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METHODOLOGY

Simultaneous and enantiospecific 
quantification of primaquine 
and carboxyprimaquine in human plasma 
using liquid chromatography-tandem mass 
spectrometry
Warunee Hanpithakpong1, Nicholas P. J. Day1,2, Nicholas J. White1,2 and Joel Tarning1,2*   

Abstract 

Background: The enantiomers of the 8-aminoquinoline anti-malarial primaquine have different pharmacological 
properties. Development of an analytical method for simultaneous quantification of the enantiomers of primaquine 
and its metabolite, carboxyprimaquine, will support clinical pharmacometric assessments.

Methods: A simple and sensitive method consisting of liquid chromatography coupled with tandem mass spec-
trometry (LC–MS/MS) was developed for simultaneous and enantiospecific determination of primaquine and its 
metabolite, carboxyprimaquine, in human plasma. Stable isotopes were used as internal standards to compensate for 
potential interference and matrix effects. Plasma samples (100 µL) were precipitated with 1% formic acid in acetoni-
trile followed by phospholipid removal solid phase extraction. Primaquine and carboxyprimaquine enantiomers were 
separated on a Chiralcel OD-3R (150 mm × 4.6 mm; I.D. 3 μm) column using a LC gradient mode. For separation of 
racemic primaquine and carboxyprimaquine, the LC method was modified and validated using a reverse phase col-
umn (Hypersil Gold 100 mm × 4.6 mm; I.D. 3 µm) and a mobile phase composed of 10 mM ammonium acetate buffer, 
pH 3.5 and acetonitrile in the isocratic mode. Method validation was performed according to regulatory guidelines.

Results: The calibration range was set to 0.571–260 ng/mL and 2.44–2,500 ng/mL for primaquine and carboxypri-
maquine enantiomers, respectively, resulting in a correlation coefficient  (r2) ≥ 0.0998 for all calibration curves. The 
intra- and inter-day assay precisions were < 10% and the accuracy was between 94.7 to 103% for all enantiomers of 
primaquine and carboxyprimaquine. The enantiospecific method was also modified and validated to quantify racemic 
primaquine and carboxyprimaquine, reducing the total run time from 30 to 8 min. The inter-, intra-day assay precision 
of the racemic quantification method was < 15%. The absolute recoveries of primaquine and carboxyprimaquine were 
between 70 and 80%. Stability was demonstrated for up to 2 years in − 80 °C. Both the enantiomeric and racemic LC–
MS/MS methods were successfully implemented in pharmacokinetic studies in healthy volunteers.
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Background
Primaquine (PRQ) is an 8-aminoquinoline anti-malar-
ial drug (Fig.  1) used for the radical cure of relapsing 
malaria, as a gametocytocide in falciparum malaria and 
in malaria chemoprophylaxis. It is a chiral compound, 
marketed for clinical use as a racemate and usually 
administered as the phosphate salt [1]. The major adverse 
effect of primaquine is oxidant hemolysis, especially in 
glucose-6-phosphate dehydrogenase (G6PD) deficient 
patients [2–4].

Stereo-selective in vivo and in vitro studies have shown 
that the individual primaquine enantiomers have differ-
ent pharmacological and toxicological properties [5–9]. 
Schmidt et  al. reported that the curative anti-malarial 
activity of racemic primaquine and its individual enan-
tiomers was identical when studied in rhesus monkeys 
infected with Plasmodium cynomolgi (an animal model 

of vivax malaria), but that (−)-primaquine was at least 
twice as toxic as ( +)-primaquine [6]. This was supported 
by in  vitro studies demonstrating that (−)-primaquine 
produced a significantly greater effect in reducing glu-
tathione and increasing methemoglobin levels in normal 
and G6PD red blood cells compared to ( +)-primaquine 
[7]. However, Nanayakkara and colleagues presented con-
flicting results in rodent models and beagle dogs, where 
( +)-primaquine was found to be both more efficacious 
and more hemotoxic compared with (-)-primaquine [10]. 
Similarly, in the P. cynomolgi challenge model in rhesus 
macaques there was a greater rise in methemoglobin 
after receiving ( +)-primaquine compared with (−)-pri-
maquine. In the same model, chloroquine in combination 
with (−)-primaquine was more effective in preventing P. 
cynomolgi relapse compared with ( +)-primaquine [9].

Conclusions: Simple, sensitive and accurate LC–MS/MS methods for the quantification of enantiomeric and race-
mic primaquine and carboxyprimaquine in human plasma were validated successfully and implemented in clinical 
routine drug analysis.

Keywords: Primaquine, Enantiomeric separation, Malaria, LC–MS/MS validation, Antimalarial drugs
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Fig. 1 Molecular structure of (−)-primaquine, ( +)-primaquine, (−)-carboxyprimaquine and ( +)-carboxyprimaquine
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When racemic primaquine was administered to rats, 
a small fraction of the dose was excreted unchanged in 
the urine as ( +)-primaquine with negligible amounts 
of (−)-primaquine [5]. Primaquine is metabolized by 
monoamine oxidase to its major circulating metabo-
lite, carboxyprimaquine, believed to be inactive [11, 
12]. Primaquine requires bioactivation for its biologi-
cal effects. Pybus et al. demonstrated that metabolism 
of primaquine by CYP2D6 is essential for radical cure 
of Plasmodium vivax malaria [13]. In  vitro CYP2D6-
mediated metabolism studies demonstrated that 
2- and 5-hydroxyprimaquine were preferentially gener-
ated from ( +)-primaquine, while 3- and 4-hydroxypri-
maquine was preferentially generated from 
(−)-primaquine [1]. Furthermore, In in  vitro  studies 
using human hepatocytes showed two major routes of 
metabolism; oxidative-deamination of the sidechain 
terminal amine and hydroxylation of the quinoline 
moiety [14]. The major deaminated metabolite, car-
boxyprimaquine, was preferentially generated from 
(−)-primaquine while the hydroxylated products were 
preferentially formed from ( +)-primaquine. However, 
only trace amounts of the hydroxylated metabolites 
were detected with hepatocyte incubations, all exclu-
sively generated from ( +)-primaquine. The contribu-
tions to anti-relapse activities of these metabolites are 
unknown. The first enantiospecific pharmacokinetic 
study of primaquine in healthy human volunteers after 
racemic primaquine administration showed a higher 
exposure to ( +)-primaquine compared to (−)-pri-
maquine. Only (−)-carboxyprimaquine was detected 
in plasma using LC/MS-TOF [15].

Different methods using LC-UV [12, 16–19], LC-EC 
[20] and LC–MS techniques [18, 21, 22] for the quan-
tification of racemic primaquine and/or carboxypri-
maquine have been described in the literature. To date, 
only one method describes enantiospecific separation 
and quantification of primaquine and carboxypri-
maquine, using LC–MS-TOF [23]. However, the 
authors report a total run time of almost 50  min per 
sample, which makes this method difficult to imple-
ment in routine drug quantification of large clinical 
studies.

The primary aim of this study was to develop and 
validate a sensitive, accurate and rapid bioanalytical 
method for enantiospecific separation and detection of 
primaquine and carboxyprimaquine, suitable for high-
throughput use in clinical studies. A secondary aim 
was to modify and optimize the analytical method to 
enable a substantially shorter analysis time when quan-
tifying racemic primaquine and carboxyprimaquine.

Methods
Chemicals & reagents
Racemic primaquine (PRQ) and carboxyprimaquine 
(CPRQ) were provided by the WorldWide Antimalar-
ial Resistance Network (WWARN) [24]. Enantiomeric 
primaquine (( ±)-PRQ; Fig.  1), stable isotope-labelled 
primaquine (( ±)-PRQ-D3) and carboxyprimaquine 
(( ±)-CPRQ-D3) were kindly provided by Prof Larry 
Walker, National Centre for Natural Products Research, 
University of Mississippi, USA. LC–MS grade acetoni-
trile, methanol and water were obtained from J.T. Baker 
(Phillipsburg, NJ, USA). Dimethyl sulphoxide (AR grade), 
ammonium acetate and ammonium formate (LC–MS 
grade) were obtained from Fluka/Sigma-Aldrich (Sigma-
Aldrich, St. Louis, MO, USA). Formic acid (LC–MS 
grade) was obtained from Merck (Merck Darmstadt, 
Germany).

Instrumentation, separation and detection
Sample preparation and solid-phase extraction was per-
formed on an automated Freedom Evo 200 platform 
(TECAN, Männedorf, Switzerland). The LC system was 
an Agilent 1200 system consisting of a binary LC pump, 
a vacuum degasser, a temperature-controlled micro well 
plate auto-sampler set at 4  °C and a column compart-
ment set at 20  °C (Agilent technologies, Santa Clara, 
CA, USA). The mass spectrometry equipment was an 
API 5000 triple quadrupole system (Applied Biosystems/
MDS Sciex, Foster City, CA, USA), with a TurboV Ioni-
zation Source (TIS) interface operated in the positive ion 
mode. Data acquisition was performed using Analyst 1.5 
(Applied Biosystems/MDS Sciex, Foster City, CA, USA).

PRQ, PRQ-D3, CPRQ and CPRQ-D3 enantiom-
ers were separated on a Chiralcel OD-3R column 
(150 mm × 4.6 mm, I.D. 3 μm; Chiral Technologies Inc., 
West Chester, PA, USA), protected by a Chiralcel OD-3R 
guard column (4 mm × 10 mm, I.D. 3 μm), at a flow rate 
of 1.0 mL/min. Mobile phase A contained 20 mM ammo-
nium formate:acetonitrile, 75:25  v/v with 0.1% formic 
acid, and mobile phase B contained methanol:acetonitrile 
(75:25, v/v). The following gradient program was 
employed for separation of enantiomeric PRQ and CPRQ 
and to remove phospholipid residues from the column: 
0–15  min (100% mobile phase A), 15–16.0  min (100% 
mobile phase A to 100% mobile phase B), 16.0–20.8 min 
(100% mobile phase B), 20.8–21 min (100% mobile phase 
B to 100% mobile phase A), and 21.0–26.5  min (100% 
mobile phase A).

The MS/MS conditions were optimized by infus-
ing ( ±)-PRQ (10 ng/mL) and ( ±)-CPRQ (20 ng/mL) at 
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10  μL/min, using a Harvard infusion pump connected 
directly to the MS. Additional MS/MS tuning was per-
formed by continuous infusion of ( ±)-PRQ (25  ng/mL) 
and ( ±)-CPRQ (50  ng/mL) at a flow rate of 20  μL/min 
via a “T”-connector into the post-column mobile phase 
at a flow rate of 1.0 mL/min. TIS temperature was main-
tained at 700  °C and the TIS voltage was set to 4500 V. 
The curtain gas was set to 30 psi and the ion source gas 
1 (GS1) and ion source gas 2 (GS2) at 50 and 60 psi, 
respectively. The CAD gas in the collision cell was set to 
5 psi. Quantification was performed using multiple reac-
tion monitoring (MRM) for the transitions m/z 260–175 
and m/z 263–86 for PRQ and PRQ-D3, respectively, and 
m/z 275–175 and m/z 278–178 for CPRQ and CPRQ-D3, 
respectively. The declustering potential (DP) was set to 
60 V for all analytes and stable isotope-labelled internal 
standards.

Preparation of standards and quality control samples
Stock solutions of ( ±)-PRQ (0.5 mg/mL) and ( ±)-PRQ-
D3 (1  mg/mL) were prepared in acetonitrile:water 
(50:50, v/v) and stock solutions of ( ±)-CPRQ (1  mg/
mL) and ( ±)-CPRQ-D3 (1  mg/mL) were prepared in 
dimethylsulfoxide:methanol (1:3, v/v). Working solutions 
were prepared by serial dilutions in acetonitrile:water 
(50:50, v/v). Working solutions of ( ±)-PRQ-D3 and 
( ±)-CPRQ-D3 (5  μg/mL and 25  μg/mL, respectively) 
were stored in 100 µL aliquots at − 80 °C until analysis. 
Calibration standards and quality control (QC) samples 
were prepared by adding working solution to human 
EDTA plasma (sourced from the Healthy volunteer 
ward at the Hospital for Tropical Medicine). The total 
content of working solution was less or equal to 2% of 
the total plasma volume in all cases except for the over 
curve dilution sample where it was 4%. Six calibration 
standards, excluding zero concentration, were prepared 
at 0.571–260  ng/mL for each enantiomer of PRQ and 
2.44–2,500  ng/mL for each enantiomer of CPRQ, and 
stored at − 80  °C until analysis. Quality control samples 
for accuracy and precision of each enantiomer of PRQ 
and CPRQ were prepared at 3 × lower limit of quantifica-
tion (LLOQ), mid-range and upper range (i.e. 1.46, 16.8 
and 195 ng/mL for PRQ, and 7.32, 117 and 1,875 ng/mL 
for CPRQ). All QC samples were stored at − 80 °C until 
analysis.

Analytical procedure
Plasma samples (100  μL) were aliquoted onto a 1  mL 
96-wellplate. Solid phase extraction was performed by 
adding precipitation solution (300 μL of 1% formic acid 
in acetonitrile) containing 5 ng/mL of ( ±)-PRQ-D3 and 
50 ng/mL of ( ±)-CPRQ-D3. The 96-well plate was cov-
ered with a methanol-washed seal mat and mixed on a 

Mixmate (Eppendorf, Germany) at 1000  rpm for 2  min 
followed by centrifugation at 1100g for 5 min. 200 μL of 
supernatant was loaded directly onto the phospholipid 
removal SPE (solid-phase extraction) plate (HybrideSPE-
Phospholipid, Sulpelco, USA) and passed through by 
continuously increasing the vacuum. The eluent was 
diluted with 200  μL of dilution solution, containing 
methanol and 20  mM ammonium formate (75:25, v/v). 
The elution sample plate was covered with a methanol-
washed Nunc pre-slit seal mat, mixed on a Mixmate at 
900 rpm for 2 min and centrifuged at 1100 g for 2 min. 
A total volume of 5 μL was injected into the LC–MS/MS 
system.

Validation
The enantiospecific method was subjected to a full vali-
dation according to the US-FDA guidelines, including 
assessment of linearity, precision, accuracy, short-term/
long-term stability and matrix effects [25].

Calibration and linearity
The calibration curve was set to 0.571–260  ng/mL and 
2.44–2,500  ng/mL, for each enantiomer of PRQ and 
CPRQ, respectively. These calibration curves covered 
the ranges of expected therapeutic drug concentrations 
in plasma, based on observations following a single oral 
dose of 30  mg (base) primaquine phosphate in volun-
teers [26, 27]. Each calibration level was run in dupli-
cate except at the lower limit of quantification (LLOQ), 
which was run in five replicates during the four days of 
validation. Linear and quadratic regression models of the 
calibration curve response (peak area ratios of ( ±)-PRQ/ 
( ±)-PRQ-D3 and ( ±)-CPRQ/( ±)-CRQ-D3) with and 
without weighting (1/x and 1/x2) were evaluated for each 
calibration curve. The optimal regression model was 
chosen on the basis of back-calculated concentrations of 
calibration standards (i.e., relative bias of back-calculated 
concentrations compared to nominal values) as well as 
the accuracy of predicted QC samples. Selection of the 
best performing regression model was based on the rank-
ing approach suggested by Singtoroj and colleagues [28].

Precision and accuracy
Precision and accuracy were assessed by daily analysis of 
five replicates of QC samples (three concentration levels), 
LLOQ samples and upper limit of quantification (ULOQ) 
samples over the four days of validation. Five replicates 
of over-curve dilution were assessed by a five-fold dilu-
tion of spiked standards at 1038 and 10,000  ng/mL of 
( ±)-PRQ and ( ±)-CPRQ, respectively. Intra-, inter- and 
total-assay precision of QC samples, LLOQ, ULOQ and 
over curve dilution samples were calculated using anal-
ysis of variance (ANOVA). The acceptance criteria for 
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accuracy and precision was ± 15% except for the LLOQ, 
which was ± 20% [25].

Stability and carry‑over
Short-term and long-term stability were evaluated 
in five replicates of QC samples at low and high con-
centrations. Short-term stability of ( ±)-PRQ and 
( ±)-CPRQ in human EDTA plasma was evaluated dur-
ing three freeze/thaw cycles, at ambient temperature 
and at 4 °C for 48 h. Bench-top stability was evaluated 
for thawed samples ready for extraction (2  h at ambi-
ent temperature) and for extracted samples ready for 
injection (60 h at 4 °C in autosampler). Long-term sta-
bility was evaluated in EDTA plasma stored at − 80 °C 
for 6 months, 1 and 2 years. Potential carry-over effects 
were evaluated by injection of three extracted blank 
samples directly after injection of the highest concen-
tration in the calibration curve.

Matrix effects, absolute recovery, and selectivity
Two sets of blank plasma from six different donors 
were used for evaluation of matrix effects and recov-
ery. The first set of blank samples was spiked to low and 
high QC concentrations and extracted following the 
procedure described above (Ppre-spiked) in the Analytical 
procedure section. The second set of blank samples was 
extracted following the Analytical procedure described 
above except the eluent was diluted with dilution solu-
tion, containing PRQ and CPRQ, to low and high QC 
concentrations (Ppost-spiked). Reference solution was also 
spiked to low and high QC concentrations (Pneat-solution) 
in mobile phase A. All samples were injected and quan-
tified using the developed method, and assessed by 
calculating absolute recovery (Eq. 1), matrix factor for 
both analytes and internal standards (Eq.  2) and nor-
malized matrix effect (Eq. 3) [29, 30].

No substantial matrix effect was assumed if the 
calculated matrix factor was between 0.85 and 1.15 
(ion suppression; < 0.85 or > 1.15 ion enhancement) 
[29]. The internal standard is expected to compen-
sate for a potential matrix effect if the calculated 

(1)

Absolute recovery(%) =
Average response Ppre−spiked

Average response Ppost−spiked
× 100

(2)Matrix factor =

Average response Ppost−spiked

Average response Pneatsolution

(3)

Normalized matrix effect =

Matrix factoranalyte

Matrix factorinternal standard

normalized matrix effect was between 0.85 and 1.15. 
Graphical evaluation of the matrix effect was also per-
formed through post-column infusion experiments as 
described elsewhere [31, 32]. Briefly, ( ±)-PRQ (25 ng/
mL) and ( ±)-CPRQ (50 ng/mL) solutions were infused 
continuously at 20 μL/min into the mass spectrometer 
while extracted blank plasma samples were injected. 
Potential ion suppression or enhancement were investi-
gated by evaluating the PRQ and CPRQ intensity at the 
retention times of PRQ, CPRQ and the internal stand-
ard enantiomers.

Selectivity was evaluated by trace analysis of the blank 
plasma extracted from six different donors. All blank 
sources should produce a response less than or equal to 
20% of the response of the lowest standard (i.e., LLOQ). 
Interference by potentially co-administered anti-malarial 
drugs (i.e., piperaquine, dihydroartemisinin, chloroquine 
and pyronaridine) was also evaluated. Possibly interfer-
ing drugs were assessed by continuous post-column infu-
sion of ( ±)-PRQ (25 ng/mL) and ( ±)-CPRQ (50 ng/mL), 
and injection of mobile phase A spiked with concomitant 
anti-malarial drugs. Potential interference was evaluated 
visually by enhancement/suppression of ( ±)-PRQ and 
( ±)-CPRQ signals at the retention times of PRQ, CPRQ 
and internal standard enantiomers.

Partial validation of racemic primaquine quantification
The separation method was modified and subject to a 
partial validation according to the US-FDA bioanalytical 
method validation guidelines [25]. Racemic PRQ, PRQ-
D3, CPRQ and CPRQ-D3 were separated on a Hyper-
sil gold column (100  mm × 4.6  mm, I.D. 3  μm; Thermo 
Fisher Scientific, USA), protected by a Hypersil gold 
guard column (2.1 × 10 mm, I.D. 5 μm) at a flow rate of 
0.5 μL/min and a total run time of 8 min. The isocratic 
mobile phase consisted of 10  mM ammonium acetate 
pH 3.5: acetonitrile, 50:50 v/v. Sample preparation and 
Q2-MS settings were identical to that described above 
for enantiomeric PRQ and CPRQ. However, front-end 
MS parameters were slightly modified for optimal per-
formance; TIS temperature was maintained at 500 °C and 
the ion source gas (GS1) was set to 60 psi.

Precision and accuracy were assessed by daily analy-
sis of five replicates of LLOQ, QC and ULOQ samples 
over four days. The validation range of racemic PRQ 
and CPRQ was 1.14–519 and 4.88–5000 ng/mL, respec-
tively. Five replicates of over-curve dilution were assessed 
by a five-fold dilution of spiked standards at 1038  ng/
mL and 10,000  ng/mL of PRQ and CPRQ, respectively. 
Matrix effects and regression models were evaluated as 
previously described for the enantiomeric quantification 
method.
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Clinical applicability
The developed bioanalytical method for quantifica-
tion of enantiomeric and racemic PRQ and CPRQ was 
successfully implemented in three clinical drug-drug 
interaction studies in Thai volunteers receiving a single 
oral dose of primaquine phosphate (30  mg) with and 
without the commonly used anti-malarial drugs chlo-
roquine [33], artesunate-pyronaridine [34] and dihy-
droartemisinin-piperaquine [35]. A total of 800 plasma 
samples from two of the above studies were analysed 
using the developed enantiomeric quantification 
method for ( ±)-PRQ and ( ±)-CPRQ [34, 35], and a 
total of 500 samples were analysed using the developed 
quantification method for racemic PRQ and CPRQ 
[33]. Venous blood samples were collected frequently 
into fluoride-oxalate blood collection tubes and centri-
fuged to obtain plasma. The developed methods were 
implemented using a high-throughput LC–MS/MS 
system for enantiomeric and racemic methods in the 
96-well format as described above. Each batch of drug 
measurements (96-well plate) was accepted based on 
the performance of triplicates of QC samples at three 

concentrations and incurred sample reanalysis (ISR) of 
10% of samples.

Results and discussion
The aim of this investigation was to develop a simple, 
sensitive and high-throughput enantiomeric quantifica-
tion method of the anti-malarial drug PRQ and its main 
metabolite, CPRQ. An enantiomeric separation and 
quantification method were successfully developed, vali-
dated and implemented for the pharmacokinetic analysis 
of clinical samples. This method demonstrated improved 
sensitivity and reduced runtime compared to previously 
described methods. The complexity of the enantiomeric 
method can be reduced in racemic quantification of 
PRQ and CPRQ while maintaining a high sensitivity. The 
total run time was reduced to only 8 min for the racemic 
method, enabling a high-throughput automated routine 
analysis of clinical pharmacokinetic samples.

Chromatography and quantification
The developed LC gradient method allowed for complete 
separation of PRQ and CPRQ enantiomers and internal 
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Fig. 2 Retention time of enantiomeric primaquine and carboxyprimaquine on the Chiralcel OD-3R column (150 mm × 4.6 mm; I.D. 3 μm) at flow 
rate 1.0 mL/min, using a gradient program consisting of mobile phase A  (20 mM ammonium formate:acetonitrile; 75:25, v/v with 0.1% formic acid) 
and mobile phase B (methanol:acetonitrile; 75:25, v/v)
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standards in less than 30 min, including washout and re-
equilibration (Fig.  2). The gradient program ended with 
100% organic solvent in order to elute phospholipids that 
might otherwise accumulate on the column and reduce 
column performance over the time and cause matrix 
effects [29, 30, 36].

Bonato and colleagues reported the first enantiomeric 
separation of PRQ and CPRQ using chiral columns 
including Chiralcel OD-H, Chiralcel OD-R and Chiralpak 
AGP [37], while Avula and colleagues reported the first 
validated method for enantiomeric quantification of PRQ 
and CPRQ using a Chiralcel OD-R column [23]. How-
ever, this method required a long analytical run time of 
50 min per sample.

Several different types of chiral columns (e.g., Chiral-
cel OD-R, Chiralpak-AGP, Chiralpak-IB) were evaluated, 
which all resulted in long run times or unresolved separa-
tion between enantiomers [23, 37]. The Chiralcel OD-3R 
(150 mm × 4.6 mm; I.D. 3 μm particle size) column ena-
bled an improved run time, while retaining adequate sen-
sitivity and peak resolution. Chiralcel OD-3R is a reverse 
phase chiral column coated with 3  μm silica-gel. This 
column has a similar stationary phase to the Chiralcel 
OD-R (250 mm × 4.6 mm; I.D. 10 μm particle size) used 
previously by Avula [23]. However, the smaller particle 
size in the Chiralcel OD-3R column, allowed faster sepa-
ration and higher peak resolution. Even so, separation 
of PRQ and CPRQ enantiomers were not satisfactory 
without acidification of the mobile phase. Therefore, the 
amount of formic acid, ionic strength of the ammonium 
formate buffer and organic solvent were optimized. It has 
been suggested that retention and enantio-selectivity of 
amphipathic, PRQ and amphoteric, CPRQ, compounds 
with reverse phase chiral columns depends on hydropho-
bic interactions, hydrogen binding, ionic bonding and ion 
pairing interactions [23, 37]. Thus, retention of PRQ was 
increased by increasing the pH and reducing the amount 
of acetonitrile in the mobile phase. However, retention 
of CPRQ was increased by decreasing the mobile phase 
pH as a result of ionization of the carboxylic moiety. The 
optimal ionic strength of the mobile phase buffer (range: 
5–20  mM) and the acidic conditions (range: 0.1–1%) 
were optimized for improved peak resolution and shape. 
Finally, 20  mM ammonium formate:acetonitrile (75:25 
v/v) with 0.1% formic acid was selected, using a gradi-
ent program ending with 100% organic solvent (metha-
nol–acetonitrile) to elute accumulated phospholipids and 
therefore extend the column life and avoid matrix carry 
over to the subsequent sample. (−)-PRQ, ( +)-PRQ, (−)-
CPRQ and ( +)-CPRQ had retention times of 4.73, 5.71, 
13.5 and 14.7 min, respectively.

The MS/MS fragments were selected based on the most 
abundant transition signals, compound purity, selectiv-
ity, sensitivity (as measured by signal-to-noise ratio) and 
analyte contribution. Quantification of all analytes was 
performed using MRM transitions of m/z 260.3 > 175.1 
and 263.3 > 86.1 for PRQ and PRQ-D3, respectively, and 
275.2 > 175.1 and 278.4 > 178.1 for CPRQ and CPRQ-D3, 
respectively. The collision energy was set to 30 V for all 
compounds. In order to achieve successful quantification 
of the enantiomers when connected to the LC-column, 
the ESI + tuning parameters were optimized for the pro-
tonated precursor and product ions of the analytes and 
internal standards. The developed detection method 
resulted in an unbiased and robust method with high 
sensitivity.

Sample preparation
Sample preparation and drug extraction was achieved by 
protein precipitation followed by phospholipid removal 
SPE, enabling automation and high-throughput analy-
ses in the 96-well plate format. This extraction technique 
provided a clean sample with no residual interference, 
and it can be automated easily to enable high-throughput 
analyses in the 96-well plate format. The disadvantage of 
solid-phase extraction is a higher per sample cost com-
pared to simplified extraction protocols such as direct 
protein precipitation.

Previously published methods have used liquid–liq-
uid extraction, requiring separate processes to extract 
PRQ and CPRQ from clinical plasma samples [12, 16, 
18, 38]. Such an extraction approach is laborious and 
time consuming, especially when parent and metabolite 
compounds require separate processing. Laborious and 
manual methods are difficult to automate for a high-
throughput approach when analysing pharmacokinetic 
clinical trial samples. Furthermore, larger sample vol-
umes are commonly needed, which is not always practi-
cally or ethically achievable in malaria field studies.

Direct protein precipitation with methanol or acetoni-
trile has also been reported in the literature [23, 39, 40]. 
Direct protein precipitation is the most commonly used 
extraction technique and can be implemented in a high-
throughput setting. However, residues from this sim-
ple extraction technique can result in substantial matrix 
effects, especially when complex separation of several 
compounds and internal standards are needed [31]. One 
previously published method utilized solid-phase extrac-
tion (Oasis HLB cartridges) resulting in a robust extrac-
tion technique and a sensitive method with an LLOQ 
of 2 ng/mL [22]. However, the calculated relative matrix 
effect was reported to be close to 15% with a relatively 
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high variation between batches. Thus, this particular 
extraction assay might suffer from variable matrix effects 
affecting the precision and accuracy of the assay [31].

Protein precipitation followed by phospholipid removal 
SPE was developed using methanol or acetonitrile in 
0.1–2% acetic or formic acid conditions. During method 
development, the efficiency of the extraction (i.e., recov-
ery) and the residual phospholipids was compared 
between direct protein precipitation with and without 
phospholipid removal SPE. Direct protein precipita-
tion without phospholipid removal SPE showed better 
recovery but more residual phospholipids. Direct protein 
precipitation with phospholipid removal SPE showed 
acceptable recovery (70–80%) and less residual phos-
pholipids. The impact of the small amounts of phospho-
lipids, still found after using phospholipid removal SPE, 
could be minimized by the gradient LC program ending 
with 100% organic solvent to waste before next sample 
injection.

Validation
Calibration curve and carry‑over.
The calibration curve was constructed using six calibra-
tion standards, not including zero. The calibration range 
for each enantiomer of PRQ (0.571–260  ng/mL) and 
CPRQ (2.44–2500 ng/mL) quantification was set to cover 
expected peak concentrations associated with the 14 days 
radical cure regimen [27, 41–43]. Linear and quadratic 
regression models with 1/x2 weighting generated similar 
results with respect to accuracy and precision, and could 
be used interchangeably. However, the accuracy was 
somewhat higher for the quadratic regression model for 
ULOQ samples compared to the linear regression model 
(85–90% versus 95–105%). Therefore, the quadratic 
regression model with 1/x2 weighting was selected for the 
final assay. All other regression models tried showed dif-
ferent degrees of bias.

None of the blank samples produced any trace signals 
of PRQ, CPRQ, PRQ-D3, or CPRQ-D3 enantiomers after 

Table 1 Accuracy and precision for the quantification of ( ±)-primaquine and ( ±)-carboxyprimaquine in human EDTA plasma

CPRQ, carboxyprimaquine; LLOQ, lower limit of quantification; PRQ, primaquine; QC, quality control; RSD, relative standard deviation; ULOQ, upper limit of 
quantification

Analyte Sample Nominal 
concentration (ng/
mL)

Measured 
concentration (ng/
mL)

Accuracy (%) Between‑assay 
precision (RSD)

Within‑assay 
precision (RSD)

( +)-PRQ LLOQ 0.571 0.591 103 7.72 9.93

QC1 1.46 1.48 101 6.38 6.32

QC2 16.8 16.8 100 6.27 3.60

QC3 195 193 98.9 3.08 3.54

ULOQ 260 256 98.5 6.77 4.00

Over curve 519 515 99.2 4.20 2.81

(−)-PRQ LLOQ 0.571 0.556 97.4 13.3 9.08

QC1 1.46 1.43 97.9 7.12 4.54

QC2 16.8 17.1 101 6.67 1.13

QC3 195 192 98.5 1.45 1.03

ULOQ 260 252 96.9 2.80 1.05

Over curve 519 530 102 1.62 1.64

( +)-CPRQ LLOQ 2.44 2.39 97.9 8.12 4.93

QC1 7.32 7.28 99.5 8.84 9.13

QC2 117 116 99.1 3.34 2.50

QC3 1875 1806 96.3 7.61 2.19

ULOQ 2500 2471 98.8 9.31 2.39

Over curve 5000 4886 99.7 7.45 3.87

(−)-CPRQ LLOQ 2.44 2.31 94.7 5.90 8.23

QC1 7.32 7.22 98.6 11.2 7.45

QC2 117 114 97.4 5.18 1.68

QC3 1875 1813 96.7 4.70 4.03

ULOQ 2500 2404 96.2 2.80 1.05

Over curve 5000 4938 98.8 1.62 1.64
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three replicate injections of the highest concentration of 
the calibration curve. Thus, no carry-over effects were 
seen, suggesting that the gradient program was successful 
in eliminating any trace elements or PRQ or CPRQ.

Accuracy and precision
Inter-assay precision, intra-assay precision and accuracy 
were within ± 14%, ± 10% and ± 6%, respectively, for ( +) 
and (−) of PRQ and CPRQ enantiomers (LLOQ, QC, 
ULOQ, and over-curve dilution) evaluated during four 
days of validation (Table 1). This met regulatory require-
ments of ± 15% for QC samples and ± 20% for LLOQ 
samples. The LLOQ and limit of detection (LOD) were 
set to 0.571  ng/mL and 0.286  ng/mL, respectively, for 
each enantiomer of PRQ and to 2.44 ng/mL and 1.22 ng/
mL, respectively, for each enantiomer of CPRQ sam-
ples. This is a substantial improvement in the sensitivity 
of PRQ compared to the previously published method 
reporting LLOQ and LOD at 5  ng/mL and 2  ng/mL, 
respectively for PRQ [23]. Validation samples were pre-
pared using EDTA plasma, but alternative anticoagulants 
(i.e., fluoro-oxalate and heparin) were evaluated by five 
replicates of QC samples prepared in fluoro-oxalate and 
heparin plasma. The overall mean accuracy was 101% and 
99.0% for heparin and fluoro-oxalate, respectively, and 
the overall precision was 3.62% and 2.86%, respectively, 
for heparin and fluoro-oxalate samples. These results 
suggested that EDTA, heparin and fluoro-oxalate can all 
be used as anticoagulants with the validated method.

Stability
Short-term and long-term stability were evaluated for 
all procedures in the assay, including storage of clinical 
samples, sample preparation and LC–MS/MS processes. 
( ±)-PRQ and ( ±)-CPRQ were stable in EDTA plasma 
during 3 freeze/thaw cycles, at ambient temperature for 
at least 48  h, and at 4  °C for at least 48  h. Precipitated 
samples were stable for at least 2 h at ambient tempera-
ture. Extracted ( ±)-PRQ and ( ±)-CPRQ, ready for injec-
tion, were stable for at least 60  h in the autosampler 
(4 °C). Stock solutions of ( ±)-PRQ and ( ±)-CPRQ were 
stable at ambient temperature for at least 4 h, 1 week in 
refrigerator (4 °C) and 1 month at − 80 °C. ( ±)-PRQ and 
( ±)-CPRQ in EDTA plasma showed long-term stability 
for up to 2  years when stored at − 80  °C. During these 
conditions, concentrations of ( ±)-PRQ and ( ±)-CPRQ 
deviated less than 10% from their nominal concentra-
tions. These stability data demonstrated that PRQ and 
CPRQ were stable during all procedures during routine 
performance of the method, and also during long-term 
storage of clinical study samples.

Dilution integrity
The ULOQ was set to cover peak concentrations of 
( ±)-PRQ and ( ±)-CPRQ expected after standard treat-
ment. However, over-curve samples were evaluated at 
2 × ULOQ to allow dilution and quantification of outli-
ers. Five replicates of these samples were diluted five 
times with EDTA blank plasma, and showed an over-
all accuracy and precision of 97–102% and 0.52–7.79%, 
respectively. These results confirm that samples outside 
the calibration range can be diluted enabling such sam-
ples to be quantified reliably.

Absolute recovery, matrix effects and selectivity
The absolute recovery of ( ±)-PRQ and ( ±)-CPRQ and 
their internal standards were in the range of 70–80% at 
all QC levels (Table 2). The absolute recoveries of ana-
lytes and isotope-labelled internal standard were highly 
correlated, producing a normalized recovery (analyte/
internal standard) close to 1. This demonstrated that 
the internal standards compensated fully for any devia-
tions in the recovery of the analytes. Similar recoveries 
have been reported in the literature when using liquid–
liquid extraction (60–65%) [21], solid phase extraction 
(> 85%) [22] and direct protein precipitation (80–90%) 
[23]. The absolute recovery presented here was some-
what lower compared to direct protein precipita-
tion and solid-phase extraction, but the phospholipid 
removal was necessary in order to enable a sensitive 
method without accumulation of phospholipid residues 
during high-volume clinical sample analysis.

Post-column infusion (Fig. 3) and matrix effect calcu-
lations (Table 2) in different sources of plasma demon-
strated that this method was free from any substantial 
matrix effect. The calculated matrix factor and matrix 
effect was within 0.85–1.15, and the relative matrix 
effect (% CV) was < 15% indicating no significant effects 
on the precision and accuracy of the assay. The normal-
ized matrix factor was close to 1 with low variation, 
indicating that the internal standards compensated 
fully for any potential matrix effects. This was sup-
ported further by the qualitative matrix effect evalu-
ation using post column infusion, demonstrating no 
visible ion suppression or enhancement at the retention 
times of the enantiomers of PRQ and CPRQ and inter-
nal standards (Fig. 3).

Specificity and selectivity were studied using 6 inde-
pendent plasma samples from 6 different healthy vol-
unteers. Post column infusion did not show any signs of 
ion suppression/enhancement or significant interference 
at the retention times of the enantiomers of PRQ and 
CPRQ, and internal standards. None of the blank sources 
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Table 2 Absolute recovery, matrix effects and normalized matrix effects of ( ±)-primaquine, ( ±)-carboxyprimaquine and their 
isotope-labelled internal standard in human EDTA plasma

CPRQ, carboxyprimaquine; CV, coefficient of variation; IS, Internal standard; PRQ, primaquine; QC, quality control; R, Replicate; SD, standard deviation

Analyte Sample R1 R2 R3 R4 R5 Average SD CV (%)

Absolute recovery (%), (n = 5)

 ( +)-PRQ QC1 75.3 73.3 76.7 74.6 71.3 74.2 2.05 2.76

QC3 72.3 78.4 72.3 70.9 70.5 72.9 3.19 4.38

IS QC1 76.8 76.4 76.1 71.9 73.2 74.9 2.19 2.92

IS QC3 74.0 78.4 73.7 72.5 71.1 73.9 2.74 3.71

 (−)-PRQ QC1 78.1 72.3 73.1 71.0 75.3 74.0 2.79 3.78

QC3 76.8 70.7 75.7 74.9 72.3 74.1 2.51 3.39

IS QC1 73.3 73.4 73.3 75.3 70.5 73.2 1.71 2.34

IS QC3 78.2 71.4 75.9 75.3 73.6 74.9 2.55 3.40

 ( +)-CPRQ QC1 75.1 75.1 79.2 73.0 72.3 74.9 2.69 3.59

QC3 75.2 75.2 78.0 74.7 75.4 75.7 1.31 1.73

IS QC1 77.6 77.6 80.1 75.2 77.8 77.7 1.73 2.23

IS QC3 73.5 73.5 74.6 72.9 73.1 73.5 0.66 0.89

 (−)-CPRQ QC1 79.2 79.8 74.1 76.8 70.5 76.1 3.85 5.05

QC3 76.5 78.9 75.5 76.7 73.4 76.2 2.00 2.62

IS QC1 73.7 76.3 70.4 72.9 73.2 73.3 2.11 2.87

IS QC3 75.4 78.2 74.6 75.2 73.8 75.4 1.66 2.21

Analyte Sample R1 R2 R3 R4 R5 R Average SD CV (%)

Matrix effects, (n = 6)

 ( +)-PRQ QC1 1.08 1.05 1.14 1.15 1.20 1.03 1.11 0.07 5.91

QC3 1.01 0.91 1.03 1.00 0.96 1.12 1.01 0.07 7.03

IS QC1 0.98 0.97 0.98 1.13 1.04 1.00 1.02 0.06 5.99

IS QC3 0.91 1.04 0.93 0.94 0.85 0.97 0.94 0.06 6.73

 (−)-PRQ QC1 1.14 1.10 1.08 1.15 1.14 1.09 1.12 0.03 2.70

QC3 0.95 1.08 1.06 1.20 1.06 1.04 1.07 0.08 7.55

IS QC1 1.09 1.11 1.09 1.07 0.98 1.10 1.07 0.05 4.44

IS QC3 1.06 1.01 1.02 1.09 1.12 1.02 1.05 0.04 4.23

 ( +)-CPRQ QC1 0.83 0.89 1.03 1.06 0.92 0.96 0.95 0.09 9.13

QC3 1.10 1.20 1.17 1.08 1.04 1.06 1.11 0.06 5.72

IS QC1 0.94 1.10 1.05 0.94 0.92 0.98 0.99 0.07 7.33

IS QC3 1.06 1.14 1.22 1.12 1.04 1.17 1.13 0.07 6.00

 (−)-CPRQ QC1 0.99 1.02 1.09 0.93 0.95 1.04 1.00 0.06 5.90

QC3 1.10 1.15 1.14 1.03 1.08 1.06 1.09 0.05 4.24

IS QC1 1.08 1.09 1.08 1.09 1.02 1.03 1.07 0.03 2.95

IS QC3 1.02 1.19 1.05 0.99 0.99 1.01 1.04 0.08 7.30

Normalised matrix effects, (n = 6)

 ( +)-PRQ QC1/IS QC1 1.10 1.08 1.16 1.02 1.15 1.03 1.09 0.06 5.57

QC3/IS QC3 1.11 0.88 1.11 1.06 1.13 1.15 1.07 0.10 9.47

 (−)-PRQ QC1/IS QC1 1.05 0.99 0.99 1.07 1.16 0.99 1.04 0.07 6.59

QC3/IS QC3 0.90 1.07 1.04 1.10 0.95 1.02 1.01 0.08 7.62

 ( +)-CPRQ QC1/IS QC1 0.88 0.81 0.98 1.13 1.00 0.98 0.96 0.11 11.5

QC3/IS QC3 1.04 1.05 0.96 0.96 1.00 0.91 0.99 0.05 5.54

 (−)-CPRQ QC1/IS QC1 0.92 0.94 1.01 0.85 0.93 1.01 0.94 0.06 6.33

QC3/IS QC3 1.08 0.97 1.09 1.04 1.09 1.05 1.05 0.05 4.42
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produced a signal > 20% of LLOQ, demonstrating a highly 
selective method with a minimal risk of interference from 
different patient samples.

There was no interference by potentially co-adminis-
tered anti-malarial drugs (i.e. piperaquine, dihydroarte-
misinin, chloroquine and pyronaridine) and should not 
impact the quantification of PRQ and CPRQ.

Partial validation of racemic method
Enantiomeric separation and quantification might not 
always be necessary to answer a clinical question, and 
thus a simplified method for racemic separation and 
quantification was developed and validated.

A number of different C18 columns (Hypersil Gold 
C18, Gemini C18) and CN columns (Hypersil CN) were 
evaluated for optimal separation of racemic PRQ and 
CPRQ. All columns achieved acceptable separation 
using an isocratic mobile phase at varying concentra-
tions of ammonium acetate and acetonitrile. However, 
the best peak symmetry was achieved with the Hyper-
sil Gold column (100  mm × 4.6  mm; I.D. 3  μm) and an 
isocratic mobile phase (10  mM ammonium acetate pH 
3.5:acetronitrile, 50:50, v/v) resulting in a total run time 
of 8  min (Fig.  4). PRQ, PRQ-D3, CPRQ and CPRQ-D3 
eluted at 2.95  min, 3.00  min, 5.33  min and 5.39  min, 
respectively. Detection of PRQ, CPRQ and isotope-
labelled internal standards was performed using the 

XIC of +MRM (6 pairs): 260.300/175.100 Da ID: PRQ2 from Sample 15 (Blank B no IS post infusion experiment) of Batch 1 re-test 2 .spc0.0139.xaM...30410
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Fig. 3 Visual evaluation of potential matrix effects on Chiralcel OD-3R column (150 mm × 4.6 mm; I.D. 3 μm) at flow rate 1.0 mL/min. Injection of 
extracted blank human plasma (volunteer A) during post column infusion (10 μL/min) of primaquine (25 ng/mL) and carboxyprimaquine (50 ng/
mL). The lower chromatogram represents the extracted ion chromatogram (EIC) of PRQ and upper chromatogram represents the extracted ion 
chromatogram of CPRQ. The arrows indicate the retention times for ( ±)-primaquine and ( ±)-carboxyprimaquine
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following MRM transitions m/z 260.3 > 175.1 (PRQ), m/z 
263.3 > 86.1 (PRQ-D3), m/z 275.2 > 175.1 (CPRQ) and 
m/z 278.4 > 178.1 (CPRQ-D3). The MS parameters were 
identical to that described for the enantiomeric separa-
tion method, except at  Q0 (front end). The front end was 
optimized with respect to ion source gas (GS1; 50 psi) 
and temperature (450  °C) for optimum results for PRQ 
and CPRQ. The developed method showed no signs of 
interference (i.e. ion suppression/enhancement) at the 
retention times of PRQ, CPRQ and internal standards 
(Fig.  5). The internal standards compensated satisfacto-
rily for any deviations and the normalized matrix factors 
were close to 1 with low variation (Table 3). The calibra-
tion range was set to 1.14–519 ng/mL and 4.88–5,000 ng/
mL for PRQ and CPRQ, respectively. The overall accu-
racy, within-day precision and between-day precision 
were below 5% at all quality control samples of PRQ and 
CPRQ in human plasma using the developed racemic 
method.

Most racemic methods for quantification of PRQ and 
CPRQ have used UV-detection [12, 16, 44], but a recently 

published method reported a LC–MS/MS method [22]. 
The latter method requires 500 µL of plasma and a total 
run time of 11 min, with a LLOQ at 2.0 and 2.5 ng/mL 
for PRQ and CPRQ, respectively [22]. The validated race-
mic method, reported here, showed a slightly increased 
sensitivity for PRQ (LLOQ of 1.14 ng/mL) and a shorter 
runtime of 8 min, but with the main advantage of requir-
ing only 100 µL of plasma.

Clinical applicability
Enantiomeric separation method
Two drug-drug interaction studies in healthy volunteers 
in Thailand [34, 35] were analysed using the described 
enantiomeric separation LC–MS/MS method. The accu-
racy and relative standard deviation (RSD) were below 
10% at all QCs levels. The resulting plasma concentra-
tion–time profiles of each enantiomer of PRQ and CPRQ 
from a healthy volunteer is shown in Fig. 6. The concen-
tration range of the clinical samples was fully covered by 
the enantiomeric method and none of the clinical sam-
ples required reanalysis with dilution, demonstrating the 
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Fig. 4 Retention time of racemic primaquine and carboxyprimaquine on the Hypersil Gold column (100 mm × 4.6 mm; I.D. 3 μm) at a flow rate of 
0.5 mL/min, using an isocratic mobile phase (10 mM ammonium acetate pH 3.5:acetonitrile; 50:50, v/v)
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appropriateness of the developed method. The maximum 
concentration of ( +)-PRQ was approximately twice that 
for (-)-PRQ, while there was a more than tenfold differ-
ence in the maximum concentrations of ( +)-CPRQ and 
(-)-CPRQ. These enantiospecific pharmacokinetic prop-
erties are similar to those reported previously in healthy 
volunteers [15, 34, 35]. Data from the two studies above 
were also pooled and evaluated using a population phar-
macokinetic modelling approach [45]. This pooled analy-
sis in 49 healthy adult volunteers demonstrated a 2.5-fold 
increase in the exposure to plasma ( +)-PRQ compared 
with (−)-PRQ. Additionally, there was an even larger 
difference in the exposure to the carboxyprimaquine 
enantiomers, resulting in a 21-fold higher exposure 
to (−)-CPRQ compared with ( +)-CPRQ. These large 

pharmacokinetic differences in enantiomers suggests that 
further evaluations are needed urgently. Radical cure of P. 
vivax malaria and adverse events, such as gastrointestinal 
disturbance and haemolytic toxicity, might be improved 
by characterizing the toxicokinetic profiles of primaquine 
enantiomers in patients, particularly in individuals with 
mild to moderate G6PD deficiency. The presented LC–
MS/MS method could thus be applied to such as study 
in measuring plasma enantiomeric primaquine and 
carboxyprimaquine concentrations. In support of this, 
Saunders et al. showed pharmacokinetic and pharmaco-
dynamic differences of the enantiomers of primaquine 
administered to P. cynomolgi-infected rhesus macaques 
and recommended further investigations to evaluate 
potential toxicokinetic advantages of the enantiomers [9].
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Fig. 5 Visual evaluation of potential matrix effects on the Hypersil Gold column (100 mm × 4.6 mm; I.D. 3 μm) at a flow rate of 0.5 mL/min. Injection 
of extracted blank human plasma (volunteer A) during post-column infusion (10 μL/min) of primaquine (10 ng/mL) and carboxyprimaquine (20 ng/
mL). The upper chromatogram represents the extracted ion chromatogram (EIC) of PRQ and lower chromatogram represents the extracted ion 
chromatogram of CPRQ. The arrows indicate the retention times for primaquine and carboxyprimaquine
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The reliability of the validated method was confirmed 
by reanalysis of clinical samples (i.e. incurred sample rea-
nalysis, ISR). Reanalysis was performed on 83 randomly 
selected samples above the LLOQ, out of 800 clinical 
samples analysed in total (10% of the total number of 
samples). Only 4 PRQ and 4 CPRQ samples out of 83 
samples (4.8%) showed a deviation above 20% (21.3–28.0) 
compared to the original analysis value, which is well 
within the regulatory guideline for ISR.

Racemic method
A drug-drug interaction study of primaquine and chlo-
roquine in healthy volunteers in Thailand [33] were 
analysed using the newly-developed racemic method. 
All of the plasma samples were within the calibra-
tion range and none of the clinical samples required 

reanalysis with dilution, demonstrating the appropri-
ateness of the developed method. The accuracy and 
RSD were below 7% at all QCs levels. There was an 
approximate tenfold difference in the maximum con-
centrations of PRQ and CPRQ, as previously reported 
[12, 16, 43, 46].

The reliability of the validated method was con-
firmed by reanalysis of clinical samples. Reanalysis was 
performed on 73 randomly selected samples above the 
LLOQ, out of 528 clinical samples analysed in total 
(14% of the total number of samples). None of the 73 
samples showed a deviation above 20% compared to 
the original analysis value.

Conclusions
The newly developed enantiomeric and racemic sepa-
ration and detection methods for PRQ and CPRQ 
proved sensitive, accurate, precise, and reproducible. 
The sensitivity (LLOQ) was 0.571 and 2.44  ng/mL for 
each enantiomer of PRQ and CPRQ, respectively, while 
the racemic method showed a sensitivity of 1.14 and 
4.88  ng/mL for PRQ and CPRQ, respectively. Protein 
precipitation followed by phospholipid removal SPE 
showed an excellent recovery with no interference from 
co-administered drugs or matrix effects. The developed 
and validated methods are more sensitive than previ-
ously published methods, with the advantage of requir-
ing substantially smaller samples volume of 100 µL and 
relatively short sample runtime of 30 and 8 min for the 
enantiomeric and racemic method, respectively. The 
presented methods were implemented successfully in 
high-throughput routine analysis of pharmacokinetic 
clinical trial samples.

Table 3 Matrix effect and normalised matrix factor for racemic primaquine and carboxyprimaquine

CPRQ, carboxyprimaquine; CV, coefficient of variation; IS, Internal standard; PRQ, primaquine; QC, quality control; R, Replicate; SD, standard deviation

Analyte Sample R1 R2 R3 R4 R5 R6 Average SD CV (%)

Matrix effects (%), (n = 6)

 PRQ QC1 1.17 1.22 1.07 1.10 1.10 1.11 1.13 0.06 4.93

QC3 0.92 0.88 0.97 0.99 1.03 0.95 0.96 0.05 5.43

IS QC1 1.04 1.11 0.95 1.03 0.96 1.02 1.02 0.06 5.74

IS QC3 0.95 0.90 0.98 1.01 1.05 0.97 0.98 0.05 5.19

 CPRQ QC1 0.99 1.07 1.02 0.98 0.96 0.97 1.00 0.04 4.08

QC3 1.03 0.98 0.98 1.05 1.00 1.00 1.01 0.03 2.73

IS QC1 1.02 1.07 0.97 0.93 0.99 0.96 0.99 0.05 5.09

IS QC3 1.08 1.06 1.16 0.98 0.98 0.98 1.04 0.07 7.09

Normalised matrix effect (n = 6)

 PRQ QC1/IS QC1 1.13 1.10 1.13 1.07 1.15 1.09 1.11 0.03 2.59

QC3/IS QC3 0.97 0.98 0.98 0.98 0.98 0.99 0.98 0.01 0.60

 CPRQ QC1/IS QC1 0.97 1.00 1.05 1.06 0.97 1.01 1.01 0.04 3.78

QC3/IS QC3 0.95 0.93 0.85 1.07 1.02 1.02 0.97 0.08 8.32
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Fig. 6 Measured plasma concentration–time profiles of (−)-PRQ, 
( +)-PRQ, (−)-CPRQ and ( +)-CPRQ in one healthy volunteer after 
administration of a single oral dose of 30 mg primaquine phosphate
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chromatography-tandem mass spectrometry; LLOQ: Lower limit of quantifica-
tion; ULOQ: Upper limit of quantification; MRM: Multiple Reaction Monitoring.

Acknowledgements
We thank the method development team for their constant encouragement 
and support. Dr. Podjanee Jittmala, Dr. Borimas Hanboonkunupakarn and Prof. 
Sasithorn Pukrittayakamee are acknowledged for sharing the pharmacokinetic 
data. We are very grateful to Prof. Larry Walker (National Center for Natural 
Product Research, University of Mississippi) for the kind donation of internal 
standards.

Author contributions
WH performed method development, method validation and method 
implementation to clinical studies and prepared the manuscript. JT, ND and 
NW reviewed and revised this manuscript. All authors read and approved the 
final manuscript.

Funding
This work was supported by the Wellcome Trust [220211]. For the purpose of 
Open Access, the author has applied a CC BY public copyright license to any 
Author Accepted Manuscript version arising from this submission.

Availability of data and materials
All data generated or analysed during this study are included in this published 
article and its additional files.

Declarations

Ethic approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Author details
1 Department of Clinical Pharmacology, Mahidol Oxford Tropical Medicine 
Research Unit, Faculty of Tropical Medicine, Mahidol University, Bangkok, Thai-
land. 2 Centre for Tropical Medicine and Global Health, Nuffield Department 
of Medicine, University of Oxford, Oxford, UK. 

Received: 14 February 2022   Accepted: 19 May 2022

References
 1. Fasinu PS, Tekwani BL, Nanayakkara NPD, Avula B, Herath HMTB, Wang 

Y-H, et al. Enantioselective metabolism of primaquine by human CYP2D6. 
Malar J. 2014;13:507.

 2. Bowman ZS, Oatis JE Jr, Whelan JL, Jollow DJ, McMillan DC. Primaquine-
induced hemolytic anemia: susceptibility of normal versus glutathione-
depleted rat erythrocytes to 5-hydroxyprimaquine. J Pharmacol Exp Ther. 
2004;309:79–85.

 3. Bolchoz LJ, Budinsky RA, McMillan DC, Jollow DJ. Primaquine-induced 
hemolytic anemia: formation and hemotoxicity of the arylhydroxylamine 
metabolite 6-methoxy-8-hydroxylaminoquinoline. J Pharmacol Exp Ther. 
2001;297:509–15.

 4. Bolchoz LJ, Morrow JD, Jollow DJ, McMillan DC. Primaquine-induced 
hemolytic anemia: effect of 6-methoxy-8-hydroxylaminoquinoline on rat 
erythrocyte sulfhydryl status, membrane lipids, cytoskeletal proteins, and 
morphology. J Pharmacol Exp Ther. 2002;303:141–8.

 5. Baker JK, McChesney JD. Differential metabolism of the enantiomers of 
primaquine. J Pharm Sci. 1988;77:380–2.

 6. Schmidt L, Alexander S, Allen L, Rasco J. Comparison of the curative 
antimalarial activities and toxicities of primaquine and its d and l isomers. 
Antimicrob Agents Chemother. 1977;12:51–60.

 7. Agarwal S, Gupta UR, Gupta RC, Anand N, Agarwal SS. Susceptibility of 
glucose-6-phosphate dehydrogenase deficient red cells to primaquine 
enantiomers and two putative metabolites–I. Effect on reduced glu-
tathione, methemoglobin content and release of hemoglobin. Biochem 
Pharmacol. 1988;37:4605–9.

 8. Mihaly GW, Ward SA, Nicholl DD, Edwards G, Breckenridge AM. The effects 
of primaquine stereoisomers and metabolites on drug metabolism in 
the isolated perfused rat liver and in vitro rat liver microsomes. Biochem 
Pharmacol. 1985;34:331–6.

 9. Saunders D, Vanachayangkul P, Imerbsin R, Khemawoot P, Siripokasupkul 
R, Tekwani BL, et al. Pharmacokinetics and pharmacodynamics of (+)-pri-
maquine and (−)-primaquine enantiomers in Rhesus macaques (Macaca 
mulatta). Antimicrob Agents Chemother. 2014;58:7283–91.

 10. Nanayakkara NP, Tekwani BL, Herath HM, Sahu R, Gettayacamin M, 
Tungtaeng A, et al. Scalable preparation and differential pharmacologic 
and toxicologic profiles of primaquine enantiomers. Antimicrob Agents 
Chemother. 2014;58:4737–44.

 11. Vale N, Moreira R, Gomes P. Primaquine revisited six decades after its 
discovery. Eur J Med Chem. 2009;44:937–53.

 12. Mihaly GW, Ward SA, Edwards G, Orme ML, Breckenridge AM. Phar-
macokinetics of primaquine in man: identification of the carboxylic 
acid derivative as a major plasma metabolite. Br J Clin Pharmacol. 
1984;17:441–6.

 13. Pybus BS, Marcsisin SR, Jin X, Deye G, Sousa JC, Li Q, et al. The metabolism 
of primaquine to its active metabolite is dependent on CYP 2D6. Malar J. 
2013;12:212.

 14. Fasinu PS, Avula B, Tekwani BL, Nanayakkara NP, Wang YH, Bandara Herath 
HM, et al. Differential kinetic profiles and metabolism of primaquine 
enantiomers by human hepatocytes. Malar J. 2016;15:224.

 15. Tekwani BL, Avula B, Sahu R, Chaurasiya ND, Khan SI, Jain S, et al. Enanti-
oselective pharmacokinetics of primaquine in healthy human volunteers. 
Drug Metab Dispos. 2015;43:571–7.

 16. Dua VK, Kar PK, Sarin R, Sharma VP. High-performance liquid chromato-
graphic determination of primaquine and carboxyprimaquine concen-
trations in plasma and blood cells in Plasmodium vivax malaria cases 
following chronic dosage with primaquine. J Chromatogr B Biomed Appl. 
1996;675:93–8.

 17. Dwivedi AK, Saxena D, Singh S. HPLC and HPTLC assays for the antima-
larial agents chloroquine, primaquine and bulaquine. J Pharm Biomed 
Anal. 2003;33:851–8.

 18. Na-Bangchang K, Guirou EA, Cheomung A, Karbwang J. Determination of 
primaquine in whole blood and finger-pricked capillary blood dried on 
filter paper using HPLC and LCMS/MS. Chromatographia. 2014;77:561–9.

 19. Lal J, Mehrotra N, Gupta RC. Analysis and pharmacokinetics of bulaquine 
and its major metabolite primaquine in rabbits using an LC-UV method–a 
pilot study. J Pharm Biomed Anal. 2003;32:141–50.

 20. Marino MT, Peggins JO, Brewer TG. High-performance liquid chromato-
graphic method for the determination of a candidate 8-aminoquinoline 
antimalarial drug (WR 242511) using oxidative electrochemical detection. 
J Chromatogr. 1993;616:338–43.

 21. Nitin M, Rajanikanth M, Lal J, Madhusudanan KP, Gupta RC. Liquid 
chromatography-tandem mass spectrometric assay with a novel method 
of quantitation for the simultaneous determination of bulaquine and 
its metabolite, primaquine, in monkey plasma. J Chromatogr B Analyt 
Technol Biomed Life Sci. 2003;793:253–63.

 22. Page-Sharp M, Ilett KF, Betuela I, Davis TM, Batty KT. Simultaneous 
determination of primaquine and carboxyprimaquine in plasma using 
solid phase extraction and LC-MS assay. J Chromatogr B Analyt Technol 
Biomed Life Sci. 2012;902:142–6.

 23. Avula B, Khan SI, Tekwani BL, Nanayakkara NP, McChesney JD, Walker 
LA, et al. Analysis of primaquine and its metabolite carboxyprimaquine 
in biological samples: enantiomeric separation, method validation and 
quantification. Biomed Chromatogr. 2011;25:1010–7.

 24. Lourens C, Lindegardh N, Barnes KI, Guerin PJ, Sibley CH, White 
NJ, et al. Benefits of a pharmacology antimalarial reference stand-
ard and proficiency testing program provided by the Worldwide 



Page 16 of 16Hanpithakpong et al. Malaria Journal          (2022) 21:169 

•
 
fast, convenient online submission

 •
  

thorough peer review by experienced researchers in your field

• 
 
rapid publication on acceptance

• 
 
support for research data, including large and complex data types

•
  

gold Open Access which fosters wider collaboration and increased citations 

 
maximum visibility for your research: over 100M website views per year •

  At BMC, research is always in progress.

Learn more biomedcentral.com/submissions

Ready to submit your researchReady to submit your research  ?  Choose BMC and benefit from: ?  Choose BMC and benefit from: 

Antimalarial Resistance Network (WWARN). Antimicrob Agents Chem-
other. 2014;58:3889–94.

 25. Food and Drug Administration. Guidance for Industry, Bioanalytical 
Method Validation. 2001.

 26. Elmes NJ, Bennett SM, Abdalla H, Carthew TL, Edstein MD. Lack of sex 
effect on the pharmacokinetics of primaquine. Am J Trop Med Hyg. 
2006;74:951–2.

 27. Cuong BT, Binh VQ, Dai B, Duy DN, Lovell CM, Rieckmann KH, et al. Does 
gender, food or grapefruit juice alter the pharmacokinetics of primaquine 
in healthy subjects? Br J Clin Pharmacol. 2006;61:682–9.

 28. Singtoroj T, Tarning J, Annerberg A, Ashton M, Bergqvist Y, White NJ, et al. 
A new approach to evaluate regression models during validation of 
bioanalytical assays. J Pharm Biomed Anal. 2006;41:219–27.

 29. Bansal S, DeStefano A. Key elements of bioanalytical method validation 
for small molecules. Aaps j. 2007;9:E109–14.

 30. Taylor PJ. Matrix effects: the Achilles heel of quantitative high-perfor-
mance liquid chromatography-electrospray-tandem mass spectrometry. 
Clin Biochem. 2005;38:328–34.

 31. Côté C, Bergeron A, Mess J-N, Furtado M, Garofolo F. Matrix effect elimina-
tion during LC–MS/MS bioanalytical method development. Bioanalysis. 
2009;1:1243–57.

 32. Muller C, Schafer P, Stortzel M, Vogt S, Weinmann W. Ion suppression 
effects in liquid chromatography-electrospray-ionisation transport-
region collision induced dissociation mass spectrometry with different 
serum extraction methods for systematic toxicological analysis with 
mass spectra libraries. J Chromatogr B Analyt Technol Biomed Life Sci. 
2002;773:47–52.

 33. Pukrittayakamee S, Tarning J, Jittamala P, Charunwatthana P, Lawpoolsri 
S, Lee SJ, et al. Pharmacokinetic interactions between primaquine and 
chloroquine. Antimicrob Agents Chemother. 2014;58:3354–9.

 34. Jittamala P, Pukrittayakamee S, Ashley EA, Nosten F, Hanboonkunupa-
karn B, Lee SJ, et al. Pharmacokinetic interactions between primaquine 
and pyronaridine-artesunate in healthy adult Thai subjects. Antimicrob 
Agents Chemother. 2015;59:505–13.

 35. Hanboonkunupakarn B, Ashley EA, Jittamala P, Tarning J. Open-label 
crossover study of primaquine and dihydroartemisinin-piperaquine 
pharmacokinetics in healthy adult thai subjects. Antimicrob Agents 
Chemother. 2014;58:7340–6.

 36. Xia YQ, Jemal M. Phospholipids in liquid chromatography/mass spec-
trometry bioanalysis: comparison of three tandem mass spectrometric 
techniques for monitoring plasma phospholipids, the effect of mobile 
phase composition on phospholipids elution and the association of 
phospholipids with matrix effects. Rapid Commun Mass Spectrom. 
2009;23:2125–38.

 37. Bonato PS, Bortocana R, Gaitani CM, Paiasb FO, Ihab MH, Lima RP. 
Enantiomeric resolution of drugs and metabolites in polysaccharide- and 
protein-based chiral stationary phases. J Braz Chem Soc. 2002;13:190–9.

 38. Ward SA, Edwards G, Orme ML, Breckenridge AM. Determination of pri-
maquine in biological fluids by reversed-phase high-performance liquid 
chromatography. J Chromatogr. 1984;305:239–43.

 39. Parkhurst GW, Nora MV, Thomas RW, Carson PE. High-performance 
liquid chromatographic-ultraviolet determination of primaquine and its 
metabolites in human plasma and urine. J Pharm Sci. 1984;73:1329–31.

 40. Endoh YS, Yoshimura H, Sasaki N, Ishihara Y, Sasaki H, Nakamura S, et al. 
High-performance liquid chromatographic determination of pamaquine, 
primaquine and carboxy primaquine in calf plasma using electrochemi-
cal detection. J Chromatogr. 1992;579:123–9.

 41. Bhatia SC, Saraph YS, Revankar SN, Doshi KJ, Bharucha ED, Desai ND, et al. 
Pharmacokinetics of primaquine in patients with P. vivax malaria. Eur J 
Clin Pharmacol. 1986;31:205–10.

 42. Ward SA, Mihaly GW, Edwards G, Looareesuwan S, Phillips RE, Chan-
thavanich P, et al. Pharmacokinetics of primaquine in man. II. Compari-
son of acute vs chronic dosage in Thai subjects. Br J Clin Pharmacol. 
1985;19:751–5.

 43. Binh VQ, Chinh NT, Thanh NX, Cuong BT, Quang NN, Dai B, et al. Sex 
affects the steady-state pharmacokinetics of primaquine but not doxycy-
cline in healthy subjects. Am J Trop Med Hyg. 2009;81:747–53.

 44. Ward SA, Edwards G, Orme MLE, Breckenridge AM. Determination of pri-
maquine in biological fluids by reversed-phase high-performance liquid 
chromatography. J Chromatogr B Biomed Sci Appl. 1984;305:239–43.

 45. Chairat K, Jittamala P, Hanboonkunupakarn B, Pukrittayakamee S, 
Hanpithakpong W, Blessborn D, et al. Enantiospecific pharmacokinetics 
and drug-drug interactions of primaquine and blood-stage antimalarial 
drugs. J Antimicrob Chemother. 2018;73:3102–13.

 46. Kim YR, Kuh HJ, Kim MY, Kim YS, Chung WC, Kim SI, et al. Pharmacokinet-
ics of primaquine and carboxyprimaquine in Korean patients with vivax 
malaria. Arch Pharm Res. 2004;27:576–80.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.


	Simultaneous and enantiospecific quantification of primaquine and carboxyprimaquine in human plasma using liquid chromatography-tandem mass spectrometry
	Abstract 
	Background: 
	Methods: 
	Results: 
	Conclusions: 

	Background
	Methods
	Chemicals & reagents
	Instrumentation, separation and detection
	Preparation of standards and quality control samples
	Analytical procedure
	Validation
	Calibration and linearity
	Precision and accuracy
	Stability and carry-over
	Matrix effects, absolute recovery, and selectivity
	Partial validation of racemic primaquine quantification
	Clinical applicability

	Results and discussion
	Chromatography and quantification
	Sample preparation

	Validation
	Calibration curve and carry-over.
	Accuracy and precision
	Stability
	Dilution integrity
	Absolute recovery, matrix effects and selectivity
	Partial validation of racemic method

	Clinical applicability
	Enantiomeric separation method
	Racemic method

	Conclusions
	Acknowledgements
	References




