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Abstract

Bioanalytical chemistry is a challenging field, often involving complex 
samples, such as blood, plasma, serum or urine. In many applications, 
sample cleanup is the most demanding and time-consuming step. 
In the work underlying this thesis a novel dynamic miniature extractor, 
known as a hollow-fibre liquid-phase microextractor (HF-LPME), was 
designed, evaluated and studied closely when used to clean plasma samples. 
Aqueous-organic-aqueous liquid extraction, in which the organic liquid 
is immobilised in a porous polypropylene membrane, was the principle 
upon which the extractor was based, and this is discussed in all the papers 
associated with this thesis. This type of extraction is known as supported-
liquid membrane extraction (SLM) and is well known, having similar 
fundamental properties and comparable working conditions to classic 
liquid-liquid extraction. The aim of this work was the development of a 
dynamic system for SLM. It was essential that the system could handle 
small sample volumes and had the potential for hyphenations and on-line 
connections to, for instance, LC/electrospray-MS. 

The design of a miniaturised HF-LPME device is presented in Paper I. 
The extraction method was developed for some weakly acidic pesticides 
and these were also used for evaluation. For comparison purposes, these 
model compounds were used in Papers I-IV. 

In the work described in Paper II, the method was optimised on the basis 
of an experimental design using spiked human plasma samples. It was 
shown that the lowest possible donor flow rate and carefully set pH are 
important for ensuring the efficiency.
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Paper III presents a detailed study of the mass-transfer over the liquid 
membrane. The diffusion through the membrane pores was illustrated 
by a computer-simulation. This model showed that the extraction was 
linear, only a few seconds after the extractor cell had been entirely filled 
with the sample. The repeatability was high (RSDs 7–11%), even for 
the shortest extraction times. This makes the extractor useful as a time-
weighted average (TWA) sampler for liquid samples, providing that the 
specific analyte masstransfer rate in the organic liquid are known and that 
the extraction time is carefully measured. Another observation, recorded 
in Paper III, was the chromatographic behaviour of the organic liquid/
polypropylene pore paths. Not surprisingly, the more lipophilic, the 
greater the retention of the compounds, as a result of dispersive forces. 

The main focus of the work described in Paper IV was to make the HF/
LPME system more versatile and user-friendly; therefore, the extractor 
was automated by hyphenation to a SIA system. This dramatically reduced 
the need for human interventions. It also made HF/LPME more convenient 
for future online connection to chromatography/detector systems, such as 
LC/MS. The method was evaluated not only on acidic pesticides, but also 
on basic drugs.
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Svensk populärvetenskaplig sammanfattning

I denna avhandling presenteras en metod för upprening och 
uppkoncentrering av några substanser som inte naturligt förekommer i 
biologiska prover. Upprening är i många fall helt nödvändigt innan ett 
prov kan analyseras, då det i de flesta provlösningar (matriser) finns 
många komponenter som annars stör analysprocessen och därmed kan ge 
felaktiga resultat. Dessa interfererande komponenter kan dessutom skada 
dyrbar analysutrustning. 

Metoden som presenteras här är en vidareutveckling av en traditionell 
extraktionsmetod, så kallad vätske-vätskeextraktion, som innebär att ett 
ämne fördelas mellan två icke blandbara vätskor. I traditionell vätske-
vätskeextraktion förflyttar (extraherar*) man de utvalda substanserna ur 
matrisen* med hjälp av analyternas* förmåga att lösa sig i en vattenfas 
respektive i en organisk fas. En vattenfas är en polär fas medan en 
organisk fas är opolär. Analyternas förmåga att lösa sig i de olika faserna 
kan styras med hjälp av olika faktorer, till exempel ett väl kontrollerat 
pH*. Ett neutralt ämne (icke jonisk) har exempelvis en högre löslighet 
än en jon* i ett opolärt organiskt lösningsmedel. Med hjälp av ett lågt pH 
kan man få en syra att bli icke jonisk, alternativt få en bas icke joniskt 
med ett högt pH, och därmed lättare extraheras över till en organisk fas. 
Denna princip är grunden för den uppreningsmetod som jag utvecklat där 
analyterna extraheras från matrisen (mänsklig blodplasma, betraktad som 
en vattenfas) över till ett organiskt lösningsmedel, för att sedan extraheras 
in i ytterligare en vattenfas. Denna uppreningsmetod är en variant av en 
välkänd och utbredd teknik inom den analytiska kemin. 

Som alternativ till den traditionella vätske-vätskeextraktionen som ofta 
förbrukar stora mängder dyra och miljöförstörande lösningsmedel har 



- 15 -

jag vidareutvecklat en så kallad membranextraktionsmetod så att mycket 
små volymer av lösningsmedel förbrukas. Det görs möjligt genom att den 
organiska fasen löses in i ett poröst material (polypropylen) i form av en 
sugrörsliknande hålfiber. Provet får sedan flöda i en givarfas (donorfas) på 
utsidan av hålfibern och på så sätt kommer analyterna i kontakt med den 
feta fasen inlöst i hålfiberväggen. Inuti fibern placeras en vattenfas som 
fungerar som mottagarfas (acceptorfas) vilken, efter att hela provet flödat 
förbi mot ytterväggen, samlas upp och kan analyseras. 

Den miniatyriserade metoden har utvärderats med vattenprover i Artikel 1 
vilken även inkluderar en studie av hur plasman lämpligen ska prepareras 
före extraktionen för att metoden ska bli så effektiv som möjligt. 
I Artikel 2 har en optimering gjorts med avseende på hur olika betingelser 
påverkar effektiviteten. Optimeringen inkluderar till exempel hur 
pH-värdet på acceptor- och donorfasen påverkar effektiviteten, även 
flödeshastighetens påverkan har studerats. 
För att närmare studera analyternas rörelse genom faserna har studien i 
Artikel 3 fokuserats på beräkningar av diffusionshastigheter. I den artikeln 
har även ett datorprogram utvecklats för att simulera massflödet.  
I sista artikeln, Artikel 4, har metoden automatiserats med hjälp av ett 
väletablerat flödessystem, sequential injection analysis (SIA). Med sådan 
apparatur behöver inte extraktionen övervakas utan samtliga flöden och 
provinjektioner styrs automatiskt från ett datorprogram.

*Ordförklaring:
Analyt:  Den specifika substans som ska bestämmas, identifieras eller 

mätas.
Matris: Den lösning eller det material som avses att analyseras och 

som innehåller analyterna.
Extraktion: Från latinets extráhere ”dra ut”. Den process då analyterna 
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förs ur matrisen till ett renare mer lämpligt lösningsmedel 
och därmed mer lämpligt för analys.

pH:  Mått på hur sur respektive basisk en lösning är.
Jon: Elektriskt laddad atom eller molekyl.

A B

1 2 3 4 5 6

Vätske-vätske	extraktion	 i	 två	 steg	där	punkterna	motsvarar	analyten.	 I	 första	 steget,	
A,	visas	prov	och	extrakt	(1),	mixning	av	de	två	faserna	(2)	och	separation	av	faserna	
där	de	flesta	interferenserna	är	separerade	från	analyterna.	I	andra	steget	två,	B,	görs	
proceduren	om	för	att	höja	renheten	ytterligare.	
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Aims

The work underlying this thesis focused mainly on sample preparation 
and cleanup.
The aims were to develop a miniaturised dynamic hollow-fibre liquid-
phase microextraction method for xenobiotics, such as pesticides and 
pharmaceuticals, from human plasma samples and to investigate how the 
performance, mainly in terms of efficiency, reproducibility and selectivity, 
of this method is affected by various experimental conditions. Sample 
preparation is often a time-consuming step in the analytical process and the 
development of new more efficient preparation methods is an important 
issue, particularly for this type of complex sample. Efficient removal of 
contaminants, such as plasma proteins and lipids, is important for most 
detection methods, but especially to avoid severe signal suppression 
in LC/ESI-MS. Miniaturisation is desirable to reduce both sample and 
solvent volumes in order to reduce costs or to facilitate testing even when 
sample volumes are limited. 
The method described is based on aqueous-organic-aqueous extraction, 
which is a very efficient cleanup technique for ionisable compounds. I 
chose to perform the extractions in dynamic mode, i.e. in a flowing system 
with on-line LC/MS hyphenation in mind.
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PART 1 
Bioanalysis – Analysis of biological 

samples

The field of bioanalytical chemistry addresses the detection and 
quantification of chemical compounds in biological matrices and this 
is a continuouly evolving science. Working with biological samples 
involves dealing with a very diverse group of matrices including solid 
samples, e.g. bone, faeces, hair or wood, or liquid samples, e.g. urine, 
blood, saliva, sap, or even gaseous samples like exhaled air. Analysis 
of biological samples from humans or animals often requires extensive 
sample cleanup and separation prior to instrumental analysis. This is done 
to exclude compounds that can interfere with the analysis and reduce 
the instrumental signal, and to optimise instrumental efficiency. Unclean 
samples will adversely affect the analytical system over time and resolving 
this can result in significant expenditure. The presence of these unwanted 
substances often leads to a reduction in the detectability of the targets as a 
result of interference phenomena. 
In many cases, analyte concentrations are very low, and when target 
compounds are bound to proteins in the matrix they are not present in 
an entirely free and measurable form. In such cases samples have to 
be pre-treated to counteract the protein binding and to increase the 
concentration of the analytes. The general demands for clinical samples, 
are a high sample throughput as well as the ability to handle small sample 
volumes. In addition, methods also need to be robust and reliable [1]. The 
development of new pharmaceuticals is a time-consuming and expensive 
process during which, fast, low-cost and sensitive analytical methods are 
urgently required. [2]. 
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Sample cleanup (or sample extraction) is one part of the analytical chain, 
which comprises sampling, sample preparation, separation, detection and 
data processing (Fig. 1). The sample cleanup step is the major focus of 
this thesis.

Sampling Sample 
preparation

Separation Detection Data 
evalution

Sampling Sample 
preparation

Separation Detection Data 
evalution

Sampling Sample 
preparation Separation Detection Data 

evaluation

Sampling 

Fig.1.	The	analytical	chain	from	sampling	to	data	evaluation

1.1 Biological matrices and matrix effects
Biological matrices are often regarded as being complex since they may 
contain large numbers of proteins, salts or other components that greatly 
interfere with analytical techniques. A detector response may be strongly 
affected by these components, and this phenomenon is usually referred 
to as the matrix effect. In such cases an extensive clean-up process is 
required prior to detection[3]. A matrix effect can take the form of either 
suppression or enhancement of the signal for the analyte in the matrix, 
when compared with a standard solution. Electrospray ionisation-mass 
spectrometry (ESI-MS) is a technique that is especially sensitive to matrix 
effects and this is discussed in section 1.4.
In many cases the biological sample supply is limited and expensive, 
which is the case for human plasma or mouse urine, for example. The 
handling of small sample volumes in an efficient clean-up process is 
indeed a challenging step in the analytical chain. 
In the field of microfluidics the analytical system is scaled down to handle 
the demands associated with small sample volumes. 
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1.1.1 Urine
In an adult human the kidneys normally produce 1-2 litres of urine every 
day. Urine is produced as a liquid waste from the body and consists of 
water, urea and a variety of ionic compounds. Healthy urine is sterile 
and protein-free, but contains analytical interferences such as salt and 
other organic and inorganic compounds. The volume of urine is highly 
individual, depending on fluid intake and circadian rhythm. For adult 
human urine samples, the volume is usually not a limiting factor although 
it is more convenient for the patient to provide a small volume. However, 
for premature infants the sample volume available is limited. This is also 
the case in many studies where small animals like rats or mice are used, 
in which case urine samples are of small volume and are, thus, expensive.  

1.1.2 Cerebrospinal fluid
Cerebrospinal fluid (CSF) is a clear fluid found mostly around the brain 
and in the cavity of the spinal cord, where it protects the nervous tissue. 
CSF samples are collected from humans by lumbar puncture and are 
used in primary care situations. Such samples represent an invaluable 
diagnostic window on the nervous system, [4], but can only be collected 
in small volumes. 

1.1.3 Blood samples
Normal animal or human blood is a complex matrix consisting of water, 
salt, different blood cells and proteins. A healthy adult human has 4 to 6 
litres of blood in the body. Animal or human blood samples can be analysed 
in several different forms: whole blood, plasma or serum. Usually blood 
samples of a volume up to several millilitres can be collected from humans. 
However, in some cases, such as premature babies or small animals, only 
a few microlitres can be collected. 
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Whole blood is blood that has not been prepared in any way; it contains all the 
different blood components in a fluid called plasma, Fig 2A. Samples taken 
from a patient or test animal are often transferred to a glass tube containing 
an anti-coagulating agent. Blood plasma is extracted from whole blood by 
centrifugation, which excludes white and red blood cells and thrombocytes, 
Fig. 2B. Plasma is the most commonly used type of blood sample in clinical 
analysis, since it is a less complex matrix and consists of approximately 
90% water. This matrix was used in all studies presented in this thesis.Blood 
serum is blood plasma minus fibrinogen (a clotting protein), Fig. 2C.

Sampling Sample 
preparation Separation Detection Data 

evalution

Water

Water

Water

Salt

Salt

Salt

Proteines

Proteines

Proteines

Blood cells

Inclusive
clogging protein

Exclusive
clogging protein

Inclusive
clogging protein

 

BLOOD CELLS

CLOTTING PROTEINS

PROTEINS

SALT

WATER

CLOTTING PROTEINS

PROTEINS

SALT

WATER

PROTEINS

SALT

WATER

WHOLE 
BLOOD

PLASMA SERUM

A B C

Fig. 2. Illustration	of	different	types	of	blood	samples	and	their	main	components:	whole	
blood	(A),	plasma	(B),	serum	(C).	

1.2 Bioanalytical sample preparation techniques
There are several well-known sample extraction techniques providing 
different benefits and drawbacks. It is desirable that any extraction method 
provides an efficient clean-up, has acceptable recovery rates, and is easy 
to implement, fast, inexpensive and environmental-friendly. 

1.2.1 Sample dilution
Sample dilution is an easy and useful sample pre-treatment method in which 
the sample is diluted to achieve a lower viscosity and reduced complexity. 
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A decreased viscosity increase the diffusion rate of the analyte, which is 
beneficial for extraction efficiency. This was clearly observed for plasma 
in this work, where samples were diluted with water and isopropanol prior 
to membrane extraction.

1.2.2 Protein precipitation
Protein precipitation is a routine method for removing proteins 
from biological samples prior to analysis. The technique is based on 
modification of the protein solubility in the matrix by adding an organic 
solvent, salt or changing the sample pH. Commercially available systems 
for protein precipitation in a 96-well format increase sample through-put 
for this clean-up method. The 96-well format is discussed as a preparation 
technique later in section 1.2.6.1.

1.2.3 Liquid-liquid extraction
Liquid-liquid extraction (LLE) is a well-known and low-cost separation 
technique based on substances’ solubility in different immiscible liquids, 
usually between an aqueous and an organic phase. This technique is the 
oldest sample preparation method used for the detection and quantification 
of pharmaceuticals and other xenobiotics and is still frequently used [5]. 
The solubility of the compound in different phases is the driving force, 
and this is reflected by the partition ratio in each specific extraction 
system. LLE is mostly performed manually, in a separation funnel or 
a simple sample tube. Typically, relatively large volumes of solvent in 
several consecutive extractions are needed to obtain sufficient recoveries 
in this type of static separation. Sometimes back-extraction to a second 
aqueous solvent is also necessary. This makes the technique time-
consuming (which in many cases means expensive) and also harmful to 
the environment. It is advantageous, though, that manual shaking ensures 
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that the sample and the extraction medium are efficiently mixed, which in 
turn means a high analyte flux and that equilibrium is achieved quickly. 
However, non-equilibrium, dynamic extraction can be more efficient and 
requires less solvent for high recoveries. 

1.2.3.1 Liquid-phase microextraction

The trend in analytical chemistry is towards miniaturisation and 
simplification of sample preparation techniques, and the LLE method has 
been further developed to become liquid-phase microextraction (LPME)
[6-8]. The main aim of the development was to create an LLE method that 
consumes much less solvent and is, thus, less environmentally harmful 
and expensive. In this miniaturised LLE method only a few microlitres 
of organic solvent are used. LPME is thoroughly discussed below, in the 
second part of this thesis.

1.2.4 Dialysis
In dialysis a semi-permeable membrane is used as a barrier between two 
different liquid samples, Fig 3. Small compounds and fluid will diffuse 
through the semi-permeable membrane as a result of a concentration 
gradient formed over the membrane; this is sometimes called osmosis, 
although, strictly this only refers to the movement of water across a 
membrane. This method is routinely used as a medical treatment for 
patients with dysfunctional kidneys. The patient’s blood flows in a 
counter-current on the opposite side of the membrane to the dialysis fluid; 
urea and keratinine are molecules sufficiently small to pass through the 
dialysis membrane and be removed from the blood stream. After dialysis, 
the treated blood is transferred back to the patient. The counter-current 
flow is used to raise the concentration gradient.
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Fig. 3.	Schematic	representation	of	the	osmotic	mass	transfer	process	in	dialysis.	In	the	
diagram	on	the	left,	the	compounds	of	interest	(or	impurities)	are	in	a	high	concentration	
on	one	side	of	the	semi	permeable	membrane	and	close	to	zero	on	the	other	side.	In	the	
diagram	on	the	right,	the	mass	transfer	has	reached	equilibrium.	

1.2.5 Solid-phase extraction
Solid-phase extraction (SPE) is a widely used sample preparation 
technique[9]. The compound of interest is extracted from, for example, 
an aqueous sample into a non-polar C18 solid stationary phase packed in a 
disposal cartridge. After washing and removal of contaminants, analytes 
are desorbed and can be highly concentrated if an eluent of sufficiently 
high eluotropic strength is used. The principle is shown in Fig. 4.  The most 
common mode for SPE is reversed phase, with stationary phases like C18 
or C8, on silica, cross-linked polystyrene or polyvinylbenzene, but there are 
also several other types of sorbents for a wide range of applications. Except 
for weak dispersive forces, which occur in reversed phase mode, retention 
can be based on dipole-dipole, dipole-induced dipole or ionic interactions. 
Both solute and solvent are involved in the retention mechanism. Mixed-
mode stationary phases are also common nowadays, with, for instance, 
both reversed-phase and ion-exchange types of retention in the same 
sorbent. Relatively new variants include molecularly imprinted polymers 
(MIPs)[10] and restricted-access materials (RAMs) [11]. MIP and RAM 
are further described in next coming sections. Several automatic SPE 
systems are commercially available. 
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A DCB

Fig. 4.	Schematic	representation	of	the	solid	phase	extraction	process	performed	in	four	
steps.	In	the	first	step	(A)	the	stationary	phase	is	conditioned	with	a	proper	solvent,	in	
the	second	step	(B)	the	sample	is	loaded	onto	the	column,	in	(C)	the	non-retained	matrix	
compounds	are	washed	out	and	in	the	last	step	(D)	the	analytes	are	eluted.

1.2.5.1 Solid-phase microextraction 
Solid-phase microextraction (SPME) is a relatively new technique, for 
clean-up of vapour or aqueous liquids; it was developed in the 1990s 
by Pawliszyn et al. [12-14]. The principle of SPME is shown in Fig. 
5. It is based on a syringe-like design with a small cylinder-formed 
fused silica fibre, normally 1 cm in length, on the needle tip. The fused 
silica fibre is coated with a polymeric stationary phase and can have a 
variety of different absorbance/adsorbance properties. To mention a 
few, polydimethylsiloxane is an absorptive nonpolar and viscous liquid 
coating for general applications, ion-exchange coating is used for metal 
ions and Carbowax/DVB is a porous solid adsorbent for polar analytes 
[12]. A number of other types of coatings are commercially available. 
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SPME is especially well designed for analysis in conjunction with GC[9], 
but can also be used with LC. Normally, the fibre is exposed to the liquid 
or the vapour sample until equilibrium is reached. The sampling time 
required depends on the analyte partition ratio, and diffusion rate, sample 
temperature and sample volume, and also thickness of the fibre coating. 
For compounds with high partition ratios it is often more convenient to 
use SPME in time-weighted average mode with short sampling periods 
[15,16]. After extraction, the sample is desorbed from the fibre in the LC- 
or GC-injector and introduced onto the separation column. This technique 
is available in a 96-well plate format [13,17,18]

http://www.analyt.ru/images/spme.jpg

A B

Fig. 5.	 Solid-phase	 microextraction,	 In	 the	 first	 step	 the	 analytes	 are	 extracted	 by	
exposing	the	SPME	fibre	to	the	matrix	sample	(A);	the	second	step	is	the	desorption	of	
the	analyte	into	the	detection	system	(B),	for	example	a	GC-injector.
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1.2.5.2 Molecularly imprinted polymers
One of the most common applications for molecularly imprinted 
polymers (MIPs) is as sorbents for solid phase extraction (molecularly 
imprinted solid-phase extraction, MISPE) in sample preparation[10,19]. 
MIPs are often referred to as mimics of antibody or receptor binding. 
The sorbents are synthesised with the target compound, or preferably an 
isomer or isotope of the target compound, as a template imprinted into a 
polymer network. The principle is shown in Fig. 6. The template-polymer 
interaction that is most often utilised is of a non-covalent nature. The 
interaction may be based on either hydrophobic, polar, such as hydrogen 
bonding, or ionic forces [20].
Imprints, i.e. cavities with more or less specific binding sites, are created 
when the template compound is washed out. If the polymer is synthesised 
as a monolith, it is then ground into small particles before packing into 
SPE cartridges. 

Fig. 6.	 Creation	 of	 cavities	 with	 specific	 binding	 sites	 in	 a	 molecularly	 imprinted	
polymer.	In	the	first	step	the	functional	monomers	(in	black)	interact	with	the	template	
in	 the	solvent	 (porogen),	and	 in	 the	second	step	a	network	 is	polymerised	around	 the	
monomer-template	complex.	In	the	last	step	the	template	is	removed	by	washing	so	that	
an	imprinted	cavity	remains.

1.2.5.3 Restricted access materials 
The restricted access materials (RAM) technique is a sample preparation 
method that allows direct injections of biological fluids by excluding 
macromolecules, while retaining the analytes by hydrophobic or 
electrostatic interactions. This technique was introduced in 1991 [21]. 
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RAM involves different types of interactions, but these are not discussed 
further in this thesis.

1.2.5.4 Microextraction in packed syringes
Microextraction in packed syringes (MEPS) [22]refers to a new solid-
phase extraction technique that can be performed on-line with LC or GC. 
In MEPS a small amount of solid packing material is inserted in the tip of 
an autoinjector syringe through which the sample is drawn and absorbed. 
The sorbent can then be washed and any interferences removed before 
an appropriate solvent elutes the analytes and they are injected into the 
system. This system can be fully automated and small volume sample 
injections are possible [22]. 

1.2.6 Automation of sample preparation techniques

1.2.6.1 Multi-well plate format
In 1969 Fuccillio et al. [23] developed and presented a disposable 
microtissue culture plate for mammalian cells, consisting of 96 flat wells. 
Today several different plates are commercially available and, to achieve 
high-throughput in small volume sample preparation, the multi-well plate 
format might be the best choice [24,25]. This technique can be applied 
to many different sample preparation methods, such as liquid-liquid 
extraction (LLE)[18], solid phase extraction (SPE), protein precipitation  
[1] and solid-phase microextraction (SPME) [17]. The multi-well plate 
format has recently been reviewed [26-28]. 

1.3 Chromatographic Separation 
Usually, a separation method, such as some type of liquid chromatography 
(LC), is necessary before detection. In the following discussion, LC is 
divided into two different categories, HPLC and UHPLC, based on the 
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particle size of the packing material and the flow rate used.  

1.3.1 High performance liquid chromatography 
High performance liquid chromatography (HPLC) coupled to mass 
spectrometry (MS) detection (Fig. 8) is a powerful analytical technique for 
the analysis of biological samples. [29,30] and this separation technique 
was used in all studies presented in this thesis. HPLC separation can be 
used as a sample preparation step. The interferences in the matrix may 
not be retained during HPLC or may be strongly retained. In the latter 
case, backflush elution can be used; this involves the flow being reversed 
directly after analyte elution. The particle size in analytical HPLC is 
typically either 3.5 or 5 µm. The smaller the particles, the better the peak 
resolution for a given column length. 

1.3.2 Ultra-high performance liquid chromatography 
In ultra-high performance liquid chromatography (UHPLC) the separation 
efficiency is improved because of the smaller particle size of the packing 
material. Smaller particles yield higher peak resolution, but also much 
higher backpressure for the optimal flow rate. Instruments that can stand 
very high pressures, around 15000 psi, are now common. High flow rates, 
several ml/min in combination with small particles, typically 1.8 µm, yield 
both higher resolution and higher speeds compared to ordinary HPLC. This 
technique was first presented by Jorgensen and co-workers in 1997 and they 
described a reduction in retention time from 30 min to less than 10 min for 
a 30µm i.d. column packed with 1.5 µm particles instead of 5 µm [31,32]. 
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1.4 Detection
Several different detection methods compatible with LC are commercially 
available. Ultraviolet absorption detection (UV) has probably been the 
most popular and widely used detection method for pharmaceutical 
analysis [33], nowadays it may very well be MS. In the work presented in 
this thesis the detection method used was mass spectrometry (MS). The 
benefits of MS are its selectivity, sensitivity and versatility.

1.4.1 Mass spectrometry
MS is a powerful detection technique that has become very important in 
several chemical disciplines for detection of both small molecules, such 
as small metabolites or environmental pollutants, and large biomolecules, 
such as proteins and large peptides. By using voltage and/or a magnetic 
field in the high vacuum of the mass analyser, the ions are separated and 
resolved according to their mass-to-charge (m/z) ratio. In bioanalysis, 
MS is mostly used coupled to HPLC or UHPLC with an atmospheric 
pressure ionisation (API) interface between the LC and MS (Fig. 7). By 
far the most important API technique is electrospray ionisation, which is 
described below.
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S a m p l e  i n l e t

I o n  s o u r ce M a s s  
a n a l y z e r

D e t e c t o r

D a t a  a n a l y s i s

Fig. 7.	A	simplified	diagram	of	a	LC/MS	system	with	the	inlet,	which	in	this	work	was	
LC,	the	ion	source	(here	API)	and	the	high	vacuum	section	with	the	mass	analyser	and	
the	detector.	

1.4.1.1 Electrospray ionisation-mass spectrometry
Electrospray ionisation mass spectrometry (ESI-MS) is a well-known 
technique with a wide range of applications from small molecules to 
large molecules such as polymers, peptides and proteins. The technique 
was first presented in 1968 by M. Dole et al. [34]. Sixteen years later 
Masamichi Yamashita and John B. Fenn presented two papers describing 
further developments of Dole’s work
[35,36] and in 2002 Fenn was awarded the Nobel Prize for his work on 
ESI. This is a soft ionisation technique performed under atmospheric 
pressure, which almost entirely generates quasi-molecular ions.
In ESI the liquid sample is transferred through a thin metal needle and, 
by using a high voltage field, a so-called Taylor cone and a fine spray 
are created [37]. Depending on the polarity of the electric field, either 
anions, like [M-H]-, or cations, such as [M+H]+ are formed. ESI is suitable 
for compounds that can be ionised in the mobile phase and for solvents 
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of sufficient polarity and surface strength. The presence of some organic 
modifier in an aqueous mobile phase, typical in reversed phase LC, is 
ideal for the most efficient ESI. With a 100 % water content the ion 
desorption from the spray droplets to the vapour phase is less efficient, 
due to a very high surface tension. One drawback with ESI is its low 
tolerance of impurities. This intolerance is due to competition between 
ions in the ionisation/desorption process. Both solvent and mobile phase 
additives have to be volatile, and concentrations of salts or other necessary 
additives should be kept as low as possible.  
The ESI process can be described as follows: The solvent in the µm-
sized (or sub-µm) droplets created in the interface is evaporated to form 
nm-sized droplets. Free gas phase ions are finally transferred to the high 
vacuum mass analyser. Two theories have been proposed to explain the 
formation of free ions in the gas phase: 1) the ion evaporation mechanism 
(IEM)[38]; and 2) the charge residue model (CRM)[38]. In the IEM, ions 
are emitted from the droplets as a result of the high field strength caused 
by many charges on a small droplet surface (field desorption). This model 
is probably valid for small ions. The CRM theory assumes that free ions 
are created after the solvent has been totally evaporated, in other words 
CRM is a more passive process than IEM and is probably valid for heavier 
ions, like biomolecules.
The sensitivity in ESI-MS is affected by both the ionisation and trajectory 
efficiency. The ionisation and desorption efficiency in ESI is dependent 
on the concentration of ions in the droplet. With LC flow rates in the 
low µL/min range up to a few hundred, the droplets are not consumed 
entirely. Altogether, this makes ESI concentration-sensitive, which is 
unique among the common mass spectrometry techniques. At much lower 
flow rates, in the nL-7min range, as in nanospray, ESI turns into mass 
sensitivity. A low flow rate is beneficial for ESI, since with a low flow 
rate smaller droplets are generated, increasing the ionisation/desorption 
efficiency. One drawback with ESI is its narrow dynamic rage. This is 
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due to competition between both analytes for ionisation and ions for 
desorption. Interfering compounds in the matrix can reduce the dynamic 
range even further and can also adversely affect sensitivity [39-41]. This 
phenomenon, called ion suppression, is further discussed in section 1.4.1.5 
in this thesis. Sometimes, the ionisation/desorption process is favoured by 
additives or matrix, which leads to signal enhancement.  

1.4.1.2 ESI- triple-quadrupole
There are different types of mass analysers, the one used in the studies 
described herein was a triple-quadrupole; this is the only type of 
analyser discussed in this thesis. A triple-quadrupole is a good choice for 
quantitative analysis with LC/MS. The triple-quadrupole consists of three 
components, each with four rod-shaped metal electrodes in parallel (see 
Fig. 8). The first (Q1) and the third (Q3) act as a mass filter with a fixed 
direct current (DC) and an alternating RF voltage applied to the parallel 
rods; the ions are separated on the basis of their individual trajectories 
through this oscillating electric field. Ions with a stable trajectory (the 
correct m/z ratio) in a particular oscillating electric field will pass through 
and finally reach the detector and their spectra can then be determined; 
ions with unstable trajectories will collide with the rods, be neutralised 
and pumped away. To detect all m/z ratios the currents are set so all ions 
have a stable trajectory and reach the detector. The second electrode (Q2) 
acts as a collision cell, which is discussed further in section 1.4.1.4. 
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Fig. 8.	Diagram	of	a	triple	quadrupole	mass	analyser	with	Q1	and	Q3	acting	as	mass	
filters	and	Q2	working	as	a	collision	cell.	In	the	interface	the	working	conditions	are	at	
atmospheric	pressure;	the	mass	analyser	and	detector	are	in	a	vacuum.	
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1.4.1.3 Electrospray ionisation - time of flight
Besides the triple-quadrupole mass analyser, time of flight (ToF) is often 
used for bioanalysis. A ToF analyser separates the ions according to m/z 
and in terms of their time of flight though a field-free region. ToF has 
high resolution and accurately determines mass, even for species with a 
high molecular weight. However, this technique was not used in the work 
described herein and is, therefore, not further discussed.

1.4.1.4 Scanning and acquisition techniques in LC/ESI-MS with a 
triple-quadrupole
There are several different techniques for scanning and data acquisition 
with a triple-quadrupole instrument. In MS mode, only one of the Qs 
is used as a scanning device (the 1st or the 3rd), while the other two are 
RF-only ion guides. In fullscan MS mode, a large m/z range is scanned; 
this can produce a lot of structural information, so this scan technique is 
normally used for identification purposes. Selected ion monitoring (SIM) 
is a more focussed technique than fullscan, since a narrow m/z interval, or 
window, is scanned. Several m/z windows can be examined in the same 
chromatographic run. The width of the window(s) is chosen on the basis 
of the mass accuracy and resolution of the instrument. For quadrupole 
instruments and complex samples, SIM generally gives a much higher 
signal-to-noise (s/n) ratio than fullscan, due to reduction of the chemical 
background as well as a longer dwell time for the specific selected masses. 
SIM was the acquisition technique chosen for use in the studies described 
in this thesis.
A 3Q is also often used in MS/MS mode, either with fullscan (product-
ion scan) or selected-reaction monitoring (SRM). In fullscan MS/MS 
a precursor ion is selected by the 1st Q, fragmented in the 2nd and the 
fragment ions formed are scanned in the 3rd. In SRM, only one or a few 
fragments are selected to pass into the 3rd Q. SRM is even more selective 
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than SIM, leading to extremely low background noise. Neutral loss is a 
MS/MS scan technique used to detect loss of uncharged fragments. In this 
technique the 1st and 3rd Qs scan over a certain range, but the 3rd Q is set 
to transmit only fragments that differ by a specified number of mass units. 
In parent ion scan a fragment ion is selected in the 3rd Q and all the parent 
ions that can give rise to this specific fragment are recorded. The different 
MS/MS modes discussed are represented in Fig. 9.
Fragmentation of ions in the collision cell, the middle Q, is accomplished 
by collisions with an inert gas. This fragmentation technique is the most 
common, and is used in many types of tandem MS instruments; it is known 
as collision-induced dissociation (CID). 
In addition to the scanning and acquisition techniques in LC/ESI-MS, 
there are a number of ways of monitoring the scanned data. Total ion 
current (TIC) monitors all the scanned data within a certain scan window. 
A reconstructed ion chromatogram (RIC) involves computer re-processing 
of existing scan-data. When creating RIC the scan data is reproduced for 
a specific m/z or for one or several time windows.
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Fig. 9.	Mode	of	operation	for	different	scan	techniques	using	a	3Q	mass	analyser.
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1.4.1.5 Matrix effects and ion suppression in electrospray ionisation - 
mass spectrometry
Biological matrices, especially plasma containing large amounts of 
different peptides and proteins, are not usually compatible with MS 
detection without extensive sample preparation and clean-up [1]. A 
complex matrix usually contains substances that can cause the detector 
signal to decrease or increase for a selected analyte compared to the signal 
from the same compound in a standard solution, as illustrated in Fig. 10. 
ESI is the ionisation technique that is most prone to this phenomenon, 
which occurs when ions compete for ionisation/desorption in the ESI 
process. For example, plasma proteins are very easily ionised and 
compounds, which are more lipophilic and surface-active, may be more 
easily desorbed from the droplets into the vapour phase. Matrix effects 
are usually observed in ESI when compounds co-elute with the analyte 
of interest; this affects not only sensitivity, but also precision, accuracy, 
linearity and the limit of detection (LOD). The subject of matrix effects has 
been discussed frequently in the literature over the last decade [29,42-50].
In a previous study, comparing ion suppression in ESI after selected sample 
preparation methods, different SPE methods and LLE), it was shown that 
protein precipitation resulted in the greatest level of suppression and LLE 
the least [51]. The adverse effect of ion suppression needs to be reduced 
and this can be achieved by efficient sample clean up or by ensuring that 
the flow into the ESI interface is at a low rate; alternatively the problem 
can be circumvented by using an isotopic labelled internal standard. When 
the flow rate into the ESI interface is low, smaller amounts of solvent 
and matrix enter the mass analyser. If using an unclean sample with a 
high level of impurities and interfering compounds, a high curtain gas 
flow can be beneficial. The curtain gas dispels the solvent and interfering 
compounds and therefore reduces the amount of these entering the mass 
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analyser. However, using a too high gas flow rate will also reduce the 
amount of analytes entering the analyser, thus creating a low level of 
analyte to be detected.  

X Y

X Y

X

Y

A

B C

Fig. 10.	Two	compounds,	X	and	Y,	 in	 standard	 solution	 (A)	or	 in	matrix	causing	 ion	
suppression	of	both	compounds	(B)	and	ion	enhancement	of	compound	X	(C),	respectively.	

1.5 Experimental design and validation
Within the analytical chemistry, experimental design is a useful tool to 
minimize the number of experiments during an experimental optimization 
[52]. In this thesis experimental design was used in papers I and II to 
optimise the efficiency of the extraction method. The following discussion 
will focus upon experimental design for optimisation of sample extraction 
methods; this is illustrated in Fig. 11.
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Factors (X) Response (Y) 

Exp.	nr	 pH	 Temp.	 Flow	 Efficiency	

1 + + + ? 

2 - + + ? 

3 + - + ? 

4 - - + ? 

5 + + - ? 

6 - + - ? 

7 + - - ? 

8 - - - ? 

9 0 0 0 ? 

10 0 0 0 ? 

11 0 0 0 ? 

Fig. 11.	23	full	factorial	design	with	three	centre	points.

An experimental design is based on two different types of variables, X 
(factors) and Y (responses). The variables are adjustable and dependant 
on each other. X variables are the controllable variables, such as pH, 
flow, solvents or temperature. These variables can be divided in to two 
groups, quantitative and qualitative. Quantitative variables are gradually 
changeable (pH or temperature) while the qualitative ones are discrete 
(solvent, sorbent or buffer type). In an experimental design, different X 
variables are usually studied to obtain information about their influence 
on the result of an experiment, e.g. extraction efficiency. 
The X variables, or factors, are varied in a well defined interval span 
with min (-), max (+) and centre (0) points, this interval is called the 
experimental domain. Y variables are the measured outputs from the 
experiments; in this thesis the response is the extraction efficiency. 
The experiments performed within the experimental domain are defined 
as the experimental design. The design can be expanded with centre 
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points and axial points to validate the model and to add more terms to the 
statistical model (Fig. 12).
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Fig. 12.	Central	Composite	Face	(CCF)	design	with	three	centre	points	and	axial	points	
positioned	on	the	face	of	the	cube	(A).	Central	Composite	Circumscribed	(CCC)	design	
with	three	centre	points	and	axis	points	positioned	at	a	distance	outside	the	face	of	the	
cube	(B).

However, a model constructed using experimental design is not perfect, it 
is just a coarse representation of reality. The model has to be validated in 
order to estimate the reliability of the optimisation results. Validation can 
be achieved by estimating the level of extraction efficiency from different 
well defined points in the design and performing laboratory work at the 
same point, then calculating the statistical significance of differences 
between the observed and the expected results. This type of validation 
is called external	 test	 set	 validation and yields very reliable validation 
results.
In the study described in paper II a factorial design was used to estimate 
the highest extraction efficiency. Four quantitative variables were studied 
and the details are presented in the paper.
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1.6 Extraction efficiency and recovery

In my work I have consistently used the term “extraction efficiency” 
(EE), because it can be quantified directly, in contrast to “recovery”. EE is 
defined as the analyte collected in the acceptor (nA) expressed as a fraction 
of the initial total analyte input into the system (nI).

EE = nA / nI

Jönsson et al. [53] presented two formulae describing extraction efficiency 
(E):

E = nA / nI  and  E’ = (nI - nW) / nI

where nW is the amount of analyte that is not extracted and therefore lost 
as waste. E’ is thus the extractable fraction of the analyte input. From 
these two formulae they defined the recovery (R) as:

R = E / E’ = nA/(n1-nw)

In this definition the expression of recovery only includes the analyte lost 
within the system. If there are no memory effects from adsorption to the 
membrane or other surfaces in the extractor, the measured amount in the 
acceptor should equal the extractable fraction and the recovery should be 
100%. These definitions of R and E are partly in conflict with the 2002 
IUPAC recommendation [54]. In this, recovery is expressed in the same 
way as extraction efficiency:

RA = QA (yield) / QA (orig)
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where QA (yield) is the recovered quantity of analyte A and QA (orig) is the 
original quantity. Of course, how QA (orig) should be defined is open to 
discussion. If it is defined as the input of extractable analytes, excluding 
the non-extractable fraction going to waste, then the definition of recovery 
by Jönsson et al agrees with that of IUPAC. When the terms are used in 
my work, efficiency includes the entire sample preparation and extraction 
method, while recovery gives a picture of the efficiency of the transfer 
of free analytes in the extractor and over the membrane. Recovery is 
more laborious to quantify. The total amount in waste, protein-bound 
analytes included, has to be measured and compared with the amount in 
the acceptor. 
When the HF-LPME system was optimised for dinitrophenols, rather 
high efficiencies, up to around 70%, were obtained for both aqueous and 
plasma samples (Papers I and II). For plasma samples, one important 
factor associated with high efficiency, besides dissociation of protein 
binding, was viscosity. Dilution of the sample decreased the viscosity and 
increased the EE.
In Paper IV, HF-LPME was used to extract beta-blockers. The recoveries 
of these are probably as high as for dinitrophenols, since their log P values 
are the same or smaller. A higher log P would make them more prone to 
remaining in the organic liquid and cause more problems with carry-over. 
However, the efficiencies were lower, since the system was not optimised 
for these compounds. Protein binding is probably the most influential 
cause: these compounds are known to bind efficiently to plasma proteins 
[55]. No further attempts were made to increase the extractable fraction 
and thereby increase the efficiency. The purpose was to demstrate the 
possibility of using the system to extract basic drugs. A rough estimate of 
the free analyte fraction in the system was made on the basis of repeated 
manual extractions. The maximum recovery for two of the analytes, 
alprenolol and propranolol, was only about 50% and thus about half was 
associated with the matrix. 
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PART 2 
Membrane based liquid extraction 

techniques

For several decades LLE has been one of the most popular extraction 
techniques applied to liquid samples, and it is still frequently used. 
As previously discussed, liquid phase micro-extraction (LPME) is a 
miniaturised form of LLE. LPME minimises the amount of organic 
solvents used (so that they are in the microlitre range) and therefore makes 
it more environmental-friendly than classical LLE using a separating 
funnel. LLE can also be toxic, tedious and time-consuming and, because 
the large amounts of high-purity solvents consumed, it is more expensive 
than LPME. Many conventional LLE methods used for the bioanalysis of 
drugs can easily be converted to a LPME form. [56]

2.1 Liquid-liquid microextraction and liquid-liquid 
membrane extraction
Microextraction can simply take the form of LLE performed as a two-, 
or three- phase method. In the two-phase method the sample analytes are 
extracted from the aqueous sample (also often called the donor phase) 
and into an organic phase (usually called the acceptor phase). One two-
phase technique is known as single-drop micro-extraction (SDME); here 
a small amount organic phase (as little as 1-3 µL) can be present in the 
form of a droplet in the end of a GC syringe needle, which is then placed 
in a container with the sample solvent [57] see Fig. 13. After extraction, 
the droplet can easily be drawn back into the syringe and injected into 
an appropriate separation and detection system. One major drawback of 
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this technique is that the droplet is unstable and easily falls off the needle 
tip. To prevent this, the small volume of the organic phase can, instead of 
being free in the sample, be immobilised in the pores of a hydrophobic 
material, creating a permeable organic membrane. 

Fig. 13.	Schematic	representation	of	the	single-drop	micro-extraction	method.

The membrane based LPME techniques are usually divided into two-
sub techniques, i.e. three-phase liquid-liquid-liquid extraction, usually 
called supported liquid membrane (SLM) extraction and two-phase 
liquid-liquid extraction, known as microporous membrane liquid-liquid 
extraction (MMLLE) [53]. These two techniques both prevent the donor 
and acceptor solvents from mixing by separating the solvents with a thin 
organic layer. The techniques make it possible for neutral analytes to 
diffuse through the solvents and therefore all compounds that are, or can 
be made, neutral are extractable. In MMLLE the same organic solvent 
fills the pores and acts as the acceptor phase. In the three-phase mode, 
SLM, the sample analytes are made neutral on the donor side of the liquid 
organic membrane and a second solvent, which ionises the analytes, is 
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used as the acceptor phase on the other side. Membrane extraction is a 
well-known technique that can be performed in several different ways, 
using flat or tubular membranes. One of the most commonly used types 
of membrane is made of hydrophobic polypropylene. In all the research 
described herein, a tubular polypropylene membrane was used; this is 
discussed later in the thesis.

2.2 Liquid-liquid membrane extraction applications
Membrane extraction has been used for several decades [58] and many 
reviews have been published [59-62]. It has been used for sample clean-up 
and/or sample enrichment for different applications, including biological, 
environmental and food analysis [61,63,64]. Lambropoulou et al have recently 
reviewed this method with respect to the analysis of pesticide residues [57]. 
The liquid membrane technique is, in many cases, an appropriate clean-up 
method prior to separation techniques such as, liquid chromatography (LC), 
gas chromatography (GC) and capillary electrophoresis (CE). [65,66]. This 
extraction method is suitable for both polar and non-polar compounds. To 
define the polarity of a compound, the logarithm of the partition ratio  of 
the neutral solutes between octanol and water (log P) is usually used. In 
contrast to the distribution ratio, the partition ratio is not affected by pH and 
is constant at a certain temperature. A compound with a high log P has a 
higher concentration in the octanol and vice versa. 

2.2.1 MMLLE
In the two-phase liquid-liquid membrane extraction method, MMLLE, 
an organic solvent is used as the acceptor phase. This method is suitable 
for non-polar or medium-polar compounds, with high log P values, and, 
because of the use of an organic solvent it is particularly compatible with 
GC-analysis. The driving force for the mass-transfer in this system is the 
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partition ratio, since the analytes are not trapped in the acceptor. A dynamic 
extraction with either a flowing acceptor and/or donor is favourable for 
the mass transfer rate, since it maximises the concentration gradient over 
the membrane. However, a flowing acceptor phase results in more dilution 
of the extract compared to a stationary phase. By using counter-current 
flows the mass transfer and enrichment are more efficient than in a con-
current flow system [53]. 

2.2.2 SLM
SLM is suitable for moderately strong bases and acids with a log P in the 
range –1 to 3 [67]. In this method the analyte is neutralised (which means 
protonated for acidic compounds, or de-protonated for basic compounds) 
in the sample in order to be extractable into the organic phase. The acceptor 
phase pH is adjusted to be the opposite of the sample or donor phase 
pH. This acceptor phase pH adjustment is made to charge the analytes, 
which thus become trapped on the acceptor side. The pH trapping of the 
extracted compound prevents back-extraction into the organic membrane. 
A concentration of the neutral analyte close to zero is maintained on the 
acceptor side if the pH value is appropriate. An efficient clean-up is often 
achieved, since non-ionisable neutral interferents in the sample that are 
able to diffuse into the organic liquid membrane, cannot be trapped and 
enriched in the acceptor. Proteins in, for example, plasma samples will be 
charged and are therefore not extractable into the organic layer [53]. SLM 
and mass-transfer are discussed more in detail in some of the following 
sections and comprised the main focus in paper III.

2.2.3 Stagnant extraction
A stagnant extraction system consumes less solvent than a dynamic system 
of corresponding size, but has a lower mass-transfer rate and therefore 
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poorer efficiency. During extraction, the concentration gradient decreases 
and will be zero as soon as equilibrium is achieved. Such a system is 
only efficient for compounds with very high partition ratios or when the 
acceptor/donor volume ratio is very high. 

2.2.4 Dynamic extraction
In a dynamic system, fresh solvent or/and sample is constantly introduced 
into the system during extraction. The benefit is maintenance of the 
concentration gradient. In my work, the mass transfer was maximised 
by using a flowing donor, while the acceptor was kept stagnant to avoid 
dilution of the extract. Also, the pH of the acceptor made it keep the high 
concentration gradient for the neutral form of the analyte.

2.2.5 Flat membrane
Flat membranes can be either square or round; in a dynamic system the thin 
membrane is secured between two blocks of an inert material. The sample 
and acceptor liquid are then present on opposite sides of the membrane 
in machined groves in these blocks. The channels have a typical volume 
of 10-1000 µL [53]. In one design, by Jonsson et al, [68], the sample is 
in a chamber below the membrane and a flowing acceptor is introduced 
through a channel above the membrane. Turbulence on the sample side is 
created by using a rotating bar, which helps maintaining the concentration 
gradient over the membrane.

2.2.6 Hollow-fibre
Hollow-fibres (HF) were used throughout the work presented in this thesis. 
They are non-polar tubular membranes made of polypropylene (PP), the 
chemical structure of which is presented in Fig. 14. 
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Fig. 14.	Chemical	structure	of	polypropylene.

The fibres used are commercially available in two different dimensions 
(presented later in Fig.17). Scanning electron microscope (SEM) images 
of different fibres are presented in Fig. 15.

Usually, they are used in bundles for dialysis in processing industries. For 
membrane extraction purposes, the hollow-fibres have been used both in 
bundles and as single elements, and for stationary as well as for dynamic 
extractions. [69,70]. As with other microporous membranes, the hollow-
fibre can be used in two- or three-phase extraction systems, HF-MMLLE 
and HF-SLM, respectively. 
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50/280 150/330

Fig. 15.	Scanning	electron	microscope	(SEM)	images	of	the	two	different	hollow-fibre	
dimensions.
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2.2.7 Laminar and turbulent flow
The motion of a fluid or gas can be described as either laminar or turbulent. 
Turbulent flow is chaotic and unpredictable with respect to the position of 
a particle as a function of time, and thus causes mixing of any compound 
in the flow [71]. 
Laminar flow is not random and is typical of fluids with high viscosity or 
in systems with a low flow rate or narrow tubing. In a laminar system, two 
fluids brought together will act as two uniform layers. Mixing will occur 
only as a result of molecular diffusion over the interface between the two 
layers. Narrow fluid systems are usually referred to as being microfluidic.
The degree of turbulence can be quantified as a Reynolds number, Re, 
defined as:

Re = rn d / md  or  Re = n d / mk

The Reynolds number is a dimensionless expression, in which r is the 
density, n is the velocity, d is the characteristic length. md is the dynamic 
viscosity and mk is the kinematic viscosity.
The kinematic viscosity can be calculated from the dynamic viscosity:

µk =  md / r

For flow through a pipe or a duct the Reynolds number can be defined by 
the expression:

Re = ndh / µk

Here, n is the average linear velocity of the flow, dh is the hydraulic 
diameter of the fluid and µk is the kinematic viscosity. In a pipe the 
hydraulic diameter is the tube diameter. In my system the hydraulic 
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diameter is defined as the radius of the donor channel, minus the outer 
radius of the acceptor hollow-fibre, as shown in Fig 16.

A

B

C

dh

Fig. 16.	The	hydraulic	diameter	dh	of	 the	extractor	is	shown.	Hollow-fibre	(A)	donor	
phase/sample	volume	(B)	and	PTFE	tubing	(C).

The transition from laminar flow to turbulent flow generally occurs in 
the range of Reynolds numbers between 2000 and 4000. Throughout my 
experiments the Reynolds number was in the range 1-3 and thus the flow 
can be considered to have been laminar. 

2.2.8 XT-extractor
The XT-extractor was originally developed by Jonsson et al and described 
for the first time in 2003 [72]. The name “XT-extractor” refers to the design 
of the equipment, in which the membrane is placed in a length of PTFE-
tubing with a T-connector at one end and an X-connector at the other end. 
In the original design a hollow-fibre with the larger dimensions available 
(i.d. 330 µm and o.d. 630 µm) was used, see Fig. 17. The extractor setup 
used in this work is a downscaled version of the original XT-extractor 
design. This novel design is used with a narrower hollow-fibre (i.d. 280 
µm o.d. 380 µm, see Fig. 17) and T-connectors at each end of the PTFE-
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tubing. It is easy to assemble with commercially available, inexpensive 
and reusable parts. In addition, the organic phase is reusable. The same 
design is used in all studies described in this thesis. The design of this 
extractor is intended to facilitate hyphenation and automation. In part III 
in this thesis the assembly of the extractor is described in detail.

330µm

150µm

280µm

50µm

630µm 380µm

Fig. 17.	Schematic	diagram	(showing	inner	diameter,	outer	diameter	and	wall	thickness)	
of	the	two	polypropylene	hollow-fibres	that	are	commercially	available.	

2.2.9 Electromembrane extraction 
In contrast to most LPME methods, which are based on passive diffusion 
and mass transfer of the analytes, electromembrane extraction (EME) is 
based on electrokinetic migration and an electrical potential difference as 
the driving force [73]. One design is presented in Fig. 18. This technique 
is a novel one, used in few published studies. Most of the relevant work 
has been published during the last two years by Pedersen-Bjergaard et al. 
[56,74-78].
The major benefit of this approach is the reduced extraction time, 
particularly with small sample volumes. Extraction of both acidic and 
basic compounds is possible and it has been suggested that EME has a 
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future use in miniaturised analytical systems [79]. EME is an interesting 
approach for sample preparation, providing very rapid extractions and 
requiring only a few microlitres of solvents [56].

Power Supply
- +

Membrane

Sample

Extract

Electrode

Fig 18.	Schematic	of	an	electromembrane	extraction	device.	

2.3. Diffusion and mass transfer 
Diffusion is the movement of a fluid or gas from an area of higher 
concentration to an area of lower concentration, as a result of the kinetic 
properties of particles of matter. The particles mix until they are evenly 
distributed. This gradual mixing is easily visualised as a lump of sugar 
dissolving in a cup of coffee so that it after a certain time will be equally 
spread through the liquid, even without stirring. In SLM extraction the 
compound is extracted twice, first from the aqueous sample into an 
organic liquid membrane and then into a second aqueous phase. Since 
these two extractions occur simultaneously, the mass-transfer kinetics 
will, in general, be more efficient [53].
The concentration gradient over the membrane is a major driving force for 
the movement of the compounds through the liquid membrane; it, together 
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with the diffusion coefficient, determines the mass-transfer rate [80,81]. 
In SLM the analytes should be fully neutral in the donor phase and totally 
charged in the acceptor phase, in order to achieve the highest possible 
concentration gradient and therefore produce the highest mass-transfer 
rate. The diffusion coefficient is the rate of movement of the compound in 
the liquids in m2/s; it depends on the specific compound size, temperature 
and the liquid viscosity. In paper III a detailed study of mass-transfer and 
diffusion rate for dinitrophenols in HF-LPME is presented. The organic 
liquid used in that SLM system was dihexylether.

2.4 Automation and hyphenation
Reliable automated systems for sample preparation, with higher sample 
through-put, lower economic costs and reduced manual handling, are very 
desirable in the industry. The dynamic system presented in this thesis is 
described in Paper IV; the automation is the result of hyphenation between 
the HF-LPME method and computer-controlled sequential-injection 
analysis (SIA) equipment. The automated system is further discussed in 
Part 3. 

2.4.1 SIA – sequential-injection analysis
SIA (sequential injection analysis) is a development of FIA (flow 
injection analysis). FIA was first used in Denmark in 1975 by Ruzicka 
and Hansen [82] and was described as a new and fast continuous flow 
analysis technique [83,84]. The concept of FIA is based on the injection 
of a well-defined sample into a carrier stream; after injection the sample 
is mixed with a reagent to form a measurable product to be transferred to 
the detector. In SIA the sample and reagent are introduced into the carrier 
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flow through a multi-position valve [85]. SIA is an improvement on FIA 
for several reasons, including having a more robust manifold, providing 
greater accuracy because of the use of syringe pump flows instead of 
peristaltic pump flows, and reduced reagent consumption [86]. 
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Applications studied in this thesis

In the work upon this thesis is based the three-phase SLM was used for 
the extraction of some acidic pesticides, dinitrophenols (Papers I-IV), 
and some basic pharmaceuticals (Paper IV). In all the papers presented, 
HPLC/ESI-3Q-MS was used for separation and detection. Paper I 
describes a miniaturized variant of the existing XT-extractor. This new 
extractor was investigated using aqueous standards of dinitrophenols 
as model samples and some extraction parameters were evaluated on 
the basis of an experimental design. The parameters examined were 
temperature, flow-rate and the presence of salt in the donor phase. The 
extractor was used on human plasma samples and the plasma sample pre-
treatment was also assessed. For Paper II a full factorial design with four 
parameters was constructed to examine, in terms of extraction efficiency 
for the same dinitrophenolic compounds, the effects of varying the pH 
of the acceptor and donor, the flow-rate and the salt concentration in the 
donor. Paper III describes a study of the mass-transfer and diffusion in the 
system.  This was a comprehensive examination based on two different 
studies, one short-term and one long-term. This work also included a 
computer simulation of the diffusion in the organic membrane. In Paper 
IV, using both dinitrophenols and b-blockers as model compounds, the 
newly developed HF-LPME method was automated using a computer 
programmable SIA system. 
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3.1. Dinitrophenols
Phenols, including the dinitrophenols used in this study, are also known 
as carbolic acids; they have a single benzene ring and a hydroxylic group 
attached to one of the aromatic carbons. Phenols are acidic because of 
their ability to loose the proton in the hydroxylic group with resonance 
stabilization of the negative charge in the aromatic ring. In this research, 
five different nitrophenols were used: 2-4-dinitrophenol (DNP), 
4,6-o-dinitrocresol (DNOC), 2-tert-butyl-4,6-dinitrophenol (Dinoterb), 
2-sec-butyl-4,6-dinitrophenol (Dinoseb) and 3-methyl-4-nitrophenol as 
the internal standard (IS). The structures are shown in Fig. 19.

3.1.1. Chemical properties
Most nitrophenols are colourless or yellow and more or less water-soluble. 
The phenolic compounds discussed in this thesis are weak acids with pKa 
ranging from 4.04 to 5.55 and log P values ranging from 1.7 to 3.6. 

3.1.2 Occurrence and health effects
Dinitrophenols constitute a group of compounds that were used worldwide 
as pesticides and industrial raw materials before being banned in the EU 
and US [87,88]. Some of them are still commonly used in the industry, 
for instance in the manufacturing of dyes, in explosives and for wood 
preservation. Because they are water-soluble they are highly mobile in 
the environment. Banned nitrophenols can still be detected in the soil 
on the sites of military and industrial installations. These compounds 
have the ability to uncouple oxidative phosphorylation and their acute 
toxicity is high. Fatigue, restlessness and excessive sweating are some 
signs of poisoning [89]. DNPs were used in weight-loss drugs in the early 
twentieth-century. During that period their use was legal, but caused 
irreversible harm to thousands of people [90]. Due to their toxicity they are 
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now classed as illegal drugs, but bodybuilders still use these compounds, 
which are sold over the Internet. In a case reported by Politi et al, DNP 
was identified as a contributing factor in case of fatal poisoning [91]. In the 
US, DNOC was legally used as a pesticide until 1991, until the US EPA 
cancelled its registration for this use. Poisoning from DNOC produces the 
same symptoms as DNP poisoning and it has also been used as a weight-
loss drug prescribed by physicians. Exposure to DNOC can occur via air, 
food or water [92]. 
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Fig 19.	Model	compounds	used	in	this	work:	2,4-dinitrophenol	(DNP),	4,6-o-dinitrocresol	
(DNOC),	 2-sec-butyl-4,6	 dinitrophenol	 (Dinoseb),	 2-tert-butyl-4,6-dinitrophenol	
(Dinoterb)	3-methyl-4-nitrophenol	(IS).

3.1.3 SLM extraction of acidic compounds
Since dinitrophenols are acidic compounds, both the donor phase and the 
sample have to be acidic, so that the analytes become neutral and as much 
as possible can be extracted into the organic phase (see Fig. 20). On the 
other hand, the acceptor needs to have a high pH for efficient trapping of 
the analyte.
The donor contained sulphuric acid and sodium chloride, and the acceptor 
was a sodium hydrogen carbonate buffer with pH adjusted with sodium 
hydroxide [93,94].
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Fig. 20.	Schematic	representation	of	the	principle	of	extraction	of	an	acid	compound	in	
SLM	using	an	acidic	donor	and	a	basic	acceptor.

3.2. b-blockers 
b-adrenoseptor antagonists, usually known as b-blockers, are a group of 
pharmaceutical drugs with some similarities in their chemical structures. 
They all have at least one aromatic ring and one or more side chains 
attached to the ring (their structures are shown in Fig. 21). One of the side 
chain contains both a secondary hydroxyl and a secondary amine group. 
The a-carbon on this side chain is bound either directly to the aromatic 
ring or via an O-bridge, and this determines how they are named: with the 
suffix -olol for the former or –alol for the latter [95,96]. 
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Fig. 21.	General	structure	of	b-blockers	(A	and	B)	and	the	specific	b-blockers	discussed	in	
this	thesis	(C-acebutolol,	D-alprenolol,	E-bisoprolol,	F-propranolol	and	G-metoprolol).

3.2.1 Chemical properties
The compounds comprising the b-blocker group all have a similar 
molecular weight (around 300 Da) and pKa (around 9), but exhibit large 
variations in lipophilicity (log P –1 to 4). Five different b-blockers (with 
log P 1.8-3.1) were used as model substances in the study described in 
paper IV. 

3.2.2 Occurrence and health effects
b-blockers are prescription pharmaceutical drugs mostly used to treat 
heart diseases, such as hypertension, congestive heart failure, etc. They 
are also used for the treatment of narcolepsy and hyperactivity disorders 
such as ADHD. Their toxicity is very high and they have a narrow 
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therapeutic range [55]; cases of poisoning as a result of overdoses are 
occasionally reported. These substances act by relaxing the muscles and 
slowing the heart rate and are therefore also used illegally for doping 
purposes in sporting activities that require balance or dexterity. b-blockers 
are prohibited by the World Anti-Doping Agency (WADA) [97]. They are 
excreted into the urine as metabolites [98], either as the free drug or as 
conjugates with glucuronic acid or sulphate [99]. Many pharmaceuticals, 
including b-blockers, are present in the environment, introduced via 
sewage treatment plants; these can have a range of toxic effects on the 
biota [100,101]. 

3.2.3. SLM extraction of basic compounds
To perform extraction of basic compounds, such as b-blockers, the donor 
phase and the sample have to have a basic pH and the acceptor has to be 
acidic, as presented in Fig. 22. In this extraction method the donor was an 
aqueous solution of 10 mM phosphate buffer (pH 11.5) and the acceptor 
was an aqueous solution of 10 mM formic buffer (pH 2.8).
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Fig. 22.	The	principle	of	SLM	extraction	of	a	basic	compound,	using	a	basic	donor	and	
an	acidic	acceptor.
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3.3 Human plasma
The compounds used in this research were mostly extracted from human 
plasma, which is a complex matrix with many different interferences that 
may affect analysis. Plasma is also sensitive to high and low pH as a result 
of the denaturation of the plasma proteins. During membrane extractions, 
pH changes are one of the most important parameters used to transfer the 
analytes from the sample to the organic membrane. In this research the 
plasma was diluted to reduce the sample liquid viscosity and thus increase 
the diffusion rate of the analytes. Isopropanol also counteracts the analyte 
protein binding to some extent. However, if too much organic solvent is 
added to the plasma sample, the proteins may become insoluble and the 
risk of clogging the hollow-fibre pores increases dramatically. 

3.4 Dynamic hollow-fibre-SLM
In a dynamic system, in contrast to a stagnant system, new solvents/sample 
are continuously introduced during extraction. The system discussed in 
this thesis could be regarded as semi-dynamic, since the donor, which 
carries the sample plug, is constantly flowing. The acceptor, however, is 
stagnant until the end of the extraction when the sample fraction on the 
acceptor side is collected. However, since the donor is flowing and the 
acceptor is trapping the extracted compounds, the analyte concentration 
is close to zero on the acceptor side. The membrane extraction system in 
this thesis is, therefore, defined as dynamic (Fig. 23).
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A
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Fig. 23.	Cross	section	of	the	hollow-fibre	(A)	inserted	in	a	PTFE	tubing	(B)	with	acceptor	
phase	(C)	in	the	lumen	and	donor	phase	(D)	on	the	outside.	The	arrows	mark	the	analyte	
mass-transfer	direction	from	the	sample/donor	to	the	acceptor.

3.5 Assembling the extractor. 
The extractor is a low-pressure system: no expensive high-pressure parts 
are required. However, some high-pressure fittings are used because of 
their higher quality. More force can then be used to tighten the ferrules 
and tubing to prevent leakage when connecting the fused silica capillary 
to the tubing. The components are two PEEK T-connectors, fused silica 
capillaries, PTFE tubing, hollow-fibre, cyanoacrylate glue, polyacetal 
fittings, ETFE ferrules and o-rings. All the parts are described in detail in 
Paper I and Fig. 24 is a photograph of both the individual components and 
the assembled extractor. 
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Fig. 24.	The	components	shown	are	two	PEEK	T-connectors	with	PEEK	plugs;	 fused	
silica	capillaries	glued	to	the	hollow-fibre;	PTFE	tubing	with	ETFE	ferrules,	o-rings,	
polypropylene	 nuts	 and	 two	 polyacetal	 fittings	 with	 Tefzel	 ferrules.	 The	 assembled	
extractor	is	shown	at	the	bottom	of	the	photograph.

The polypropylene hollow-fibre is cut to an appropriate length (throughout 
this work, 12 cm) with a scalpel, washed with acetone and dried at room 
temperature. A 6 cm piece of fused silica capillary is then glued, with a 
2 mm overlap, to each end of the hollow-fibre. This overlap prevents the 
glue from entering the capillary. The assembled hollow-fibre/capillary is 
then suspended vertically for at least one hour to allow the glue to dry. This 
is then inserted into the PTFE-tubing, see Figs. 25 and 26, in combination 
with pre-flange ends, two low-pressure ferrules and o-rings. The capillaries 
are then guided through a T-connector and into the PTFE tubing, tightened 
with a ferrule and PEEK fittings at both ends. To prevent twisting of the 
hollow-fibre, while attaching the fittings to the PEEK connectors, the 
connectors are screwed to the ferrules, and not vice versa. After the outer 
fittings have been tightened, the inner fittings can be tightened to attach 
the T-connectors without risk of twisting the hollow-fibre.
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A
B
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Fig. 25.	Diagram	of	an	assembled	hollow-fibre/capillary	setup	inserted	into	the	PTFE-
tubing.	A-hollow-fibre,	B-fused	silica	capillary,	C-acceptor	flow	direction,	D-donor	flow	
direction,	E-glued	hollow-fibre	and	capillary	overlap,	F-PTFE	tubing.

Acceptor
in

 Donor in

Donor out

Acceptor
out

A - polypropylene hollow fiber  (50/280) 
B - silica capillary.
C -  tubing-fiber overlap of 2mm.
D - PTFE tubing.
E - Flanged ending
F - PTFE tubing
G - PTFE tubing
H- Low-pressure fittimgs
I- ETFE ferrule 

A

B C D
I

E

F

G H

Fig. 26.	The	HF-LPME	extractor.	A-polypropylene	hollow-fibre	(named	50/280),	B-silica	
capillary,	C-tubing-fibre	overlap	of	2mm,	D-PTFE	tubing,	E-Flanged	ending,	F-PTFE	
tubing,	G-PTFE	tubing,	H-Fittings,	I-ETFE	ferrule.

After the extractor is assembled (Fig. 26), it is placed vertically in a fume 
hood and the organic phase is introduced through the acceptor channel 
from a syringe filled with the organic phase. The syringe is connected to 
the shortened capillary of the extractor via PTFE tubing with a tightened 
ferrule in a PEEK fitting, and to the syringe via a Luer connection. A volume 
of 0.2-0.3 ml organic phase is then pushed in by hand, using moderate 
pressure; a well-assembled extractor should easily generate a thin spray 
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from the uncut end of the capillary. If more pressure is required, the glue 
might have entered and clogged the capillary. This can easily happen if 
the capillary/hollow-fibre overlap is too small. If this happens, the hollow-
fibre/capillary setup must be replaced and filling with the organic phase 
must be repeated. After the liquid membrane has been immobilised in 
the hollow-fibre pores, the extractor is placed in a temperature-controlled 
column heater and the donor inlet and the donor waste fittings are 
connected to the T-connectors (Fig. 26). The acceptor flow is connected 
to one of the capillaries through the PTFE tubing, firmly tightened with 
a ferrule in a PEEK fitting. The other capillary is cut as short as possible 
to reduce the pressure on the acceptor side, and to prevent the acceptor 
from leaking through the membrane pores into the donor side and thereby 
damaging the liquid membrane. A short piece of tubing with a tight ferrule 
is fixed to the cut capillary to make the acceptor fraction collection easier. 
After the extractor has been setup, the acceptor and donor flows begin. 
The redundant organic phase entering the donor and acceptor channels is 
rinsed through for 30 to 40 minutes.
In studies I-III the flows were set manually, while in study IV the extractor 
was controlled by a SIA-system in order to minimise the need for human 
intervention. This novel hyphenation is further discussed in the next 
section of this thesis. 
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Fig 27.	The	extractor	–	column	heater	set-up	and	the	injection	valve	positions.
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In the studies described in Papers I to III the flow was set by one syringe 
pump with dual syringe positions; the same expulsion rate controlled both 
the acceptor and donor flow. The donor flow was, in all cases, four times 
higher than the acceptor flow, because the diameter of the syringe used for 
the former was double than for the latter.  The donor flow passed through 
the heating block and the manual injection valve, which was equipped 
with a 200 µL loop connected to the extractor donor inlet. The acceptor 
passed through a manually controlled low-pressure valve, which was 
used to direct the acceptor flow either through the acceptor channel (fibre 
lumen) or to the waste outlet (see Fig. 27). The flow through the acceptor 
channel was started when it was time to collect the extract. 

3.6 SIA/HF-LPME connection and performance
In study IV all flows, including sample injection, were controlled by 
a programmed SIA pump, as shown in Fig. 28. The SIA pump used in 
study IV included an internal syringe pump, an external syringe pump, 
an internal multi-position valve, an external four-port valve and a four-
position peristaltic pump. Time events with respect to flow rate and flow 
direction for each component can be programmed into the SIA system. 
In this set-up the donor does not pass the heating block or the manual 
injector, instead it is connected directly to the donor inlet of the extractor 
and the sample and blank are delivered by injection from two different 
syringes, one internal providing the blank sample and one external 
providing the sample. However, both these syringes are controlled by 
the same computer program and are fully automated for aspiration and 
dispensing. In this case, the SIA pump used for the donor and acceptor 
flow is not a syringe pump, but is instead the internal peristaltic pump; the 
internal multi-position valve is used to start and stop the acceptor flow. 
Paper IV describes the programmed events for sample extraction in detail.
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Fig. 28.	General	 diagram	of	 the	 hyphenated	 SIA/HF-LPME	 system.	ESP	=	External	
syringe	pump,	ISP	=	Integrated	syringe	pump,	IMV	=	Integrated	multi-position	selection	
valve,	EV	=	External	four	port	valve,	ME	=	Membrane	extractor.

3.7 Summary of papers I-IV

3.7.1 Paper I
In this work we presented a novel miniaturized version of the XT-
extractor previously developed by Jonsson et al. [72,102]. The new 
design is described in detail and the extraction method was evaluated in 
terms of extraction efficiency, repeatability, reproducibility, linearity 
and detectability. In order to achieve this, a number of dinitrophenols 
were used as model compounds and these were extracted from spiked 
aqueous samples. These substances have previously been extracted 
from water samples using a different SLM method, presented by 
Berhanu et al.  [103]. In our work we obtained extraction efficiencies 
up to around 90%. We also examined spiked human plasma samples 
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and investigated how different plasma pretreatment methods affected 
the extraction efficiency. The effects of a number of extraction parameters 
(extraction temperature, presence of salt in the donor and flow rate) were 
also studied. 

3.7.2 Paper II
The main purpose of the work described in paper II was to optimise 
the system developed in paper I. Four parameters were validated using 
an experimental design and response surface modelling. The variables 
investigated were donor salt concentration, donor phase pH, acceptor 
phase pH and donor and acceptor flow rate. The optimised method 
resulted in extraction efficiencies ranging from 42 to 77% (RSD <9). The 
acceptor phase pH and the flow rates were found to be the most important 
variables for achieving the highest possible extraction efficiency and these 
two variables have to be strictly controlled to achieve high repeatability. 
The system was shown to be robust in terms of donor salt concentration 
and donor phase pH, these variables only slightly affected the extraction 
efficiencies. 

3.7.3 Paper III
In this study the diffusion rate and mass transfer through the organic 
liquid in the polypropylene material were determined. The mass transfer 
was studied experimentally during the extraction period along with 
the retaining properties of the membrane. The diffusion coefficients 
obtained empirically were compared with theoretical values based on 
the viscosity of dihexyl ether and the Stokes radius of the analytes. The 
values determined empirically correlated with the theoretical values for 
dinitrophenols with log P values between 1.7 and 2.2 (DNP, DNOC). For 
Dinoseb and Dinoterb, the most lipophilic compounds with log P in the 
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range 3.4-3.6, the experimental diffusion coefficients were approximately 
50% lower than the theoretical ones. This difference in mass transfer rates 
indicates that the passage through the membrane is not only affected by 
diffusion, it is also related to the lipophilicity of the compound. The organic 
liquid/pore wall system clearly exhibited chromatographic properties. 
These properties lead to memory effects if there is no washing between 
the extractions. A computer simulation of the diffusion mechanism was 
also performed. Using this program it was observed that the extraction 
rate was linear after just a few seconds and that this continued as long 
as the extractor cell was entirely filled with sample. On the basis of this 
finding and the high repeatability (RSD less than 10%), even for the 
shortest extraction times, it was concluded that the device is suitable for 
time-weighted average sampling of liquids, providing there are known 
experiment-specific diffusion constants for the analytes in the organic 
liquid/pore wall. Carefully measured extraction times are also necessary.

3.7.4 Paper IV
The main aim of the work underlying Paper IV was to automate the 
extraction method. In this SIA-system, manual control and intervention 
during the extraction is kept to a minimum and the method is automated 
from injection of the sample to collection of the extract. This paper 
presents a detailed description of the SIA/HF-LPME program events 
and describes the equipment used. The extraction efficiency is similar to 
that of the manually controlled HF-LPME system. An examination of its 
applicability to basic compounds and a clean-up efficiency study using 
blank samples are also included.
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3.8 Conclusion and future perspectives
In this thesis a novel miniaturised HF-LPME device for three-phase 
SLM extraction is presented. The starting point for the project was the 
development of a suitable design for dynamic extraction with minimal 
consumption of solvents and in which only small injection volumes 
were required.  This new design was then thoroughly examined from the 
perspective of extraction efficiency; the underlying extraction mechanism 
was also carefully studied. The final aim of the project was to minimise 
the requirement for human intervention during the extraction process and 
to ensure that future on-line connections or hyphenations are possible. 
This work demonstrated that this method of sample clean-up is applicable 
to both complex matrices, for example human plasma, and less complex 
matrices like water samples. Pre-sample treatment is one important factor 
for achieving high extraction efficiency, since as much as possible of the 
analyte in the sample should be in its free form and ionized, and it is 
preferable for the matrix to have as low a viscosity as possible to maintain 
a great enough analyte diffusion rate in the sample. Paper II describes 
experimental work showing that the flow rate and acceptor pH are the 
two most important extraction parameters with respect to extraction 
efficiency. Increased retention in the membrane was shown to correlate 
with the analyte log P values. This membrane retention mechanism, or 
memory effect, was examined in detail and confirmed (paper III). Analyte 
retention is due to interaction with the material within the hollow-fibre 
pores, not with the organic phase. The long-term aim with this dynamic 
system is to develop an on-line system connected to LC/MS. Such a system 
benefits from automation, and in paper IV, I showed the advantages of 
running and controlling the extractor using a SIA- system. A SIA/HF-
LPME system also allows for the possibility of hyphenations to other 
types of equipment, for example facilitating capillary electrophoresis or 
electron capture. Since the SIA/extractor system is not fully exploited, 
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there are still many opportunities to be developed. For example, parallel 
extractors would yield a higher sample through-put. Simplified handling 
of the cleaned extract can easily be accomplished by connection to an 
autosampler.
Further comparative studies involving the two different hollow-
fibre dimensions will be an interesting field of research, since the two 
different dimensions also differ in their porosity. Since a larger surface 
area between the organic phase and the sample would probably increase 
the mass-transfer rate, differences in extraction efficiency need to be 
evaluated experimentally. Another interesting technique to implement in 
combination with the HF-LPME method is EME, in which the current 
forces the analytes through the organic phase. This could reduce the 
extraction time and increase the extraction efficiency. 
Using TWA sampling, the extraction is interrupted before the organic phase 
is saturated or equilibrium reached. TWA can be applied to quantitative 
analysis if the diffusion constants are known and the extraction time is 
accurately controlled. This is an interesting and time-saving sampling 
technique that can be used in combination with membrane extraction. 
In conclusion, on the basis of the work described herein, I think that 
dynamic membrane extraction is a promising alternative to static 
membrane extraction methods, since it has the potential to be combined 
with on-line systems and hyphenations, which are in great demand in the 
industry. However, more work is required before it can be accepted as 
an established method. In particular, efficiency and extraction times must 
meet the very high demands placed on commercial systems. Since this 
method is only at an early stage of development¸ there are many future 
improvements to explore.
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3.9 Non-published material and on-going projects

3.9.1 Hydroxylated Polychlorinated biphenyls
Extraction of hydroxylated polychlorinated biphenyls (OH-PCBs) from 
human plasma was investigated. OH-PCBs are metabolites of PCBs, 
which are ubiquitous environmental pollutants, toxic to both humans and 
animals. 

The OH-PCB congeners used (namely, 4-OH-CB 107, 4’-OH-CB 120, 
4-OH-CB 146, 4’-OH-CB 172, 4-OH-CB 187 and 4-OH-CB 193) in this 
project are highly lipophilic compounds and they have pKa values ranging 
from 5.1 to 6.1. 

In this project both an HPLC/MS and a GC/MS method were developed. 
The GC/MS method also included some experiments on the derivatisation 
of the analytes. Silylation experiments with N,O-bis(trimetylsilyl)
trifluoroacetamide (BSTFA) as the derivatisation reagent were both 
conducted in-vial and in the GC injector-port. SLM and MMLLE 
extractions were developed and evaluated using similar HF-LPME devices 
as described earlier in this work. The efficiency of SLM extraction was 
poor (<5%), while the MMLLE method achieved higher efficiency (10-
20%). The low recovery for the SLM extraction is probably due to the 
high lipophilicity of the compounds, leading to difficulties in efficiently 
extracting the analytes from the organic phase. Preliminary results 
showed that the silylation step with BSTFA was efficient, but needs 
further optimisation. However, this is an unfinished project involving 
an interesting method that can probably be further developed. The 
combination of MMLLE and large-volume injection on GC or GC/MS 
would be interesting for future studies. This could lead to low detection 
limits for hydroxy-PCBs or other lipophilic xenobiotics.
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3.9.2 Flavonoids
In this project SLM extraction of some flavonoids from human plasma was 
studied. Over the last two decades an increasing number of publications 
have concerned flavonoid chemistry; this is probably due to the emerging 
interest in natural compounds with useful physiological properties. 
Flavonoids comprise a very large group of compounds naturally present 
in many kinds of fruits, vegetables and other plants, and included in 
human daily diet [104]. Flavonoids can occur as glycones or aglycones 
(Fig. 29.) It has been clearly shown in epidemiological studies that a fruit- 
and vegetable-rich diet protects humans from cancer and cardiovascular 
diseases [105]. In 1999 Harborne and Baxter reported the occurrence 
of 5000 different natural flavonoids [106,107] This large group consists 
of several sub-groups with differences in their chemical structures. 
Validated HPLC methods using SPE have previously been presented for 
the determination of some flavonoids in different human samples [108-
110]. The flavonoids used in this project were four different aglycones: 
taxifolin, hesperetin, naringenin and epiodictyol. SLM extraction in the 
HF-LPME device was not efficient. Among the reasons for this was the 
high pH of the acceptor phase, leading to degradation of the phenols. This 
was proved using manual liquid-liquid extractions that employed the same 
extraction protocol as in the HF-LPME system. 

  
Fig. 29.	Structure	of	naringin	represented	as	glycon	and	aglycon.
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3.9.3 Electrocapture
Microfluidic electrocapture (EC) is a recent technology that has developed 
rapidly for cleanup, enrichment and separation of proteins, peptides and 
DNA in biological samples. Charged species are trapped and focused 
in an electric field, without use of any sorbent [111]. Results from our 
unpublished experiments show that by using a higher capturing voltage, 
EC can also be used for enrichment of species of much lower molecular 
weights than biomolecules, and may be useful also for small molecule-
focused environmental and biological research. After dynamic HF-LPME, 
analytes in the extract can be enriched by EC and if necessary the buffer 
can be changed. This is especially useful for ESI-MS analysis and expands 
the range of possible buffer systems for the extraction system.
An EC system consists of an electrocapture cell, typically made of a 
125-127-µm i.d. polyetheretherketone (PEEK) tube with two electrical 
junctions, both of which are covered by a conductive nafion membrane (a 
perfluorinated synthetic polymer). The polymer contains a high number of 
anionic sulfonate groups and small cations can pass through it in ~10-nm 
i.d. pores [112,113]. The system used in this work is shown in Fig. 30. A 
buffer is pumped through the cell, using a syringe pump, and the sample 
is injected into the stream via a micro injector. A UV detector is coupled 
on-line to the system. Due to the cation transport through the membrane, 
an electric field gradient opposite to the direction of the hydrodynamic 
flow is created when a voltage is applied between the junctions. Ions 
are stacked at the point where the electrical and hydrodynamic forces 
are balanced [114]. The nature of the electrocapture system has been 
thoroughly examined by Astorga-Wells et al. [115] and pioneering works 
on EC as preconcentration/cleanup prior to mass spectrometry have been 
performed as a collaboration between that group and Shariatgorji and Ilag 
at our department [116]. A great advantage of EC, especially with ESI/MS 
in mind, is the purification from non-volatile neutral additives and small 
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salt ions, which traverse the cell to the waste without being trapped.
The EC system was tested for enrichment of dinitrophenol anions in 
aqueous buffer, 60mM sodium hydrogen carbonate adjusted to pH 10 with 
sodium hydroxide, which was the buffer used as acceptor in HF-LPME. 
The injection volume was 6 µL, the sample concentration was 0.5 ng µL-1 
and the mobile phase, 50 mM ammonium acetate, pH 8.7, was pumped at 
a flow rate of 0.3 µL min-1. The capture voltage was set to 300 V. After 60 
min the sample was concentrated to a volume of a 50-100 nL and was then 
released from the cell by setting the voltage to zero. The preconcentration 
ratio was approximately 20. Apart from preconcentration, the sample 
buffer was also changed to a more MS-friendly ammonium formate 
buffer. In conclusion, EC should be further investigated as an enrichment 
technique after dynamic HF-LPME extraction and prior to MS. EC can 
either be coupled on-line between extractor and MS or be used off-line to 
HF-LPME. 

Downstream 
junction

Upstream 
junction

Power supply

Syringe pump

Micro injector

Nafion membranes

Peek tubing

Fused silica capillary

To UV detector

Fig. 30.	 The	 electrocapture	 setup	 used	 in	 this	 work.	 The	 dinitrophenol	 anions	 were	
focused	close	 to	 the	downstream	cathode	 junction.	 (with	permission	 from	Ilag	L.	and	
Shariatgorji	M.)
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Bandit Rock ~ you make the difference
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