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A B S T R A C T   

Background: Malaria is a parasitic disease that affects many of the poorest economies, resulting in approximately 
241 million clinical episodes and 627,000 deaths annually. Piperaquine, when administered with dihy-
droartemisinin, is an effective drug against the disease. Drug concentration measurements taken on day 7 after 
treatment initiation have been shown to be a good predictor of therapeutic success with piperaquine. A simple 
capillary blood collection technique, where blood is dried onto filter paper, is especially suitable for drug studies 
in remote areas or resource-limited settings or when taking samples from children, toddlers, and infants. 
Methods: Three 3.2 mm discs were punched out from a dried blood spot (DBS) and then extracted in a 96-well 
plate using solid phase extraction on a fully automated liquid handling system. The analysis was performed 
using LC-MS/MS with a calibration range of 3 – 1000 ng/mL. 
Results: The recovery rate was approximately 54–72 %, and the relative standard deviation was below 9 % for 
low, middle and high quality control levels. The LC-MS/MS quantification limit of 3 ng/mL is sensitive enough to 
detect piperaquine for up to 4–8 weeks after drug administration, which is crucial when evaluating recrudes-
cence and drug resistance development. While different hematocrit levels can affect DBS drug measurements, the 
effect was minimal for piperaquine. 
Conclusion: A sensitive LC-MS/MS method, in combination with fully automated extraction in a 96-well plate 
format, was developed and validated for the quantification of piperaquine in DBS. The assay was implemented in 
a bioanalytical laboratory for processing large-scale clinical trial samples.   

1. Introduction 

Piperaquine, an antimalarial drug developed in China in the 1960 s 
[1], was initially widely used as monotherapy. However, due to 
increasing parasite resistance against the drug, its popularity declined. 
Nevertheless, in the early 2000s, the drug was reintroduced as a com-
bination therapy with dihydroartemisinin (Artekin®) and received 
regulatory approval from the European Medicines Agency (EMA) in 
2011 under the name Eurartesim™ [2–6]. This drug combination has 
demonstrated excellent efficacy, with dihydroartemisinin rapidly 
clearing most of the parasites during the initial days of therapy, while 

piperaquine, with its longer half-life, eliminates the remaining parasites 
to prevent recrudescence. Additionally, this combination therapy is 
relatively inexpensive compared to other available antimalarial drugs 
[7]. It is recommended as one of the first-line treatments against un-
complicated malaria caused by Plasmodium falciparum by the World 
Health Organization (WHO) [8]. 

Malaria is an infection transmitted by a mosquito of the Anopheles 
family. It is caused by infection of red blood cells by a protozoan parasite 
known as Plasmodium [9]. Symptoms such as fever, chills, headache, and 
vomiting occur when the red blood cells rupture and release toxins. 
Hemoglobin serves as a crucial nutritional source for the parasite, and it 

Abbreviations: ANOVA, Analysis of variance; DBS, Dried blood spot; EDTA, Ehylenediaminetetraacetic acid; EMA, European Medicines Agency; IS, Internal 
standard; LC-MS/MS, Liquid chromatography tandem mass spectrometry; LC-UV, liquid chromatography-ultraviolet detection; LLOQ, Lower limit of quantification; 
LOD, Limit of detection; MF, Matrix factor; OC, Over curve; QC, Quality control; RE, Relative Error; RH, Relative humidity; RSD, Relative standard deviation; SD, 
Standard deviation; SPE, Solid phase extraction; ULOQ, Upper limit of quantification; WHO, World Health Organization. 

* Corresponding author at: Mahidol-Oxford Tropical Medicine Research Unit, 8th Floor, 50th Anniversary Chalermprakiat Building, 420/6 Rajvithi Rd., Bangkok 
10400 Thailand. 

E-mail address: danielb@tropmedres.ac (D. Blessborn).  

Contents lists available at ScienceDirect 

Journal of Mass Spectrometry and  
Advances in the Clinical Lab 

journal homepage: www.sciencedirect.com/journal/journal-of-mass- 

spectrometry-and-advances-in-the-clinical-lab 

https://doi.org/10.1016/j.jmsacl.2023.12.004 
Received 21 June 2023; Received in revised form 4 December 2023; Accepted 21 December 2023   

mailto:danielb@tropmedres.ac
www.sciencedirect.com/science/journal/2667145X
https://www.sciencedirect.com/journal/journal-of-mass-spectrometry-and-advances-in-the-clinical-lab
https://www.sciencedirect.com/journal/journal-of-mass-spectrometry-and-advances-in-the-clinical-lab
https://doi.org/10.1016/j.jmsacl.2023.12.004
https://doi.org/10.1016/j.jmsacl.2023.12.004
https://doi.org/10.1016/j.jmsacl.2023.12.004
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jmsacl.2023.12.004&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/


Journal of Mass Spectrometry and Advances in the Clinical Lab 31 (2024) 19–26

20

is suggested that piperaquine inhibits the heme-digestion pathway in the 
parasite’s food vacuole [10]. 

Eurartesim™ is typically administered once a day for three days, 
with the number of tablets per dose (usually 1–4) dependent on the 
patient’s weight. Each tablet contains 40 mg of dihydroartemisinin and 
320 mg of piperaquine tetraphosphate. Pharmacokinetic studies have 
been conducted in both healthy volunteers (single and multiple doses) 
and malaria patients. Piperaquine is rapidly absorbed, reaching peak 
concentrations between 2 and 6 h after administration [11–13]. Median 
peak plasma concentrations of approximately 250 ng/mL are observed 
in patients receiving the standard three-day treatment, with 99 % of 
drug measurements reported to be below 1,000 ng/mL [11,12]. The 
terminal elimination half-life is in the range of 13–28 days [14–18]. 
Some studies have compared the uptake of the drug when piperaquine is 
administered with or without food. While two studies did not find any 
statistically significant difference in exposure [14,19], one study 
demonstrated that a high-fat, high-calorie intake significantly impacted 
drug exposure [20]. However, this required significant amounts of fat, 
and considering the symptoms of malaria and the low-fat content of 
standard meals in endemic regions, the food effect is unlikely to have a 
significant impact on the clinical use of piperaquine. In the treatment of 
drug-sensitive malaria parasites, piperaquine concentrations on day 7 
have been shown to be a good predictor of therapeutic success, with 
successful treatment generally associated with a venous plasma con-
centration of 27–30 ng/mL [21,22]. In a malaria prevention study 
conducted in healthy adults using dihydroartemisinin-piperaquine on a 
monthly or bi-monthly basis, it was found that all participants who 
developed malaria had a piperaquine venous plasma concentration 
below 31 ng/mL [23]. When analyzed in healthy volunteers, piper-
aquine showed approximately two-fold higher concentrations in venous 
blood and three-fold higher concentrations in capillary blood compared 
to venous plasma [24]. 

Most quantification methods for piperaquine have been developed 
for plasma samples [25–28]. However, there is one report that utilized 
capillary blood collection, where blood was dried on filter paper (also 
known as a dried blood spot or DBS methodology) [29]. The DBS 
methodology offers several advantages, including less invasive and easy- 
to-perform sampling using finger or heel prick (which is ideal for remote 
sampling sites), as well as a small sample volume that is suitable for 
vulnerable populations like young children, toddlers, and infants. 
Additionally, dried blood spots generally provide increased sample 
stability, allowing for easy transportation and storage without the need 
for cold-chain logistics. In a previously published DBS method, 100 µL of 
blood was used, and liquid chromatography-ultraviolet detection (LC- 
UV) was employed as the detection method with a quantification limit of 
approximately 25 ng/mL [29]. Our objective was to use 50 µL of 
capillary blood, which is more suitable for studying small children, and 
to achieve a sensitivity that enables the quantification of samples for at 
least the standard 28 days of follow-up in efficacy studies. 

2. Materials and methods 

2.1. Chemicals and reagents 

All reagents and chemicals were of analytical grade except where 
otherwise stated. Piperaquine was obtained from Guangzhou University 
of Traditional Chinese Medicine (Guangzhou, China). The internal 
standard (IS) was a stable isotope labeled IS, piperaquine-d6, obtained 
from Sigma-Tau (Pomezia, Italy). Water, acetonitrile, and methanol 
were obtained from JT Baker (Phillipsburg, USA). Formic acid (98–100 
%), sodium hydroxide (pellets) and triethylamine were obtained from 
BDH (Poole, UK). Ammonia (25 %), ortho-phosphoric acid (85 %) and 
perchloric acid (70–72 %) were obtained from Merck (Merck KGaA, 
Darmstadt, Germany). 

2.2. Equipment 

Filter paper used in this method was Whatman 31 ET Chr chroma-
tography paper (cat. no: 3031–915) from Whatman international 
(Maidstone, UK). Paper spots were punched with a BSD600 duet 
puncher (BSD Robotics, Queensland, Australia) and extraction with a 
mixed phase cation exchange solid phase extraction MPC-SD Empore 96- 
wellplate standard well 1 mL (3 M Empore, 3 M Centre, St. Paul, MN, 
USA). 

2.3. Preparation of standards and working solutions 

Piperaquine and IS stock solutions (1 mg/mL in its base form) and 
working solutions were prepared in Methanol:Water:Formic acid 
(50:49.5:0.5, v/v/v) and stored in methanol washed cryo tubes at 
− 80 ◦C. All solutions were allowed to equilibrate to room temperature 
before use. 

2.4. Preparation of calibration standards and Quality control samples 

Blank blood (EDTA or heparin as an anticoagulant) was obtained 
from healthy human volunteers at the Healthy Volunteer Ward of the 
Hospital for Tropical Medicine in Bangkok, Thailand. Potential blood 
donors who showed interest in participating in the study signed written 
consent forms and underwent screening assessments, including vital 
sign measurements and routine laboratory blood tests. The donated 
blood tubes were blinded at the Healthy Volunteer Ward and then 
transferred to the clinical laboratory. 

Fresh whole blood (EDTA) was used to prepare calibration standards 
at concentrations of 3, 9, 30, 100, 400, and 1000 ng/mL. Quality control 
(QC) samples were also prepared, including a lower limit of quantifi-
cation (LLOQ) sample at 3 ng/mL, a low QC sample at 9 ng/mL (QClow), 
a middle QC sample at 40 ng/mL (QCmiddle), a high QC sample at 800 
ng/mL (QChigh), an upper limit of quantification (ULOQ) sample at 
1000 ng/mL, and a limit of detection (LOD) sample at 1 ng/mL. Over 
curve (OC) samples at a concentration of 2000 ng/mL were also pre-
pared. The calibrators and QCs were prepared separately using separate 
stock solutions. The middle QC samples were positioned in the lower 
range of the calibration curve, as this is where most of the clinical 
samples are expected to fall. The volume of the working solution in 
whole blood was kept below 2 % in all samples. The spiked blood was 
mixed and allowed to rest for 30 min at room temperature (approxi-
mately 22 ◦C) to allow for potential equilibration processes to occur. It 
was then mixed again before use. 

Dried blood spots were prepared by spotting 50 µL of the spiked 
blood onto filter paper. The spots were allowed to dry at room tem-
perature (approximately 40–50 % relative humidity (RH)) for at least 2 
h before being transferred to a dry cabinet set at approximately 22 ◦C 
and 20 % RH) for storage until analysis. 

2.5. Extraction procedure 

Sample preparation and solid phase extraction (SPE) were performed 
using a Freedom Evo 200 platform (TECAN, Mannedorf, Switzerland). 
Prior to use, pipette tips, 96-well plates, and seal mats were all washed 
with methanol. From each DBS sample, three 3.2 mm punches were 
made using a BSD600 duet puncher, with all three discs collected into 
one well. A total of 375 µL IS (0.44 ng/mL) in phosphate buffer pH 2.0 
(50 mM) were added to each well, except for the double blank, which 
only used 375 µL of phosphate buffer. This was followed by the addition 
of 150 µL of perchloric acid (0.3 M) and 75 µL of acetonitrile to each 
well. The 96-well plate was then covered with a seal mat and mixed for 
60 min at 1500 rpm on a Mixmate® (Eppendorf, Hamburg, Germany). 
After mixing, the plate was centrifuged for 5 min at 1100 × g. 
Approximately 500 µL of the processed sample was transferred to a 96- 
well SPE plate and extracted according to Table 1. The eluate was 
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evaporated under a gentle stream of nitrogen at 70 ◦C using a Turbo-
Vap® 96 (Biotage, Uppsala, Sweden) until complete dryness, and then 
reconstituted in 250 µL of the mobile phase (acetonitrile: ammonium 
bicarbonate (2.5 mM) pH 10 (85:15, v/v)). The 96-well plate was mixed 
for 10 min at 1000 rpm on a Mixmate® and placed in the autosampler 
(20 ◦C) to equilibrate for at least 40 min before analysis. 

2.6. Instrumentation and chromatographic conditions 

The liquid chromatography (LC) system used was an Agilent 1200, 
consisting of a binary LC pump, a vacuum degasser, a temperature- 
controlled micro-well plate autosampler set at 20 ◦C, and a 
temperature-controlled column compartment set at 20 ◦C (Agilent 
Technologies, CA, USA). Data acquisition and quantification were per-
formed using Analyst 1.4.2 software (Sciex, MA, USA). The compounds 
were analyzed under isocratic conditions using a Phenomenex Gemini 
C18 column (50 mm × 2 mm, 5 μm) protected by a pre-column Security 
guard Gemini C18 (4 mm × 2 mm) (Phenomenex, Torrance, CA, USA). 
The flow rate was set at 500 µL/min. The mobile phase consisted of 
acetonitrile:ammonium bicarbonate 2.5 mM pH 10 (85:15, v/v) with an 
injection volume of 5 µL and a total runtime of 2.5 min. 

For liquid chromatography-tandem mass spectrometry (LC-MS/MS) 
analysis, an API 5000 triple quadrupole mass spectrometer (Sciex, MA, 
USA) with a TurboV ionization source interface was used. The ion spray 
voltage was set to 5500 V, and the dry temperature was set at 600 ◦C. 
The curtain gas was set to 35 psi, and the nebulizer and ionization source 
gases were set to 50 and 45 psi, respectively. Quantification was per-
formed using selected reaction monitoring (SRM) with collision energy 
of 45 V and the transition m/z 535.1- >288.1 for piperaquine and m/z 
541- >294.1 for the internal standard piperaquine-d6. Other MS pa-
rameters included a declustering potential (DP) of 205 V, an entrance 
potential (EP) of 10 V, and a collision cell exit potential (CXP) of 22 V. 

2.7. Validation procedure 

2.7.1. Accuracy and precision 
The accuracy and precision of the method were evaluated by 

analyzing 5 replicate sets of 5 concentrations (3, 9, 40, 800, and 1000 
ng/mL, LLOQ, QClow, QCmiddle, QChigh, and ULOQ, respectively) in 4 
separate runs. Dilution integrity was also assessed by diluting OC sam-
ples at 2000 ng/mL. This was done by punching once from the OC 
sample, followed by punching twice from a blank blood spot into the 
same well. Another well was processed containing only blank spots. The 
eluates from the two wells were then combined to achieve a 1:6 dilution. 

Accuracy was determined by comparing the measured average 
concentration of the QC samples from each run with the nominal (true) 
concentration, and it was calculated as the mean % relative error. Pre-
cision of the method (within-run, between-run, and total run variation) 
was calculated using analysis of variance (ANOVA). The within-run 
variation was calculated as the square root of the mean square due to 
error divided by the grand mean, while the between-run variation was 
calculated as the square root of the mean square due to factor divided by 
the grand mean. Precision was expressed as a percentage, represented by 
the relative standard deviation (RSD). 

2.7.2. Linearity 
Linearity was evaluated by analyzing calibration standards in 

duplicate across four different runs. A regression model was selected 
based on the back-calculated concentrations of the calibration curve that 
provided the best prediction of the QC samples across the entire cali-
bration range. 

2.7.3. Sensitivity and selectivity 
Sensitivity was assessed by determining the LOD, which was set to 

approximately 3 times the signal response of the blank sample. The 
LLOQ was set to at least 10 times the signal response of the blank sample. 

Selectivity was evaluated by analyzing blank samples obtained from 
seven different blood donors, considering both heparin and EDTA as 
anticoagulants. This assessment helped to determine the selectivity of 
the method and ensure that there were no interfering components from 
the blood samples or the anticoagulants themselves. 

2.7.4. Recovery 
Recovery was calculated by comparing the signal response of pre- 

spiked QC samples (5 replicates at each concentration level) with the 
signal response of extracted blank DBS after the addition of analytical 
standards (post-spiked) to achieve the same nominal concentration of 
piperaquine as the QC sample. This process simulated a 100 % extrac-
tion recovery to determine the percentage of the analyte that was suc-
cessfully recovered during the extraction procedure. 

2.7.5. Matrix effects 
Matrix effects were examined using two approaches. Firstly, post- 

column infusion and injection of blank samples from seven different 
blood donors (evaluating both heparin and EDTA as anticoagulants) 
were performed to qualitatively determine the presence of any signifi-
cant matrix effects at, or near, the retention time of piperaquine [30,31]. 
Secondly, a quantitative assessment was carried out using the simplified 
approach described by Matuszewski et al. [32]. 

The matrix factor was calculated by comparing the peak response of 
extracted blank DBS samples after the addition of analytical standards 
(post-spiked) to the average peak response of the analyte in a matrix-free 
reference solution (n = 6) at the same nominal concentrations. For each 
donor, one sample was evaluated at the QClow concentration of 9 ng/mL 
and one sample at the QChigh concentration of 800 ng/mL (n = 1). 

If the ratio of the matrix effect (response of the post-extract addition 
sample divided by the response in neat solution) is less than 0.85 or 
greater than 1.15, it would indicate the presence of a matrix effect. 
Additionally, if a matrix effect is detected, the RSD of the IS normalized 
matrix factor, calculated by dividing the matrix factor for the analyte by 
the matrix factor for the IS, should not exceed ± 15 % when considering 
different lots of blank matrices. 

2.7.6. Carry-over and crosstalk 
The carry-over effect was evaluated by analyzing blank extracted 

DBS directly following the last injected ULOQ calibration standard. The 
carry-over effect should not exceed 20 % of the signal response at the 
LLOQ. 

Crosstalk between the IS and piperaquine was investigated by 
extracting a blank DBS with the IS, and then monitoring the signal 
response of piperaquine in the LC-MS/MS system. Crosstalk from 
piperaquine to the IS was investigated by injecting a neat, high- 
concentration solution of piperaquine and monitoring the signal 
response of the IS. The signal response should not be more than 20 % of 
the LLOQ for piperaquine and should not be more than 5 % of the signal 
response of the IS in the LLOQ sample. 

2.7.7. Stability 
The stability of piperaquine in DBS was assessed during three freeze/ 

thaw cycles. The spots were frozen at − 80 ◦C overnight, thawed, kept at 
room temperature for 4 h, and then frozen again. Three spots were 

Table 1 
Solid phase extraction of piperaquine dried blood spot samples.  

Solid phase extraction 
step 

Extraction solvent Volume 
(mL) 

Activation Methanol  2.0 
Conditioning phosphate buffer pH 2.0 (50 mM)  0.5 
Loading Sample  0.5 
Washing Methanol:Phosphate buffer pH 2.0 (50 

mM) (80:20, v/v)  
1.0 

Elution Methanol:Triethylamine (98:2, v/v)  0.95  
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analyzed from each cycle using high and low QC concentrations. 
Short-term stability testing was conducted for 5 days, comparing 

room temperature storage with 4 ◦C and frozen − 80 ◦C storage. Long- 
term storage stability testing was evaluated after 7 months and again 
after 3 years to estimate long-term stability. For stability samples, the 
mean concentration at each QC level should be within ± 15 % of the 
nominal concentration to meet the stability criteria. 

2.7.8. Dried blood spot specific tests 
Additional tests specific to DBS included evaluating the effects of 

hematocrit (erythrocyte volume fraction) and punch position to assess 
the homogeneity of the blood spot. To create different hematocrit levels, 
three tubes of fresh EDTA whole blood were centrifuged, and plasma 
was either added to or removed from the blood to achieve hematocrit 
levels of 20 %, 40 % and 50 %. The blood was then spiked with the same 
concentration as QClow and QChigh. The spiked blood was mixed on a 
sample tube rocker and applied as 100 µL spots onto paper. 

Measurements of spot diameter were taken, and three punches were 
made in the center or close to the edge of the DBS for each hematocrit 
and QC level combination. Four replicates of each combination were 
evaluated. The average concentration from each experiment was 
compared to the reference concentration at the 50 % hematocrit level. 
This comparison was calculated as (sample - reference) divided by 
reference to determine any impact of hematocrit level or punch position. 
The deviation should not exceed ± 15 % of the nominal concentration. 

2.8. Clinical dried blood spot samples 

The developed assay was utilized to quantify piperaquine in DBS 
samples collected from a clinical study conducted in a malaria-endemic 
area in Indonesia, Southeast Asia [33]. The clinical trial was registered 
at ClinicalTrials.gov under the identifier NCT01669941 and also at 
ISRCTN under the number ISRCTN34010937. Ethical approval for the 
study was obtained from Liverpool School of Tropical Medicine 
(approval number 12.28), Eijkman Institute for Molecular Biology 
(project N:57), and Litbangkes, Ministry of Health, Jakarta (approval 
number LB02.01/5.2/KE059/2013). 

In the clinical trial, the researchers investigated the intermittent 
preventive treatment of pregnant women during the second and third 
trimesters using a fixed-dose combination of 40 mg dihydroartemisinin/ 
320 mg piperaquine tetraphosphate per tablet (Eurartesim, Sigma-Tau, 
Rome, Italy). The treatment regimen consisted of a standard 3-day 
course, with the dosage adjusted based on the participant’s weight to 
approximately 4 mg/kg dihydroartemisinin and 18 mg/kg of piper-
aquine (base) per day. The first dose was administered under supervi-
sion, while the remaining two doses were taken at home. 

Blood samples were collected in the form of DBS approximately one 
month after each treatment cycle during monthly visits. Additionally, a 
few patient samples were collected pre-dose and at other time points 
during the study. 

3. Result and discussion 

As described in previous publications, special attention should be 
given when working with piperaquine due to its tendency to adsorb to 
glass surfaces and stick to metallic surfaces within the LC system 
[28,34]. To mitigate these issues, it is recommended to use plastic ma-
terials for the preparation of stock and working solutions. In the LC 
system, using PEEK tubing or surface-treated injection needles and 
tubing to prevent direct contact between piperaquine and bare metal is 
also advised. 

However, in our experience, the use of plastic materials can some-
times lead to the appearance of “ghost peaks”, which are small peaks 
detected at the retention time of piperaquine. To avoid this, all plas-
ticware, such as pipette tips, tubes, 96-well plates, and plastic caps on 
bottles, should be thoroughly washed with methanol before use. 

To ensure accurate concentration measurements, it is important to 
use fresh unfrozen blood for the preparation of calibrators and QC 
samples before applying them as blood spots on filter paper to mimic 
study samples. Additionally, before punching out a sub-sample from a 
DBS, it is crucial to ascertain whether the blood applied has completely 
saturated the filter paper to create a homogenous blood spot. This is 
achieved by inspecting both sides of the DBS to ensure its uniformity at 
the punch site. In a saturated DBS, the same amount of blood will be 
obtained with each punch. 

3.1. Validation 

This method builds upon two previous publications. The first is a DBS 
method by Malm et al. [29], where the DBS extraction process was 
updated to accommodate smaller spot sizes, make the solvents 
compatible with LC-MS, and adapt volumes for use in a 96-well plate. 
The second publication by Lindegardh et al. [27] describes a plasma 
method, which provided the basis for adopting the LC and MS methods 
for use in the DBS method. 

As stated in the previous publication [27], it is crucial to evaporate 
the elution solvent used in SPE to complete dryness. Residues of trie-
thylamine, if present, may cause suppression effects around the tail of 
the piperaquine peak. Since the retention time of the stable isotope IS is 
slightly faster than that of piperaquine, any suppression would impact 
piperaquine to a greater extent than the IS, potentially affecting the 
accuracy of quantification. Therefore, it is important to ensure complete 
evaporation of the elution solvent to prevent such suppression effects. 

3.1.1. Precision and accuracy 
After implementing all the precautions mentioned above, the vali-

dation of the piperaquine assay in DBS demonstrated satisfactory ac-
curacy and precision. Both the accuracy and precision of the method 
remained well within the acceptable criteria, with deviations of less than 
15 % (for the LLOQ, a deviation of ± 20 % is considered acceptable). The 
results obtained from the validation met the required standards, indi-
cating the reliability of the method for quantifying piperaquine in DBS 
samples. Detailed information on the accuracy and precision can be 
found in Table 2. 

3.1.2. Linearity 
Previous studies have reported peak venous plasma concentrations 

of piperaquine in the range of 170–400 ng/mL [11,12,19,22,35]. 
Additionally, a study by Ashley et al. [24] demonstrated that concen-
trations of piperaquine in capillary blood samples can be up to three 
times higher than in venous plasma samples. Given these findings, it was 
necessary to set the calibration range to cover these higher concentra-
tions, with the ULOQ defined as 1000 ng/mL. 

The linearity of the assay was assessed using calibration standards 
ranging from 3 to 1000 ng/mL. The regression model that provided the 

Table 2 
Assay accuracy and precision of piperaquine dried blood spot samples.  

Concentration Within-run 
precision 
(RSD) 

Between-run 
precision 
(RSD) 

Total-run 
precision 
(RSD) 

Accuracy 
(% RE) 

LLOQ, 3 ng/mL  11.3  10.2  11.2  − 0.9 
QClow, 9 ng/mL  7.7  8.7  7.9  6.1 
QCmiddle, 40 ng/ 

mL  
4.3  7.7  5.0  3.9 

QChigh, 800 ng/ 
mL  

4.3  3.1  4.1  − 0.4 

ULOQ, 1000 ng/ 
mL  

3.3  5.7  3.8  − 2.7 

OC (2000 ng/ 
mL); diluted 
1:6  

9.0  7.6  8.8  − 6.3 

RSD = Relative Standard Deviation; RE = Relative Error. 
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best prediction of the back-calculated values of the calibration points 
and the best prediction of QC samples across the entire calibration range 
was a linear regression with 1/x2 weighting. The resulting equation was 
y = 0.893x + 0.059, with an excellent correlation coefficient (R =
0.997). 

During the validation process, the overall accuracy and RSD for each 
calibration level were within 7 %, as evaluated using duplicate cali-
bration points in four analytical tests. This demonstrates the satisfactory 
accuracy and precision of the assay across the calibration range. 

3.1.3. Sensitivity and selectivity 
The sensitivity of the assay was estimated to have a LOD of 

approximately 1 ng/mL, determined by achieving a signal-to-noise ratio 
of approximately 3 times the signal response of blank samples. The 
LLOQ was determined to be 3 ng/mL, with a signal response that was 
approximately 10 times the noise level. 

Selectivity was assessed by analyzing seven blank samples collected 
from different blood donors, using both heparin and EDTA as antico-
agulants. Fig. 1 demonstrates that there were no significant in-
terferences observed, indicating the high selectivity of the assay. 

3.1.4. Recovery 
Recovery was calculated as: Recovery = (Response of pre-spiked DBS 

sample) / (Response of blank DBS post extract addition (post-spiked)). 
Average recoveries were in the range of 54–72 % for spiked blood 
extracted DBS over the QC concentration range for piperaquine 
(Table 3). 

3.1.5. Matrix effects 
Matrix effects were examined qualitatively using post-column infu-

sion techniques [30,31]. Extracts from blank DBS samples obtained from 
the seven healthy volunteers, with heparin and EDTA as anticoagulants, 
were injected. No visible matrix effects were observed that would impact 
the signal around the retention time of piperaquine and IS. 

To quantitatively assess the presence of any matrix effects, a method 
described by Matuszewski et al. [32] was employed. The MS response of 
the extracted blank DBS samples, following the addition of analyte 
(post-spiked), was compared to the MS response of a spiked neat matrix- 
free reference solution at the same concentration. 

Matrix factor=(Response of blank DBS post extract addition
(post - spiked))/
(Average peak response in neat matrix free reference solution)

The normalized matrix effect, represented as the ratio of the matrix 
factor for the analyte to the matrix factor for the IS (MF-analyte/MF-IS), 
remained within the predetermined limit of ± 15 % variation, indicating 
the absence of matrix effects. Table 4 provides more comprehensive 
information regarding the normalized matrix effect values. 

3.1.6. Carry-over and crosstalk 
To assess carry-over effects, blank DBS were analyzed directly 

following two high-level calibration samples. The analysis revealed no 
detectable signal for piperaquine or the IS that would indicate any carry- 
over effect. 

Similarly, crosstalk between piperaquine and the IS, was examined 
using the criterion described in section 2.7.6 of the Materials and 
Methods. Based on the assessment, no significant crosstalk was detected 
between piperaquine and the IS. More detailed information and verifi-
cation can be found in Supplemental Figs. 1–3. 

3.1.7. Stability 
The stability of piperaquine in DBS was assessed to simulate pre- 

analytical sample handling situations such as transportation and stor-
age. A study by Hung et al. had previously shown that freeze and thaw 
cycles could potentially affect the stability of piperaquine in DBS, with a 

Fig. 1. Overlay of three sources of blank dried blood spot (EDTA) and piperaquine 3 ng/mL with IS 17.4 ng/mL. The inserted LOD figure originate from a separate 
run, where one DBS disc was punched from a LLOQ sample followed by two blank DBS discs into the same well. (Heparin blanks are equally free from endoge-
nous peaks). 

Table 3 
Recovery of piperaquine in DBS (pre-spiked/blank extracted post spiked).  

Concentration/ 
Sample: 

No: 
1 

No: 
2 

No: 
3 

No: 
4 

No: 
5 

Average RSD 

QClow, 9 ng/mL 77 % 71 % 70 % 76 % 67 
% 

72 %  5.7 

QChigh, 800 ng/mL 62 % 56 % 50 % 53 % 49 
% 

54 %  9.7 

IS for QClow, 0.44 
ng/mL 

106 
% 

108 
% 

104 
% 

103 
% 

98 
% 

104 %  3.9 

IS for QChigh, 0.44 
ng/mL 

97 % 94 % 87 % 90 % 83 
% 

90 %  6.2 

QC, Quality Control; IS, internal standard; No: 1–5, Individual sample. 
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decrease of − 10 % for the QClow and − 20 % for the QChigh in the third 
cycle. However, in our study, no degradation of piperaquine was 
detected during the three freeze–thaw cycles (to − 80 ◦C), and the con-
centrations remained within ± 15 % of the nominal concentration. 

Short-term stability testing of piperaquine in DBS was conducted for 
5 days at ambient temperature and at 4 ◦C. Samples stored in the freezer 
at − 80 ◦C were also compared. No degradation of piperaquine was 
observed under any of these conditions. 

For long-term stability, samples were stored at ambient temperature 
(20–25 ◦C, 40–60 % RH) and in the refrigerator (4–6 ◦C) for a duration of 
7 months, in comparison to a reference set stored as frozen DBS at 
− 80 ◦C. No signs of degradation were detected at any of the storage 
temperatures. Although a desiccant bag was initially placed in each 
plastic bag to maintain dryness, it was consumed within one month due 
to the high water vapor transmission rate of the plastic bags used. 
However, even without replacing the desiccant, the samples stored in an 
air-conditioned room showed no adverse effects. 

Extended long-term stability testing of samples stored in a dry cab-
inet at approximately 20 ◦C and 20 % RH for 3 years against a freshly 
prepared control was also conducted. No signs of degradation were 
observed, with the QClow at 102 % and the QChigh at 92 %. Therefore, the 
long-term stability of piperaquine in DBS is considered very good when 
stored in a dark environment at around 20 ◦C and low humidity. 

It is important to note that temperature and humidity conditions 
during storage play a crucial role in maintaining stability, and higher 
temperatures or humidity levels could potentially compromise stability. 
However, these factors were not specifically investigated in this study. 

3.1.8. Dried blood spot specific tests 
Pre-analytical factors that could potentially influence the quantifi-

cation of DBS were evaluated, including the effects of hematocrit and 
spot homogeneity. 

To facilitate the punching of both the center and the edge of the same 
spot, a spot volume of 100 µL was used. The average diameter of the 100 
µL spots at different hematocrit levels (50 %, 40 %, and 20 %) was 
measured as follows: 17.5 ± 0.08 mm for 50 % hematocrit, 17.8 ± 0.13 
mm for 40 % hematocrit, and 18.9 ± 0.18 mm for 20 % hematocrit. 
These measurements indicate that lower hematocrit values result in 
larger spots and, consequently, a smaller volume of blood would be 
obtained with each punch. 

However, despite the differences in spot volume due to varying he-
matocrit levels, hematocrit did not have a significant impact on the 
quantification of piperaquine. The greatest difference in quantification, 
calculated as (sample - reference) / reference, was only 6 % between the 
reference (50 % hematocrit) and the 20 % hematocrit sample. This in-
formation is crucial, as it indicates that the impact of hematocrit vari-
ation, which is often lower in malaria patients, on the quantification of 
piperaquine is minimal [36]. 

Moreover, the location of the punches (center or close to the edge) in 
different hematocrit samples did not demonstrate any major impact on 
the quantification. The difference between the center reference sample 
and the edge samples was only 5 %, and this difference was well within 
the normal variation observed with the method. 

3.2. Clinical dried blood spot samples 

A total of 795 DBS samples were analyzed, including 32 samples 
collected on day 3 of the 3-day treatment course, representing the time 
around the predicted peak concentrations of piperaquine. These samples 
had a mean ± SD concentration of 512 ± 329 ng/mL, ranging from 49.3 
to 1470 ng/mL. Among these samples, two were found to have con-
centrations above the ULOQ of the calibration curve. 

During the first monthly treatment cycle, 228 samples were collected 
approximately one month after the last dose. These samples had a mean 
± SD concentration of 34 ± 22.9 ng/mL, ranging from 2.55 to 156 ng/ 
mL. Out of the 228 samples, only 2 were found to have concentrations 
below the LLOQ. 

An in-depth analysis of the pharmacokinetic properties of piper-
aquine during intermittent preventive treatment for malaria in preg-
nancy has been published elsewhere [37]. An example chromatogram 
comparing a pre-dose sample and a one-month post-dose sample from 
the same participant can be seen in Fig. 2. In this study, a total of 33 QC 
samples at each concentration level were analyzed, and all were found to 
be within ± 15 % accuracy. The method demonstrated robustness and 
reliability, as evidenced by the low relative standard deviations of 4.4 %, 
3.3 %, and 3.9 % for the low, medium, and high QC samples, respec-
tively. Overall, the method performed well and met the required criteria 
for accuracy and precision. 

4. Conclusion 

This method was specifically developed for capillary blood collec-
tions conducted in remote areas and resource-limited settings where 
access to electricity or advanced equipment may be limited. It is 
particularly suitable for sampling vulnerable patients such as young 
children, toddlers, and infants who may not be able to provide large 
blood volumes. The minimum blood volume required for a blood spot is 
30 µL, although a recommendation is to use 50 µL of blood to ensure a 
completely homogenous punching area. 

The LLOQ of 3 ng/mL allows accurate measurement of piperaquine 
concentrations for up to 4–8 weeks after administration of a standard 
oral treatment regimen. This enables the evaluation of piperaquine 

Table 4 
Matrix effects from donors A-G in DBS.  

Concentration/Donor: A B C D E F G Average RSD 

QClow, 9 ng/mL  0.91  0.92  0.95  0.87  0.79  0.88  0.89  0.89  5.60 
QChigh, 800 ng/mL  1.03  0.97  1.10  1.01  1.00  0.93  0.97  1.00  5.36 
IS for QClow  0.98  0.94  0.96  0.88  0.83  0.89  0.92  0.91  5.40 
IS for QChigh  1.07  1.00  1.10  1.00  0.98  0.93  0.98  1.01  5.83 
Normalized QClow/IS  0.94  0.98  0.99  0.99  0.95  0.99  0.97  0.97  2.16 
Normalized QChigh/IS  0.96  0.97  1.00  1.01  1.02  1.00  0.99  0.99  2.11 

Donor A-D were collected using heparin as anticoagulant and donor E-G used EDTA as anticoagulant. 

Fig. 2. Overlay of two samples from the same participant, pre-dose sample and 
30 days after the 3-day treatment course measuring 44 ng/mL. (IS not shown). 
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levels at the time of recurrent infection or at the end of the standard 28- 
day follow-up period in efficacy trials. 

The size of the blood spot or the position of the punch did not have a 
significant impact on the quantification of piperaquine. Similarly, 
comparing 50 % hematocrit to 20 % hematocrit showed minimal impact 
on quantification, with differences of less than 6 % between samples. 

Piperaquine in DBS demonstrated stability for at least 3 years when 
stored in a dark environment with low humidity. However, it is 
important to consider the specific characteristics of piperaquine, 
including its potential adsorption to metallic surfaces and glassware, as 
well as potential interferences from plastic materials and triethylamine 
residues in the LC-MS analysis. Adequate precautions should be taken to 
mitigate these effects and ensure accurate quantification of piperaquine. 
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