could interfere with the 
drug identification and measurement. Post-column infusion was a mix of 
amodiaquine, desethylamodiaquine and their stable isotope-labelled 
internal standards solution (20 ng/ml) and was used to evaluate signs 
of signal enhancement or suppression. Co-administered antimalarial 
drugs were injected individually at a drug concentration of 30 ng/ml 

Fig. 1. Cumulative collision energy scan and the product ion formed of a) amodiaquine (m/z 356.4), b) desethylamodiaquine (m/z 328.2), c) amodiaquine-D10 (m/z 
366.3) and d) desethylamodiaquine-D5 (m/z 333.3) [20]. The dash line indicates the lost fragment during fragmentation and atom D represent Deuterium. 

K. Kaewkhao et al.                                                                                                                                                                                                                             



Journal of Chromatography B 1179 (2021) 122887

4

(piperaquine, pyronaridine, artesunate, primaquine, carbox
yprimaquine, chloroquine, desethylchloroquine) while performing post- 
column infusion. 

Process efficiency and absolute recovery were determined by five 
replicates of extracted QC sample compared to neat solution and post 
extraction spiked blank plasma samples. 

Each calibration curve was constructed using duplicate samples at 
each concentration. Intra-day accuracy and precision were evaluated by 
analysis of five replicates of LLOQ, ULOQ, over-curve and three QC 
levels. The inter-day accuracy and precision were assessed by analysing 
four plasma precision and accuracy batches over four days. 

Carryover effects were investigated by injecting five ULOQ samples 
followed by three blank samples. A signal higher than 20% of LLOQ in 
the injected blank samples would indicate carryover. 

Stability of amodiaquine and desethylamodiaquine in plasma was 
investigated by exposing the samples to five freeze (-80 ◦C) and thaw 
(22 ◦C) cycles. Short term stability at ambient temperature (22 ◦C) and 
in refrigerator temperature (4 ◦C) was investigated at 4 hrs, 24 hrs and 
48 hrs. Long term stability of spiked samples in storage condition 
(-80 ◦C) was also evaluated. Other stability tests; stability of extracted 
samples in extraction solution at 4 ◦C for 24 hrs, stability of evaporated 
samples at 4 ◦C and − 80 ◦C, and LC autosampler at 4 ◦C, were investi
gated during the validation process. 

2.7. Clinical applicability 

The validated plasma method was applied to a clinical study to 
quantify amodiaquine and desethylamodiaquine concentrations from 
study samples. 

3. Result and discussion 

3.1. Optimization of LC-MS/MS and sample extraction 

A number of reversed phase columns (C18 and CN) were evaluated 
along with mobile phase optimization. Amodiaquine and desethylamo
diaquine were separated adequately on a Zorbax SB-CN 50 mm × 4.6 
mm I.D. 3.5 µm column. The optimized LC method had a total run time 
of 6.5 min, including a washout gradient with methanol: acetonitrile 
(75:25, v/v). A relatively slow washout gradient was used to flush out 
any strongly retained compounds that might otherwise accumulate on 
the column and reduce the column performance over time, or co-elute 
with the analytes potentially causing signal interference [18,19]. The 
selected reversed phase column and optimized LC method had good 
retention and separation of amodiaquine and desethylamodiaquine. It 
also provided a shorter analysis run time and better sensitivity than 
many previously published methods. 

Optimization of mass parameters was made by manual compound 
tuning in the positive electrospray ionization (ESI) mode. The final se
lection of the product ion formed for quantification was based on the 

most abundant transition signals, selectivity, and sensitivity (as 
measured by signal-to-noise ratio). However, only one major product 
ion was produced in the collision cell (Fig. 1). Thus, quantification was 
performed using SRM transitions of m/z 356.4 → 283.2 and 366.3 → 
283.3 for amodiaquine and amodiaquine-D10, respectively, and 328.2 
→ 283.1 and 333.3 → 283.2 for desethylamodiaquine and 
desethylamodiaquine-D5, respectively. The same product ion (m/z 283) 
was produced from all amodiaquine analytes and internal standards due 
to similarities in the molecular structure and the loss of the amino side 
chain on the phenol ring [20]. This did not have any negative impact on 
the analyte detection or quantification. The developed detection method 
resulted in an unbiased robust method with high sensitivity. Previous 
publications of amodiaquine and desethylamodiaquine methods have 
shown low sensitivity or used large sample volumes to achieve adequate 
sensitivity (Table 1). 

Previously published methods (Table 1) have used liquid–liquid 
extraction (LLE), solid-phase extraction (SPE) and protein precipitation. 
These techniques can be time-consuming and generate large volumes of 
organic solvent waste or leave hydrophobic contaminants remaining in 
the final sample (e.g. residual phospholipids) from either protein pre
cipitation or LLE. Consequently, residues can clog the tubing or adsorb 
to the stationary phase of the reversed phase column. Even though SPE 
can be more efficient in removing the remaining residuals than protein 
precipitation or LLE, it is usually more time-consuming since it contains 
four main steps (conditioning, sample loading, washing and sample 
elution) in the clean-up process. The technique of LLE has one drawback 
in that it can sometimes be difficult to see where the two non-miscible 
liquids are separated and to collect only the desired solvent phase. 
However, sample clean-up is highly recommended for all analytical 
techniques to prevent carryover, contamination and unexpected prob
lems in routine analysis of clinical studies. In the sample extraction 
technique presented here, a supported liquid extraction (SLE+) tech
nique for plasma was used. This extraction technique removes proteins 
and phospholipids from biological samples very quickly. Visual phase 
separation is not required as the aqueous phase will absorb onto the 
sorbent bed and analytes can be extracted and eluted by passing through 
a suitable organic solvent. Therefore, this extraction method is ideal for 
implementation in the routine drug analysis of large clinical pharma
cokinetic trials. Finally, excellent validation results were achieved using 
this sample extraction technique in combination with the optimized 
separation and quantitation of amodiaquine and desethylamodiaquine. 

3.2. Selectivity, sensitivity and matrix effects 

None of the six blank donor sources or the different anticoagulants of 
plasma produced a signal contributing >20% of the signal from a 
standard sample at LLOQ, or >5% of an average isotope label internal 
standard peak. Therefore, this method was highly selective with minor 
risk of interference from different individuals. All blank sources 
extracted post spiked and compared with a neat solution of same 

Table 2 
Absolute recovery, process efficiency and matrix effect of amodiaquine, desethylamodiaquine and their stable isotope-labelled (SIL) internal standard in human EDTA 
plasma sample.  

Drug Concentration (ng/ 
ml) 

Absolute recovery 
(%) 

CV 
(%) 

Process efficiency 
(%) 

Matrix 
factor 

Normalized matrix factor (drug/ 
IS) 

CV 
(%) 

Amodiaquine QC1: 3.19  69.5  8.73  70.1  1.01  1.01  3.27  
QC3: 226  65.8  4.90  66.0  1.00  1.01  4.11 

SIL Amodiaquine-D10 QC1: 8.08  79.3  6.10  79.0  0.996  –  –  
QC3: 8.08  74.3  9.27  74.0  0.996  –  – 

Desethylamodiaquine QC1: 4.64  76.4  5.97  73.6  0.963  0.992  6.48  
QC3: 524  69.7  4.20  69.4  0.996  0.953  6.45 

SIL Desethylamodiaquine- 
D5 

QC1: 8.08  84.8  2.75  82.4  0.972  –  –  

QC3: 8.08  72.7  3.55  76.1  1.05  –  – 

Five replicates of each QC1 and QC3 level were quantified. 
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nominal concentration were also free from any signs of ion suppression 
or enhancement for amodiaquine, desethylamodiaquine and their stable 
isotope-labelled internal standards, resulting in normalised matrix ef
fects close to 1 (Table 2). Post-column infusion while injecting extracted 
blank plasma sample from blank sources (six different donors and 

different anticoagulants) also confirmed that there was no visual sup
pression or enhancement at the retention time of amodiaquine, dese
thylamodiaquine and their stable isotope-labelled internal standards 
(Fig. 2, Table 2). Moreover, injection of other commonly used antima
larial drugs (30 ng/ml each of piperaquine, pyronaridine, artesunate, 
primaquine, carboxyprimaquine, chloroquine, and desethyl
chloroquine) during post-column infusion did not produce any inter
fering peaks. The possible co-administered antimalarial drugs were 
selected as some were of similar chemical structure or used as the first- 
line treatment in ACTs program as artesunate partner drugs. Therefore, 
blood samples drawn from malaria patient may have these drugs already 
present, which can cause further interference to amodiaquine and its 
metabolite quantification. Overall, there was no matrix interference that 
would have an impact on the quantification of amodiaquine or dese
thylamodiaquine. Sensitivity of the method was evaluated as a signal-to- 
noise response (>10:1) of extracted plasma samples at LLOQ, resulting 
in clearly visible peaks of amodiaquine and desethylamodiaquine while 
achieving precision and accuracy within the validation guideline criteria 
(Fig. 3) [15]. The signal-to-noise response of the analytes at LLOQ were 
substantially above the threshold of 10:1, but this sensitivity was judged 
sufficient since it is still more than a 200-fold lower compared to clinical 
peak levels of desethylamodiaquine, which confers the majority of the 
antimalarial effect [2]. 

3.3. Process efficiency and recovery 

The process efficiency (extracted/neat solutions) and absolute re
covery (extracted/post extraction spiked) was in the range of 66–85% 
for plasma at low and high QC levels tested for amodiaquine, desethy
lamodiaquine and their stable isotope-labelled internal standards 
(Table 2). The extraction recovery result seems to be lower than some of 
the published methods (Table 1), however, the recoveries can be 
different depending on the extraction technique utilized. This method 
used high-throughput extraction technique, SLE+, that can improve 
chromatographic performance by it’s efficiency to remove phospholipid 
residues from plasma sample. Therefore, the recovery may be equal or 
lower than some of the other methods, but it is reproducible and that is 
crucial for routine analysis. Moreover, the precision (% CV) of recovery 
(Table 2) was well below the 15% validation limit and this method 
achieved the desired sensitivity. 

3.4. Linearity, accuracy and precision 

Linearity, accuracy and precision were analysed over four days. 
Amodiaquine and desethylamodiaquine in plasma quantified using 
linear regression with 1/x2 weighting, resulted in the best prediction of 
back calculated values for calibration curves and QC samples [26]. Each 
calibration curve showed a high correlation coefficient (r > 0.997). The 
intra-day and inter-day precision and accuracy for amodiaquine and 
desethylamodiaquine gave accuracy values within the range of 

Fig. 2. Chromatographic response of amodiaquine and desethylamodiaquine at 
ULOQ overlaid with the signal of a blank extracted EDTA plasma sample 
injected during post-column infusion. Infusion was performed at a flow rate of 
10 µl/min using a solution containing amodiaquine (20 ng/ml) and desethy
lamodiaquine (20 ng/ml), showing no interference at the retention times of 
the analytes. 

Fig. 3. Extracted ion chromatogram of an analysed plasma sample containing 
LLOQ concentrations of amodiaquine (1.08 ng/ml) and desethylamodiaquine 
(1.41 ng/ml), overlaid with blank samples. 

Table 3 
Accuracy and precision for amodiaquine and desethylamodiaquine extracted from human EDTA plasma sample.   

Amodiaquine Desethylamodiaquine 

Nominal 
Concentration 
(ng/ml) 

Measured 
concentration 
(ng/ml) 

Accuracy 
(%) 

Precision (%) Nominal 
Concentration 
(ng/ml) 

Measured 
concentration 
(ng/ml) 

Accuracy 
(%) 

Precision (%) 

Inter- 
assay 
CV 

Intra- 
assayCV 

Inter- 
assayCV 

Intra- 
assayCV  

LLOQ 1.08 1.09 101  9.47  9.11 1.41 1.47 104  9.45  8.65 
QC1 3.19 3.08 96.5  4.09  5.40 4.64 4.57 98.3  4.41  4.84 
QC2 30.7 30.4 99.2  5.00  3.13 56.4 54.4 96.4  5.10  3.80 
QC3 226 229 101  1.64  2.91 524 491 93.7  12.0  4.48 
ULOQ 263 264 101  4.66  3.73 610 595 97.7  12.6  3.61 
Over 
curve 

828 840 101  2.98  3.35 1932 1874 97.0  5.72  4.60 

Five replicates of samples were analysed during four days. Over curve, that is, sample dilution integrity test (1:10 dilutions). 
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93.7–104%. The inter-day and intra-day precision (%CV) varied from 
1.64% to 12.6% (Table 3). Both accuracy and precision were well within 
the allowed regulatory criteria of less than 15% deviation (20% at 
LLOQ). 

3.5. Carry over and stability 

Neither amodiaquine, desethylamodiaquine, amodiaquine-D10 nor 
desethylamodiaquine-D5, produced any detectable carry-over signal 
after injection of five replicates of ULOQ in the validation tests. 

Amodiaquine and desethylamodiaquine in plasma were stable dur
ing all stability tests i.e. stability during five freeze/thaw cycles, short 
term stability at 22 ◦C and 4 ◦C (4 hrs, 24 hrs and 48 hrs), extracted 
samples stability (stored extracted sample at 4 ◦C for 24 hrs). Evaporated 
extracted plasma sample stability showed that amodiaquine and dese
thylamodiaquine were stable for at least 48 hrs at 4 ◦C and at least 120 
hrs at − 80 ◦C when stored as a dried sample. The LC autosampler sta
bility test at 4 ◦C, showed that amodiaquine and desethylamodiaquine 
were stable for at least 74 hrs in the autosampler. The long-term storage 
stability evaluation demonstrated that amodiaquine and desethylamo
diaquine were stable for at least 1.6 years at − 80 ◦C (Table S1). 

3.6. Clinical applicability of validated method 

The validated method was implemented and applied in the evalua
tion of a clinical trial investigating triple artemisinin-based combination 
therapies (TACTs), in which amodiaquine was administered to patients 
[27]. Study participants received artemether–lumefantrine plus amo
diaquine twice daily for three days (amodiaquine dose of 10 mg base/ 
kg/day). The resulting pharmacokinetic plasma concentration–time 
profiles are presented in Fig. 4. Amodiaquine is quickly and extensively 
metabolized in-vivo to desethylamodiaquine, leading to substantially 
higher mean plasma concentration of desethylamodiaquine [6–12]. 
Therefore, the calibration curve of desethylamodiaquine had a wider 
range with a higher ULOQ than that of amodiaquine to cover the 
extended range of therapeutic concentrations. Also, the middle QC was 
positioned lower in the calibration range to where most of the clinical 
study sample concentrations were expected to be, to give a better esti
mate of the precision and accuracy of analysed study samples. Repeated 
analysis of patient samples (10% of total samples), known as incurred 
sample reanalysis (ISR) showed good results with values deviating less 
than 20% of the original values. Thus, the developed method proved 
reliable with robust performance for the analysis of amodiaquine and 
desethylamodiaquine in clinical trial plasma samples. [15,28]. 

4. Conclusion 

A robust and accurate LC–MS/MS method was developed and vali
dated for the quantification of amodiaquine and its active metabolite, 
desethylamodiaquine, in plasma samples. The LC method used a 
washout gradient with methanol: acetonitrile (75:25, v/v) to remove 
strongly retaining components that otherwise could potentially co-elute 
with the analytes in subsequent injections and cause signal interference. 
Therefore, having a washout gradient is an advantage when analyzing 
large amount of plasma samples. The developed method allowed for 
accurate and reliable quantification of amodiaquine/desethylamodia
quine down to 1.08/1.41 ng/ml in patient samples, despite using a low 
sample volume of only 100 µl plasma. The use of supported liquid 
extraction plates implemented for automated plasma sample prepara
tion on a liquid handler platform and the short chromatographic anal
ysis time of 6.5 min makes this method suitable for large batches of 
clinical patient samples. This high-throughput method was proved to be 
reliable and reproducible when implemented in routine clinical trial 
sample analysis. 
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performance liquid chromatographic method for determination of amodiaquine, 
chloroquine and their monodesethyl metabolites in biological samples, 
J. Chromatogr. B. 783 (2) (2003) 473–480, https://doi.org/10.1016/S1570-0232 
(02)00727-4. 

[26] A.M. Almeida, M.M. Castel-Branco, A.C. Falcão, Linear regression for calibration 
lines revisited: weighting schemes for bioanalytical methods, J. Chromatogr. B. 
774 (2) (2002) 215–222, https://doi.org/10.1016/S1570-0232(02)00244-1. 

[27] R.W. van der Pluijm, R. Tripura, R.M. Hoglund, A. Pyae Phyo, D. Lek, A. ul Islam, 
A.R. Anvikar, P. Satpathi, S. Satpathi, P.K. Behera, A. Tripura, S. Baidya, 
M. Onyamboko, N.H. Chau, Y. Sovann, S. Suon, S. Sreng, S. Mao, S. Oun, S. Yen, 
C. Amaratunga, K. Chutasmit, C. Saelow, R. Runcharern, W. Kaewmok, N.T. Hoa, 
N.V. Thanh, B. Hanboonkunupakarn, J.J. Callery, A.K. Mohanty, J. Heaton, 
M. Thant, K. Gantait, T. Ghosh, R. Amato, R.D. Pearson, C.G. Jacob, S. Gonçalves, 
M. Mukaka, N. Waithira, C.J. Woodrow, M.P. Grobusch, M. van Vugt, R. 
M. Fairhurst, P.Y. Cheah, T.J. Peto, L. von Seidlein, M. Dhorda, R.J. Maude, 
M. Winterberg, N.T. Thuy-Nhien, D.P. Kwiatkowski, M. Imwong, P. Jittamala, 
K. Lin, T.M. Hlaing, K. Chotivanich, R. Huy, C. Fanello, E. Ashley, M. Mayxay, P. 
N. Newton, T.T. Hien, N. Valecha, F. Smithuis, S. Pukrittayakamee, A. Faiz, 
O. Miotto, J. Tarning, N.P.J. Day, N.J. White, A.M. Dondorp, R.W. van der Pluijm, 
R. Tripura, R.M. Hoglund, A.P. Phyo, D. Lek, A. ul Islam, A.R. Anvikar, P. Satpathi, 
S. Satpathi, P.K. Behera, A. Tripura, S. Baidya, M. Onyamboko, N.H. Chau, 
Y. Sovann, S. Suon, S. Sreng, S. Mao, S. Oun, S. Yen, C. Amaratunga, K. Chutasmit, 
C. Saelow, R. Runcharern, W. Kaewmok, N.T. Hoa, N.V. Thanh, 
B. Hanboonkunupakarn, J.J. Callery, A.K. Mohanty, J. Heaton, M. Thant, 
K. Gantait, T. Ghosh, R. Amato, R.D. Pearson, C.G. Jacob, S. Gonçalves, 
M. Mukaka, N. Waithira, C.J. Woodrow, M.P. Grobusch, M. van Vugt, R. 
M. Fairhurst, P.Y. Cheah, T.J. Peto, L. von Seidlein, M. Dhorda, R.J. Maude, 
M. Winterberg, N.T. Thuy-Nhien, D.P. Kwiatkowski, M. Imwong, P. Jittamala, 
K. Lin, T.M. Hlaing, K. Chotivanich, R. Huy, C. Fanello, E. Ashley, M. Mayxay, P. 
N. Newton, T.T. Hien, N. Valeche, F. Smithuis, S. Pukrittayakamee, A. Faiz, 
O. Miotto, J. Tarning, N.PJ. Day, N.J. White, A.M. Dondorp, Triple artemisinin- 
based combination therapies versus artemisinin-based combination therapies for 
uncomplicated Plasmodium falciparum malaria: a multicentre, open-label, 
randomised clinical trial, Lancet. 395 (10233) (2020) 1345–1360, https://doi.org/ 
10.1016/S0140-6736(20)30552-3. 

[28] E. Fluhler, F. Vazvaei, P. Singhal, P. Vinck, W. Li, J. Bhatt, T. de Boer, 
A. Chaudhary, M. Tangiuchi, V. Rezende, D. Zhong, Repeat analysis and incurred 
sample reanalysis: recommendation for best practices and harmonization from the 
global bioanalysis consortium harmonization team, AAPS J. 16 (6) (2014) 
1167–1174, https://doi.org/10.1208/s12248-014-9644-1. 

K. Kaewkhao et al.                                                                                                                                                                                                                             

https://doi.org/10.1002/cpt.v107.510.1002/cpt.1707
https://doi.org/10.1128/AAC.01242-12
https://doi.org/10.1128/AAC.01242-12
https://doi.org/10.1073/pnas.0911317106
https://doi.org/10.1111/bcp.1987.23.issue-110.1111/j.1365-2125.1987.tb03002.x
https://doi.org/10.1111/bcp.1987.23.issue-110.1111/j.1365-2125.1987.tb03002.x
https://doi.org/10.1111/bcp.1990.29.issue-610.1111/j.1365-2125.1990.tb03690.x
https://doi.org/10.1111/bcp.1990.29.issue-610.1111/j.1365-2125.1990.tb03690.x
https://doi.org/10.1128/AAC.00154-11
https://doi.org/10.1128/AAC.00679-09
https://doi.org/10.1186/1475-2875-8-200
https://doi.org/10.1186/1475-2875-8-200
https://doi.org/10.1007/s00228-009-0656-1
https://doi.org/10.1016/j.jpba.2016.02.021
https://doi.org/10.1016/j.jpba.2005.11.006
https://doi.org/10.1002/rcm.v23:1410.1002/rcm.4121
https://doi.org/10.1002/rcm.v23:1410.1002/rcm.4121
https://doi.org/10.4155/bio.09.117
https://doi.org/10.1016/j.jchromb.2007.09.040
https://doi.org/10.1016/j.jchromb.2009.02.006
https://doi.org/10.1016/j.jchromb.2009.02.006
https://doi.org/10.1016/0378-4347(85)80025-6
https://doi.org/10.1016/0378-4347(85)80025-6
https://doi.org/10.1111/bcp.1987.23.issue-210.1111/j.1365-2125.1987.tb03020.x
https://doi.org/10.1111/bcp.1987.23.issue-210.1111/j.1365-2125.1987.tb03020.x
https://doi.org/10.1016/j.jchromb.2004.01.011
https://doi.org/10.1016/S1570-0232(02)00727-4
https://doi.org/10.1016/S1570-0232(02)00727-4
https://doi.org/10.1016/S1570-0232(02)00244-1
https://doi.org/10.1016/S0140-6736(20)30552-3
https://doi.org/10.1016/S0140-6736(20)30552-3
https://doi.org/10.1208/s12248-014-9644-1

	High-throughput quantitation method for amodiaquine and desethylamodiaquine in plasma using supported liquid extraction tec ...
	1 Introduction
	2 Materials & methods
	2.1 Chemicals and reagents
	2.2 Standards and working solutions
	2.3 Calibration standards and quality control (QC) samples
	2.4 Sample preparation
	2.5 LC-MS/MS
	2.6 Method validation
	2.7 Clinical applicability

	3 Result and discussion
	3.1 Optimization of LC-MS/MS and sample extraction
	3.2 Selectivity, sensitivity and matrix effects
	3.3 Process efficiency and recovery
	3.4 Linearity, accuracy and precision
	3.5 Carry over and stability
	3.6 Clinical applicability of validated method

	4 Conclusion
	Declaration of Competing Interest
	Acknowledgement
	Ethical conduct of research
	Appendix A Supplementary material
	References


