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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 uL) were precipitated with 1% formic acid in acetoni-
trile followed by phospholipid removal solid phase extraction. Primaquine and carboxyprimaguine enantiomers were
separated on a Chiralcel OD-3R (150 mm x 4.6 mm; |.D. 3 um) 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 x 4.6 mm; 1.D. 3 um) 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-
magquine enantiomers, respectively, resulting in a correlation coefficient (r) > 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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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

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
(4)-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-
magquine. In the same model, chloroquine in combination
with (—)-primaquine was more effective in preventing P.
cynomolgi relapse compared with (4)-primaquine [9].
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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 (4)-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.
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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, Minnedorf, 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 x 4.6 mm, L.D. 3 um; Chiral Technologies Inc.,
West Chester, PA, USA), protected by a Chiralcel OD-3R
guard column (4 mm x 10 mm, L.D. 3 pm), 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 pL/min, using a Harvard infusion pump connected
directly to the MS. Additional MS/MS tuning was per-
formed by continuous infusion of (4)-PRQ (25 ng/mL)
and (£)-CPRQ (50 ng/mL) at a flow rate of 20 pL/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 (4)-PRQ (0.5 mg/mL) and (4)-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 (#4)-PRQ-D3 and
(£)-CPRQ-D3 (5 pg/mL and 25 pg/mL, respectively)
were stored in 100 pL 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 x 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 pL) were aliquoted onto a 1 mL
96-wellplate. Solid phase extraction was performed by
adding precipitation solution (300 pL 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
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Mixmate (Eppendorf, Germany) at 1000 rpm for 2 min
followed by centrifugation at 1100g for 5 min. 200 pL 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 uL 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 uL 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/x%) 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 (P, si.q) 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 (P, ieq)- Reference solution was also
spiked to low and high QC concentrations (P,,,,; c,mtion)
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].

Average response Pyre_spiked

Absolute recovery(%) = x 100
Average response Puoss spiked

1)
Average response Pyt —spiked
Matrix factor = post—spike
Average response Pyeatsolution
Matrix factor 1y
Normalized matrix effect = : f analyte
Matrix factoriysernal standard
(3)

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
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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 pL/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 X 4.6 mm, L.D. 3 pm; Thermo
Fisher Scientific, USA), protected by a Hypersil gold
guard column (2.1 x 10 mm, LD. 5 um) at a flow rate of
0.5 pL/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; T1S 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
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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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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 x 4.6 mm; L.D. 3 pm 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 pm silica-gel. This
column has a similar stationary phase to the Chiralcel
OD-R (250 mm x 4.6 mm; L.D. 10 pm 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, (+4)-PRQ, (—)-
CPRQ and (+)-CPRQ had retention times of 4.73, 5.71,
13.5 and 14.7 min, respectively.
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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-lig-
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.
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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/x* 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/x* 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

Analyte Sample Nominal Measured Accuracy (%) Between-assay Within-assay
concentration (ng/ concentration (ng/ precision (RSD) precision (RSD)
mL) mL)

(+)-PRQ LLOQ 0571 0.591 103 772 9.93
QC 146 148 101 6.38 6.32
QC2 16.8 16.8 100 6.27 3.60
QC3 195 193 98.9 3.08 3.54
uLoQ 260 256 985 6.77 4.00
Over curve 519 515 99.2 4.20 2.81

(—=)-PRQ LLOQ 0.571 0.556 974 133 9.08
QC1 1.46 143 979 712 4.54
QC2 16.8 171 101 6.67 1.13
QC3 195 192 985 145 1.03
ULOQ 260 252 96.9 2.80 1.05
Over curve 519 530 102 1.62 1.64

(+)-CPRQ LLOQ 244 239 979 8.12 493
QC1 7.32 7.28 99.5 8.84 9.13
QC2 17 116 99.1 334 2.50
QC3 1875 1806 96.3 7.61 219
uLoQ 2500 2471 9838 9.31 239
Over curve 5000 4886 99.7 745 3.87

(—)-CPRQ LLOQ 244 231 94.7 5.90 8.23
QC1 7.32 7.22 98.6 1.2 745
QC2 117 114 974 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

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

quantification
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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 4 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 (Z£)-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.
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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 x 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 (4)-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

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

Absolute recovery (%), (n=5)

(+)-PRQ QC1 753 733 76.7 74.6 71.3 74.2 2.05 2.76
QC3 723 784 723 709 70.5 729 3.19 4.38
ISQC1 76.8 764 76.1 719 732 74.9 2.19 2.92
ISQC3 74.0 784 73.7 72.5 711 739 2.74 3.71
(—)-PRQ QC1 78.1 723 73.1 71.0 753 74.0 279 3.78
Qc3 76.8 70.7 75.7 74.9 72.3 74.1 2.51 3.39
ISQC1 733 734 733 753 70.5 732 1.71 234
ISQC3 782 714 759 753 736 74.9 255 340
(+)-CPRQ QC1 751 751 79.2 73.0 723 74.9 2.69 3.59
QC3 752 752 78.0 74.7 754 75.7 131 1.73
ISQC1 77.6 77.6 80.1 752 77.8 777 173 223
1SQC3 735 735 74.6 729 73.1 735 0.66 0.89
(—)-CPRQ Q1 79.2 79.8 74.1 76.8 70.5 76.1 385 5.05
QC3 76.5 789 755 76.7 734 76.2 2.00 262
ISQC1 737 76.3 704 729 732 733 211 287
1ISQC3 754 782 74.6 752 738 754 1.66 221
Analyte Sample R1 R2 R3 R4 R5 R Average SD CV (%)

Matrix effects, (n=16)

(+)-PRQ QC1 1.08 1.05 1.14 1.15 1.20 1.03 1.11 0.07 591
QC3 1.01 091 1.03 1.00 0.96 1.12 1.01 0.07 7.03
IS QC1 0.98 097 098 1.13 1.04 1.00 1.02 0.06 5.99
1SQC3 091 1.04 093 0.94 0.85 097 094 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
ISQC1 1.09 .11 1.09 1.07 0.98 1.10 1.07 0.05 444
ISQC3 1.06 1.01 1.02 1.09 112 1.02 1.05 0.04 423
(+)-CPRQ QC1 0.83 0.89 1.03 1.06 092 0.96 095 0.09 9.13
QC3 1.10 1.20 117 1.08 1.04 1.06 .11 0.06 572
ISQC1 094 1.10 1.05 0.94 092 098 0.99 0.07 733
1SQC3 1.06 1.14 1.22 1.12 1.04 1.17 1.13 0.07 6.00
(—)-CPRQ Q1 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 0.05 424
ISQC1 1.08 1.09 1.08 1.09 1.02 1.03 1.07 0.03 295
ISQC3 1.02 1.19 1.05 0.99 0.99 1.01 1.04 0.08 7.30
Normalised matrix effects, (n=6)
(+)-PRQ QC1/1SQC1 1.10 1.08 1.16 1.02 1.15 1.03 1.09 0.06 557
QC3/1SQC3 .11 0.88 .11 1.06 113 1.15 1.07 0.10 947
(—)-PRQ QC1/1SQC1 1.05 0.99 0.99 1.07 1.16 0.99 1.04 0.07 6.59
QC3/1SQC3 0.90 1.07 1.04 1.10 095 1.02 1.01 0.08 7.62
(+)-CPRQ QC1/1sQC1 0.88 0.81 0.98 1.13 1.00 0.98 0.96 011 115
QC3/1SQC3 1.04 1.05 0.96 0.96 1.00 0.91 0.99 0.05 554
(—)-CPRQ QC1/IsQC1 092 094 1.01 0.85 093 1.01 0.94 0.06 6.33
QC3/1SQC3 1.08 097 1.09 1.04 1.09 1.05 1.05 0.05 442

CPRQ, carboxyprimaquine; CV, coefficient of variation; IS, Internal standard; PRQ, primaquine; QC, quality control; R, Replicate; SD, standard deviation
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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 X 4.6 mm; 1.D. 3 pm) 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
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0.5 mL/min, using an isocratic mobile phase (10 MM ammonium acetate pH 3.5:acetonitrile; 50:50, v/v)

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 Q, (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 puL 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 pL 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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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 (4)-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 (4)-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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Table 3 Matrix effect and normalised matrix factor for racemic primaquine and carboxyprimaquine
Analyte Sample R1 R2 R3 R4 R5 R6 Average SD CV (%)
Matrix effects (%), (n=6)
PRQ QC1 117 1.22 1.07 1.10 1.10 .11 1.13 0.06 493
QC3 092 0.88 0.97 0.99 1.03 0.95 0.96 0.05 543
ISQC1 1.04 1.1 0.95 1.03 0.96 1.02 1.02 0.06 5.74
ISQC3 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
1S QC1 1.02 1.07 0.97 0.93 0.99 0.96 0.99 0.05 5.09
1SQC3 1.08 1.06 116 0.98 0.98 0.98 1.04 0.07 7.09
Normalised matrix effect (n=6)
PRQ QC1/1S QC1 113 1.10 113 1.07 1.15 1.09 .11 0.03 2.59
QC3/1SQC3 0.97 0.98 0.98 0.98 0.98 0.99 0.98 0.01 0.60
CPRQ QC1/1S QC1 0.97 1.00 1.05 1.06 0.97 1.01 1.01 0.04 3.78
QC3/1SQC3 0.95 0.93 0.85 1.07 1.02 1.02 0.97 0.08 8.32

CPRQ, carboxyprimaquine; CV, coefficient of variation; IS, Internal standard; PRQ, primaquine; QC, quality control; R, Replicate; SD, standard deviation
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Fig. 6 Measured plasma concentration-time profiles of (—)-PRQ,
(4)-PRQ, (—)-CPRQ and (+)-CPRQ in one healthy volunteer after

administration of a single oral dose of 30 mg primaquine phosphate

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 pL 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.



Hanpithakpong et al. Malaria Journal ~ (2022) 21:169

Abbreviations

PRQ: Primaquine; CPRQ: Carboxyprimaquine; PRQ-D3: Primaquine-deu-
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