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1. Introduction 

Liquid chromatography (LC) is a separation technique used in many 
different fields for quantification of various substances in different matrices. 
If the matrix is complex and contains compounds that can interfere with the 
quantification, it is necessary to include some kind of sample preparation 
prior to the analysis. In the past liquid–liquid extraction (LLE) has played a 
major role in sample cleanup. LLE tends to be quite time consuming, 
difficult to automate and generates large amount of organic solvent disposal. 
Solid-phase extraction (SPE) was introduced in the early 1970s as an 
alternative [1]. Today, the use of SPE has expanded tremendously and has 
replaced LLE as the leading sample cleanup method. The main advantages 
of SPE over LLE are: 

 
• Faster extraction. 
• Easier automation 
• Lower amount of organic solvent 
• Increased selectivity (from multi-step equilibrium) 
• Higher concentration factors 

Malaria is still one of the most severe infectious diseases in the world. It kills 
more people each year than any other infectious disease except AIDS and 
tuberculosis. The malaria situation is becoming more alarming since drug 
resistance has started to increase in many parts of the world, especially in 
south-east Asia and Africa. There is an urgent need for new, efficient and 
affordable antimalarial drug combinations that can be used in epidemic areas 
around the world. Before a new antimalarial drug or drug combination can 
be implemented into treatment and prophylaxis it is necessary to perform 
pharmacokinetic studies. Before these studies can be performed it is 
necessary to develop a method for the determination of the drugs in 
biological fluids. It is also important to determinate the drug levels in case of 
treatment failure to investigate if resistance could be the cause. 

For field studies of antimalarials, it is necessary to have a simple, rapid 
and accurate sampling technique. Collecting dried capillary blood spots is 
suitable since the finger prick technique is rapid and simple. Furthermore, 
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the transportation of the dried blood spots does not require the same 
controlled temperature conditions as plasma or venous blood samples.  

Analysis of biological fluids for drug concentration involves the handling 
of potentially infectious material. It has been shown that whole blood dried 
onto sampling paper greatly minimizes the risk of HIV transmission as well 
as other pathogens [2].  

The aim of this thesis was to develop field applicable methods for the 
determination of antimalarial drugs considered to be potential candidates in 
chloroquine-resistant areas. This thesis also deals with the development of 
new methods for the determination of some of the antimalarial drugs in 
plasma and whole blood.  

Methods for the determination of atovaquone (ATQ) in plasma and whole 
blood using automated SPE and reversed phase (RP) LC were developed in 
paper I. There were a few published methods for the determination of ATQ 
in plasma but none of these permitted determinations in whole blood. The 
development of a method for the determination of ATQ in capillary blood 
applied onto sampling paper was published in paper II. It also included a 
comparison between capillary and venous blood levels of ATQ.  

Paper III describes a method for the simultaneous determination of 
amodiaquine (AQ), chloroquine (CQ) and their metabolites in capillary 
blood applied onto sampling paper. It was initiated by prof. N. J. White 
(Mahidol University, Wellcome trust) and Dr. P. Olliaro (World Health 
Organization, Geneva). Several World Health Organization (WHO) initiated 
pharmacokinetic studies had been performed with the sampling of capillary 
blood onto sampling paper. The new method permitted these to be analysed.  

The Chinese antimalarial piperaquine (PQ) has recently received 
significant interest when combined with dihydroartemisinin. Even though 
PQ was developed almost 40 years ago there are no published methods for 
determination in biological fluids. To the best of our knowledge papers IV 
and V were the two first methods for the determination of PQ in plasma and 
whole blood.  

Paper VI was a collaborative project with Karolinska Hospital and 
describes the time-dependent pharmacokinetics of ATQ and proguanil (PG) 
when taken as chemoprophylaxis. The ATQ concentration in the samples 
was determined with the method published in paper I and the concentration 
of PG and its metabolites was determined with a modified method originally 
published by Bergqvist et al [3].     

2 



2. Malaria – the disease and the drugs 

2.1. Malaria – an overview 
Malaria continues to be one of the most severe infectious diseases in the 
world. It kills more people each year than any other infectious disease except 
AIDS and tuberculosis. Although it is difficult to obtain an exact figure of 
the malaria incidence, WHO estimates that more than 400 million people fall 
ill every year. Between 1 and 3 million die, mostly children younger than 5 
years, and most of them in Africa [4-5].  

In humans, malaria infection is caused by one or more of the four species 
of the protozoan parasite plasmodium: Plasmodium falciparum, plasmodium 
vivax, plasmodium malariae and plasmodium ovale. Plasmodium falciparum 
is the main cause to the severe (life-threatening) malaria. The symptoms of 
malaria depend very much on previous exposure to the disease. The first 
symptoms can be very similar to regular influenza e.g. fever, headache and 
muscular pain. Falciparum malaria can lead to severe infections with 
generalised convulsions and then coma (cerebral malaria). One out of five 
will die from cerebral malaria [6].  

The female anopheles mosquito transmits malaria parasites. The parasites 
reproduce sexually and generate sporozoites, which are harboured in the 
mosquito salivary glands. The cycle in humans (Figure 1) begins when an 
infected mosquito takes a blood meal. The saliva from the feeding mosquito 
that enters the human bloodstream contains 20 to 200 of threadlike 
sporozoites. Within one hour the sporozoites have migrated to the liver and 
invaded the hepatocytes. The immune system is unable to mobilize an 
efficient antibody response in such a short time. The sporozoites begin to 
multiply furiously in the hepatocytes. Each sporozite forms a schizont, 
which contains around 30 000 compact merozoites. About 5-7 days after 
infection, the hepatocytes rupture, releasing thousands of merozoites into the 
bloodstream where they invade erythrocytes. Killer T cells need about 10-12 
days to mobilize a defence in the liver. The pre-erythrocytic stage is 
asymptomatic. Inside the erythrocytes, the parasite develops and forms 
trofozoits and schizoints. In plasmodium falciparum, the schizoints rupture 
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after 48 hours and release about 20-30 merezoites, which reinvade new 
erythrocytes. When the schizoints rupture, a malaria toxin is released and the 
characteristic malaria symptoms such as fever and chills arise. It is often 
thought that fever and chill symptoms synchronise with this 48-hour cycle of 
ruptures. However this is not always the case; it often takes several days 
with less regular fever before any synchronisation takes place and 
falciparum malaria may never synchronise.  

A key feature of plasmodium falciparum is its ability to cause infected 
erythrocytes to adhere to the linings of blood vessels and capillaries. This 
prevents the infected cells from passing through the spleen where they would 
have been purged away. It also leads to decreased blood flow and anaemia. 
After a series of asexual blood-stage cycles, sexual forms (gametocytes) 
develop which can be ingested by a mosquito. After some development in 
the mosquito it can infect a new host. Attacks of plasmodium falciparum 
may reoccur if the infection is inadequately treated and small numbers of 
persistent parasites are able to multiply. This phenomenon is called 
recrudescence. With plasmodium vivax and plasmodium ovale, 
recrudescence can occur several months or even years after the primary 
infection [6-8].  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 1. Malaria cycle (Science, 20 oct. 2000, vol. 290 428-441) 
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2.2. Drug resistance and drug combinations 
The malaria situation is becoming more alarming since drug resistance has 
started to increase in many parts of the world, especially in south-east Asia 
and Africa. The previous mainstay, CQ, is no longer useful in most of the 
endemic areas in Asia and Africa [9-11]. To date, drug resistance has only 
been reported for two of the four species, plasmodium falciparum and 
plasmodium vivax [11]. The development of drug-resistant strains of 
plasmodium falciparum to cheap drugs such as CQ and 
sulphadoxine/pyrimethamine has been identified as a key factor in the 
increase of malaria-specific mortality [12-14].  

The mechanism of action for each antimalarial drug is critical for the ease 
with which the parasite can acquire resistance. Pyrimethamine for instance 
targets a single enzyme (dihydrofolate reductase; DHFR) and mutations in 
the DHFR gene give rise to resistance [15]. When pyrimethamine was used 
as monotherapy resistance was reported within two years. Pyrimethamine is 
now always given in synergistic combination with sulfadoxine. Another key 
factor for resistance against pyrimethamine is the long half-life of the drug. 
Once the concentration of the drug drops below the critical threshold, 
effective treatment ceases and indeed the low concentration can lead to the 
development of resistant parasites if the patient acquires a new infection 
[16].  

The mechanism of action of CQ is more complex and not fully 
understood but the formation of a complex with haeme is thought to be 
central. The parasite has a fundamental need to process haemoglobin and 
will therefore process the toxic haeme/CQ complex. The CQ resistance 
mechanism is thought to be a multigenic phenomenon, which restricts the 
access of the drug to haeme [17]. The complex mode of resistance and action 
for CQ enabled it to be used for several years before resistance was reported.  

Drug combinations have recently been proposed to delay the emergence 
and spread of drug resistance [5,18-19]. The rationale for combining drugs 
with independent modes of action to prevent the emergence of resistance 
was first developed in antituberculous chemotherapy. It has since then been 
adopted for both cancer chemotherapy and treatment of AIDS and early 
HIV-1 infection [5]. Resistance arises from mutations. The chance that a 
mutant will emerge, resistant to two different drugs, is the product of the 
individual chances for each drug [18]. For example, if the chance that a 
parasite is resistant to drug A is one in 107 and to drug B one in 109, only one 
in 1016 will be resistant simultaneously to both A and B provided that 
resistance is not linked [5]. In practice this means that the emergence and 
spread of resistant strains should be delayed and the useful therapeutic life 
(UTL) of the combination should be much longer than its single components 
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[10]. There is an urgent need for new, efficient and affordable antimalarial 
drug combinations that can be used in epidemic areas around the world. 
Effective antimalarial drugs should no longer be used alone, but in 
combination, to protect them from the emergence of resistance [5].  

2.3. Antimalarial drugs covered in the thesis 

2.3.1. Atovaquone 
ATQ (Figure 2), is a highly substituted naphthoquinone derivate and a 
structural analogue of coenzyme Q (ubiqionone) in the mitochondrial 
electron transport chain [20]. The compound was initially developed as an 
antimalarial compound about 50 years ago but has also been used in the 
treatment of pneumocystis carinii pneumonia (PCP) in patients with AIDS 
[21]. Recently, the compound has received great interest because of its high 
efficacy against plasmodium falciparum when combined with proguanil in 
the fixed combination Malarone® [22-23]. However, the use of Malarone® 
unprotected by other drugs (such as artemisinin derivates) in endemic areas 
where it is not needed will encourage the emergence of resistance [24]. The 
first evidence of in vivo resistance to treatment was reported in 2002. Two 
patients with plasmodium falciparum failed to respond to treatment despite 
adequate plasma concentrations of the two drug components in Malarone®  
[25]. 
 

O

O
OH

Cl

Figure 2. ATQ  

ATQ is highly lipophilic and extensively bound (>99.9 %) to plasma 
proteins [26-27]. Absorption of ATQ is induced when taken with food with a 
high content of fat [26,28]. ATQ acts as a weak acid with a calculated pKa ≈ 
5.0 for the hydroxyl group [29]. There is negligible metabolism of ATQ and 
the main route of elimination is via the liver. Only the parent compound is 
recovered in the bile and faeces and only small amounts are eliminated via 
urine (<0.6 %) because of the high plasma protein binding level. [26-27,30]. 
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Active analogues of coenzyme Q inhibit mitochondrial respiratory 
activity. It is suggested that ATQ interferes with the transfer of electrons 
generated by pyrimidine synthesis and disrupts the mitochondrial membrane 
potential of plasmodium falciparum [15,31].  

Several clinical trials for malaria treatment/prophylaxis have been 
performed and typical therapeutic plasma concentrations ranges between 2-
15 µM [25].  

Traditionally, the extraction of ATQ from plasma has been performed by 
liquid-liquid extraction techniques or protein precipitation and LC [32-35], 
which has several disadvantages as it is quite time consuming and shows low 
precision. Methods with improved precision for the determination of ATQ in 
plasma and venous blood were required and were published in paper I. A 
method for the determination of ATQ in capillary blood dried onto sampling 
paper using SPE and LC was published in paper II. There was a systematic 
difference in ATQ levels between simultaneously sampled venous and 
capillary blood after a single oral dose of Malarone (ATQ + PG). The 
average was 29 percent higher in the venous blood with an excellent linear 
correlation (Figure 3). Capillary blood has slightly lower content (about 5%) 
of lipids and lipoproteins than venous blood. Kupke et al. proposed that 
filtration and reabsorption mechanisms across the walls of small vessels 
could lower protein content in capillary blood; protein is transported into the 
interstitial fluid and hence away into the lymph fluid [36,37]. It may thus be 
that the small but consistent matrix difference between venous and capillary 
blood, diminishes distribution in the capillary blood. In any case, the good 
correlation permits comparison of venous and capillary blood levels of ATQ 
when the constant bias is considered. 
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Figure 3. Relationship between simultaneously sampled capillary blood applied 
onto sampling paper and venous blood concentrations of ATQ. Full drawn line: 
Correlation. Dashed line: y=x. 

2.3.2. Amodiaquine and chloroquine 
Both amodiaquine (AQ) (Figure 4) and chloroquine (CQ) (Figure 5) belong 
to the 4-aminoquinoline group of antimalarial drugs. They originate from 
quinine, an active ingredient of cinchona bark, which was first imported into 
Europe from Peru in the seventeenth century. Both drugs have been used 
since around 1940 for prophylaxis and treatment against malaria. AQ use has 
been limited since the mid 1980s after reports of unacceptably high (circa 1 
in 2000) rates of serious adverse effects on the skin or liver in travelers 
taking the drug prophylactically [38-41]. The WHO stopped using the drug 
in their malaria control programmes in 1990 both for prophylaxis and 
treatment. WHO’s Expert Committee on Malaria modified this decision in 
1993 to say that AQ could be used for treatment if the risk for infection 
outweighed the potential for adverse drug reactions but should still not be 
used as a first-line treatment [42]. Since AQ still has a high degree of 
efficacy against all but the most highly CQ-resistant strains, there has been a 
recent increase in its use. However, monitoring of effectiveness and 
surveillance for evidence of toxicity should still be maintained [43]. AQ is 
rapidly and extensively metabolized to its active metabolite 
monodesethylamodiaquine (AQm1) (Figure 6) during a hepatic first-pass 
effect upon oral administration. AQm1 is then further metabolized through a 
second de-ethylation into bis-ethylamodiaquine (AQm2). In contrast to AQ, 
the AQm1 elimination half-life has reported to be very long (97.5 ± 77.7h) 
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which probably reflects a low rate of elimination and/or extensive 
distribution [44]. Studies have shown that AQm1 contributes most to the 
antimalarial activity and is most important to quantify [45-47]. A third 
metabolite, 2-hydroxydesethylamodiaquine, have been discovered but it 
seems to be relatively inactive and determination is of less practical interest 
[47].  

At an effective dosage of 250 mg ⋅ day-1, steady-state plasma 
concentrations of CQ are in the range 0.8 to 2 µM. In patients receiving long 
term CQ treatment, the desethylchloroquine (CQm) metabolite (Figure 7), 
reaches about 36 to 48% of CQ steady-state plasma or whole blood 
concentrations. CQm concentrations decline slowly, with a terminal 
elimination half-life of about 30 to 60 days [48].  

AQm1 as well as AQ and its other metabolites are concentrated in the 
white cell fraction, especially in the lymphocytes. AQm1 reaches about four 
to ten times the concentrations of AQ and AQm2 in whole blood [44, 49]. 
Whole blood concentrations of AQm1 are reported to be about 3 times higher 
than in plasma [44, 50].  

CQ and CQm are mainly bound to platelets and granulocytes, giving 
concentrations that are about 5 to 10 times higher in whole blood than in 
plasma upon oral administration [48, 51].  

The structure of AQ is similar to CQ except for an additional phenol ring. 
Both compounds are lysosomotropic, which means that they accumulate 
down a pH gradient into the acidic lysosomes of the cells, where they 
become protonated and trapped [49]. AQ seems to have a 2-3 fold greater 
accumulation in plasmodium falciparum than CQ. This may be explained by 
the physicochemical and structural differences between the two compounds 
[52]. Hawley et al. determined the pKa-values by titration and found AQ to 
be a weaker base than CQ. AQ had pKa1 ≈ 8.14 and pKa2 ≈ 7.08 while CQ 
had pKa1 ≈ 10.23 and pKa2 ≈ 8.15. With this information they predicted the 
cellular accumulation ratios of each drug in both malaria parasites and 
human CH1 cancer cells and compared these with experimentally measured 
ratios. The predicted values correlated well for both drugs in human cancer 
cells with a 3 times greater accumulation of CQ than AQ that could be 
explained with partition theory. The measured value of AQ in the malaria 
parasites turned out to be 8 times greater than the predicted and 3 times 
greater than for CQ. Their conclusions are that the increased level of AQ 
accumulation, in comparison to that of CQ, may be due to its enhanced 
affinity for an intraparasitic binding site [52]. The reported pKa-values above 
differ from those calculated with a commercial pKa-programme [29]. The 
calculated values are pKa1 ≈ 10.36 and pKa2 ≈ 6.43 for AQ while CQ had 
pKa1 ≈ 10.27 and pKa2 ≈ 8.88. These calculations correlate better with the 
fact that CQ was eluted in 0.45 mL methanol:triethylamine (98:2) from the 
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cationic SPE-column while it was necessary to use 4×0.45 mL 
methanol:triethylamine (98:2) to elute AQ (paper III). Practical experiments 
with cationic SPE-columns demonstrate that CQ could be a weaker base than 
AQ. The additional phenol ring is a possible explanation for the larger 
elution volume but seems unlikely to be the main factor. The methanol 
content in the elution solvent is indeed 98% and should be sufficient to break 
the additional non-polar bindings.  

A few methods for determination of AQ and its metabolites in whole 
blood, plasma, red blood cells and urine were published at the time when 
paper III was in progress [47, 53-55]. However, only ref. [55] allows 
simultaneous determination of CQ, AQ and their main metabolites and all 
published methods use liquid-liquid extractions with organic solvents. 
Recently Minzi et al. published a sensitive liquid-liquid extraction method 
for simultaneous determination of AQ, CQ and their metabolites in whole 
blood, plasma and urine [56]. They were however unable to detect AQ and 
its metabolites in blood dried onto sampling paper. To the best of our 
knowledge paper III is still the only available method that allows 
determination of AQ and its metabolites in capillary blood dried onto 
sampling paper. CQ is still first-line treatment in many countries and is often 
self administered before or with AQ treatment. This makes it necessary to be 
able to determine those two compounds and their metabolites 
simultaneously.  

AQ, CQ and their metabolites were stable for at least one month at all 
tested temperatures when dried onto sampling paper.   
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2.3.3. Piperaquine 
PQ (Figure 8), (1,3-bis-[4-(7-chloroquinolyl-4)-piperazinyl-1]-propane), is 
an  antimalarial compound for which there is a renewed clinical interest. 
Although first synthesized at Rhône-Poulenc in France in the 1950s as 
compound RP13228 it was not developed until the 1960s when produced by 
the Shanghai Research Institute of Pharmaceutical Industry [57]. It is a drug 
closely related to CQ and other 4-aminoquinolines but with almost twice as 
high molecular weight (536 g×mole-1). PQ was deployed in CQ-resistant 
areas in PR China during the 1970s until its efficacy deteriorated due to 
resistance but has not been used widely elsewhere.  
 
 
 

 
 

 
 

N
N

NCl

N
N

N Cl

Figure 8. PQ  
 
As CQ is today largely ineffective due to resistance development, the wider 
use of PQ or piperaquine phosphate (PQP) in combination with other 
antimalarial drugs is under consideration within organisations such as the 
WHO. Such combinations are already registered and deployed in P.R. China 
and Vietnam e.g. Artekin® (Dihydroartemisinin, PQP and Trimethoprim) 
and CV8® (Dihydroartemisinin, PQP, Trimethoprim and Primaquine 
phosphate). One study has been performed which concludes that PQP is 
more effective than PQ at the same dosage [58]. This is most likely due to 
the increased water solubility because of the four phosphate groups. A study 
in mice reports that PQ accumulated more slowly in the liver and to a lower 
degree than PQP [59]. 

We have however not seen any chromatographic or spectral differences 
between PQ and PQP when both have been dissolved properly. Our 
experiences from paper IV are that PQ has poor solubility in pure methanol. 
The solubility is greatly increased when the methanol is acidified with 
hydrochloric acid. PQ is practically insoluble in water while PQP is soluble 
in hot water.  

Field studies performed in PR China indicate that PQ and its analogue 
hydroxypiperaquine (HPQ) are safe and effective antimalarial drugs [58,60-
63]. There was an urgent need for a method for the determination of PQ in 
plasma and whole blood since there were none available at the time of 
papers IV and V. To the best of our knowledge there are no published 
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articles regarding the pharmacokinetics of PQ in man. A half-life for PQ of 
about 9 days and tmax of about 3 h has been reported in mice [57].  

The methods in papers IV and V were applied to the determination of PQ 
in two healthy volunteers. An oral dose of 640 mg PQP (corresponds to 340 
mg PQ) was administered. Blood samples were taken at several time points 
up to 7 hours after dose administration for one of the volunteers. A 
maximum concentration of 520 nM PQP was found in whole blood 3.5 h 
after administration (Figure 9). The chromatogram contained one possible 
metabolite that appeared about 2 hours after administration. PQ appeared in 
the samples after about 1 hour.  

Heparin-, EDTA- and non-stabilized venous whole blood was taken 3 
hours after dose for the other volunteer. Studies on the concentration 
difference of PQ between plasma, serum and whole blood were performed. 
Heparin-stabilized whole blood (n=3) was incubated at 30°C for 0, 2, 4, 6, 
24 and 48 h to assess the stability for samples taken in tropical conditions 
without the possibility of immediate freezing.  

There were no significant differences between the EDTA- and heparin-
stabilized whole blood taken 3 h after dose. The concentrations were 314 nM 
and 311 nM  for EDTA- and heparin-stabilized whole blood respectively 
(n=3). The concentration in serum (308 nM) was significantly higher than in 
both EDTA plasma (198 nM) and heparin plasma (191 nM) (n=3). This 
might suggest that PQ is released from leucocytes and/or thrombocytes 
during the clotting process [51]. PQ seemed to be stable at 30°C for at least 2 
days. The mean concentration for the 18 samples was 350 nM with a RSD of 
10.2%, which is in line with the method precision.  
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Figure 9. Chromatogram from whole blood from a healthy volunteer 3.5 h after an 
oral dose of 640 mg PQP. ChromolithTM (100×4.6 mm I.D.), mobile phase 
acetonitrile:phosphate buffer pH 2.5 I = 0.1 (8:92, v/v), flow rate 4 mL×min-1.   
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3. Analytical strategy 

A given compound can often be measured by several methods. The choice of 
method involves several considerations:  

 
• Which concentrations of the compound will be present in the 

samples? 
• What is the sample matrix? 
• Will the measurements be quantitative or qualitative? 
• What precisions are required? 
• What is the cost of the analysis? 
• What are the cost and equipment requirements? 
• Where will the method be implemented? 
• Are qualified personnel available to perform the analysis?  
• What are the requirements for throughput? 

The most important criteria during the development of the methods in this 
thesis were that they should be field-adapted. This meant that the whole 
procedure, from sample collection to the analysis, should be as simple and 
robust as possible. It was also a desire that the methods could be 
implemented in an ordinary analytical lab without the purchase of highly 
expensive instruments.  
The analytical strategy can be visualised by the following flow-chart. 
 
 
 
 
 
 
 
 

Sample 
Preparation 

Measurement 
 

Separation Detection 

Evaluation 
Sample 

Collection 
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3.1. Sample collection 
The collection and storage of samples is of most concern for the 
practicability of an analytical method. Biological samples used in assays for 
the determination of drugs are often venous blood withdrawn from the arm. 
The venous blood can be withdrawn into tubes with an anticoagulant, e.g. 
EDTA or heparin. The blood can be used for analysis or plasma can be 
obtained if the tubes are centrifuged. If the blood is withdrawn into tubes 
without anticoagulant, serum is obtained after centrifugation. All these 
sampling techniques require facilities that can not be found everywhere e.g. 
power supply, centrifuges, - 86°C freezers. In field studies it is more suitable 
to use a finger prick technique with application of capillary blood onto 
sampling paper.  

Blood dried onto sampling paper significantly minimizes the risk of HIV 
transmissions as well as other pathogens [2]. This facilitates the handling of 
the samples and makes the laboratory work more secure for the analyst. 
Drugs in dried capillary blood spots can be stored at normal temperatures at 
least for a month with good stability [paper II, III]. The dried capillary 
blood spots can easily be transported by ordinary mail since they do not 
require the same controlled temperature conditions as plasma or venous 
blood samples.  

However, there are some disadvantages with dried capillary blood spots. 
For instance that the volume of blood is small (50-200 µL) compared to 
assays for whole blood/plasma or serum (500-1000 µL). Furthermore, the 
dried blood spots involve an extra extraction step where the analytes not 
only have to be extracted from the blood but also from the sampling paper. 
These issues make it harder to develop sensitive and precise methods for 
blood spots.  

It is important that an appropriate sampling paper is used for the 
collection of the blood. Bergqvist et al. investigated several different types of 
sampling paper and approaches to achieve a high recovery for the basic 
substance proguanil and its metabolites in capillary blood applied onto 
sampling paper [64]. The best recovery was achieved when regular cellulose 
chromatography paper (31 ET Chr, Whatman International) was pre-treated 
with 10 mM dodecyldimethylethylammonium bromide (DOD) prior to 
application of the blood. The improvement in recovery was due to 
deactivation of the hydroxyl and the carboxyl groups in the cellulose matrix. 
The recovery of proguanil doubled (from ca. 40% to ca. 80%) while the 
metabolites, believed to be weaker bases, had a high recovery irrespective of 
treatment.  
The chromatography paper 31 ET Chr has been used as sampling paper in 
paper II and III. The properties of this sampling paper are very favourable 
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for the collection of blood. It is thick (0.50 mm) and has a high flowrate (225 
mm/30 min). These properties make it easy to dispense quite large volumes 
of blood (200-300 µL) and still get small uniform spots. Another effect is 
that the spots dry faster than on a thinner paper. Pre-treatment with DOD 
was tested in paper III but did not enhance the recovery for the analytes.     

3.2. Sample preparation 
The sample matrix is the first parameter that has to be considered. Complex 
matrices like biological fluids often require a more selective method and 
extensive sample preparation than for instance pharmaceutical solutions. In 
the past LLE played a major role in sample cleanup. LLE tends to be quite 
time consuming, not easy to automate and generates large volumes of 
organic solvent disposal. SPE was introduced in the early 1970s as an 
alternative [1]. Today, the use of SPE has expanded tremendously and is 
used as often as LLE. SPE has been used for sample cleanup in papers I-VI 
in this thesis. SPE is generally faster and easier to automate than LLE. SPE 
is more selective than LLE since multi-step equilibrium is used in contrast to 
LLE that uses a single equilibrium step.  

If the method uses plasma or serum samples, an alternative sample 
preparation method would be protein precipitation. The proteins are first 
precipitated by addition of acetonitrile, trichloroacetic acid, perchloric acid 
etc. The samples are then centrifuged and the supernatant can finally be 
injected into the LC-system. A disadvantage with this approach is that the 
samples often contain protein residues that can clog the tubings or adsorb to 
the stationary phase. It is a non-selective sample cleanup method and there is 
the risk that endogenous compounds will interfere with the analytes in the 
LC-system.  

3.3. Measurement 
The measurement of a given analyte can often be divided into a separation 
step and a detection step. For pharmaceutical solutions it is sometimes 
possible to exclude the separation step. Recently there have been a few 
publications that demonstrate the benefit of spectroscopy with multivariate 
calibration for the determination of drugs in pharmaceutical solutions [65-
66]. Since the samples are fairly clean it is possible to use the differences in 
the UV-spectra at multiple wavelengths to create a multivariate calibration 
model. The new methods are comparable to existing LC-methods with 
regards to accuracy and precision but are more time- and cost-effective. The 
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sensitivity is lower for the spectrophotmetric methods than for the LC-UV 
methods. However, this is rarely a problem since pharmaceutical solutions 
are often concentrated and have to be diluted anyway. The approach cannot 
be directly applied to biological samples since they have a more complex 
matrix, even if pre-treated with SPE. Another issue is that the analytes often 
exists at trace levels. Multivariate calibration has been combined with LC-
UV (Diode Array) methods to quantify poorly separated peaks with good 
results [67]. 

3.3.1. Separation 
Biological samples must be separated prior to the detection. 
Chromatography in its different forms has become the leading analytical 
method for separation of components from a mixture. The principle is based 
upon partition of the compounds between a stationary phase and a mobile 
phase transported through the system. Chromatographic techniques can be 
classified into the following basic categories; gas chromatography (GC), LC, 
supercritical fluid chromatography (SFC) and capillary electrophoresis (CE). 

3.3.1.1. Gas chromatography 
Since separation in GC occurs in the gas phase, liquid samples have to be 
vaporised. This represents the main constraint of the technique since the 
analytes have to be thermostable and sufficiently volatile. Derivatisation can 
be used to convert the analytes to a more volatile form. Other disadvantages 
include the unsuitability of water or salt solutions and the small injection 
volumes [68]. The strength of GC is its high efficiency and the high 
separation capability. GC can be divided into two categories: gas-solid 
chromatography (GSC) and gas-liquid chromatography (GLC). 
In GSC, the mobile phase is a gas and the stationary phase is a solid that 
retains the analytes by adsorption. GSC is most suitable for low molecular 
weight gaseous species like nitrogen oxides and carbon dioxide.   
GLC is based upon partition of the analytes between an immobilised liquid 
and a gas phase. Several different liquid phases exists for GLC with a wide 
range of applications. This technique is suitable for all kinds of volatile 
analytes, such as steroids, alcohols, amino acids, fatty acids and sugars.  

3.3.1.2. Liquid chromatography 
LC has become a main tool for quantification of various substances in 
different matrices. The first publications using modern chromatography were 
published around 1940 and since then a numerous amount of articles have 
been published in various journals [69]. LC is a separation process in which 
a sample mixture is injected onto a column and distributed between two 
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phases. One phase is the stationary phase immobilised in a column and the 
other a mobile solvent phase passing through the column. 
LC can be categorised based on retention mechanisms.  
 

• Adsorption – liquid-solid chromatography (LSC) 
Adsorption in the form of LSC is the oldest technique, used in LC for 
the first time in the late 60’s [70]. The stationary phase is surrounded 
by mobile phase and the analytes have to compete with the solvent 
molecule for adsorption to the solid phase. Both polar (e.g. silica or 
alumina) and nonpolar (e.g. graphitised carbon) phases are available 
[70]. Silica is the most frequently used adsorbent. The nonpolar 
adsorbents are less frequently used after the development of bonded 
phases. The adsorption sites on the silica phases are silanol groups in 
different forms.      

 
• Partition – liquid-liquid chromatography (LLC) 
Partition is another mechanism that can cause separation. The method 
uses an immobilised liquid as the stationary phase and another liquid 
as the mobile phase. Separation occurs due to differences in the 
partition coefficients of analytes between the two liquids.  

 
• Bonded phases 
LSC and LLC were the original modes of LC but have been replaced 
to a large extent by the use of bonded phases. LLC is very seldom 
performed while LSC is still used in normal phase (NP) LC. In normal 
phase chromatography, the stationary phase is polar and the mobile 
phase less polar. The mobile phase often consists of relatively 
hazardous solvents like chloroform, etylacetate, and hexane. RP LC 
uses a stationary phase that is less polar than the mobile phase. 
Commonly used solvents in the mobile phase include mixtures of 
methanol and acetonitrile. Bonded phases are prepared by reacting 
silanol groups on the silica surface with chlorosilane. The nature of 
the chlorosilane can be varied to produce both nonpolar and polar 
stationary phases [70]. The most common phase is the C18 phase, 
which consists of octadecyl chains attached to the silica surface. More 
polar phases with shorter hydrocarbon chains (e.g. C2, C4, C6 and 
C8) exist as well. Methyl groups can also be substituted by nitrile and 
amino groups to produce polar phases. The retention mechanism on 
bonded phases is very complex. Both partition and adsorption 
mechanisms are involved. The complexity of the system further 
increases when other functional groups are introduced in the 
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hydrocarbon chain. Retention mechanisms are discussed further in 
chapter 4.  

 
• Ion-exchange 
The principle of  ion-exchange LC is similar to the original adsorption 
LSC. An ion-exchange stationary phase has electric charges on the 
surface as active sites. The mobile phase contains counter-ions that 
neutralise the charges. As in adsorption LC analytes have to compete 
with these counter-ions for the active sites on the surface.  Cation 
exchange sorbents are suitable for basic analytes and anion exchanger 
sorbents for acidic analytes. The type of counter-ion, a weak or strong 
exchanger, the pH of the mobile phase and ionic strength are 
parameters that can be adapted to achieve optimum separation 
conditions. The technique is not suitable for simultaneous  separation 
of mixtures of bases, acids and neutral compounds. It is better to use 
RP LC and the ion-pair technique for such mixtures (Chapter 4).  

 
• Size exclusion 
The retention mechanism for size exclusion chromatography differs 
from the methods mentioned above. The technique separates analytes 
based on their effective size and shape in solution. The stationary 
phases consist of porous particles with a specified pore size. Small 
molecules can diffuse throughout the entire porous network while 
large molecules are excluded from the pores. Since the mobile phase 
stagnates in the pores, diffusion is the only way by which small 
molecules can move in and out from the pores. Hence, they will be 
retained more than the large excluded molecules. The technique is 
most suitable for the separation of macromolecules or in the 
separation of small molecules from an interfering matrix of larger 
molecules. This is basically the technique used in on-line SPE as a 
sample cleanup step to separate small analytes from plasma proteins.   

 
• Affinity 
Affinity chromatography is a very selective technique that makes use 
of existing biochemical interactions between a protein and a suitable 
ligand. The stationary phase retains only compounds with affinity for 
the ligand while others are unaffected and eluted by the mobile phase. 
The bond between the protein and the ligand is broken either by a pH-
change or elution with a compound with higher affinity for the ligand. 
This technique is only usable for biomolecules like hormones, 
enzymes and proteins.   
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3.3.1.3. Supercritical fluid chromatography 
SFC is a hybrid technique between LC and GC. A supercritical fluid is 
formed when a liquid is heated above its critical temperature. Above the 
critical temperature a substance cannot be converted back to a liquid state by 
application of pressure. The supercritical fluid has properties of both a liquid 
and a gas. Carbon dioxide is the most common mobile phase but ethane and 
nitrous oxide are used as well [71]. They all have critical temperatures 
around 30°C. The stationary phase are immobilised in columns similar to 
those used in LC. The columns can be much longer than for ordinary LC due 
to the low viscosity of a supercritical fluid. The retention mechanism in SFC 
is explained by dissolution-precipitation and is dependent of the solvation 
power of the mobile phase [72]. The solvation power is a function of the 
density, the latter regulated by the pressure over the column. The technique 
is most suitable for the analysis of thermally unstable, large non-volatile 
compounds like polycyclic aromatic hydrocarbons and n-alkanes [72].  

3.3.1.4. Capillary electrophoresis 
CE is based on the migration of charged analytes in a fused silica capillary 
under the effect of an electric field. The capillary is filled with a aqueous 
buffer and connected to two reservoirs at the ends containing the same 
aqueous buffer. The movement of a compound depends on the 
electrophoretic mobility of the ion and the elctrosmotic flow. The 
electrophoretic mobility of an ion is a function of the ion nature (cation or 
anion), ion size, form and physicochemical properties of the mobile phase. 
Fused silica capillaries naturally have a negative surface  due to silanol 
groups that are mainly protonated above pH 2. Cations in the mobile phase 
form an ion-pair layer to neutralise the charges. This layer starts to move 
towards the cathode when the electric field is applied and creates the electro-
osmotic flow [73]. Capillary electrochromatography (CEC) is a type of CE 
where the fused silica capillary is replaced by a capillary column filled with 
stationary phase. The stationary phase is comparable to the stationary phase 
for ordinary LC but with smaller particles. CE has better resolving power 
than ordinary LC but is less robust. Analytes that can be analysed by LC can 
normally also be analysed with the CE technique. CE can also be used for 
the analysis of macromolecules (e.g. peptides and proteins) where LC fails. 
Disadvantages with the technique include the need for more optimisation 
than ordinary LC and that it is less robust and requires high voltage.      
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3.3.3. Detection 
There are several different ways of detecting the analytes after a 
chromatographic separation. This section will focus on the different methods 
of detection after an LC separation.  

3.3.3.1. Absorbance detectors 
Absorbance detectors measure the absorbance at one or more wavelengths in 
the UV or visible light range. Absorbance detectors are the most commonly 
used detectors since they are cheap, robust, easy to handle and sensitive for 
compounds with a high molar absorptivity (ε). The response in the detector 
is a function of the molar absorptivity, the concentration of the compound 
and the length of the cell. It is also affected by system parameters as: pH of 
the mobile phase, background noise, band broadening etc. Ordinary 
absorbance detectors measure a single wavelength at the time. A Diode-array 
detector has the benefit of measuring at several wavelengths at the same 
time. It is also possible to obtain spectral information for each eluting peak 
in the LC-system. It can provide information about peak purity and reveal if 
peaks in the chromatogram are related to the “mother” compound (e.g. 
degradation products and metabolites). 

3.3.3.2. Fluorescence detectors 
Many compounds have the ability to absorb UV-light and then re-emit light 
of a longer wavelength (less energy). If the light is re-emitted with a short 
delay, the compound is fluorescent and if there is a somewhat longer delay 
the compound is phosphorescent. Some compounds have a strong natural 
(native) fluorescence while others have to be treated with reagents to form 
fluorescent derivatives. Fluorescence detectors can be more sensitive than 
regular absorbance detectors for favourable compounds. Compounds with a 
conjugated cyclic structure like polycyclic aromatic hydrocarbons (PAH) 
have a strong native fluorescence [74]. The fluorescence detectors are 
generally more selective than absorbance detectors since both the emitted 
wavelength and the re-emitted wavelength has to be correct to produce a 
signal.        

3.3.3.3. Electrochemical detectors 
The principle of electrochemical detectors relies on the measurement of a 
current associated with the oxidation or reduction of a compound. The 
detector cell has three electrodes; working electrode (WE), reference 
electrode (RE) and auxiliary electrode (AE). The potential between the WE 
and the RE applied by the AE can be used to control the selectivity since 
different compounds require different potentials to be oxidised/reduced. It is 
easier to use the detector in the oxidation mode than in the reduction mode. 
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The reduction mode requires that no oxygen is present in the mobile phase. 
If oxygen is present it would very easily be reduced and create a background 
current much larger than the current from the reduction of the analytes. The 
mobile phase must be conductive and therefore contains salts and buffer 
solutions. Some suitable compounds for electrochemical detection in 
oxidative mode are aromatic amines, aromatic hydroxy compounds and 
indoles [75]. Electrochemical detectors generally have a higher sensitivity 
and better selectivity for favourable compounds than absorbance detectors.   

3.3.3.3. Mass spectrometry detectors 
The principle of mass spectrometry (MS) relies upon ionisation of atoms or 
molecules. The charged species are then separated according to their mass-
to-charge ratio (m/z) and detected. A MS detector consists of three main 
parts: the interface where the ions are generated, the mass analyser 
(separation) and the electron multiplier (detector). Different ionisation 
techniques are available and their suitability varies with the analyte. The 
most popular ionisation techniques are: electrospray ionisation (ESI), 
atmospheric pressure chemical ionisation (APCI) and matrix-assisted laser 
desorption (MALDI). ESI is the most common interface to couple to LC 
since the samples are already in solution. The most common mass analysers 
are: the quadrupole, ion-trap and time-of-flight (TOF). The principle of 
separation differs between them and the choice is dependant on the purpose 
of the analysis. The main feature of LC-MS is identification and 
determination of identities and structures of compounds. It is a very useful 
tool when it comes to identification of metabolites from new drugs. MS is 
also generally more sensitive than an absorbance detector when it comes to 
quantification of drugs. To achieve good precision it is important to have an 
internal standard, ideally the stable isotopically labelled analogue of the 
parent compound. There have traditionally been problems with 
quantification in LC-MS but these are mostly due to the lack of an 
appropriate internal standard. The main disadvantages are that the equipment 
is very expensive and requires a lot of knowledge to operate. MS detectors 
cost about ten to twenty times as an ordinary absorbance detector. The 
requirement for isotopically labelled analogues of the parent compounds is 
another cost issue.  
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3.4. Evaluation 
If a sample has been analysed with a separation method the result will be in 
form of a chromatogram (GC, LC, SFC). The eluting substances will 
produce signals in the detector separated by time, creating a pattern of peaks. 
Ideally each substance would produce a signal in form of a vertical line in 
the chromatogram/electropherogram. It never happens since each substance 
is subjected to band broadening in the system (Chapter 4). The peak area and 
the peak height of each substance are proportional to the concentration in the 
sample for well-resolved peaks. Calibration curves can be constructed from a 
set of samples with different concentrations and be used for predictions of 
concentrations in unknown samples. Area or peak height can be used and the 
choice depends upon the situation. If the signal-to-noise ratio is small, peak 
height often gives more precise results than peak area since it can be difficult 
to integrate the latter correctly [76]. However if the retention times for the 
substances differ between samples due to changes in mobile phase 
composition, peak area is better than peak height. Fast eluting peaks are 
normally narrower than late elution peaks. If the retention time differs it will 
affect the height more than the area. When the chromatogram is complex and 
the peaks of interest are poorly resolved, peak height is often better than 
peak area. This is due to the complexity of integrating overlapping peaks. It 
can be particularly difficult to calculate area for peaks with significantly 
different heights that lie very close to each other. The height generally gives 
precise calculations if the resolution factor Rs is greater than 1 [77].   
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4. Liquid chromatography 

4.1. Introduction 
RP is today the most common LC mode and more than three quarters of all 
LC separations are carried out with this technique [69, 71]. The stationary 
phase is nonpolar and often consists of small particle silica gel with bound 
alkyl groups packed in a stainless steel column. The mobile phase consists of 
an aqueous-organic solvent mix where the aqueous part usually is a buffer. A 
compound’s retention in the column normally increases with the content of 
water/buffer in the mobile phase.   
Adsorption and partioning are the two principal mechanisms that determine 
the retention for a compound passing through a column [78]. The partioning 
mode is when the analytes interacts with the hydrophobic bound alkyl chains 
through Van der Waal interactions. The adsorption mode is the state when 
the analytes competes with the mobile phase for active sites on the surface of 
the inorganic matrix (Figure 10) 
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Figure 10. Adsorption (A) and Partioning (B) on an octadecyl (C18) column. 
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Wilson et al. recently published a more complex relationship for a 
compounds retention (retention factor k) on an RP LC column [79]. 
 
log k = log kref + η´H + σ´S + β´A + α´B + κ´C + …                         (1) 
 
The terms η´, σ´, β´, α´and κ´ are associated to the properties of the specific 
compound while the terms  H, S, A, B and C are associated to the properties 
of the LC system. kref is defined as the k value for a compound 
(ethylbenzene) the retention of which is mainly due to the hydrophobicity 
term, η´H. The authors included this term to compensate for different 
column phase ratios, such as surface areas or concentration of bounded alkyl 
chains. σ´S is defined as a steric term and η´H as a term standing for 
hydrophobic interaction. Both of these occur in the partioning mode above. 
β´A is defined as hydrogen bonding between receptor compounds 
(compounds with free electron pairs) and non-ionised silanols in the 
stationary phase, α´B as hydrogen bonding between a donor compound and 
an unidentified receptor group in the stationary phase and κ´C as the ion-ion 
interactions between a protonated base and ionized silanols in the stationary 
phase. These three interactions occur in the adsorption mode. 

4.1.1. The LC-system 
A general LC-system consists of a pump, an injector, a column, a detector 
and an integrator. Additional items that have been included throughout the 
work of this thesis are a pre-column and a solvent saver (Figure 11).  

 

 
Figure 11. General composition of a LC-system. 
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The pre-column protects the analytical column from impurities that still 
might be present in the samples even though they have been pre-treated with 
SPE. It is preferable to use a short pre-column instead of a filter since the 
pre-column also protects the analytical column from damage due to extreme 
conditions in the samples, such as low or high pH.  

If the mobile phase is fully recycled it will seriously affect the 
performance of an assay, especially if there is a large difference in 
concentration between the samples. Abreu and Lawrence recently published 
an excellent article about mobile phase recycling and the impact it has on 
accuracy, precision and sensitivity for an assay [80]. Recycling of the mobile 
phase led to an increase in background absorbance and lower sensitivity as 
the number analysed samples increased. When the concentration of analyte 
in the mobile phase was equal to the concentration of analyte in the sample 
the analyte peak was absent in the chromatogram. Instead of running all the 
mobile phase to waste a solvent saver can be used to recycle only the “clean” 
mobile phase. When the detector registers a deviation in the baseline above a 
specified threshold, it sends a signal to the solvent saver that switches a 
valve and the mobile phase goes to waste. The solvent saver switches back 
to recycling when the detector signal goes below the threshold after a 
specified delay. The delay is set to a value that is equal (or exceeds with 10-
15%) to the time it takes for a sample to reach the solvent saver from the 
detector.  

4.2. Monolithic columns 
Assay speed is becoming more and more important in the analytical 
laboratory in order to increase throughput and reduce costs. Regular packed 
LC columns are normally used at flowrates between 0.5-1.5 ml×min-1. The 
backpressure will be too high and the efficiency will decrease significantly if 
higher flowrates are used. However, a high flowrate is desirable since this 
decreases retention times and increases throughput. One approach to meet 
these goals has been to use monolithic LC columns.  

Monoliths are special types of highly permeably stationary phases in rod 
form instead of particle-packed form. A new monolithic column has recently 
become commercially available from VWR. Based on work by Nakanishi et 
al., a sol-gel approach was used to manufacture the new monolithic columns 
[81]. The new ChromolithTM columns consists of a single silica rod with 
macropores of diameter about 2 µm and mesopores of diameter around 13 
nm. The macropores, also called throughpores, are comparable to the 
interstitial voids of a particle-packed column. The size and structure of these 
macropores leads to a higher total porosity (~ 15%) and lower back pressure 
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than for a particle-packed column. The mesopores located on the silica 
skeleton provide the surface area required for separation (~ 300 m2/g) [82-
85]. The performance limitations for LC columns can be described by the 
van Deemter curve (Figure 12) arising from equation (2) where H stands for 
height of a theoretical plate and the constants A, B and C are coefficients of 
Eddy diffusion, longitudinal diffusion and mass transfer, respectively. 
 
H = A + B/u + Cu                                                               (2) 
 
 

Figure 12. Van Deemter curve. 1=longitudinal diffusion component; 2=Eddy 
diffusion and flow distribution component of band broadening; 3=mass-transfer 
component; 4=the resultant van Deemter curve. 

A more recent modernized version takes the form of equation (3) where H 
stands for height of a theoretical plate, dp particle size, Dm diffusion 
coefficient of an analyte in the mobile phase and u linear velocity of mobile 
phase. Cx are coefficients for the contribution of each term e.g. Ce eddy 
diffusion, Cm mobile-phase mass transfer, Cd longitudinal diffusion and Csm 
stationary-phase mass transfer [86]. 
 
H = 1/[(1/Cedp) + (Dm/Cmdp

2u)] + CdDm/u + Csmdp
2u/Dm =  

Au1/3 + B/u + Cu                                                  (3) 
 
The main features of monolithic silica columns are the high permeability and 
low height of a theoretical plate arising from the large through-pore size, 
skeleton size ratios and high porosities [86]. This enables very flat plate 
height versus mobile phase velocity curves and the low backpressure enables 
chromatographic separations at very high flowrates, up to 9 mL×min-1 [82-
85]. McCalley has reported of plate heights 3.5 times lower on the 
monolithic column than on 5 µm particle-packed columns at the flowrate 5 
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mL×min-1 [87]. However, the monolithic column seemed to be less 
advantageous over small particle-packed columns for basic compounds, 
especially around pH 7 [87].  

Quantification of the basic antimalarial piperaquine on a ChromolithTM 
column was reported in paper V. Different flowrates with injection volumes 
of 10 and 100 µL were tested and the back pressure, efficiency, resolution 
and retention times were monitored for PQ and the internal standard I.S. 
(Table I). 

Table I. Different chromatographic parameters as a function of 
flowrate. 

Efficiency 
(Theoretical plates×m-1) 

Flowrate 
(mL×min-1) 

Back 
pressure 

(bar) 

Injection 
volume 

(µL) 

Resolution 
(Rs) 

PQ I.S. 

1.00 32 10 8.47 52 680 82 055 
 100 7.80 51 485 71 745 

2.00 45 10 7.06 39 705 63 880 
 100 6.76 43 685 57 645 

3.00 58 10 6.14 33 478 50 705 
 100 5.96 39 975 45 685 

4.00 71 10 5.66 29 035 44 565 
 100 5.37 31 785 39 205 

5.00 85 10 5.15 27 363 34 810 
 100 5.07 29 670 36 530 

 
 
The efficiencies in Table I have been calculated with equation (4) where N is 
the efficiency expressed as number of plates, tr the retention time and W0.5 
the width at half the peak height. To compare these results with those 
obtained by McCalley the efficiencies have to be recalculated with the 
Dorsey-Foley equation [88]. The Dorsey-Foley equation (5) has been shown 
to give better estimates of the true efficiencies for asymmetric peaks [89]. B 
is the rear half width at 10% of the peak height and A is the front half width 
at 10% of the peak height. Equation (6) describes the relationship between 
the height of a theoretical plate H, the length of the column L and number of 
plates N. An H/v’ plot arranged from data obtained by the Dorsey-Foley 
equation is shown in Figure 13, where v’ is the flowrate. It can be compared 
with an H/v’ plot obtained from the data in Table I (Figure 14).  
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Figure 13. Van Deemter plot for PQ and I.S. using a ChromolithTM column with 
plate height (Hdf) calculated from the Dorsey-Foley efficiency. Detection at 345 nm. 
Injection volume; PQ-100 and IS-100, 100 µL; PQ-10 and IS-10, 10 µL, in 
acetonitrile:phosphate buffer I=0.1 pH 2.5 (5:95, v/v). Mobile phase 
acetonitrile:phosphate buffer I=0.1 pH 2.5 (8:92, v/v). 
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Figure 14. Van Deemter plot for PQ and I.S. using a ChromolithTM column with 
plate height (H) calculated from the efficiency using equation (3). Detection at 345 
nm. Injection volume; PQ-100 and IS-100, 100 µL; PQ-10 and IS-10, 10 µL, in 
acetonitrile:phosphate buffer I=0.1 pH 2.5 (5:95, v/v). Mobile phase 
acetonitrile:phosphate buffer I=0.1 pH 2.5 (8:92, v/v). 

Equation (3) was used to calculate the efficiencies in Figure 14, which leads 
to the unexpected result that an injection volume of 100 µL gives better 
efficiencies than an injection volume of 10 µL for PQ. However, an injection 
volume of 10 µL gave better efficiencies than 100 µL for I.S. as expected. 
These results are not in accordance with general chromatographic theory 
since PQ is eluted first and therefore has lower retention volume VR  
(equation (7)). Normally the peak with the lowest retention volume VR is the 
peak most sensitive to band broadening due to injection volume (equation 
(8)). 
 
VR = v’ × tr                                                                 (7) 

Vi = θ × VR × 
N

K                                                                           (8) 

Equation (7) describes the relationship between the retention volume VR for 
a peak, the flow rate v’ and the retention time. Equation (8) defines the 
maximum allowed injection volume Vi, to avoid an excessive band 
broadening where θ2 is the fraction of band broadening, K a parameter 
characteristic for the quality of the injection and N number of plates.  

The results in Figure 13 where the efficiencies has been calculated with 
the Dorsey-Foley equation are more in accordance with the chromatographic 
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theory. An injection volume of 100 µL gives lower efficiencies than an 
injection volume of 10 µL for both PQ and I.S. The difference between the 
two calculations is due to the lower asymmetry factor As for PQ when the 
injection volume is reduced. Equation (5) is more sensitive to tailing than 
equation (4). These results confirm findings from other groups that the 
Dorsey-Foley equation gives better estimates of the true efficiency for 
asymmetric peaks [88-89].  

Reference [87] found an optimum flow rate between 2-5 mL×min-1 for 
the weak base pyridine with Hdf remaining almost unaffected within the 
range for an unbuffered mobile phase on a monolithic column. The given 
explanation was that the diffusion distance is reduced for the monolithic 
columns compared to conventional particle-packed columns. However, Hdf 
decreased significantly when the flow rate was increased from 0.5 to 2 
mL×min-1. The asymmetry factors As (B0.1/A0.1 ) were higher for stronger 
bases, e.g. quinine and nortriptyline, on the monolithic column than on the 
particle-packed (5 µm) column [87]. A0.1 is the distance between the peak 
front and the peak maximum at 10% of the height and B0.1 the distance 
between the peak maximum and the peak end at 10% of the height. The 
reported plate height Hdf for quinine in an acidic buffered mobile phase [87] 
was almost equivalent with Hdf  for I.S., an analogue to CQ, at 5 mL×min-1 
(Figure 4). The plate height Hdf for PQ was significantly higher than for I.S. 
McCalley reported the same phenomena on an Inertsil ODS-3 (5 µm) 
column [87]. Quinine had significantly higher plate height Hdf than pyridine 
and nortriptyline. A proposed explanation by the authors was that the 
differences between individual bases might at least partially be due to 
reduced solute mobile phase diffusion (Dm) of the larger analytes.  

This might as well be the case for PQ (Mwt = 536 g/mole) that is 
significantly larger than I.S. (Mwt = 322 g/mole). During the development of 
paper V several different HPLC-columns were tested, both particle-packed 
and monolith. The ChromolithTM column showed the lowest asymmetry 
factor As for PQ of all tested columns. The asymmetry factor As for I.S. was 
equivalent on most of the tested LC-columns. Figure 15 shows 
chromatogram for the ChromolithTM column and the second best column, a 
Zorbax SB-CN. The asymmetry factors were 2.0 and 1.6 for PQ and I.S. 
respectively on the ChromolithTM column and 2.9 and 1.4 for PQ and I.S. 
respectively on the CN-column. 
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Figure 15. Chromatograms from PQ/I.S.-solutions dissolved in  
acetonitrile:phosphate buffer pH 2.5 (5:95, v/v).  
(A): ChromolithTM column (100×4.6 mm I.D.), mobile phase acetonitrile:phosphate 
buffer pH 2.5 I = 0.1 (8:92, v/v), flow rate 4 mL×min-1.   
(B): Zorbax SB-CN column, 5 µm (250×4.6 mm I.D.), mobile phase 
acetonitrile:phosphate buffer pH 2.5 I = 0.1 (12:88, v/v), flow rate 1 mL×min-1.   
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When high flow rates are used, with short retention times and small 
bandwidths, it is important that the detector response is fast enough. The 
setting Rise Time/Time constant is a function that suppresses the noise and is 
usually in the range 0.1-2.0 seconds. The Rise Time can be defined as the 
minimum time required by the detector to reach 63% of its full scale value 
[75]. Very narrow peaks e.g. fast eluting peaks require a low value on the 
time constant to be detected properly.  

This parameter was investigated in paper IV. The parameter Rise Time 
did not significantly affect the efficiency or peak heights/areas when 
changed from 0.1 seconds to 2 seconds at a low flow rate (1 mL×min-1). 
However, when the parameter Rise Time was changed from 0.1 seconds to 2 
seconds at a high flowrate (4 mL×min-1) there were significant changes. The 
areas were slightly increased but the peak heights and efficiencies were 
significantly decreased (Table II). This shows that it is very important that 
the detector response is fast enough when performing rapid chromatography. 
The efficiencies in Table II have been calculated with equation (3). 

Table II. Efficiency, area and peak height as a function of flowrate and 
detector setting Rise Time. 

Efficiency 
(Theoretical 
plates×m-1) 

Area 
(mV×s) 

Peak heights 
(mV) 

Flowrate 
(mL×min-1) 

Rise Time 
(seconds) 

PQ I.S. PQ I.S. PQ I.S. 

1 0.1 41 375 55 745 116.46 36.77 17.67 4.55 
1 2 39 365 56 545 116.65 35.66 17.29 4.45 
4 0.1 24 975 30 295 32.23 9.59 16.69 3.78 
4 2 9 660 17 840 33.06 9.85 10.91 2.97 

4.3. Ion-pairing LC 
Ion-pair LC represents a technique where ionic compounds can be separated 
by counter-ion additives to the mobile phase. This is a useful technique when 
it is difficult to achieve separation with a normal RP LC system e.g. when 
acids, bases and neutral compounds are to be analysed simultaneously. 
Separation is accomplished by partition equilibrium between the charged 
analyte and an ion-pair with the charged analyte and a counter-ion (with 
opposite charge to the analyte).  

This technique was used in paper III to separate AQ, CQ and their 
metabolites. Separation between AQ/CQ and AQm1/CQm is not readily 
achieved since they react in the same way upon variation of the acetonitrile 
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content and pH of the mobile phase. Both perchlorate and 1-
heptansulphonate can form very strong ion-pairs with many basic 
compounds [90-91]. The two negative counter-ions were added to the mobile 
phase in different concentrations in an attempt to improve the separation. 
The addition of 1-heptansulphonate gave rise to double peaks and did not 
separate the analytes within reasonable time (<80 min.).  

Fornstedt et al. have reported peak distortions when cationic analytes 
were injected together with decanesulphonate. Decanesulphonate was eluted 
after the cat-ionic analytes and the peak closest to the sulphonate was most 
affected [92]. 

Addition of sodium perclorate to the mobile phase made it possible to 
separate AQ, CQ, AQm1 and CQm within 30 minutes. Increasing the content 
of sodium perchlorate in the mobile phase resulted in better separation of the 
analytes because AQ and its metabolites exhibited greater increase in 
retention relative to CQ and CQm (Figure 16). 
 

Figure 16. Retention time as a function of sodium perchlorate concentration in the 
mobile phase. Zorbax SB-CN column, 5 µm (250×4.6 mm I.D.), mobile phase 
acetonitrile:phosphate buffer pH 2.0 I = 0.1 (13:87, v/v), flow rate 1 mL×min-1. 
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A review of ion-pair chromatography by Schill covers several examples 
where selectivity can be controlled efficiently by addition of co-ions to the 
mobile phase [91].  
With a mobile phase consisting of acetonitrile:phosphate buffer pH 2 (13:87, 
v/v), optimum concentration of sodium perchlorate was 0.01 M.  Further 
addition would result in interference of the CQ peak with the AQm1 peak 
and CQm with the AQm2 peak instead. The resolution (Rs) of neighbouring 
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peaks as a function of sodium perchlorate concentration in the mobile phase 
is presented in Figure 17. 

 

Figure 17. Resolution between neighbouring peaks as a function of sodium 
perchlorate concentration in the mobile phase. Zorbax SB-CN column, 5 µm 
(250×4.6 mm I.D.), mobile phase acetonitrile:phosphate buffer pH 2.0 I = 0.1 
(13:87, v/v), flow rate 1 mL×min-1. 
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4.4. Peak compression 
Peak compression is a general term for different approaches to concentrate 
an analyte band during a chromatographic run. This technique was used in 
paper IV to overcome problems with tailing for the antimalarial drug PQ. 
Peak compression without addition of ions to the sample or the mobile phase 
is achieved if the sample is injected in a weaker solvent than the mobile 
phase. The opposite, where the sample solvent is much stronger than the 
mobile phase can lead to considerable band broadening and deformed peak 
shapes [93]. Peak compression effects was first observed in ion-pair LC 
when a competing ion, e.g. an ion with the same charge as the analyte, was 
added to the mobile phase [91]. Addition of dimethyloctylamine (DMOA) to 
the mobile phase reduced both retention times and tailing for a couple of 
amine analytes in an RP LC-system. Gradients of organic ionic components 
have also been used to produce compressed peaks but have the drawback of 
very long re-equilibration time [94-96]. Other authors have used an isocratic 
approach where the analyte (a cation) peak is eluted in the fallback of a 
negative system peak created by an organic cation in the mobile phase and 
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an organic anion in the injected sample [92,96-98]. A disadvantage is that 
the peak containing the anion and the excess of the cationic modifier must be 
eluted after the analytes and before next injection. This approach can also 
sometimes give peak deformations and split peaks [92, 99]. Nilsson used the 
organic modifier N,N-Dimethyldecylamine both in the mobile phase and the 
samples and achieved a 6-7 fold improvement of the quantification limit for 
a phenolic tertiary amine [99]. Hooijschuur et al. have recently reported of 
peak compression effects after addition of a modifier to the sample alone 
rather than to the mobile phase. Addition of a cocktail of different alcohols 
(1-butanol, 3-pentanol and 2-methyl-3-pentanol) to the sample improved the 
efficiencies for several peaks in the chromatogram [100]. The analytes were 
eluted on the upslope of the alcohols and it resulted in very narrow analyte 
peaks.  

Addition of trichloroacetic acid to the SPE extracted samples gave a 
significant increase of the efficiency for the PQ peak in paper IV. The 
efficiency was increased from 4000 to 15000 theoretical plates (equation (3)) 
and the retention time from 4.3 to 4.9 minutes. The efficiency and retention 
time for the more lipofilic I.S. peak increased marginally. PQ was eluted in a 
steep gradient of trichloroacetic acid that had no absorbance at the analysis 
wavelength. This effect can be seen in Figure 18 where blank injection 
solution has been injected at 230 nm and a PQ/I.S. solution at the analysis 
wavelength 345 nm. 
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Figure 18. Chromatograms from injection solvent. ChromolithTM column (100×4.6 
mm I.D.), mobile phase acetonitrile:phosphate buffer pH 2.5 I = 0.1 (8:92, v/v), flow 
rate 4 mL×min-1.   
(A): Acetonitrile:deionised water:TCA (5:93:2, v/v), at 230 nm. 
(B): PQ/I.S. (1000 nM) dissolved in acetonitrile:deionised water:TCA (5:93:2, v/v) 
at 345 nm. 

The trichloroacetic acid had a slightly higher capacity factor than PQ but 
lower than I.S. and the I.S. peak was therefore only marginally affected. The 
addition of trichloroacetic acid also distorted the baseline and caused a small 
plateau around the PQ peak. The plateau started earlier with increasing 
concentration of trichloroacetic acid in the samples. It was necessary to add 
at least 2% of the trichloroacetic acid stock solution (0.61 M) to the samples 
to separate the plateau start from the PQ peak (Figure 19).  
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Figure 19. Chromatograms from PQ/I.S.-solutions (1000 nM). ChromolithTM 
column (100×4.6 mm I.D.), mobile phase acetonitrile:phosphate buffer pH 2.5  
I = 0.1 (8:92, v/v), flow rate 4 mL×min-1.   
(A): PQ and I.S. dissolved in acetonitrile:phosphate buffer pH 2.5 (5:95, v/v).  
(B): PQ and I.S. dissolved in acetonitrile:deionised water:TCA (5:94:1, v/v).   
(C): PQ and I.S. dissolved in acetonitrile:deionised water:TCA (5:93:2, v/v). 
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5. Method development 

5.1. Solid-phase extraction 

5.1.1. General 
SPE was introduced in the early 1970s as an alternative to liquid-liquid 
extraction that had earlier been the major sample clean-up technique [1]. 
SPE is defined as: Separation or extraction of one or more compounds from 
a mixture by selective distribution between a solid phase (sorbent) and a 
liquid phase (solvent).  

It is necessary to perform some kind of sample clean-up prior to the LC 
analysis if the sample matrix is complex like biological fluids. The sample 
clean-up step both minimizes the content of compounds that can interfere in 
the detection step and cleans the samples from particles that can be trapped 
in connections, tubings or be irreversibly bound to the LC column. It is also 
possible to enrich the compound of interest by using a large initial sample 
volume and a small final elution volume. SPE can easily be automated which 
saves time for the lab technician, increases through-put and enhances the 
precision. 
  
The general approach for SPE contains 6 steps. 
 
Sample pre-treatment 
Sometimes it is necessary to pre-treat the samples before they can be loaded 
onto the SPE columns. If the analytes have a high degree of protein binding 
it is necessary to precipitate the proteins. The precipitation enables the 
compound to penetrate the pores and reach the active sites in the SPE 
column. Sometimes the samples have to be diluted with a buffer of a certain 
pH to give suitable conditions for the desired interactions between the solid 
phase and the compounds.  
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Condition-activation 
The SPE column has to be activated with an organic solvent, normally 
methanol, before the samples can be loaded. The methanol acts as a wetting 
agent, penetrating into the pores and staying between the coal chains with 
the functional groups. The coal chains would otherwise collapse on the silica 
surface. The methanol also washes the columns from eventual residue 
impurities from the manufacturing process.  
 
Condition-column equilibration 
The column has to be pre-loaded or equilibrated with a solvent that is similar 
to the real samples with respect to pH and modifier content. This enables all 
compounds in the sample to meet the same conditions when they are applied 
onto the SPE columns. 
 
Sample loading  
The samples are applied onto the SPE column, normally at a much lower 
flowrate than the condition solvents. Ion-exchanger columns generally 
require a lower flowrate than RP columns since it takes longer time for ion-
exchange interactions to take place. 
 
Washing  
The columns are then washed with the “strongest” possible solvent without 
losing recovery of the compound of interest. This washing step minimizes 
the amount of interferences in the LC detection. 
 
Elution  
The SPE columns are finally eluted with a solvent to which the compounds 
of interest have much higher affinity than to the solid phase. The minimum 
volume that can be used is often in the range 250 – 500 µL/100 g sorbent. It 
is desirable to use as small volume as possible since this enhances the 
sensitivity in the detection step. Two elution steps instead of one generally 
minimize the required elution volume. The elapsed time between the steps 
gives the analytes more time to diffuse from the stagnant liquid in the pores. 
The flowrate is low, similar to the loading step. The elution solvent must be 
compatible with the LC system if the eluates are to be injected directly. 
Otherwise it is necessary to evaporate to dryness and reconstitute in a 
solvent mixture that is compatible with the LC system.  

All of these steps are subject to optimisation during method development.  
SPE could easily be compared to LC since the same phases are used for both 
with some modifications. Both techniques use multiple equilibrium steps 
between the liquid and the solid phase. In SPE the analyte should ideally 
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either have full retention (during load and wash) or no retention at all (during 
elution) while the retention in LC should be intermediate.   

5.1.2. Method development 
The first consideration is to choose a SPE phase on which the analyte is 
retained. With knowledge of the structure, pKa-values, log D values, perhaps 
from an existing LC system, it is possible to choose a number of phases for a 
screening experiment. When a suitable phase has been selected the next step 
will be to optimise the washing stage. Considerations include selecting 
optimal retention conditions for the analyte but not for the interferences. The 
elution stage is the last to be optimised, once all the others have been 
determined. The elution conditions should be chosen to ensure minimum 
interactions between the analyte and the solid phase and the opposite for 
retained interferences.  

Phase screening 
A general rule is to evaluate all kind of phases, even those that theoretically 
should not work. The retention of an analyte is a complex process and is a 
function of both primary and secondary interactions. The phase screening 
experiments in this thesis has been performed according to the following 
approach; A batch in an aqueous matrix is prepared at a high concentration 
(i.e. in the upper part of the expected interval). The different SPE columns 
are conditioned properly and aliquots (1 mL) from the batch are loaded onto 
the SPE columns and the waste is collected. Each column is washed with 1 
mL of the blank aqueous matrix. This waste is collected together with the 
waste from the loading step. The collection from each column is then 
injected into the LC system and compared with a dilution from the original 
batch (1:1 with blank aqueous matrix). Those columns that have a 
breakthrough of less than 5% can be further evaluated. It is important to test 
batches with different pH values to find optimal retention conditions. The 
aqueous matrix should consist of a small amount (~5-10%) methanol or 
acetonitrile added to deionised water or buffer. The final composition of the 
batch matrix depends upon the solubility properties of the analyte.  

If the properties of the analyte permit the use of an ion-exchanger phase 
this can be a good alternative. Ion-exchange SPE in combination with RP LC 
normally leads to very clean chromatograms for biological samples. 
Hydrophobic endogenous compounds that could interfere in the RP LC 
system can easily be washed off the ion-exchange SPE column before 
elution of the analyte.  
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Optimisation of the wash and elution step 
It is important that the composition of both the washing and the elution 
solvent are optimised. The washing solvent should be optimised to achieve 
maximal cleaning of interferences without loss of analyte.  
The optimal retention conditions (e.g. pH) on each phase should be known 
after the phase screening step. This knowledge should be used to provide 
maximal retention during the washing step. The elution step should be 
optimised to achieve maximum elution of the analyte and minimum elution 
of retained interferences. It is desirable to use as small an elution volume as 
possible. A small elution volume minimizes solvent consumption and 
enhances sensitivity if the eluate is to be directly injected into the LC 
system. The eluate can be directly injected if the eluate matrix is compatible 
with the LC system. However, it can often be advantageous to evaporate the 
eluate and reconstitute in a solution similar to the mobile phase but with half 
the content of organic modifier. This approach enables higher injection 
volumes since band broadening in the LC system will be less dependent on 
the injection volume. When the sample matrix has a significantly lower 
content of organic modifier than the mobile phase, the analytes are 
concentrated at the top of the column and this gives a peak compression 
effect. 

The washing and elution steps can be optimised using an elution profile 
[paper I]. This approach is most suitable for non-polar SPE phases since 
retention on these columns mainly relies upon the content of organic 
modifier in the different solutions (e.g. sample, washing solution and elution 
solution). A sample containing a fairly high concentration of the analyte is 
loaded onto the SPE column. Fractions with increasing contents of organic 
modifier are eluted and analysed on the LC system. Fractions containing 
more organic modifier than the mobile phase can be evaporated and 
reconstituted in order to avoid deformed peaks or excessive band 
broadening. The cumulated relative recovery can be plotted as a function of 
organic modifier content in the elution solution (Figure 20). 

42 



0
10
20
30
40
50
60
70
80
90

100

0 20 40 60 80 100 120

Methanol content (% methanol in deionised water)

C
um

ul
at

ed
 re

la
tiv

e 
va

lu
e

I.S.
ATQ

Figure 20. Elution profile for ATQ and ATQ I.S. on an IST C8 SPE column. 

It is possible to wash the SPE column with 30% methanol without losing 
recovery (figure 1). 60% methanol seems to be enough to elute the analytes. 
However at least 70% methanol should be used since some break through 
effect due to previous eluted fractions most likely affects the result. The next 
step is to optimise the elution volume. A sample is loaded onto the SPE 
column and washed with the chosen washing solution. Fractions (typical 0.3 
mL) with the same amount of organic modifier are eluted and analysed on 
the LC system. It is then possible to determine the minimum required elution 
volume. If the elution solution contains more organic modifier than the 
mobile phase, it is necessary to evaporate and reconstitute in order to avoid 
deformed peaks or excessive band broadening.  

An alternative approach was used in paper II and VI. In paper II, the 
eluates were partly evaporated from 600 µL to about 300 µL at room 
temperature (about 20°C) for ten hours. By doing this, content of acetonitrile 
was significantly decreased and on column peak compression was achieved 
upon injection into the LC system. It leads to better efficiencies for the peaks 
and an increase in sensitivity.  

In paper VI the concentration of proguanil and its metabolites was 
determined by a modified method originally published by Bergqvist et al [3]. 
The elution step in the SPE was performed using 600 µL 
acetonitrile:deionised water:HCl (35:64.5:0.5, v/v) instead of 1 mL 
methanol:HCl (99.9:0.1, v/v). The eluates were partly evaporated down to 
about 200 µL at 70° C under a gentle stream of air. The original method used 
evaporation to dryness and reconstitution in 200 µL 0.01 M HCl. These 
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modifications resulted in cleaner extracts and lower limits of quantification. 
It is essential that an internal standard is used if this approach is chosen, 
since there will be differences in the final sample volume.  

5.2. Extraction from sampling paper. 
Biological matrices like plasma and whole blood can often be loaded onto 
the SPE column without too much sample preparation. It is often only 
necessary to perform a protein precipitation for plasma or to haemolyse 
whole blood. The process can be more complicated if the blood has been 
dried onto sampling paper. A SPE method that has been developed for whole 
blood might be useless for dried blood spots.  

An example was the extraction of AQ, CQ and their metabolites in paper 
III. A SPE method using a weak cation exchanger SPE column (CBA) was 
successfully developed for whole blood. This column is only charged above 
its pKa value (about 4.7) which lead to problems. The sampling paper blood 
spots were extracted in perchloric acid and the samples had a final pH of 
about 2.0 prior to SPE. The analytes were not retained on the SPE column 
during theses conditions and it was impossible to buffer the samples to a 
suitable pH (e.g. about pH 7). Not only would the sample volume be 
unwieldy, but also the ion content in the samples too high. It was necessary 
to use a strong cation exchanger SPE column (PRS) that was charged in the 
whole pH range.  

A common procedure in this thesis has been to cut the dried blood spots 
into small pieces and extract them in either an acidic or an basic solution. 
The choice is dependent upon the solubility and stability of the analyte in the 
pH range. Normally several different extraction solutions are tested in a 
screening experiment, both acidic and basic. This screening experiment has 
been performed using triplicates of spiked blood spots. Recovery and 
precision has been used as criteria to select promising candidates for further 
evaluation. The next step has been to evaluate different extraction solution 
concentrations, extraction times, buffer additions etc. for the selected 
candidates. 0.2 M phosphoric acid gave the best results in paper II while 0.3 
M perchloric acid gave the best results in paper III.  

An alternative approach was tested during the work with paper III. 50 
µL deionised water was added to the sampling paper prior to the application 
of 100 µL blood. This resulted in haemolysis of the blood on the paper and 
seemed initially to be very successful. The recovery increased with about 10-
15% but unfortunately this approach also gave a significantly higher 
coefficient of variation during validation. However, it is an interesting 
approach that might be useful for other analytes. 
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6. Method performance 

6.1. Validation parameters 
When a bioanalytical method has been developed it is important to validate 
it properly before it is used in routine analysis. General recommendations for 
analytical method validation can be found in guidelines from the Food and 
Drug Administration (FDA) and the International Conference on 
Harmonisation (ICH) [101-103]. The validation ensures the performance of 
the method and includes the following fundamental parameters according to 
FDA guidelines: accuracy, precision, selectivity, sensitivity, reproducibility 
and stability [101]. ICH guidelines include the following parameters for a 
validation: accuracy, precision, specificity, detection limit, quantification 
limit, linearity and range [102-103].  

6.1.1. Accuracy and precision 
Accuracy is a parameter that defines the closeness between the measured 
value and a reference or true value and is determined by replicate analysis of 
samples of a known concentration. The accuracy should be determined by 
analysis of three to five determinations per concentration using three 
different concentrations over the specified range of the assay [101-103]. 
Accuracy is often expressed in the terms of a mean value, a standard 
deviation and a difference between the mean and the true value. It is 
described in ICH guidelines; 

Accuracy should be reported as percent recovery by the assay of known 
added amount of analyte in the sample or as the difference between the mean 
and the accepted true value together with the confidence intervals. 

The mean value should be within 15% from the true value except at the 
lower limit of quantification where it should be within 20% [101]. An 
alternative way of expressing accuracy was recently proposed by SFSTP 
Commission [104, 105]. Accuracy was expressed in the terms of mean 
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recovery with a 95% confidence interval. The mean recovery was calculated 
as the ratio of estimated concentration divided by true concentration in 
percent [105]. This recovery, about 100%, differed significantly from the 
absolute recovery that was only about 65%. The intermediate standard 
deviation was used to calculate the confidence interval and the accuracy was 
acceptable if the confidence limits were in the interval 80-120%.  

Precision describes the distribution or agreement between multiple 
analysis of a single homogenous sample. The precision can be subdivided 
into the categories; repeatability (or intra-assay precision), intermediate 
precision (or inter-assay precision) and reproducibility [101-103]. 
Repeatability can be tested by the analysis of three determinations at three 
different concentrations or six determinations at 100% of the test 
concentration [102-103]. The latter is only applicable when the 
concentration is supposed to be constant for all samples e.g. pharmaceutical 
products. Intermediate precision is a measurement of how the performance 
of the assay is affected by day-to-day variation, equipment, analysts etc. 
Reproducibility is a parameter related to variation within or between 
laboratories. It is essential to evaluate the reproducibility if a 
pharmacokinetic study will be divided into two sets and analysed at two 
different laboratories.  

Several papers have been published about validation strategies and how to 
interpret the general recommendations from the guidelines. An approach 
where the precision and accuracy are determined with a modified analysis of 
variance (ANOVA) has been used throughout the work of this thesis. ICH 
also encourages the use of an experimental design (matrix) [102-103]. The 
approach used in the thesis was proposed by Aronsson et al. and is 
recommended by the Swedish Board for Accreditation and Conformity 
Assessment (SWEDAC) [106-107]. Modified versions have later been 
reported by Wieling et al. and Causon  [108-109]. Wieling et al. used four 
concentrations in triplicate analysed on five separate occasions while Causon 
used four concentrations in replicates of six analysed on four different 
occasions. Each concentration level was subjected to ANOVA for estimation 
of the within-run precision and the between-run precision. The precision and 
accuracy in the thesis has been calculated with a modified ANOVA 
approach using three different concentrations in triplicate analysed on five 
different occasions. Each concentration level was inserted into an EXCEL 
spreadsheet resulting in a 3×5 matrix (Figure 21). 
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 Day 1 Day 2 Day 3 Day 4 Day 5 
 X1,1 X2,1 X3,1 X4,1 X5,1 
 X1,2 X2,2 X3,2 X4,2 X5,2 
 X1,3 X2,3 X3,3 X4,3 X5,3 
Number of 
samples 
(ni) 

n1 n2 n3 n4 n5 

Mean ( x i) x 1 x 2 x 3 x 4 x 5 

Standard 
Deviation 
(Si) 

S1 S2 S3 S4 S5 

Figure 21. Resulting matrix for one of the concentration levels. 

The within-run precision in terms of relative standard deviation (RSD) is 
calculated with equations (9-12) [106]. The indexes in the equations 
correspond to figure 21.  

Average number of samples/day n0 =                    (9) 
k
n i∑

 

Average mean x  =                                                                           (10) 
∑
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Within-run precision Sw =                           (11) 
∑

∑
i

2
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n
Sn

 

Within-run precision (RSD) = (Sw×100)/ x                                                (12) 
 

 
The between-run precision in terms of relative standard deviation (RSD) is 
calculated with equations (13-15) [6].  
 

Variance for day mean values Sx
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Between-run variance Sb
2 = Sx

2 – Sw
2/n0                                               (14) 

 

Between-run precision (RSD) = (Sb×100)/ x                                             (15) 
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6.1.2. Recovery 
Recovery has traditionally been an important parameter included in all 
validation studies. This parameter has lately been less crucial in determining 
the performance of an assay but is never the less still important during 
method development. It can still be found in the FDA guidelines but is not 
regarded as a fundamental parameter [101]. ICH has included the recovery 
as one of two possibilities to express the accuracy [102-103]. Various 
authors have claimed that the extent of recovery should be of less 
importance as long as the method performs well in terms of precision, 
accuracy and sensitivity [109-110]. If the method exhibits low recovery, it 
may be necessary to carry out additional recovery investigations. The 
recovery must be consistent and independent of variations in the biological 
matrix (e.g. different protein contents, different red blood cells/plasma ratios 
etc.) This can  be tested by comparing recovery from spiked matrices from 
different blood donors. The absolute recovery is best measured by 
comparing the response from extracted samples with the response from non-
extracted standards that have the same nominal concentration as the 
extracted samples. An alternative is to compare responses from extracted 
samples with responses from extracted blank matrices to which analyte has 
been added at the same nominal concentration [110]. This approach 
compensates for any effects the matrix might have on the responses. Both 
alternatives have been used to calculate recovery in this thesis. The 
responses for the precision and accuracy samples (triplicate at three 
concentrations during five days) were compared to the same number of 
standards to calculate a recovery with RSD. It can sometimes be of interest 
to determine a relative recovery. This can be done by comparing responses 
from extracted samples (e.g. spiked matrix) with responses from extracted 
pure standards (e.g. spiked aqueous solution). This approach can give an 
indication of the origin of the losses, whether it is due to the matrix or the 
extraction procedure.    

6.1.3. Specificity/Selectivity 
There can sometimes be some confusion over whether to use the term 
specific or selective about a method. A detailed discussion of these concepts, 
as defined by different organisations, has been published by Vessman [111]. 
By definition, a method is specific when it only measures the analyte without 
any kind of interferences. A selective method can determine the analyte of 
interest in the presence of possible interferences [112-113]. Vessman 
visualized these differences graphically where the selectivity could be 
graded or scaled while the specificity was an absolute characteristic, either 
specific or not [111]. Irrespective of what it is called, it is a very important 
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parameter to evaluate in a method validation. The method can actually prove 
to be useless if the effects of potential interferences are not fully evaluated. 
Selectivity with respect to interferences from biological fluids should be 
evaluated by processing blank samples from six independent sources of the 
same matrix [101]. Selectivity with respect to metabolites, degradation 
products and other anticipated concomitant medication should also be tested.       

6.1.4. Sensitivity 
The sensitivity of the method is often expressed as Lower Limit of 
Quantification (LLOQ) and Limit of Detection (LOD). LOD can be defined 
as the lowest concentration that can be distinguished from the background 
noise. More important and also harder to characterise is the LLOQ. The 
analyte response at LLOQ should be at least five times the response of a 
blank sample. It should also have a RSD lower than 20% and a accuracy of 
80-120% [101]. It is important that the samples used for determination of the 
precision and accuracy at the LLOQ are not the same as the calibration curve 
samples. If LLOQ standards from the calibration curve are used they would 
influence the regression and thereby affect their own accuracy [110].  

6.1.5. Stability 
The stability of the analyte under various conditions is also an important 
parameter in method validation. It is important to evaluate the stability for all 
conditions encountered from sampling to analysis [114]. The extent of 
stability studies included in the validation depends on the field of application 
for the method. FDA requires that stability is evaluated for the following; 

 
• Long-term stability 
The long-term stability of the analytes in the matrix should be 
evaluated for the storage conditions to be used for study samples. The 
stability must be proven over at least the time from the first sample 
collection to the last day of analysis. The design of the long-term 
stability study has been extensively discussed by Dadgar et al. [110, 
114]. The traditional way is to prepare quality control (QC) samples at 
one or two concentration levels. These samples are then stored under 
the same conditions as potential study samples. Replicates of two or 
more are analysed together with a freshly prepared calibration curve at 
day zero and after specified periods of time. Concentrations 
determined on each occasion are compared to establish stability. This 
approach suffers from a number of errors originating both from the 
established between-run variation and the various preparation errors. 
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Two different strategies are proposed by Dadgar et al. to minimize 
these errors [114]. The first approach is to prepare batches of QC 
samples at two concentrations and store them under the required 
conditions. After the specified period of time, new batches of QC 
samples at the same concentrations are prepared. Ten replicates of 
each of the four batches are analysed simultaneously at one occasion. 
The responses are determined and a mean value with confidence 
interval can be calculated for each batch. This approach eliminates the 
between-run variation and also bias associated with the use of 
different calibration curves. However, it does not eliminate errors due 
to the two separate preparations. The  second approach also starts with 
the preparation of a batch of QC samples at an appropriate 
concentration. This batch is subdivided and one half is stored under 
the required condition while the other half is stored at -130°C or 
ideally in liquid nitrogen (nominally at ≤ -196°C). This half can be 
considered as freshly prepared samples since studies have shown that 
even highly unstable drugs (e.g. acetylsalicylic acid) are stable for 
several months in biological matrices at these temperatures [110, 114]. 

 
• Short-term stability 
The stability in the biological matrix should also be evaluated for 
short-term storage conditions. If the study conditions are 30°C and 
there are no facilities for immediate freezing, stability at this 
temperature should be evaluated over the time between collection and 
freezing. When handling biological samples, there is always a risk of 
exposure to human immunodeficiency virus (HIV). HIV is 
thermolabile and is deactivated by heating at 56°C for 30 minutes 
[115-116]. Heat deactivation was used in papers IV and V and PQ 
was stable at least one hour at 60°C in plasma. Heat deactivation for 
whole blood samples should be used with caution since the matrix is 
significantly altered when heated.  

 
• Stock solution stability 
The stability of the analyte stock solution should be evaluated for  
appropriate storage conditions e.g. at room temperature, in a 
refrigerator, in a freezer. If the analyte is considered stable in stock 
solution at about 8°C after two weeks it can be beneficial to extend the 
stability study. Good stability in the stock solution for several months 
eliminates the requirement of freshly prepared stock solutions for 
every new analysis. Even if the analyte has proven to be stable in the 
stock solution it is advisable to check its status before preparation of 
new standards. The status of the stock solution can be tested with a 
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spectrophotometer. The stock solution is diluted to an appropriate 
concentration (e.g. ∼50 µM) and wavelength scan is performed. By 
the use of Lambert-Beers law (A = εlC) a value of the molar 
absorption coefficient can be calculated at one or several wavelengths 
e.g. at the absorption maximums. This value can be compared to a 
tabulated value or a value from the day of preparation.  

 
• Post-preparative stability 
Sample stability during different stages of the analysis process is also 
a parameter that should be evaluated. This can include tests of stability 
for samples in the autosampler, stability in the eluate after a SPE 
process etc. These kinds of stabilities are normally tested during a 
two-day period, which should cover the maximum resident time for a 
sample in the process. This parameter was investigated in paper IV 
for PQ since nothing had been published before. 

 
• Freeze/Thaw stability 
Effects of repeated cycles of freezing and thawing should be evaluated 
to ensure reproducible results if this procedure is used during 
transportation and storage. Analyte stability should be determined 
during at least three cycles separated by 12 hours or more. This 
parameter was investigated in papers IV and V. 

6.1.6. Linearity and range    
The linearity of a method is characterised by its ability to describe the 
relationship between the response function y (for instance peak height or 
peak area) and the concentration x. At least six calibration standards (spiked 
biological matrix), a zero sample (matrix sample processed with internal 
standard) and a blank sample (matrix sample processed without internal 
standard) should be used to prove the linearity [101]. ICH requires a 
minimum of five standards [102-103]. The calibration standards can either 
be prepared independently or by serial dilution. The latter gives a better 
correlation coefficient but could give a false regression equation. An error in 
the highest standard will be present in all the calibration standards. 
Independently prepared standards make it easier to discover any eventual 
error in the preparation. The response should be directly, or by means of a 
well-defined mathematical transformation, proportional to the concentration. 
A linear regression equation can be calculated by the method of least squares 
to obtain the y-intercept, slope and correlation coefficient (r). The y-intercept 
should not differ significantly from zero and r should be as high as possible. 
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The correlation coefficient determines the fit between the data points and the 
regression line and should typically be >0.98.  

The range of the method is the concentration interval where accuracy, 
precision and linearity have been validated. One approach to validating the 
linear range is to divide the y-responses by their respective concentration 
(relative responses) and plot them against the logarithms of the 
concentrations. The data points should follow a horizontal line in the linear 
range. The mean value (Rc) of the line, 0.95Rc and 1.05Rc can be drawn in 
the plot. The linear range is the concentration interval between the 
intersections with the 0.95Rc and the 1.05Rc lines [117].      

6.2. Cross-validation 
Cross-validation is defined by FDA thus;  

Cross-validation is a comparison of validation parameters when two or more 
bioanalytical methods are used to generate data within the same study or 
across studies.  

In general, cross-validation is used for three different scenarios [119].  
 
1. The method is validated for one type of matrix, for instance plasma, and 

it is desirable to use a new matrix in a study, for instance serum. 
2. The method is validated using a certain type of analytical system, for 

instance LC-UV, and it is desirable to use another methodology, for 
instance LC-MS. 

3. Comparison of two or more laboratories using the same analytical 
method.  

The last scenario is investigated in paper III to prove the performance of a  
validated method. A set of calibrators and a number of “unknown” samples 
were sent to Centre for Disease Control and Prevention (CDC, Atlanta, 
USA) for analysis.   

6.3. Quality assurance in clinical studies 
Some validation parameters are continuously evaluated to ensure good 
method performance when the method is applied to routine drug analysis. In 
general, analysis of unknown biological samples can be done by single 
determination. If the method has fairly high variability, it may be necessary 
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to analyse duplicates (or even triplicates) of each sample to maintain an 
accurate result. A balance between cost and accuracy must be struck.  

A standard curve consisting of at least six standards including a blank 
sample should be processed during each run [118]. In addition, sufficient QC 
samples should be used in each run to ensure method performance [101]. A 
generally accepted approach is to use duplicate QCs at three concentration 
levels (low, intermediate and high) within the range. At least four of them 
(and one at each level) should be within ±20% of their respectively nominal 
value to accept the run [110, 118]. It is very important that standards and QC 
samples are prepared in the same matrix as the clinical samples, e.g. plasma, 
serum, blood). The standards and QC samples can be prepared by addition of 
small volumes from a stock solution with high concentration. Too high a 
proportion of stock solution (especially if dissolved in organic solvent) in the 
samples can lead to alterations in the sample matrix and incorrect results for 
the clinical samples. The volume of stock solution has been less than 2% of 
the total sample volume for all standards and QC samples prepared in this 
thesis. It can be difficult to pipette small volumes of the stock solution with 
accuracy if is dissolved in an organic solvent. A useful approach to 
overcome this problem is to pipette the volumes on an analytical balance. 
The weight can together with the density for the stock solution be used to 
calculate the volume.  

Before every new run it is advisable to run a system suitability test to 
ensure optimum conditions for the LC-system [101, 118]. This can be done 
by injecting a pure standard and calculate important parameters e.g. peak 
efficiency, resolution, retention times etc.  

Before a validated method is adapted for routine analysis, a detailed 
description of the method should be written. According to Good Laboratory 
Practices (GLP) these Standard Operating Procedures (SOPs) should include 
everything from sample handling, reagent usage and reference materials to 
batch rejecting, repeat analysis and archiving [101]. These SOPs should be 
followed literally with no alteration. If a change is necessary, it must be 
documented in written form and this procedure should also be covered by a 
SOP. Criteria for repeat analysis and rejecting a run should be established a 
priori in the SOP. Possible reasons for repeat analysis could be; instrument 
failure, loss/errors during sample processing, QC samples outside predefined 
tolerance etc [110, 118]. A special case arises when pharmacokinetic studies 
are analysed. Some results from the analysed samples might differ from the 
expected pharmacokinetic profile. Several authors recommend cautious use 
of repeat analysis for these “unfitted” samples [110, 118]. If a decision is 
made to reanalyse some samples it should be done in duplicates [110]. The 
most common way to interpret the results is to use the mean value of the 
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duplicates as the new value. There is also a possibility to use a median value 
of the original and the two reanalysed samples [110].  

As important as the quality of the analytical method, is the quality in the 
preanalytical phase. Some issues that have to be considered during a 
pharmacokinetic study are [120]; 
 

• Diet and drinking 
Diet and drinking can significantly affect the absorption of a drug. 
Absorption of highly lipophilic drugs like atovaquone (paper I, II) is 
increased when they are administered after a fatty meal. It is 
preferable that food and drinking are standardised prior to each 
sampling event. Many people regularly ingest caffeine in the form of 
hot drinks. The influence of caffeine on the concentration of analytes 
in the blood should be considered. Quantification of drugs bound to 
albumin can be affected by a large intake of caffeine. Alcohol 
consumption and smoking may also affect the concentration of certain 
analytes in the blood. 

 
• Sampling procedure 
It is important that the sampling follows a standardised procedure. 
Issues to consider in the procedure are; a preceding phase of rest, the 
body position, tourniquet application time, needle size etc. It has been 
shown that the total protein concentration increases significantly in 
serum if the tourniquet is kept on during a five minute long sampling 
procedure [120]. If the needle has too small an internal diameter it 
may lead to haemolysis. If capillary blood is taken after skin puncture, 
the first drop of blood should be discarded since that drop is likely to 
be contaminated with tissue fluids. Squeezing the area around the 
puncture should be avoided during sampling since it can lead to 
dilution of the blood with interstitial fluids. Collection of samples and 
administration of drugs should be done in separate locations and by 
separate persons to minimize contaminations of the samples [121].          

 
• Matrix 
The first thing to consider is which matrix to use, e.g. plasma, serum, 
whole blood or capillary blood. Serum is obtained from whole blood 
by centrifugation after completion of the platelet and clotting factor 
coagulation process. Plasma is obtained after centrifugation from 
whole blood to which anticoagulant have been added. There can be 
differences between plasma and serum concentrations for certain 
analytes (paper V). There was a higher concentration of piperaquine 

54 



in serum than in plasma. It might be explained by the release of 
piperaquine from cells during the clotting process. It is important that 
the proper anticoagulant is used in the collection tubes, which one 
depends on the analyte and matrix. For certain procedures, the 
anticoagulant to blood ratio is critical. The most commonly used 
anticoagulants are heparin and EDTA. These two were tested in paper 
V to evaluate the effect of anticoagulant type for the determination of 
piperaquine in plasma and whole blood. There were no significant 
differences in the concentration of piperaquine with the two different 
anticoagulants. However, it is recommendable that calibration 
standards are prepared in a matrix containing the same anticoagulants 
as the samples. EDTA is generally believed to be a better 
anticoagulant than heparin since the latter can lead to a change in 
protein binding in some drugs [122]. Tubes containing anticoagulants 
should be well mixed after blood collection by gently inverting the 
tube about ten times. 

 
• Effects of centrifugation 
It is important that the centrifugation is performed within one hour 
from the sampling time, after a phase of undisturbed rest. Bergqvist et 
al. showed that plasma concentrations of CQ were increased if the 
whole blood was stored at 23°C more than 1-2 hours before 
centrifugation [51]. By changing the relative centrifugal force it is 
possible to get different types of plasma. A low relative centrifugal 
force (e.g. 150-200 g) gives a platelet rich plasma while a high relative 
centrifugal force (e.g. 2000-3000 g) gives plasma without platelets. 
The effect of time between sampling and centrifugation was evaluated 
in paper V. There were no significant differences in plasma 
concentration of PQ for samples centrifuged within 6 hours.    

 
• Plasma and serum lipids 
Plasma and serum samples are sometimes unclear due to an increased 
content of lipoproteins. This is mainly caused by an increased 
triglyceride concentration. It is important that the handling of these 
samples is consistent and documented in a SOP. There are two 
alternatives to handle these samples. It is possible to mix the samples 
very carefully and aspirate a homogenous volume for analysis or to 
use precipitation/ultracentrifugation and analyse the clarified sample. 

 
• Haemolysis 
Haemolysis can be often be recognised visually since haemolysed 
plasma and serum samples have a more reddish appearance than 
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normal samples. When the blood is haemolysed it releases blood cell 
constituents into the plasma/serum. The red color is due to the release 
of haemoglobin. Haemolysis should be minimized as far as possible 
by the use of standardised procedures. Haemolytic samples might 
exhibit false concentrations of the analyte in the plasma/serum if the 
analyte is present inside the red blood cells. Results from haemolytic 
samples should be interpreted with caution. It is essential that 
haemolytic samples are identified and documented during analysis of 
clinical and pharmacokinetic studies.   
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7. Concluding and personal remarks 

When I started work on this thesis I did not realise the seriousness of the 
malaria problem. I did not quite understand why it was important to develop 
analytical methods to quantify drugs in blood either. Now, a few years later, 
I am aware of the devastating effects the disease has on the people living in 
the exposed areas. I now understand the importance of having methods to 
monitor drug levels in the body. In order to evaluate new and effective 
antimalarial combinations it is crucial to perform pharmacokinetic studies in 
the tropics. I had the opportunity to visit a medical field centre up in Mae Sot 
in the northwest of Thailand during my work with the antimalarial drug PQ. 
This gave me insight into the problems physicians have to deal with during 
treatment of the disease. The lack of facilities makes it essential that 
sampling can be done as simply as possible. Capillary sampling after a finger 
prick instead of venous blood sampling would solve many of their problems. 
Parents often refused to let the physicians take venous blood from their 
children but could be convinced to let them prick them in the finger and 
collect a few drops of blood.  

To the best of my knowledge, papers IV and V were the first reported 
methods that enabled quantification of PQ in plasma and whole blood. The 
first pharmacokinetic studies were initiated by WHO and performed by 
different groups during my work with the methods. I also helped some of 
those groups to transfer the methods to their laboratories where they now are 
used to analyse samples from pharmacokinetic studies. It feels satisfying to 
know that my work made a difference and has been a small piece in the 
larger puzzle of finding new and effective antimalarial drugs. 

It has been important to me that the techniques used in the quantification 
step have been kept as simple as possible or rather has not required highly 
expensive instruments. My intentions during this thesis have been to develop 
methods that can be transferred to laboratories in the developing world and 
be carried out with standard equipment.  

This work in this thesis has been driven by the needs of the malaria 
community. It has hopefully made it easier for pharmacokinetic and clinical 
studies to be performed with only basic facilities in the field.    
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