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ABSTRACT 

The principles of miniaturization have become increasingly important in the field of sample 

preparation during the last decades, and traditional sample preparation techniques such as liquid-

liquid extraction (LLE) and solid-phase extraction (SPE) have been converted to the microextraction 

format. Miniaturized LLE is termed liquid-phase microextraction (LPME) and was at an early stage 

performed with hollow fibers (HF-LPME). The extraction principle in HF-LPME is based on passive 

diffusion of uncharged analytes facilitated by a pH gradient. The analytes are extracted from an 

aqueous donor solution (sample), across an organic supported liquid membrane (SLM), and into a 

small volume of aqueous or organic acceptor solution (extract).  

The HF-LPME principle has been implemented in different technical setups, and in 2006 it was 

demonstrated that accelerated mass transfer of target analytes was achieved with an electrical field 

sustained across the SLM. This was developed into electromembrane extraction (EME), which was 

based on electrokinetic migration of charged analyte molecules in an extraction system similar to HF-

LPME, but with electrodes placed in the sample and acceptor solutions, and pH conditions facilitating 

ionization of the analytes throughout the EME system. In 2013, HF-LPME was implemented in a 96-

well configuration which was presented as parallel artificial liquid membrane extraction (PALME). 

The equipment for PALME comprised commercially available 96-well donor plates, 96-well acceptor 

plates, and top lids to prevent evaporation during extraction. As in HF-LPME, extraction was 

facilitated by a pH gradient, and the pH was adjusted to keep the analytes uncharged in the sample, 

and charged in the acceptor solution. PALME is easy to operate and enables high throughput by 

simultaneous extraction of 96 samples at a time.  

In this thesis, focus was on further developing EME and PALME as bioanalytical sample preparation 

techniques. EME and PALME differ in the fundamental principles for extraction, and they may 

therefore be advantageous for different analytical purposes. During the work with this thesis, PALME 

was closer to commercialization and implementation in routine laboratories, and therefore the 

research was focused on developing new applications to further highlight and demonstrate the 

PALME potential for bioanalytical applications. EME was at a more fundamental stage, and the 

research was therefore focused on technical and theoretical aspects of the extraction process. Based 

on this, the main objectives of this thesis was to investigate: a) if benzodiazepines, drugs of abuse, 

and designer drugs can be extracted by EME (paper III and V) and PALME (paper II and IV), b) how 

the extraction conditions should be optimized for weak bases (paper III, IV, and V), c) if the 

experimental data are reliable based on evaluation of the final extraction procedures (paper II-V), 

and finally d) if phospholipids are present in the acceptor solution after EME (paper I). 
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In paper I, the EME sample clean-up efficiency was investigated with particular focus on 

phospholipids. Phospholipids are highly abundant in plasma, and co-elution in the LC can cause ion 

suppression in the MS. Extracts free from phospholipids is therefore desirable, and this was 

investigated by performing UHPLC-MS/MS analysis of acceptor solutions (EME extracts) obtained 

with the most common EME systems developed for non-polar basic drugs, polar basic drugs, and 

non-polar acidic drugs. No traceable amounts of phospholipids were detected in the acceptor 

solutions, and it was concluded that EME can be used very efficiently to obtain extracts free from 

phospholipids in future EME applications involving plasma as sample matrix. 

In paper II, PALME was demonstrated for new psychoactive substances (NPS) in plasma and whole 

blood. NPS represent a major health risk, and the prevalence and usage has increased dramatically 

during the last two decades. Therefore, from a forensic point of view, development of new analytical 

methods for accurate detection of new compounds is important. Based on this, the potential for 

PALME of NPS in plasma and whole blood was investigated. The final procedures followed by UHPLC-

MS/MS analysis were validated, and the results were in accordance with guidelines of the Food and 

Drug Administration (FDA). These were the first PALME applications developed for forensic analysis. 

PALME provided high sample throughput and extensive sample clean-up of NPS in plasma and whole 

blood. The aqueous extracts were directly compatible with LC-MS/MS, and total consumption of 

organic solvents for processing 96 samples was less than 0.5 mL.  

In paper III, EME of substances with weakly basic properties was investigated. Nine benzodiazepines 

(BZD) served as model analytes, with pKa values ranging from -1.47 to 5.01 for the corresponding 

protonated substance. Beforehand, low pKa values (low basicity) were expected to be a challenge in 

EME because ionization and electrokinetic migration would require strongly acidic conditions in the 

sample and acceptor solution. Interestingly, extractions with no voltage resulted in recoveries 

ranging from 20% to 59% for the BZD with lowest basicity (pKa < 2). This indicated that passive 

diffusion was fairly contributive to the mass transfer, and that ionization in the sample was not 

critical for the extraction efficiency. However, when voltage (10-30 volts) was applied, mass transfer 

was improved for all BZD, and especially for BZD with pKa > 2. This revealed that EME of BZD occurred 

in a mixed-mode extraction system: partially by electrokinetic migration and partially by passive 

diffusion. Generally, the results indicated that EME becomes less efficient for substances with weakly 

basic properties. However, these analytes were even more difficult to extract under LPME conditions 

(no voltage), and the overall extraction efficiency was substantially improved with 20 V across the 

SLM and 250 mM trifluoroacetic acid (TFA) as acceptor solution (pH < 2).  

In paper IV, PALME was demonstrated for BZD, designer benzodiazepines (DBZD), and Z-hypnotics in 

whole blood. Low pKa values were expected to be a challenge because efficient PALME requires 
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ionization of the analytes at the SLM / acceptor interface. However, modification of the acceptor 

solution with the organic solvent dimethyl sulfoxide (DMSO) substantially improved the extraction 

efficiency for the BZD, DBZD, and Z-hypnotics. DMSO increased analyte solubility in the acceptor 

solution without disrupting the SLM. The optimized PALME procedure followed by UHPLC-MS/MS 

analysis was validated according to the current guidelines of European Medicines Agency (EMA) with 

satisfactory results. The new method represented a green and low-cost alternative to existing sample 

preparation techniques and provided extensive sample clean-up, satisfactory sensitivity and 

reproducibility. It was also the first method incorporating analysis of BZD, DBZD, and Z-hypnotics in 

whole blood in one efficient analysis.   

In paper V, the potential for simultaneous EME of analytes in a broad polarity and basicity range was 

investigated. Thus, 37 drugs of abuse with log P values from 0.68-4.3 and pKa values from 1.2-10 

were selected as model analytes. Early in the optimization process, 250 mM TFA was introduced as 

acceptor solution, and the results confirmed previous observations (paper III): TFA was highly 

beneficial as background electrolyte for the analytes with low basicity (pKa < 4). However, different 

behaviors were observed for the 25 analytes with higher basicity (pKa > 4): for the majority of these 

analytes the use of TFA was counterproductive, and the recoveries decreased. This observation led to 

the hypothesis that interfacial ion-pair formation between positively charged analyte molecules and 

negatively charged TFA molecules at the SLM/acceptor interface occurred, resulting in neutral 

hydrophobic complexes that were consequently prevented from entering the aqueous acceptor 

solution. In order to suppress interfacial ion-pairing, different polar organic solvents (modifiers) were 

added to the acceptor solution. Dimethyl sulfoxide (DMSO) was identified as a highly beneficial 

modifier, as also observed in a previous PALME procedure (paper IV). The optimized percentage of 

DMSO was 50% in 250 mM TFA (v/v). This modified acceptor solution allowed successful EME of the 

model analytes with no further optimization of the SLM, which was pure 2-nitrophenyl octyl ether 

(NPOE). Finally, the EME procedure combined with UHPLC-MS/MS analysis was evaluated to confirm 

the reliability of the analytical results, and the results were satisfactory. 
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1 INTRODUCTION 

 1.1 Bioanalytical sample preparation 

Bioanalysis is routinely performed in clinical and forensic laboratories to provide qualitative and 

quantitative measurements of target analytes present in biological samples. Application areas 

include therapeutic drug monitoring (TDM), forensic analysis, toxicological analysis, and doping 

analysis.  

 

A bioanalytical procedure usually involves five consecutive steps: sampling, sample preparation, 

separation, detection, and data interpretation (Figure 1). When processing biological samples, each 

step becomes highly critical for reliable and reproducible results. Biological samples (e.g. whole blood, 

plasma, serum, urine, saliva) are complex matrices with many potentially interfering matrix 

components [1]. Matrix components are endogenous compounds (e.g. phospholipids, salts, proteins) 

present in the biological sample which may interfere with the analyte signal during analysis and 

thereby affect the accuracy of the analytical result. This is especially relevant when analysis is 

performed with liquid chromatography coupled to tandem mass spectrometry (LC-MS/MS), where 

matrix effects (ion suppression or enhancement) occur when target analytes and co-eluting matrix 

components compete for ionization in the interface between the liquid chromatograph and the inlet 

to the mass spectrometer [1]. In addition, some matrix components might not be compatible with 

the analytical instrumentation. If not removed, severely reduced lifetime and increased maintenance 

requirement of instrument components are direct consequences [2, 3]. Another challenge is low 

analyte concentrations, where enrichment becomes a prerequisite for detection. In these cases, 

bioanalytical sample preparation is required. A proper sample preparation provides sufficient sample 

clean-up and pre-concentration of the target analytes, and ensures compatibility with the analytical 

instrumentation. 

 

Figure 1: Five consecutive steps of a bioanalytical procedure. 
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Traditional bioanalytical sample preparation techniques include liquid-liquid extraction (LLE), solid-

phase extraction (SPE), and protein precipitation (PP) [4]. LLE and SPE are extraction techniques 

based on analyte distribution between two immiscible phases. In LLE, analytes are distributed 

between two immiscible liquid-phases: an aqueous phase and an organic phase. Biological samples 

are predominately aqueous, and the organic phase should therefore provide good solubility for the 

target analytes, and poor solubility for other impurities present in the sample. The distribution is 

characterized by the distribution coefficient, Kd. A high Kd indicates high analyte solubility in the 

organic phase [5]. In SPE, analytes are distributed between a mobile liquid-phase and a stationary 

solid-phase [6]. The stationary phase contains functional groups on the surface which interact with 

the target analytes and prevents them from co-eluting with other impurities before the final elution 

step. Compared to LLE and SPE, PP is a simpler sample preparation technique. PP is applied to 

samples with a high protein content (e.g. blood, plasma, serum) to remove the majority of proteins 

with a protein precipitating reagent (organic solvents or strong acids) [3]. However, co-precipitation 

and consequently loss of target analytes with a high degree of protein binding is a possible outcome 

of PP. In addition, PP fails to remove critical matrix components such as phospholipids, salts, and 

fatty acids [1]. Some of these challenges have been addressed by use of phospholipid removal plates 

which selectively removes phospholipids and precipitated proteins [7]. Several types of phospholipid 

removal plates are commercially available, e.g. Hybrid SPETM (Sigma-Aldrich), OstroTM (Waters), 

CaptivaTM ND (Agilent), and PhreeTM (Phenomenex). However, these are expensive.  

The fundamental principles of LLE and SPE are still highly relevant, but the field of bioanalytical 

sample preparation has been changing during the last decades. Sample preparation is often a time-

consuming process, and may occupy as much as 80% of an analytical procedure [8]. Focus has 

therefore been on developing techniques that are less time and labor consuming. This has largely 

been achieved through automatization and miniaturization, and traditional extraction techniques 

such as SPE and LLE have been converted to the microextraction format.  

 1.2 Microextraction techniques 

Since 1990, different formats of miniaturized SPE and LLE have been developed, commonly 

characterized as microextraction. Analytical microextractions are performed with a small volume of 

extraction phase both absolutely and relative to the sample volume [9], and are equilibrium systems. 

Several advantages are associated with microextractions. These include miniaturization, lesser use of 

solvents and reagents to achieve higher analyte enrichment, enhanced selectivity, and no 

evaporation or reconstitution steps. Miniaturized sample preparation techniques enable 

measurement of trace levels of analytes present in complex biological matrices, high throughput, on-
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line coupling, and possibility for tailor-made systems [10-12]. Ease of automation and low operation 

costs are also among the highly coveted advantages which suit well current trends in the 

bioanalytical field [8, 13, 14]. Finally, the low consumption of organic solvents makes microextraction 

techniques important initiatives towards a more environmentally-friendly chemistry. 

1.2.1 Microextraction into a solid-phase 

Miniaturized SPE was introduced by Arthur and Pawliszyn in 1990 as solid-phase microextraction 

(SPME) [15]. In this first publication, SPME was performed with small diameter fibers (100-300 µm) 

coated with stationary phase. The fibers were placed in aqueous samples, and the analytes 

partitioned onto the stationary phase and were thermally desorbed on-column in a gas 

chromatograph. The technique completely eliminated the use of organic solvents, and the extraction 

time was reduced to a few minutes. Since the first publication, several devices using the SPME 

principle have been published. These include coated fibers, stir bars, vessel walls, tubes, suspended 

particles, and membranes [10, 11, 15-19]. The coated fiber format is the most used SPME system and 

is illustrated in Figure 2. 

SPME in the coated fiber format combines 

sampling, isolation, and enrichment of 

analytes in one small and simple extraction 

device which may be used in the laboratory 

as well as at the site of investigation [10, 16, 

20, 21]. The coating material (extracting 

phase) is attached to a solid support 

material (commonly a fused silica fiber), 

and the analytes partition between the 

sample matrix and the extracting phase 

until equilibrium is reached, with minimal or 

no use of organic solvents [10, 22]. The 

coating material has usually been polydimethylsiloxane, divinylbenzene, or carboxen [23-25]. The 

coated fiber is attached to a metal tube functioning as a syringe that pushes the fiber in or out of the 

sample matrix [10]. After extraction, the analytes are desorbed at the interface of an analytical 

instrument (typically a gas chromatograph) and analyzed [15, 22]. This procedure has been applied to 

volatile and semi-volatile substances in environmental [26, 27], food [28, 29], forensic [30-32], and 

pharmaceutical samples [33, 34]. It has also been used for direct in vivo sampling [35]. 

 

 
Figure 2: Illustration of a coated fiber used for SPME. 
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1.2.2 Microextraction into a liquid-phase 

Miniaturized LLE was first presented as single-drop 

microextraction (SDME) in 1996 [36, 37]. In SDME, analytes 

are extracted by passive diffusion from an aqueous sample 

and into a micro-droplet of organic solvent. The droplet is 

either hanging at the tip of a micro-syringe [38] as 

illustrated in Figure 3, at the end of a Teflon rod [37], or it is 

suspended inside a flowing aqueous droplet [39]. After 

completed SDME, the organic droplet is withdrawn and 

prepared for analysis. The technique is fast, easily operated, 

possible to automate, inexpensive, and it consumes a low 

amount of organic solvents (1-8 µL per droplet) [40, 41]. 

The latter enables high enrichment factors due to the large 

volume ratio between the sample and the droplet. 

However, the droplet is easily lost during extraction, and 

SDME has therefore been criticized for its lack of 

robustness [40, 42]. Also, emulsion formation at the aqueous-organic interface is a challenge 

associated with SDME [11]. The SDME principle has later been modified to obtain simultaneous back-

extraction to another aqueous phase, with the organic droplet serving as a liquid membrane 

between the two aqueous phases [43], on-line extractions with the micro-drop hanging at the end of 

a CE capillary (SDME-CE) [44], and headspace extractions of volatile compounds present in aqueous 

samples [45]. In 2013, three-phase electroextraction was introduced [46], with an aqueous drop 

hanging from a (conductive) pipette tip into an organic phase above an aqueous sample. However, 

this technique also suffered from stability issues, especially when operating at high voltages. 

A frequently used format of microextraction into a liquid-phase is dispersive liquid-liquid 

microextraction (DLLME). DLLME was introduced in 2006 [47] as a simple and rapid method for 

extraction and pre-concentration of organic compounds present in water samples. The technique is 

performed by injecting a small amount of extraction solvent mixed with a disperser solvent into an 

aqueous sample solution. This makes a cloudy solution, where the extraction solvent is dispersed as 

fine droplets throughout the aqueous sample. The analytes are extracted into the organic droplets, 

usually by complex formation. After centrifugation, the organic droplets are located at the bottom of 

the extraction vessel. The droplets are subsequently removed by a syringe and analyzed by 

appropriate analytical techniques (e.g. gas chromatography). Other modified techniques based on 

the DLLME principle have recently been developed [48]. 

 

Figure 3: Principle of SDME. Analytes are 
extracted by passive diffusion from an 
aqueous sample and into a droplet of 
organic solvent hanging at the tip of a 
syringe. 
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SDME together with SPME have been fundamental for newer microextraction techniques where the 

same principles have been implemented in new configurations and modifications. In this thesis, focus 

has been on miniaturized LLE in combination with supported liquid membranes, with and without 

electric fields, and this discussion starts with the introduction of hollow-fiber liquid-phase 

microextraction. 

1.2.3 Hollow-Fiber Liquid-Phase Microextraction 

Hollow-fiber liquid-phase microextraction (HF-LPME) was introduced in 1999 by Pedersen-Bjergaard 

and Rasmussen [49]. HF-LPME is more robust compared to SDME, with the organic phase 

immobilized inside the micro-pores of a hollow fiber of polypropylene, creating a supported liquid 

membrane (SLM). The fiber is placed in an aqueous sample solution, and analytes are extracted by 

passive diffusion into the lumen of the hollow fiber, which is filled with acceptor solution [11, 50-52]. 

The acceptor solution is either organic (two-phase HF-LPME) [53, 54] or aqueous (three-phase HF-

LPME) [49, 55-57] as illustrated in Figure 44.  

 

Two-phase HF-LPME is suited for lipophilic analytes, and the extracts are usually analyzed by gas 

chromatography (GC) systems [54, 58, 59]. Three-phase HF-LPME provides aqueous extracts that are 

directly compatible with analytical instrumentation like reversed-phase HPLC, capillary 

electrophoresis (CE), and LC-MS [49, 59, 60]. The technique has been used for determination of acidic 

drugs [61-64], basic drugs [65-67], peptides [68, 69], metal ions [70-72], and organic pollutants [73-

77] in complex matrices like biological fluids (e.g. whole blood, plasma, urine, saliva), food and 

environmental samples [59, 78-80].  

Mass transfer in HF-LPME is achieved by adjusting the sample pH to a level that keeps the analytes 

uncharged. This makes the analytes less hydrophilic and more soluble in the organic phase. To 

further transfer the analytes into another aqueous phase (three-phase HF-LPME), the pH of the 

 

Figure 4: Schematic illustration of (1) two-phase HF-LPME where both the SLM and acceptor are an organic phase, and 
(2) three-phase HF-LPME where the SLM is organic and the acceptor is aqueous. 
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acceptor solution is adjusted to achieve ionization of the analytes [50]. Ionization makes the analytes 

less hydrophobic and more soluble in the acceptor solution, and it also prevents the analytes from 

back-extracting to the SLM.  

Final recovery is determined by partition coefficients, and the respective volumes of the sample, SLM, 

and acceptor solution [51]. By assuming unidirectional transport of analytes from the sample to the 

acceptor solution, the extraction process is mainly governed by the distribution coefficient between 

the sample and the SLM according to the following equation [81]: 

 

where 𝐽𝑖(𝑡) is the steady state flux of analytes across the SLM at time t after a certain lag time. 

𝐶𝐷𝑖
(𝑡) is the analyte concentration in the sample at time 𝑡, 𝑉𝐷 is the sample volume, and 𝐴𝑓 is the 

exterior surface area between the sample and the SLM. The membrane permeability coefficient from 

the sample to the acceptor solution (𝑃𝑖
𝐷→𝐴) is expressed by the following equation: 

 

where 𝐾𝑑𝑖 is the sample–membrane phase distribution coefficient, 𝐷𝑚𝑖 is the diffusion coefficient of 

the analytes in the SLM, and ℎ is the membrane thickness. The concentration in the acceptor solution 

can thus be described by the following equations, where a certain lag time (tlag) for the analytes to 

enter the acceptor solution is taken into account: 

 

where 𝐶𝐴𝑖
(𝑡) is the analyte concentration in the acceptor solution at time 𝑡, 𝐶𝐷𝑖

0  is the initial analyte 

concentration in the sample,  𝑉𝑚 is the apparent volume of the SLM, and 𝑉𝐴 is the volume of the 

acceptor solution, and 𝑉𝐷 and 𝐾𝑑𝑖
 are the same as in Equation 1. The analyte concentration in the 

sample at time 𝑡 is defined as follows (the remaining parameters are the same as in Equation 1): 

 

Several advantages are associated with HF-LPME. The technique provides extensive sample clean-up 

by selectively isolating analytes from the sample and enriching them in a small volume of acceptor 

solution. Other substances that are charged in the sample will not be able to enter the SLM, and 

𝐽𝑖(𝑡) = 𝑃𝑖
𝐷→𝐴𝐶𝐷𝑖

(𝑡) = −
𝑉𝐷

𝐴𝑓
∙

𝑑𝐶𝐷𝑖
(𝑡)

𝑑𝑡
     (1) 

𝑃𝑖
𝐷→𝐴 =

𝐷𝑚𝑖 ∙ 𝐾𝑑𝑖

ℎ
       (2) 

𝐶𝐴𝑖
(𝑡) = 0     t < tlag   (3a) 

𝐶𝐴𝑖
(𝑡) =

𝑉𝐷𝐶𝐷𝑖
0 −𝐶𝐷𝑖

(𝑡) (𝑉𝐷 + 𝐾𝑑𝑖
 ∙ 𝑉𝑚)

𝑉𝐴
  t ≥ tlag   (3b) 

𝐶𝐷𝑖
(𝑡) =  𝐶𝐷𝑖

0 ∙ 𝑒𝑥𝑝 (−
𝐴𝑓 ∙  𝑃𝑖

𝐷→𝐴

𝑉𝐷
 ∙ 𝑡)      (3c) 
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neutral substances will not be enriched in the acceptor solution. Substances that are too 

hydrophobic will be trapped inside the SLM (three-phase HF-LPME), and substances that are too 

large will be excluded by the pore size of the membrane material [82]. The latter is visualized in 

Figure 5. Other than clean extracts and possibility for enrichment, HF-LPME provides robust 

extractions which are performed at a low cost and with minimal use of organic solvents [5, 11, 51, 83, 

84]. Also, the possibility for carry-over is limited because the hollow-fiber is disposable, which in turn 

ensures better reproducibility [82].  

Some limitations have however been reported for HF-LPME. These are often related to the slow mass 

transfer across the SLM, long extraction times, difficulties when extracting highly polar analytes, 

bubble formation at the surface of the hollow fiber, limited recovery, and blocking of the pores of the 

hollow fiber by hydrophobic matrix components [21, 51, 79]. The sample throughput is also limited 

to one sample at a time.  

 

The versatility of HF-LPME has encouraged the introduction of several variations and modifications, 

in addition to automated systems [58, 85-87]. The use of additives or specialized solvents in one of 

the phases has been used to improve the technique and achieve selective extraction of certain 

analytes [68, 69, 88-91]. Two other important modifications are the HF-LPME principle in 

combination with an electric field, which was developed into a technique called electromembrane 

extraction (EME) in 2006, and HF-LPME in the 96-well format, which was introduced as parallel 

artificial liquid membrane extraction (PALME) in 2013. These techniques are discussed in detail in 

 

Figure 5: Sample clean-up during three-phase HF-LPME: larger molecules like proteins are discriminated by the SLM. 
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section 1.3 and 1.4, respectively. Before that, a special feature of EME and PALME is introduced, 

namely the use of supported liquid membranes. 

1.2.4 Supported liquid membranes 

Extraction across supported liquid membranes (SLMs) of analytes present in environmental and 

biological samples has been explored for many years. The first SLM extraction was presented by 

Audunsson in 1986 [92] where sample clean-up and enrichment of amines was accomplished in a 

flow system. The amines were extracted from a flowing aqueous sample, across an organic SLM, and 

into a stagnant acceptor solution in which they were trapped. Generally, SLM extractions enable high 

selectivity, high enrichment factors, and automation is feasible. These are highly coveted advantages 

in the field of sample preparation. 

The SLM is constituted by an organic solvent immobilized by capillary forces inside the pores of a 

polymeric membrane material, and serves as a liquid barrier between two aqueous solutions [93-95]: 

a donor solution (sample) and an acceptor solution (extract). A functional SLM has sufficient affinity 

for the analytes to enable their transfer from the aqueous sample and into the organic SLM, but also 

the capability of releasing them into the aqueous acceptor solution. Furthermore, the organic solvent 

should be non-volatile and immiscible with water to avoid leakage to the aqueous phases. The 

amount of solvent is in the low microscale, and SLM extractions therefore represent a green 

chemistry approach to sample preparation.  

 

The main principle of SLM extractions is illustrated in Figure 6. The extraction process resembles LLE 

with back-extraction to another aqueous phase, only accomplished in one single step: the analytes 

are extracted from an aqueous sample and into the organic SLM, and then immediately back-

 

Figure 6: The main principle of SLM extractions. Analytes are transported through the organic SLM as neutral 
complexes. Negatively charged analytes complex with acids (upper), positively charged analytes complex with bases 
(middle), and metal ions complex with a ligand or a carrier (lower). 



PhD thesis Linda Vårdal  INTRODUCTION 

9 
 

extracted to another aqueous (acceptor) solution [96]. Mass transfer through this three-phase 

system usually occurs by passive diffusion facilitated by customized pH conditions. The sample pH is 

adjusted to keep the target analytes uncharged to facilitate their transfer into the SLM, while the pH 

in the acceptor solution is adjusted to ionize the analytes at the SLM/acceptor interface to increase 

analyte solubility in the acceptor solution and prevent back-extraction to the SLM. The latter cause 

unidirectional transport of analytes and enables high enrichment factors [97-99]. This principle is 

used in most SLM based extractions where mass transfer occurs as passive diffusion. In other 

techniques, such as EME, efficient mass transfer is achieved with ionized analytes throughout the 

extraction system, and the pH in the sample and acceptor solution is adjusted accordingly (section 

1.3.1) [100].  

The selectivity of SLM extractions can easily be tuned towards extraction of different target analytes. 

Alkalized sample solutions and acidic acceptor solutions will selectively enrich basic analytes. These 

conditions will cause acidic analytes to remain in the sample because they are unable to enter the 

SLM, and neutral analytes will be partially trapped in the SLM and partially distributed to the 

aqueous solutions on each side of the SLM depending on their respective distribution coefficients. 

Enrichment of acidic analytes is accomplished with acidified sample solutions and alkalized acceptor 

solutions [97-99]. Further enhanced selectivity can be achieved by adding carrier molecules or ion 

complexation agents to the SLM [101-104] or trapping reagents to the acceptor solution to prevent 

back-extraction [105]. The use of additives has expanded the application area of SLM extractions to 

include larger molecules like peptides [106, 107].  

The principle of SLM extractions has been implemented in different extraction techniques. These 

include microporous membrane liquid-liquid extraction (MMLLE) [93], hollow-fiber liquid-phase 

microextraction (HF-LPME) [49], polymeric membrane extraction (PME) [93], EME [100], and PALME 

[108]. Some techniques are operated with the sample continuously pumped through a donor 

chamber, while the acceptor solution is kept stagnant [93, 97]. In these cases, the extraction 

efficiency is highly dependent on the sample flow rate. Other techniques are used to monitor real 

time drug metabolism, where both the sample and acceptor solution are continuously pumped 

through their respective chambers [109]. Alternatively, the entire sample volume is kept stagnant in 

the donor chamber (HF-LPME, EME, PALME), with or without stirring or agitation to maintain 

convection in the sample during extraction [49, 110]. The membrane support material has usually 

been polypropylene or polytetrafluoroethylene (PTFE or Teflon), either in a flat membrane or a 

hollow-fiber configuration [49, 96, 99, 111, 112]. A selection of non-polar organic solvents have been 

used to impregnate the support material, including n-undecane, kerosene, dioctyl phosphate, and di-
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n-hexyl ether [93, 96, 111]. Later applications have introduced new SLM solvents, including toluene, 

nitroaromatics, 1-octanol, and ionic liquids [49, 100, 111, 113-115]. 

1.2.5 Electrically enhanced sample preparation  

Electrical fields as a driving force in sample preparation has been used ever since the introduction of 

electrodialysis at the end of the 19th century [116]. In electrodialysis, an electrical field is sustained 

across a permeable dialysis membrane to speed up the process where charged compounds are 

selectively transported without back-diffusion, while oppositely charged compounds are excluded 

[117-120]. This principle is also used in similar techniques, where electroosmotic flow is generated 

across a membrane by combining ionic solvents with ionic interchange membranes, or in electro-

filtration where electrical fields are combined with pressure-driven systems [117]. 

The use of electrical fields in sample preparation is mainly to affect the movement of charged 

substances. In a constant electrical field, the movement of charged substances is directly affected by 

the electrical force (𝐹) exerted on them. This force is determined by the following equation: 

 

where 𝑞 is the charge of the ion and 𝐸 is the strength of the electrical field. Furthermore, the 

electrical field can affect molecular orientation according to dipole moments, cause electroosmosis, 

and initiate electrochemical reactions [117, 118]. These effects can contribute to achieve selective 

extraction. For instance, molecular orientation can enable passage through membrane systems and 

reduce friction between molecules, and electrochemical reactions can enable molecules to cross 

boundaries [117, 118, 121, 122]. As for electroosmosis, this principle is applied in CE, where neutral 

analytes migrate in an electroosmotic flow [123].  

1.2.5.1 Electrically enhanced LLE 

The use of electrical fields in 

combination with LLE was introduced 

with liquid-liquid electroextraction in 

1992 [124]. EE is performed with 

electrodes placed in two liquid-

phases, with the sample either 

placed in-between the two liquids 

(three-phase system) or with the 

sample being one of the two liquids 

(two-phase system). The electrical 

𝐹 = 𝑞𝐸         (4) 

 

Figure 7: Schematic illustration of the EE principle: before extraction, 
the analyte of interest is located in the organic phase (A), after 
extraction, the analyte of interest is located in the aqueous phase (B). 
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field generated between the two electrodes cause 

ionized analytes to migrate towards the electrode of 

opposite charge. In Figure 7, the EE principle is 

illustrated. EE has potential, but the technique suffers 

from limitations such as poor compatibility with 

aqueous samples and poor extraction efficiency. 

These may be the reasons why only a limited number 

of EE papers have been published during recent years 

[125].  

Another example of LLE in combination with an 

electrical potential is electrochemically modulated LLE, 

which is based on extraction across the «interface 

between two immiscible electrolyte solutions» (ITIES) 

[121]. In ITIES extraction, cations will migrate towards 

the relatively less positive phase, whereas anions will 

migrate towards the relatively less negative phase. By tuning the potential difference, the relative 

distribution of ions can be selectively adjusted based on specific transfer potentials [125-127]. The 

ITIES principle is illustrated in Figure8, where an aqueous sample is flowing above the phase 

boundary to another electrolyte solution made into an organo-gel for stability. A miniaturized version 

of ITIES performed on a microfluidic chip was also presented [128], and the technique has 

successfully been used for determination of drugs in biological samples [129] and food additives 

[130]. Compared to EE, ion transfer in ITIES extraction is expected to be more efficient due to a larger 

interface between the two phases. 

EE and ITIES extractions have encouraged the use of electrical fields in other sample preparation 

techniques such as electric field assisted elution from SPE [131], and electrically enhanced 

microextraction techniques: electrical field driven extraction across polymer inclusion membranes 

[132], electrically enhanced SDME [46], electrochemically enhanced SPME (EE-SPME) [133], and the 

most important in regard to this thesis: electromembrane extraction. 

 1.3 Electromembrane Extraction  

Electromembrane extraction (EME) was first introduced as electromembrane isolation (EMI) in 2006 

as a technique that yielded high extraction recoveries within a relatively short extraction time [100]. 

The extraction system is similar to HF-LPME, but with an electrokinetic component added to the 

mass transfer, resulting in more efficient extraction and reduced extraction time. Since 2006, several 

 

Figure 8: Schematic illustration of an ITIES 
extraction. A and D are platinum mesh counter 
electrodes. B is a Ag/AgCl or Ag/AgSO4 reference 
electrode for the aqueous phase, and C is a 
pseudo-reference electrode with the same 
composition in the organic phase.  
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EME papers and reviews have been published providing thorough discussion of key extraction 

parameters, improvement of the theoretical understanding, and new applications [21, 52, 118, 125, 

134-140].  

In this section, theoretical and practical aspects of EME will be presented together with the EME 

applications published up to the time the work with this thesis started. Thus, EME publications after 

2014 are not included in this section. New insight to the theoretical understanding of EME, and the 

papers this thesis is based on, is presented in the results and discussion part (section 3).  

1.3.1 EME principle 

EME was first introduced in a setup similar to 

HF-LPME (section 1.2.3), but with platinum 

electrodes placed in the sample (donor) and 

in the lumen of the hollow fiber (acceptor) as 

illustrated in Figure 9. The EME principle is 

described with basis in this format. Later 

modifications have implemented the EME 

principle in different configurations, and 

these are described in section 1.3.3.  

When performing EME, the porous hollow 

fiber is immersed in an organic solvent to 

make the SLM. The lumen of the fiber is filled 

with a small volume of aqueous acceptor 

solution before the fiber is inserted into an aqueous sample solution, making a three-phase 

extraction system. Electrodes coupled to a DC power supply are placed in the sample and acceptor 

solution, and extraction is initiated by applying an electrical field (direct current) between the two 

electrodes. The electrical field causes electrokinetic migration of charged analytes from the sample, 

across the SLM, and into the acceptor solution [100]. Agitation during extraction is performed to 

maintain convection in the sample and to reduce the thickness of the boundary layer between the 

sample and the SLM [141]. 

Mass transfer in EME mainly occurs as electrokinetic migration. Passive diffusion also occurs, but is 

only moderately contributing to the mass transfer if the extraction time is shorter than 15 min [100, 

141]. To facilitate electrokinetic migration, the pH in the sample and acceptor solution is adjusted to 

keep the analytes charged throughout the extraction system. This is in contrast to HF-LPME, where 

ionization of the analytes is suppressed in the sample. EME of basic analytes is therefore performed 

 

Figure 9: Illustration of the set-up for EME with hollow fibers. 



PhD thesis Linda Vårdal  INTRODUCTION 

13 
 

with acidic conditions in the aqueous phases, and with the anode and cathode placed in the sample 

and acceptor solution, respectively [100]. Opposite conditions are used when performing EME of 

acidic analytes [142]. 

The extraction recovery (𝑅) obtained with EME can be calculated according to the following equation: 

 

where 𝑛𝐴,𝑓𝑖𝑛𝑎𝑙 is the amount of analyte in the acceptor solution after extraction, and 𝑛𝐷,𝑖𝑛𝑖𝑡𝑎𝑙 is the 

initial amount of analyte in the sample. 𝐶𝐴,𝑓𝑖𝑛𝑎𝑙 is the concentration of analyte in the acceptor 

solution after extraction, and 𝐶𝐷,𝑖𝑛𝑖𝑡𝑖𝑎𝑙 is the initial concentration of analyte in the sample. 𝑉𝐷 and 𝑉𝐴 

are the volumes of the sample and acceptor solution, respectively. The volume of the acceptor 

solution can be relatively small compared to large sample volumes [143], and this enables high 

enrichment factors (𝐸) according to the following equation: 

 

EME possess several advantages: it is a simple, cheap and robust technique with limited carry-over 

and minimum use of organic solvents, and the aqueous extracts are compatible with analytical 

instrumentation like CE, HPLC, and LC-MS [117, 134, 135, 138]. Also, the electrical field as a force for 

mass transfer represents an interesting tool for tuning the selectivity, and it reduces the extraction 

time compared to HF-LPME [134, 135, 141, 144]. The electrical field can also break the binding 

between drugs and proteins, and EME has been suggested as a tool for improving extractions from 

plasma [145]. EME extracts have also proven to be very clean, with minimal influence from other 

matrix components [113, 136]. 

1.3.2 EME parameters 

The influence on the extraction efficiency from parameters such as pH conditions in the sample and 

acceptor solution, SLM solvent, extraction voltage, agitation, and extraction time is described in 

several EME papers [100, 113, 141, 142, 144, 146-148]. These parameters and their importance for 

the EME performance are discussed in the following sections. 

1.3.2.1 Composition of the sample and acceptor solution 

When voltage is applied, the donor solution (sample), SLM, and acceptor solution act as an electrical 

circuit together with the electrodes. This is illustrated in Figure 10, where Rdonor, RSLM, and Racceptor 

represent the electrical resistance (Ω) in the sample, SLM, and acceptor solution, respectively. The 

electrical resistance of the SLM (RSLM) reflects both the membrane resistance (Rsolvent) which is related 

𝑅 =
𝑛𝐴,𝑓𝑖𝑛𝑎𝑙

𝑛𝐷,𝑖𝑛𝑖𝑡𝑎𝑙
∙ 100 % =

𝐶𝐴,𝑓𝑖𝑛𝑎𝑙∙𝑉𝐴

𝐶𝐷,𝑖𝑛𝑖𝑡𝑖𝑎𝑙∙𝑉𝐷
∙ 100 %    (5)  

𝐸 =
𝐶𝐴,𝑓𝑖𝑛𝑎𝑙

𝐶𝐷,𝑖𝑛𝑖𝑡𝑖𝑎𝑙
        (6) 
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to the SLM solvent, and the charge transfer resistance (Rcr) which is related to the transfer of analyte 

ions and background ions across the SLM. The SLM also exposes a capacitive component (CSLM) due to 

charge build up. 

 

The SLM has been found to be the main source of electrical resistance [100]. The electrical field 

strength (V/cm) is therefore very high in the SLM area, and the transport efficiency is strongly 

affected by the applied voltage. However, the degree of analyte ionization has also proven to be an 

important factor for transport efficiency. Analytes that are capable of keeping their charge 

throughout the EME system are efficiently transported through the SLM, while analytes that easily 

lose their charge are extracted with varying recoveries [100].  

As discussed in section 1.3.1, the pH conditions in the sample and acceptor solution are adjusted to 

ensure ionization of the analytes. Commonly, 10 mM hydrochloric acid (HCl) has been used as sample 

and acceptor solution when performing EME of basic analytes [100, 113, 141, 144, 146, 147], while 

10 mM sodium hydroxide (NaOH) has been used to extract acidic analytes [142]. It has been shown 

that the sample pH has only a minor effect on the extraction efficiency [100, 142, 149]. This has been 

further proven by performing successful EME from untreated biological samples at physiological 

conditions [110, 145]. In contrast, the pH in the acceptor solution is of great importance for the 

extraction efficiency, and if not adjusted properly, the analytes may be back-extracted or trapped in 

the SLM.  

In terms of volume, a small acceptor volume compared to the sample volume enables high 

enrichment factors. Also, smaller sample volume reduces the distance between the electrodes, 

which in turn provides more efficient extraction due to a stronger electrical field [141, 144]. However, 

viscosity and protein binding may cause slower kinetics for undiluted biological samples (e.g. 

undiluted plasma) [145]. The ion balance between the sample and acceptor solution should also be 

 

Figure 10: Schematic illustration of the electrical circuit in an EME system. 
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considered; a high salt concentration in the sample or a large difference in background ion 

concentrations may negatively influence the flux of analytes through the membrane [144, 147].  

1.3.2.2 The supported liquid membrane 

The SLM is the liquid boundary between the sample and the acceptor solution, the main source of 

electrical resistance, and of high importance when it comes to controlling the distribution ratios of 

the analytes between the phases [100, 147]. With this in mind, it is clear that the SLM solvent has to 

fulfil certain criteria. A functional SLM maintains a three-phase extraction system without 

evaporating or leaking of organic solvent to the sample or acceptor solution. Therefore, the organic 

solvent should be non-volatile, non-viscous, and have low water solubility while at the same time 

possess a certain degree of polarity to enable electrical conductance [100]. These are important 

precautions, but the SLM may still suffer from disruption when performing EME from plasma due to 

the emulsifying properties of this matrix [145, 150].  

Commonly, nitroaromatic solvents such as 2-nitrophenyl octyl ether (NPOE), 1-isopropyl-4-

nitrobenzene (IPNB), and 1-ethyl-2-nitrobenzene (ENB) have been used for EME of relatively non-

polar basic analytes (log P > 2), and aliphatic alcohols such as 1-octanol have been used when 

performing EME of acidic analytes [142, 144, 147, 149]. More polar drugs (log P < 2) and peptides 

have been extracted with carrier molecules in the SLM, such as di-(2-ethylhexyl) phosphate (DEHP) 

[146-148, 150, 151]. The aim of adding carriers is to reduce the polarity of the analytes by forming 

less hydrophilic complexes, which in turn facilitates analyte transfer into and across the SLM [146, 

148]. For example, when DEHP is combined with NPOE, negatively charged DEHP molecules form 

neutral complexes with positively charged analyte molecules. Also, DEHP in combination with 1-

octanol have successfully been used for EME of zwitterionic substances such as amino acids and 

small peptides [148, 152]. A systematic study published by Seip et al. in 2014 showed that solvents 

with high Kamlet-Taft values for dipolarity-polarizability (π) and hydrogen-bond capacity (β) (e.g. 

NPOE and IPNB) were the most effective SLMs for non-polar basic drugs [153].  

The support material for the SLM has been polypropylene in either a flat sheet or a hollow fiber 

configuration [100, 138, 144, 154]. The pore size should exclude large particles, and the support 

material should in general be inert to avoid any influence on the extraction process. 

The flux of analytes across the SLM in an EME system was presented with a theoretical model in 2007 

[155]. This model shows that the steady-state flux of an ionic substance (𝐽𝑖) through an EME system 

can be described according to the following equation (based on the Nernst-Planck flux equation): 

 

𝐽𝑖 = −
𝐷𝑖

ℎ
(1 +

𝑣

𝑙𝑛𝑥
) (

𝑥−1

𝑥−exp (−𝑣)
) (𝑐𝑖 − 𝑐𝑖0 exp (−𝑣))    (7) 
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where 𝐷𝑖 is the diffusion coefficient of the ion, ℎ is the thickness of the SLM, 𝑥 is the total ion 

concentration ratio between the sample and acceptor solution, 𝑐𝑖  is the analyte concentration at the 

interface between the sample and the SLM, 𝑐𝑖0 is the analyte concentration at the interface between 

the SLM and acceptor solution. The driving force (𝑣) is dimensionless and defined with the following 

equation: 

 

where 𝑧𝑖  is the charge of the ion, 𝑘 is the Boltzmann constant, 𝑒 is the elementary charge, ∆𝜑 is the 

electrical potential difference across the SLM, and 𝑇 is the absolute temperature. If all operational 

parameters are kept stable, equation 7 and 8 predicts that decreased ion balance (𝑥) or increased 

potential difference (∆𝜑) due to higher extraction voltage will increase the flux across the membrane. 

This has been verified experimentally [155]. The effect of temperature is harder to predict because it 

also affects the diffusion coefficient (𝐷𝑖). 

In 2013, the theoretical model was further developed [156]. This model was similar to the previously 

developed model for HF-LPME [81], and was based on EME experiments with non-polar basic drugs 

(log P > 2) and peptides, performed with different extraction times. The following assumptions were 

made: the transport of analytes was unidirectional, mass transfer across the SLM was the rate 

limiting step, mass transport in the sample was not rate limiting, and each analyte had a certain 

residence time («lag time») inside the SLM before it reached the acceptor solution. The following 

equations were deviated from a general flux equation [156]: 

 

 

 

 

where 𝐶𝐷𝑖

0  is the initial (t = 0) analyte concentration in the sample, 𝐴𝑓  is the active surface area of the 

hollow fiber, 𝑉𝐷 is the sample volume, 𝑉𝐴 is the acceptor volume, 𝑉𝑚 is the volume of the organic 

𝑣 =
𝑧𝑖𝑒∆𝜑

𝑘𝑇
         (8) 

𝐶𝐷𝑖
(𝑡) =  𝐶𝐷𝑖

0  ∙ 𝑒𝑥𝑝 (− 
𝐴𝑓 ∙ 𝑃𝑖

 𝐷→𝐴

𝑉𝐷
 ∙ 𝑡)      (9) 

𝐶𝑚𝑖
(𝑡) =  

𝑉𝐷 (𝐶𝐷𝑖
0 − 𝐶𝐷𝑖

(𝑡)) − 𝑉𝐴 ∙ 𝐶𝐴𝑖
 (𝑡)

𝑉𝑚
      (10) 

𝐶𝐴𝑖
(𝑡) = 0      t < tlag    (11a) 

𝐶𝐴𝑖
(𝑡) =

𝑉𝐷𝐶𝐷𝑖
0 −  𝐶𝐷𝑖

(𝑡) (𝑉𝐷+ 𝐾𝑑
∗  ∙ 𝑉𝑚)

𝑉𝐴
   t ≥ tlag    (11b) 
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solvent in the SLM, 𝐾𝑑
∗ is the distribution coefficient, and 𝑃𝑖

 𝐷→𝐴 is the membrane permeability 

coefficient from the sample to the acceptor solution, as previously defined (Equation 2, section 1.2.3). 

The distribution coefficient 𝐾𝑑
∗ is influenced by the electrical field, and is expressed as follows: 

 

where 𝑧𝑖  is the charge of the analyte, 𝐹 is the Faraday constant, 𝑅 is the gas constant, and  𝑇 is the 

absolute temperature. The term ∆𝑜
𝑤𝜑 is related to the Galvani potential difference between the 

sample and the SLM, and ∆𝑜
𝑤𝜑𝑖

0 is related to the hydrophobicity of the analyte. 

Equation 9, 10, and 11a-b describe the concentration of an analyte (i) at time t in the sample (𝐶𝐷𝑖
), 

SLM (𝐶𝑚𝑖
), and acceptor solution (𝐶𝐴𝑖

), respectively. As seen from equation 11a-b, the lag time (tlag) 

in the SLM is accounted for. The main difference between this model and the model developed for 

HF-LPME (Equation 3a-b, section 1.2.3) is represented by the electrical field that is introduced in EME, 

which causes the distribution coefficient to be voltage dependent. This is why the model for EME 

includes both an electrophoretic and distributive component to the mass transfer, whereas the only 

force for mass transfer in HF-LPME is related to analyte distribution into the SLM. 

After 2014, research on new liquid membranes continued. In 2015, a systematic screening of 

different SLMs for acidic analytes was performed by Huang et al. The results revealed that dipole-

dipole interactions and hydrogen-bond interactions contributed to the mass transfer of charged 

analytes across the SLM. Thus, solvents with high hydrogen-bonding acidity (α) and dipolarity-

polarizability (π*) were the most effective SLMs for acidic analytes. 

1.3.2.3 Extraction voltage  

While performing EME, the system current may be measured by a multimeter. The current may be 

plotted as a function of extraction time to construct a current curve, either manually or automatically 

by a computer program. The aim is to ensure system stability by avoiding high current levels and 

excessive electrolysis. The applied voltage is usually adjusted to keep the current below 50 µA to 

maintain a stable extraction system.  

The measured current reflects the flow of ionized analytes and background ions across the SLM at a 

certain voltage level. The transport increases with higher SLM current, but a high current also affects 

the stability of the extraction system by causing excessive electrolysis at the electrodes according to 

the following reactions [100]: 

𝐾𝑑
∗ = 𝑒𝑥𝑝 (

𝑧𝑖𝐹

𝑅𝑇
 (∆𝑜

𝑤𝜑 −  ∆𝑜
𝑤𝜑𝑖

0))      (12) 
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High extraction voltage and excessive electrolysis will affect the pH and cause bubble formation in 

the sample and acceptor solution due to gas formation (O2 and H2), which in turn will cause loss of 

repeatability between extractions [100, 142, 144]. The integrity of the three-phase system may also 

be compromised due to excess joule heating (heat produced by the electric current) and loss of 

organic solvent in the SLM [157]. Generally, the extraction voltage is dependent on the electrical 

resistance in the system, and must therefore be adjusted according to the organic solvent in the SLM 

[100, 113, 148]. Altogether, the SLM solvent and the applied voltage should be optimized as a 

compromise between system efficiency and stability [100, 142, 146]. 

Low voltage extractions have also been reported, for instance with 9 V batteries as power supply 

[110, 113]. This represents an interesting approach for achieving selective extractions of analytes 

that are known to migrate efficiently, or analytes that are particularly prone to electrochemical 

degradation [125, 135]. The use of batteries also enables development of portable devices. 

1.3.2.4 Agitation 

Agitation has been found to be a very important factor for extraction efficiency [100]. The reason for 

this has been suggested to be that convection in the sample narrows the boundary layer between 

the sample and the SLM [100, 141, 142]. A narrow boundary layer is considered beneficial for the 

migration efficiency from the sample to the SLM [141]. Agitation has been found to be of less 

importance when extraction is performed from very small sample volumes, and also for the small 

volumes of the SLM and acceptor solution [110, 141]. 

Optimal agitation speed is usually between 500 and 1000 rpm for the EME systems that have been 

used. At lower speed than optimal, analyte transfer becomes less efficient. At higher speed than 

optimal, air bubbles are formed at the interface between the sample and the SLM, causing reduced 

contact area between the two phases [158].  

1.3.2.5 Extraction time 

The extraction time in EME is relatively short (5-15 min) [110, 141-144, 149], especially when 

comparing with other techniques like HF-LPME (45-60 min) where mass transfer is driven by passive 

diffusion [51]. Optimal extraction time is determined from time curves where recovery is plotted 

against extraction time, and is usually the peak point (maximum recovery) unless high throughput 

and shortest possible extraction time is considered more important than high recovery.  

Anode reaction:  2𝐻2𝑂             → 4𝐻+ + 𝑂2 + 4𝑒− 

Cathode reaction: 2𝐻+ + 2𝑒−   →  𝐻2 
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After maximum recovery is reached, most EME systems seem to enter a steady state in terms of 

recovery, and in some cases the recovery starts to decrease. The reason for not achieving exhaustive 

extraction has been suggested to be suppression of the net transfer of analytes due to a 

concentration build-up in the acceptor solution, or potential back-extraction to the SLM [100, 113, 

142]. Another reason may be deionization of the analytes in the SLM, causing trapping of the 

analytes and the mass transfer to occur as passive diffusion rather than electrokinetic migration. 

1.3.3 EME configurations 

The EME principle has been implemented in different configurations. These are described in the 

following sections. 

1.3.3.1 Drop-to-drop EME 

EME in a drop-to-drop configuration was introduced in 2009 by Petersen et al. [154]. Drop-to-drop-

EME was performed with a piece of aluminum foil and a flat membrane of porous polymeric 

polypropylene impregnated with NPOE as SLM. The aluminum foil served as container for the sample 

droplet (10 µL) and was connected to the positive outlet of a power supply (anode). The acceptor 

droplet (10 µL) was placed on top of the SLM, with a platinum electrode inserted (cathode). With this 

setup, five basic drugs were extracted from urine and plasma. The format was simple and 

inexpensive, and efficient mass transfer was achieved without agitation because of the low sample 

volume and the short diffusion distance [154]. 

1.3.3.2 On-chip EME 

Drop-to-drop EME was further downscaled to a microfluidic chip format in 2010 [159]. The on-chip 

EME device comprised a 25 μm thick porous polypropylene membrane bonded in-between two 

polymethyl methacrylate (PMMA) plates with 6.0 mm long and 50 µm deep channels facing the SLM 

of NPOE. The first PMMA plate was used as sample channel, and the second PMMA plate served as 

acceptor compartment. The sample and acceptor solution were divided by the SLM, and the sample 

was pumped through its channel with a flow rate ranging from 1.0 to 20 µL min-1, while the acceptor 

solution (7.0 µL 10 mM HCl) was kept stagnant. This on-chip EME procedure provided recoveries 

from 20-60% for five basic drugs after less than 4 seconds of contact between the sample and SLM, 

with a sample flow rate of 3.0 µL min-1. 

On-chip EME was further developed and coupled to online UV or MS detection for continuous 

monitoring of a dynamic acceptor solution [109]. In this case, both the sample and acceptor solution 

was pumped through their respective channels in the PMMA plates, and recoveries between 65% 

and 85% were achieved when the sample flow rate was 2.0 µL min-1 and the flow rate of the acceptor 

solution was 1.0 µL min-1. Dynamic on-chip EME has also been used to monitor real time drug 
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metabolism by electrospray ionization mass spectrometry (ESI-MS) [160]. This was achieved by 

coupling the sample inlet to a metabolic reaction chamber where the in vitro metabolism of 

amitriptyline by rat liver microsomes was studied, and the acceptor outlet was directly coupled to 

ESI-MS. The drug and its metabolites were selectively extracted from the reaction solution 

comprising rat liver microsomes in 1.0 mL buffer, and it was demonstrated that faster kinetics was 

obtained with a dynamic sample compared to stagnant samples [138]. The main advantage of this 

technique was the continuous delivery of sample and acceptor solution onto the chip, which was 

beneficial for real time measurements. 

1.3.3.3 Envelope-EME 

With the introduction of envelope-EME, the hollow fibers used in traditional EME were replaced with 

membrane-based envelopes made from sheets of polypropylene [144, 157]. This created a larger 

contact area between the sample and SLM, and a larger acceptor volume capacity to promote faster 

mass transfer and higher extraction recoveries [138]. The envelope-EME format has been used to 

extract acidic analytes [157] and chlorophenols [144] from alkaline samples (3-4 mL) and into alkaline 

acceptor solutions (20-100 µL) with 1-octanol as SLM. Envelope-EME was also further developed into 

a three-layer envelope system for simultaneous extraction of acidic and basic drugs using neutral 

sample conditions, with the anode and cathode placed in the alkaline and acidic buffer solutions, 

respectively [161]. 

1.3.3.4 Nano-EME 

EME was downscaled to nano-EME in 2013 [162]. Basically, nano-EME is EME performed with a very 

low acceptor volume (nanoscale). Nano-EME was performed with a hollow fiber of polypropylene 

with an internal diameter of 330 µm, a wall thickness of 150 µm, and a pore size of 0.40 µm, together 

with a fused silica capillary with an internal diameter of 50 µm and an external diameter of 363 µm. 

With this setup, five basic drugs were extracted from 200 µL acidified sample, across an SLM of 1.0 

µL NPOE, and into 8.0 nL of acceptor solution (phosphate buffer, pH 2.7) located inside the silica 

capillary. The acceptor solution was directly analyzed by CE, and the low volume offered extremely 

high enrichment capacity.  

1.3.3.5 Dual/Triple/Quadruple EME 

Although a three-layer envelope system had previously been described for simultaneous EME of 

basic and acidic analytes [161], the concept of using two hollow fibers (dual EME) was established in 

2012 [163]. The first fiber was impregnated with a solvent suited for acidic analytes and filled with 

alkaline acceptor solution, while the other fiber was impregnated with a solvent suited for basic 

analytes and filled with acidic acceptor solution (Figure 11). The anode and cathode was placed in the 
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alkaline and acidic acceptor solution, respectively. This setup was used to separate an acidic 

(ibuprofen) and a basic (thebaine) drug from 4.0 mL neutral sample into 20 µL alkaline (pH 12) and 20 

µL acidic (pH 2) acceptor solution. Another dual EME procedure was used for selective separation of 

Cr(VI) and Cr(III) from environmental samples based on their complex formation with oxygen: Cr(VI) 

formed anionic complexes and Cr(III) formed cationic complexes. Further modification of dual EME 

was accomplished by placing the anode in the sample and cathodes in each acceptor solution (pH 1) 

to achieve selective extraction of basic analytes with different polarity by extracting through 

different SLMs [164]. This approach was interesting, but it remained a challenge to fully control the 

electrical field across the sub-EME system. Also, dual EME provided relatively low recoveries for 

some analytes, possibly because of the neutral sample conditions and insufficient ionization [134, 

163]. 

The dual EME concept 

was further expanded by 

use of three hollow fibers 

(triple EME) and four 

hollow fibers (quadruple 

EME). Triple EME was 

used to isolate basic 

drugs from undiluted 

plasma (pH 7.4), with the 

anode placed in the 

sample and cathodes 

placed in three acidic 

acceptor solutions. The 

aim was to increase the total volume of acceptor solution as well as the contact area between the 

sample and the SLM by increasing the number of hollow fibers from one to three [165]. Quadruple 

EME was used as an «all-in-one» EME procedure for simultaneous extraction of basic and acidic 

analytes with different polarities [166]. 

1.3.3.6 EME without membrane support 

The technical format of EME was simplified with the introduction of free liquid membranes [167]. 

Instead of using a support material for the liquid membrane, the SLM solvent itself (either ENB or 

NPOE) was present as a liquid plug between an aqueous sample and an aqueous acceptor solution 

inside a narrow polymeric tube. With this set-up, basic drugs were extracted from 1.5 µL sample, 

through 1.5 µL of a free liquid membrane, and into 1.5 µL acceptor solution. The extracts were 

 

Figure 11: The experimental setup for dual EME. 



PhD thesis Linda Vårdal  INTRODUCTION 

22 
 

analyzed by CE. The use of free liquid membranes is an interesting concept which may be further 

developed into «lab-on-a-chip» and used as sample preparation in microfluidic systems.  

1.3.3.7 Parallel EME  

Parallel electromembrane extraction (Pa-EME) was introduced by Eibak et al. in 2013 [168]. Pa-EME 

was performed with commercially available multiwell plates serving as donor compartments. The 

acceptor wells were strips of eight plastic vials where the lower parts were cut off, and circular 

portions of flat membranes of polypropylene were sealed on top to form the bottom of the acceptor 

compartments when flipped upside down. Prior to extraction, the membranes were impregnated 

with a few microliters of organic solvent to form the SLM. PlatemaxTM aluminum foil covered with 

glue was fixed to the walls of the donor and acceptor wells, serving as anodes and cathodes, 

respectively. The aluminum foil was connected to a DC power supply with clips. With this setup, eight 

replicates of 240 µL undiluted plasma spiked with four antidepressant drugs were simultaneously 

extracted through flat membranes of polypropylene impregnated with 3.0 µL NPOE, and selectively 

isolated into 70 µL of 20 mM formic acid (HCOOH) within 8 min. The recoveries were reproducible 

and ranged from 15% to 33%. The robustness of Pa-EME was further demonstrated, and also the 

possibility for simultaneous extraction of 96 samples at a time, with reproducible results from both 

plasma and urine samples [169].  

Pa-EME represents an important first step towards achieving high throughput capability of EME. 

Concurrently to the work with this thesis, substantial effort was made in our research group to 

further develop Pa-EME, with focus on making it even more robust and easily operated for possible 

future commercialization and automation. This has resulted in the use of preliminary equipment 

(described in more detail in section 3.1.2.2) to perform what is hereafter referred to as 96-well EME.  

1.3.4 EME modifications 

1.3.4.1 EME with constant current 

EME was initially operated with constant voltage across the SLM. In 2012, Kuban and co-workers 

introduced EME with constant electrical current [170]. A high voltage power supply was used to 

provide constant DC current down to 1.0 μA and facilitate current-controlled transfer of analytes 

across the SLM. This approach was used to extract amino acids and basic drugs from urine and serum 

samples. Compared to EME with constant voltage, the new EME system with constant current 

provided better repeatability. The reason for this was that total system current depended on the 

contribution from the mass transfer of analytes [170]. 
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1.3.4.2 Pulsed EME 

The use of pulsed voltage to perform pulsed EME (PEME) represents another modification of the 

electrical field in EME [171]. The aim was to improve system stability and to reduce the thickness of 

the boundary layer at the interfaces between the aqueous phases and the organic SLM. PEME was 

used to extract amino acids from food and biological samples by using an SLM of NPOE containing 10% 

DEHP and 10% TEHP [152]. 

Further on, voltage-step PEME (VS-PEME) was introduced [172]. In this work, the effects of voltage 

steps in PEME were studied. This included variations of voltage (initial and final voltages), number of 

steps between the initial and final voltages, and their time durations, respectively. The extraction 

efficiency was evaluated for hydrophobic, acidic and amphiphilic drugs. It was demonstrated that the 

benefits of VS-PEME were more profound in systems with low electrical resistance (related to the 

SLM composition). Compared to EME with constant voltage, the effect of VS-PEME on hydrophobic 

basic drugs (NPOE as SLM) was negligible, while substantial improvements in recovery were found 

for acidic drugs (1-octanol as SLM) and hydrophilic basic drugs (NPOE with 10% DEHP and 10% TEHP 

as SLM). VS-PEME operated with low voltages in the beginning, and higher voltages in the end, is 

helpful to maintain the stability of EME systems with low electrical resistance (e.g. alcohols or 

carriers in the SLM) [173]. 

1.3.4.3 EME with modified membrane support 

Carbon nanotubes assisted electromembrane extraction (CNTs/EME) coupled to CE and UV detection 

was introduced in 2013 [174] with carbon nanotubes dispersed in the SLM. The presence of carbon 

nanotubes in the hollow fiber wall enhanced the mass transfer of analytes. CNTs/EME was compared 

to traditional EME, and the results showed that CNTs/EME provided higher extraction efficiency 

within a shorter extraction time. The CNTs/EME principle has also been applied to extraction of acidic 

analytes, with carbon nanotubes dispersed in 1-octanol as SLM [175], and basic analytes in a two-

phase EME system, with carbon nanotubes dispersed in 1-octanol as both the SLM and acceptor 

solution [176]. 

Another example of EME with modified membrane support was the introduction of hollow fibers 

covered with silver nanoparticles (AgNPs) [177]. This approach was applied to extract acidic drugs 

from 10 mL water sample (pH 12) into 50 µL acceptor solution (pH 12), with 1-octanol as SLM. The 

extraction efficiency of EME with AgNPs was compared to a previously published EME procedure for 

the same acidic drugs, and the extraction time was reduced with 30%. 
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1.3.5 EME performance and applications 

1.3.5.1 EME of small-molecule drug substances 

In the first EME publication, five non-polar basic drugs (pethidine, nortriptyline, methadone, 

haloperidol, and loperamide) were extracted from diluted and acidified water, plasma, and urine, 

with 300 V applied across an SLM of NPOE. The extraction time was 5 minutes. After EME, the 

extracts were analyzed by CE-UV, and the recoveries ranged from 70-79% with corresponding RSD 

values less than 16% [100]. A later publication demonstrated reproducible results for the same 

analytes using a 9 V battery as power supply to perform EME from diluted and acidified human 

plasma, urine, and breast milk, with recoveries up to 55% [113]. Downscaling of EME to the 

microchip format and the drop-to-drop format (section 1.3.3) was also demonstrated with the same 

model analytes [154, 159]. EME in the microchip format was performed from distilled water and 

human urine, and drop-to-drop EME was performed from distilled water, human urine, and plasma. 

The extracts were in both cases analyzed by CE-UV. 

Gjelstad et al. [145] were the first to introduce a systematic study of EME from untreated biological 

matrices at physiological conditions (pH 7.4). Seven basic drugs were extracted from untreated 

plasma and whole blood, and then analyzed by CE-UV. Recoveries ranging from 19-51% were 

obtained after 10 min of EME, with corresponding RSD values below 17%. After this work, other 

publications have described EME from physiological pH in the sample. For example, simultaneous 

EME of three untreated plasma samples (parallel EME) containing the psychiatric drugs amitriptyline, 

citalopram, fluoxetine, and fluvoxamine was demonstrated with a home-made, small, and mobile 

EME device [110]. The analytes were extracted under totally stagnant conditions for only 1 min using 

a 9 V battery as power supply. After EME, the extracts were subjected to LC-MS analysis. Although 

the recoveries were low (12-22%), the results were reproducible (RSD < 9%) and proved the 

capability of EME from untreated biological matrices within a very short extraction time. The 

procedure was applied to real patient samples with successful determination of the psychiatric drugs 

at therapeutic levels.  

EME has also been used as a sample preparation step prior to cyclodextrin modified CE-UV analysis 

of amlodipine enantiomers [149]. In this case, EME was performed from 3.0 mL acidified human 

plasma and urine, with NPOE as SLM solvent, and 20 µL 10 mM HCl as acceptor solution. This 

procedure provided recoveries up to 83%, RSD values below 13%, enrichment factors up to 124, and 

detection limits as low as 3.0 ng mL-1. 

The versatility of EME was further extended when it was demonstrated that acidic drugs were 

successfully extracted in an EME system tuned towards acidic extraction. Eleven acidic drugs 
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(diclofenac, fenoprofen, flurbiprofen, gemfibrozil, hexobarbital, ibuprofen, indometacin, ketoprofen, 

naproxen, probenecid, and warfarin) were extracted from aqueous samples with 1-heptanol in the 

SLM. The extracts were analyzed by CE-UV, and the recoveries were close to 100% [142]. 

EME in combination with CE-UV for simultaneous extraction of acidic and basic analytes was 

demonstrated (section 1.3.3.3) [161]. For this purpose, ibuprofen, naproxen, and ketoprofen were 

used as acidic model analytes, and norephedrine, alprenolol, and propranolol were used as basic 

model analytes. This system provided recoveries up to 80%, RSD values below 13%, and enrichment 

factors up to 370, and detection of some of the analytes in unspiked wastewater samples was 

accomplished. 

1.3.5.2 EME of environmental pollutants 

EME has also been applied to environmental sample matrices. For example, EME was performed 

from untreated river water samples spiked with the nerve agent degradation products 

methylphosphonic acid, ethyl methylphosphonic acid, isopropyl methylphosphonic acid, and 

cyclohexyl methylphosphonic acid. The SLM was 1-octanol, and the extracts were analyzed by 

contactless conductivity detection (CE-C4D). The recoveries ranged from 1-57% with RSD values 

below 9% [157]. In another application, EME was applied to sea water samples spiked with 

chlorophenol pesticides: 4-chlorophenol, 2,4-dichlorophenol, 2,4,6-trichlorophenol, and 

pentachlorophenol. As in the previous application, the SLM was impregnated with 1-octanol, but in 

this case the extracts were analyzed by HPLC. The procedure yielded recoveries up to 74%, RSD 

values below 7%, detection limits of 0.1 ng mL-1, and enrichment factors up to 23. 

1.3.5.3 EME of heavy metals 

EME of heavy metals was first demonstrated in 2008 [143]. In this publication, lead ions (Pb2+) were 

extracted from human amniotic fluid, serum, and urine. The extracts were analyzed by CE-UV. The 

SLM was impregnated with toluene, and actual enrichment factors of 557 times were obtained after 

only 15 min. The limits of detection were 19 ng L-1 with RSD below 16%. 

EME combined with CE-C4D analysis was used to determine heavy metal cations (Pb2+, Ni2+, Mn2+, 

Cd2+, Cu2+, Co2+, and Zn2+) in aqueous samples [178]. The SLM was impregnated with 1-octanol mixed 

with 0.5% DEHP (v/v). EME was performed for 5 min, with 75 V applied across the SLM and a stirring 

rate of 750 rpm.  

1.3.5.4 EME of amino acids and peptides 

EME of peptides was introduced in 2008 [148]. In the first publication, eight model peptides with 

varying amino acids length (3-13) were extracted through an SLM of 1-octanol mixed with 15% DEHP. 
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Recoveries up to 61% (RSD < 21%) were obtained after only 5 min. The potential for EME of peptides 

was further investigated [151], and in a next application the vasoactive angiotensin peptides 

(angiotensin I, II, and III) were extracted from acidified plasma through an SLM of 1-octanol mixed 

with 8% DEHP [150]. After 10 min, the extracts were analyzed by LC-MS. This optimized procedure 

was reproducible (RSD < 12%) and provided recoveries up to 43% and detection limits at the pg mL-1 

level. The first publications describing EME of peptides highlighted the potential of enhancing the 

extraction performance by adding DEHP to the organic solvent in the SLM. After 2014, further 

research on EME of peptides was conducted. In 2015, the potential of performing selective EME of 

peptides based on their isoelectric point (pI) was demonstrated [179]. This represents an interesting 

direction for future development of EME.  

EME of amino acids was demonstrated in 2011 [180]. In this work, 17 amino acids were extracted 

from body fluids acidified to a final concentration of 2.5 M acetic acid. The amino acids were 

therefore present as cations in the sample, and migrated through an SLM of 1-ethyl-2-nitrobenzene 

and bis-(2-ethylhexyl)phosphonic acid (85:15, v/v), and into an acceptor solution of 2.5 M acetic acid. 

In 2012, the same group presented EME of amino acids with constant current instead of constant 

voltage [170]. PEME (EME with pulsed voltage) was demonstrated by another group, where amino 

acids were extracted through an SLM of NPOE with 10% TEHP and 5% DEHP (v/v/v) [152].  
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 1.4 Parallel Artificial Liquid Membrane Extraction  

Parallel artificial liquid membrane extraction (PALME) was introduced in 2013 by Gjelstad et al. as 

«micro-scale liquid-liquid-liquid extraction in the 96-well format» [108]. In brief, PALME is three-

phase HF-LPME performed with flat membranes in a 96-well configuration (Figure 12). The PALME 

equipment is commercially available and comprises a 96-well donor plate, a 96-well acceptor plate, 

and a top lid (see section 3.1.3 for details). The donor and acceptor plates are supplied by different 

vendors, and none of them were initially intended for PALME. Gjelstad et al. were the first to 

combine these separate parts of equipment and use them to perform PALME.  

 

Only one paper describing PALME was published at the beginning of this thesis. Theoretical and 

practical aspects related to PALME are therefore described with reference to this first publication 

and other appropriate HF-LPME papers published before 2014. New insight to the theoretical 

understanding of PALME and the papers this thesis is based on is presented in the results and 

discussion part (section 3). 

1.4.1 PALME principle 

As in HF-LPME, mass transfer of analytes is based on passive diffusion facilitated by a pH gradient, 

and ionization of the analytes is suppressed in the sample to reduce their solubility in the aqueous 

phase and enhance their affinity for the organic SLM. PALME of basic analytes is therefore performed 

with basic sample conditions to avoid protonation, whereas PALME of acidic analytes is performed 

with acidic sample conditions to avoid deprotonation. The analytes thereby diffuse as neutral species 

through the organic SLM. To promote analyte transfer further into the aqueous acceptor solution, 

 

Figure 12: Schematic illustrations of a PALME extraction unit (to the left), and the separate parts of equipment used to 
perform PALME: a 96-well donor plate, a 96-well acceptor plate, and a top lid. 
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the pH in the acceptor solution is adjusted to achieve ionization of the analytes at the SLM/acceptor 

interface. Ionization enhances analyte solubility in the aqueous acceptor solution, and also prevents 

the analytes from back-extraction into the SLM.  

PALME provides several advantages. First and foremost, the potential for automation is highly 

relevant. Second, the 96-well format provides high sample throughput, and the simple workflow 

eliminates some of the errors that could otherwise be introduced by the operator. Furthermore, 

PALME is an excellent clean-up technique: the pH gradient prevents ionized impurities in the sample 

from transferring into the SLM, and neutral hydrophobic impurities are prevented from being 

enriched in the acceptor solution. In addition, the organic SLM discriminates mass transfer of larger 

molecules like proteins. Finally, the extracts are aqueous and directly compatible with analytical 

instrumentation like CE, HPLC, and LC-MS, with no evaporation or reconstitution steps. 

1.4.2 PALME parameters 

The similarities between HF-LPME and PALME have made previous experience with HF-LPME 

important when optimizing PALME for similar types of analytes. In the following sections, different 

parameters and their importance for PALME are presented. 

1.4.2.1 Sample composition 

In the first publication, PALME of four basic drugs from alkalized human plasma was described. 

Alkalization was accomplished with NaOH based on previous experience [134]: 200 µL 20 mM NaOH 

was added to 200 µL plasma sample.   

The donor wells (each 0.5 mL) set a limit to the feasible amount of sample. Different sample volumes 

up to 450 µL were therefore tested [108]. When the sample volume was 200 µL or less, no analytes 

were detected in the acceptor solution. Sample volumes above 250 µL were successful because these 

volumes enabled contact between the sample and the SLM when the system was agitated. Sample 

volumes between 200 and 400 µL provided similar results, but the recoveries decreased when the 

volume was as high as 450 µL. This was probably due to the limited space left in the donor wells and 

consequently less efficient convection in the samples during extraction (which is important for mass 

transfer). Based on these observations, the maximum sample volume was 400 µL.  

As explained in the next section (1.4.2.2), the support material for the SLM in the commercial 

acceptor plates (polyvinylidene fluoride/PVDF) was replaced with polypropylene in the first PALME 

publication. When PALME was performed with PVDF as membrane support, maximum sample 

volume was 250 µL [108]. 
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1.4.2.2 The supported liquid membrane 

It has been shown that the rate limiting step in SLM extractions is the mass transfer across the SLM, 

as previously described in section 1.2.3 [81]. One important factor is the exterior surface area of the 

membrane, in which the hollow fibers in HF-LPME (≈ 1.5 cm2) are superior to the flat membranes in 

PALME (≈ 0.3 cm2). Despite this, recoveries obtained with PALME were proven to be higher than the 

recoveries obtained with HF-LPME [108]. A possible explanation for this was another important 

factor, namely membrane thickness. The hollow fibers in HF-LPME were thicker (200 µm) compared 

to the flat membranes in PALME (100 µm). Thinner membranes shorten the diffusion distance 

through the SLM, and this gives a clear advantage to PALME.  

The very first PALME experiments were performed with polyvinylidene fluoride (PVDF) as membrane 

support. In the first publication it was reported that this material was quickly replaced with 

polypropylene. The reason was that the initial results revealed a concentration dependent recovery, 

which indicated non-specific binding of the analytes to the PVDF material. The results were improved 

with polypropylene, and this confirmed that the support material in the SLM clearly affected the 

PALME performance. To avoid a negative influence on the extraction process, the support material 

should be inert, like polypropylene. However, replacing PVDF with polypropylene was labor-intensive 

and time-consuming, and later PALME procedures have been optimized with PVDF membranes. 

The first SLM solvents used in PALME were selected based on previous experience with HF-LPME of 

hydrophobic basic drugs [84] and included dodecyl acetate, hexadecane, isopentyl benzene, dihexyl 

ether, 2-nitrophenyl octyl ether (NPOE), 2-nonanone, hexyl decanol, and kerosene. In general, the 

results showed that the extraction performance, RSD values, and the selectivity were highly 

influenced by the SLM solvent. Optimal SLM solvent, which was dihexyl ether, was selected because 

it provided highest recovery and lowest RSD for the hydrophobic basic analytes [108].  

Later PALME publications (after 2014) have showed that chemically different SLMs have enabled 

selective PALME of different types of analytes. Even though previous experience with HF-LPME has 

contributed to optimization of the SLM in PALME, brand new SLM compositions have also been 

suggested. Some of these are presented in the results and discussion part (section 3), and in the 

papers this thesis is based on.  

1.4.2.3 Composition of the acceptor solution 

The acceptor solution in PALME is composed to ensure ionization of the target analytes at the 

SLM/acceptor interface, and the pH should therefore be sufficiently acidic (for basic analytes) or 

sufficiently alkaline (for acidic analytes).  
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The acceptor solution in the first PALME experiments comprised 20 mM HCOOH, and was selected 

based on previous HF-LPME experience, and also on LC-MS compatibility [181]. Different acceptor 

volumes (50, 100, and 150 µL) were tested. The PALME performance was similar when the different 

volumes were used, and therefore the smallest volume (50 µL) was selected. In this way, the highest 

volume ratio between the sample and acceptor solution was obtained, and this facilitated 

enrichment of the analytes in the acceptor solution. Another practical aspect was that acceptor 

solutions of 50 µL provided a liquid height of 1.7 mm in the acceptor wells. Smaller acceptor volumes 

would be difficult to transfer by pipette, and were therefore not tested.  

1.4.2.4 Agitation 

Agitation during PALME ensures that convection is maintained in both the sample and acceptor 

solution, and that physical contact is established between the sample and the SLM during extraction. 

The latter is obviously crucial in order for the analytes to be extracted from the sample. Different 

agitation speeds up to 1200 rpm were therefore tested to evaluate how increasing agitation speed 

affected the PALME performance [108]. The recoveries were clearly improved when the agitation 

speed was increased. This was true for agitation speeds up to 600-900 rpm. Agitation speeds 

exceeding this level provided no further gain in terms of recovery, and therefore 900 rpm was 

considered the optimal agitation speed. Agitation of 900 rpm has been frequently used in later 

PALME experiments.  

1.4.2.5 Extraction time 

Compared to EME, the extraction times are usually longer in PALME because mass transfer is 

governed solely by passive diffusion [81]. In the first PALME paper, extraction times up to 60 min 

were evaluated. Time curves revealed that almost all the analytes reached equilibrium within 15 min. 

This was surprisingly fast compared to the usual extraction times in HF-LPME (45-60 min) [51], but 

was explained by the reduced membrane thickness, as discussed in the previous section 1.4.2.2. 

Optimal extraction time is usually the time required for the analyte(s) with slowest kinetics to reach 

equilibrium. In the first PALME application, one of the analytes (nortriptyline) was extracted more 

slowly than the other basic drugs and reached equilibrium after 30 min of PALME. Therefore, 30 min 

was set as optimal extraction time, although the other analytes were extracted within 15 min.  

The time needed to reach equilibrium differs between chemically different analytes, especially when 

mass transfer is based on passive diffusion. However, relatively long extraction times may be 

acceptable for PALME procedures because of the high sample throughput (96-well format). 
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1.4.3 PALME performance and applications 

1.4.3.1 PALME of small-molecule drug substances 

In the first «proof-of-concept» paper, the hydrophobic basic drugs pethidine, nortriptyline, 

methadone, and haloperidol were extracted from human plasma [108]. The particular drugs were 

selected as model analytes because of their hydrophobicity, and because they had previously been 

successfully extracted with HF-LPME [81, 182-184]. The sample volume was 250 µL and comprised 

the analytes in alkalized plasma, the SLM was polypropylene impregnated with 3.0 µL dihexyl ether, 

and the acceptor solution was 50 µL 20 mM HCOOH. PALME was performed for 45 min with an 

agitation speed of 900 rpm provided by a platform shaker. The extracts were analyzed by LC-MS/MS, 

and the recoveries were 74% (pethidine), 37% (haloperidol), 70% (methadone), and 34% 

(nortriptyline). 

After the first publication in 2013, papers describing PALME of acidic drugs in plasma [185], PALME of 

polar drugs in plasma [186], and PALME of psychoactive substances in plasma and whole blood [187] 

have been published. Also, the clean-up effect of PALME with special focus on plasma phospholipids 

have been demonstrated [188]. Some of this is presented in more detail in the results and discussion 

part (section 3).  
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2 AIM OF THE STUDY 

The main goal of this study was to further develop EME and PALME as bioanalytical sample 

preparation techniques, and to highlight their current and future potential in the field of bioanalysis. 

At the beginning of the study, only one PALME paper was published. In contrast, approximately 110 

EME papers were published, and consequently a large number of analytes were previously extracted 

with EME. However, most of these analytes were generally well suited for EME in terms of basicity 

(pKa > 5). Weakly basic analytes (pKa < 5) represented a challenge in both EME and PALME because 

extremely acidic conditions were required in the acceptor solution to achieve ionization. This 

fundamental challenge was investigated in detail. 

The model analytes were benzodiazepines, drugs of abuse, and designer drugs. These were mainly 

selected to represent a large polarity (log P) and basicity (pKa) range, but they also represented a very 

interesting field in bioanalysis, namely forensic analysis. The versatility of drugs of abuse (in terms of 

polarity and basicity) made it very interesting to explore the potential for high-throughput PALME 

and EME (96-well format) to effectively isolate drugs of abuse from human plasma and whole blood. 

Furthermore, general sample clean-up during EME was previously demonstrated, but the absence of 

phospholipids in the acceptor solution after EME from human plasma was not reported. Because MS 

is widely used as detection principle in bioanalysis, it is crucial that phospholipids are removed from 

the sample before analysis to avoid matrix effects. Therefore, phospholipid-free extracts were 

considered highly important to confirm for future development and commercialization of EME. 

 

The following research questions were addressed to achieve the main goal:  

 

· Can benzodiazepines, drugs of abuse, and designer drugs be extracted by EME (paper III and V) 

and PALME (paper II and IV) from plasma (paper II, III, and V) and whole blood (paper II and IV)?  

· In general, how to optimize the extraction conditions for weak bases? (paper III, IV, and V) 

· Is the experimental data reliable? (paper II-V) 

· Are phospholipids present in the acceptor solution after EME from human plasma? (paper I) 
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3 RESULTS AND DISCUSSION 

In the following sections, key results from paper I-V are presented and discussed according to the 

aim of the study. More details are available in the individual papers. 

 3.1 Experimental conditions and model analytes 

3.1.1 Model analytes 

Previous work has demonstrated EME of non-polar and polar basic drugs, and PALME of non-polar 

basic drugs. However, knowledge on how to perform simultaneous EME or PALME of analytes in a 

large polarity (log P) and basicity (pKa) range was lacking at the beginning of this thesis. Therefore, 

selected drugs of abuse (paper II and V) and benzodiazepines (paper III, IV, and V) that complied 

with these criteria were used as model analytes to investigate the potential for efficient EME and 

PALME. In paper I, the clean-up capability of EME was investigated with particular focus on naturally 

occurring phospholipids present in plasma samples (section 0). A few non-polar basic drugs and polar 

basic drugs (previously and successfully extracted with EME) were included to confirm the EME 

performance.  

3.1.1.1 Plasma phospholipids  

Phospholipids represent a group of zwitterionic lipids that are highly abundant in plasma [189]. 

Plasma phospholipids are mainly constituted by the subgroups phosphatidylcholines (PC), lyso-

phosphatidylcholines (lyso-PC), and sphingomyelins (SM). In Figure 13, the phospholipid backbone of 

PCs, lyso-PCs, and SMs is presented (m/z 184). In paper I, UHPLC-MS/MS analysis was performed 

with in-source fragmentation and detection of the m/z transition 184184 as suggested by Little et 

al. [190]. The aim was to check for trace levels of phospholipids in the acceptor solutions after EME. 

Five therapeutic drugs were included as model analytes 

to confirm the EME performance in paper I, and these are 

shown in Table 1 together with their log P and pKa values. 

Venlafaxine and citalopram were selected to represent 

non-polar basic drugs (log P > 2), and benzamidine, 

ephedrine, and trimethoprim were selected to represent 

polar basic drugs (log P < 2). Venlafaxine was extracted 

with EME for the first time, while the other model 

analytes were reported previously [191, 192].  

 

 
 
Figure 13: Phospholipid-backbone (m/z = 184) 
of the most abundant phospholipids in human 
plasma. 
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Table 1: Log P and pKa values for the non-polar basic drugs and the polar basic drugs used as model analytes to confirm EME 
performance in paper I (SciFinder). 

Drug name log P pKa Used in 

Venlafaxine 2.5 9.26 Paper I 

Citalopram 3.5 9.57 Paper I 

Benzamidine 0.89 11.9 Paper I 

Ephedrine 1.1 9.38 Paper I 

Trimethoprim 0.59 7.04 Paper I 

 

3.1.1.2 Benzodiazepines & designer benzodiazepines 

Benzodiazepines (BZD) have been used clinically since the 1960s as anxiolytics, sedatives, hypnotics, 

anticonvulsants, and muscle relaxants [193]. BZD are frequently analyzed in both forensic and clinical 

laboratories, due to their common medical use and presence in many criminal cases, and therefore it 

was interesting to implement BZD in a new PALME application (paper IV). In addition, BZD were 

selected to represent substances with weakly basic properties (low pKa values for their 

corresponding protonated substances). Weakly basic analytes were particularly interesting to 

investigate in combination with EME (paper III and V), because ionization and electrokinetic 

migration would require much more acidic conditions in both the sample and acceptor solution than 

previously used.  

Designer benzodiazepines (DBZD) can be structural analogues to classic BZD, metabolites, previously 

marketed BZD, or BZD marketed in only some countries. Ever since the first DBZD (pyrazolam) was 

detected on the illegal drug scene in 2012 [194], the prevalence has been increasing [195], and 

diclazepam was the 12th most common substance in Driving Under the Influence of Drugs (DUID) 

cases in Norway in 2018 (E. Øiestad, Oslo University Hospital, personal communication). It is 

important to develop new analytical procedures where DBZD are included together with BZD. 

Otherwise, samples analyzed for BZD may falsely be confirmed negative even though DBZD are 

present [196]. The BZD and DBZD included in this thesis are listed with their respective log P and pKa 

values in Table 2. 

Table 2: Log P and pKa values for the benzodiazepines, designer benzodiazepines (marked with *, phenazepam and etizolam 
are available as drugs in other countries), and Z-hypnotics (zolpidem and zopiclone) used as model analytes in paper III, IV, 
and V (SciFinder). 

Drug name log P pKa Used in 

7-aminoclonazepam 2.71 3.80 Paper III and V 

Nitrazepam 2.36 2.55 Paper III–V 

Clonazepam 2.52 1.55 Paper III–V 

Flunitrazepam 2.13 1.68 Paper III–V 

Oxazepam 2.22 1.17 Paper III–V 
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Alprazolam 1.92 2.37 Paper III–V 

N-desmethyldiazepam 2.78 3.22 Paper III–V 

Phenazepam(*) 3.37 2.18 Paper III–V 

Diazepam 2.80 3.40 Paper III–V 

Deschloroetizolam* 2.03 2.45 Paper IV 

Diclazepam* 2.97 1.75 Paper IV and V 

Etizolam(*) 2.20 2.37 Paper IV and V 

Flubromazolam* 1.68 2.27 Paper IV 

Flubromazepam* 3.03 2.32 Paper IV and V 

Clonazolam* 0.93 1.88 Paper IV 

Meclonazepam* 3.06 1.70 Paper IV 

Bromazepam 2.28 2.00 Paper IV 

Lorazepam 2.38 0.17 Paper IV 

Midazolam 3.80 6.03 Paper IV 

Zolpidem 3.09 6.77 Paper IV 

Zopiclone 2.71 6.70 Paper IV and V 

 

3.1.1.3 New psychoactive substances (NPS) and other drugs of abuse 

In paper II, the model analytes belonged to a new and emerging class of designer drugs, namely new 

psychoactive substances (NPS). These are sometimes referred to as «legal highs» – a term that may 

be confusing because of the word «legal» [197]. The NPS are structurally similar to controlled 

substances (illegal highs), and with similar pharmacological effects, but they are often more potent 

and toxic compared to the drugs they resemble. The prevalence and usage of NPS has increased 

during the last 10-15 years, and this is a severe international problem as the NPS represent a major 

health risk [198]. Development of accurate analytical procedures to detect new substances is an 

important initiative towards combatting the NPS phenomenon. In this thesis, PALME was combined 

with UHPLC-MS/MS analysis, and the potential for screening of NPS in plasma and whole blood was 

investigated.  

In paper V, the model analytes were drugs of abuse in a large polarity and basicity range. These were 

selected to investigate the potential for simultaneous EME of substances with different chemical 

properties. The selected NPS and drugs of abuse used as model analytes in paper II and V are listed 

in Table 3 together with their respective log P and pKa values.  
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Table 3: Log P and pKa values for the drugs of abuse and new psychoactive substances (marked with *) used as model 
analytes in paper II and V (SciFinder). 

Drug name log P pKa Used in 

MDAI*
 

2.06 8.88 Paper II 

Methylone* 1.23 7.96 Paper II 

PFA* 1.88 9.88 Paper II 

mCPP* 1.74 8.85 Paper II 

6-APB* 2.30 9.81 Paper II 

Pentedrone* 1.37 7.21 Paper II 

Methoxetamine* 1.92 7.22 Paper II 

MDPV* 2.43 8.41 Paper II and V 

Ethylphenidate* 2.82 9.55 Paper II and V 

2C-E* 2.48 9.73 Paper II 

Bromo-dragonfly* 2.52 9.04 Paper II 

AH-7921* 4.06 13.6 Paper II 

7-aminonitrazepam 1.12 4.27 Paper V 

7-aminoflunitrazepam 1.44 4.06 Paper V 

Amphetamine 1.79 9.94 Paper V 

Methamphetamine 2.20 10.4 Paper V 

MDMA (ecstasy) 2.05 10.3 Paper V 

Methadone 3.93 9.05 Paper V 

Morphine 0.87 8.25 Paper V 

6-monoacetylmorphine 1.56 8.03 Paper V 

Buprenorphine 2.83 8.31 Paper V 

Ketamine 3.01 6.46 Paper V 

Oxycodone 1.59 7.57 Paper V 

Cocaine 2.28 8.97 Paper V 

4-methylamphetamine* 2.32 10.1 Paper V 

Methiopropamine* 0.88 10.2 Paper V 

Alpha-PVP* 3.18 8.49 Paper V 

Dimethyltryptamine (DMT)* 2.57 9.74 Paper V 

Mephedrone* 0.68 7.41 Paper V 

25C-NBOMe* 3.45 8.88 Paper V 

25I-NBOMe* 4.30 8.91 Paper V 

2C-B* 2.26 9.37 Paper V 

2C-I* 2.84 9.42 Paper V 

LSD 2.71 7.41 Paper V 
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3.1.2 Technical setup for EME 

3.1.2.1 EME with hollow fibers 

EME with hollow fibers was used in paper I. The equipment is depicted in Figure 14, and comprised a 

2.0 mL glass vial with a screw cap, a 2.4 mm hollow fiber of polypropylene with a wall thickness of 

200 µm, an internal diameter of 1.2 mm, and a pore size of 0.2 µm. The polypropylene material is 

considered robust, with no sign of degradation when combined with different organic solvents [146, 

147, 150, 199, 200]. The extraction conditions were based on previous publications and experience 

within the research group [100, 141, 145-148, 150, 151].  

When preparing hollow fibers for 

EME, pieces of 2.4 mm of the hollow 

fiber were cut and mechanically 

sealed at the lower end using a 

pincer. The upper end was attached 

to a 2.1 cm end of a pipette tip by 

heat treatment. Prior to EME, the 

SLM was prepared by dipping the 

hollow fibers into a suitable organic 

solvent for about five seconds. This 

was either a pure liquid (NPOE, ENB, 

IPNB, bis(2-ethylhexyl)phosphite (DEHPi), or 1-octanol), or a combination of NPOE with 10% DEHP or 

NPOE with 35% 1-heptanol. Any excess of organic solvent was gently wiped off using a medical wipe. 

The sample volume was 1.0 mL, and comprised human plasma spiked with the drugs of interest, 

either untreated or diluted with deionized water or 50 mM phosphoric acid (1:6, v/v). Dilution of 

plasma was necessary to maintain a stable system current, except when NPOE or IPNB was used in 

the SLM. The volume of the 

acceptor solution was 25 µL 

and comprised 10 mM HCl 

for basic drug extractions, 

and 10 mM NaOH for acidic 

drug extractions. After the 

acceptor solution was 

added to the lumen of the 

hollow fiber by a micro-

 

Figure 14: Equipment used for EME with hollow fibers: sample vial, 
hollow fiber, and a screw cap with a punched septum (left). Platinum 
electrodes placed in the sample and acceptor compartment (right). 

 

Figure 15: Equipment used for EME with hollow fibers: platinum electrodes are 
connected to a power supply, and the set-up is put into an Eppendorf thermomixer. 
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syringe, the hollow fiber was connected to the sample compartment through a punched hole in the 

screw cap (Figure 14). Then, platinum electrodes (each 0.50 mm) were placed in the sample and 

acceptor solution, and the whole set-up was placed in an Eppendorf thermomixer (Figure 15) which 

provided agitation of 900 rpm during extraction. The electrodes were coupled to a DC power supply, 

and voltage (10-300 V) was applied to initiate electrokinetic migration. After 5 min of EME, each 

acceptor solution was transferred to separate vials and analyzed twice: first by UHPLC-UV to detect 

the model analytes, and then by UHPLC-MS/MS to check for trace levels of phospholipids. 

3.1.2.2 EME in the 96-well format 

The preliminary equipment used for 96-well EME is depicted in Figure 16, and comprised a 

conductive donor plate in stainless steel (laboratory built), an acceptor plate from Millipore (Billerica, 

MA, USA) with PVDF membranes (identical to the ones used for PALME, section 3.1.3), and home-

made platinum electrodes.  

The samples (100 µL each) were 

pipetted into the wells of the 

conductive donor plate, usually in 

four replicates. Then, 3.0 µL of 

organic solvent was pipetted onto 

the filter material at the bottom of 

the acceptor wells to form the SLM. 

Any excess of organic solvent was 

gently removed with a medical wipe. 

After this, acceptor solution (100 µL) 

was added to the acceptor wells. The acceptor solution was either 250 mM TFA (paper III) or 250 

mM TFA mixed with dimethyl sulfoxide (DMSO) in a 1:1 volume ratio (paper V). Home-made 

platinum electrodes (serving as cathodes) were put into the acceptor wells before the donor and 

acceptor plate were clamped together. The electrodes and the conductive donor plate were 

connected to an external DC power supply, and the whole set-up was placed on a shaking board that 

provided agitation at 900 rpm during extraction. Voltage at 10-30 V (paper III) and 20 V (paper V) 

was turned on to initiate electrokinetic migration, and the current across the SLM was monitored by 

a multimeter. After EME, the acceptor solutions were either directly transferred to vials for UHPLC-

UV or UHPLC-MS/MS analysis (paper III) or diluted with deionized water in a 1:1 volume ratio before 

UHPLC-MS/MS analysis (paper V). 

 

Figure 16: Equipment used for 96-well EME: a conductive donor plate 
and a commercial acceptor plate (left), and home-made electrodes 
(right). 
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The conductive donor plate was cleaned by subsequent immersion in 20 mM HCOOH, then methanol 

in deionized water (1:1, v/v), and finally pure methanol, each for 10 minutes while placed on an 

ultrasonic bath. This procedure was performed after each donor well had been used, or if the donor 

plate was to be used by another operator. 

3.1.3 Technical setup for PALME 

PALME was performed with commercially available equipment depicted in Figure 17. The 96-well 

donor plate was from Agilent (CA, USA) and made of polypropylene. The volume of each donor well 

was 0.5 mL. The acceptor plate was a MAIPN4550 96-well MultiScreen-IP Filter Plate from Millipore 

(MA, USA) with 0.45 µm porous PVDF as filter material. The internal diameter of each acceptor well 

was 6 mm. 

The sample volume was always 250 µL, but the 

composition varied in the different optimized PALME 

procedures. When PALME was performed from 

plasma (paper II), the samples comprised 125 µL 

sample aliquots (plasma spiked with analytes), 115 µL 

40 mM NaOH (for alkalization), and 10 µL internal 

standard solution. The SLM was 5.0 µL dodecyl 

acetate with 1% trioctylamine (w/w), and the 

acceptor solution was 50 µL 20 mM HCOOH. A top lid 

was placed on top of the acceptor plate to prevent 

evaporation during extraction. PALME was 

performed for 120 min, with agitation of 900 rpm 

provided by a platform shaker. No dilution step was 

necessary prior to UHPLC-MS/MS analysis. 

PALME was also performed from whole blood for the very first time in paper II. The samples 

comprised 150 µL sample aliquots (whole blood spiked with analytes), 75 µL 80 mM NaOH (for 

alkalization), and 25 µL internal standard solution. The rest of the procedure was similar to the 

PALME procedure from plasma (paper II). 

Another PALME procedure was optimized with whole blood as sample matrix (paper IV). The 

samples consisted of 100 µL sample aliquots (whole blood spiked with analytes), 130 µL 50 mM 

phosphate buffer with pH 7.5 (for pH adjustment), and 20 µL internal standard solution. The SLM was 

4.0 µL 2-undecanone mixed with dihexyl ether (1:1, w/w), and 1% trioctylamine (w/w). The acceptor 

solution was 150 µL 200 mM HCOOH with 75% DMSO (v/v). A Platemax pierceable aluminum sealing 

 

 
Figure 17: Equipment used for PALME: a donor 
plate, acceptor plate, and a top lid. 
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Figure 18: BenchSmart
TM

 96 used for semi-
automated PALME. 

film from Axygen was placed on top of the acceptor plate to prevent evaporation during extraction. 

PALME was performed for 60 min at 900 rpm. After PALME, the extracts were transferred to a Nunc 

96-well Polypropylene MicroWell plate (Thermo Fisher Scientific) with 450 µL pointed wells, and 

diluted 1:1 (v/v) with deionized water. After dilution, the microwell plate was placed in the 

autosampler for UHPLC-MS/MS analysis. 

3.1.3.1 Semi-automated PALME 

Semi-automated PALME was performed as a part of 

the work in paper IV, and was enabled with 

BenchSmartTM 96 (Figure 18); a semi-automated 

pipetting system from Mettler Toledo (Columbus, 

Ohio, USA). The instrument was borrowed for a 

period of two weeks, and was mainly used to 

demonstrate automation of some of the steps 

included in the optimized PALME procedure in 

paper IV. This visualized how future automation of 

PALME might look like, which was very inspiring and 

highly appreciated by our research group. 

BenchSmartTM 96 was used to add buffer solution to 

the donor wells, acceptor solution to the acceptor 

wells, and to dilute the PALME extracts prior to 

UHPLC-MS/MS analysis. For practical reasons, a 

multipette was used to pipette SLM solvent onto 

the filter material, and internal standard solution into the donor wells. This was despite that 

BenchSmartTM 96 offered three interchangeable pipetting heads which allowed pipetting volumes as 

low as 0.5 µL. However, to successfully aspirate the liquids into the pipetting tips, a sufficient volume 

of the liquids was required in an external container. Because of this, it was considered best to 

exclude semi-automated pipetting of organic solvent and internal standard solution to keep their 

consumption as low as possible. 
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 3.2 Optimization of EME and PALME for simultaneous extraction of 

drugs of abuse in a broad polarity and basicity range 

Development of efficient extraction procedures for simultaneous isolation of drugs of abuse present 

in biological samples is highly relevant. It is well-known that biological samples like human plasma 

and whole blood are complex matrices with many potentially interfering compounds. Therefore, a 

proper sample preparation may be crucial in order to achieve accurate, precise and robust analytical 

results. Obviously, this is especially important when suspected samples are screened for illegal drugs 

of abuse; false negative results may prevent justified convictions, and false positive confirmations 

may cause severe consequences for a person who is actually innocent. Another important reason is 

the fact that drugs of abuse represent a large range of chemical properties. The possibility for 

simultaneous extraction of drugs of abuse in a large range of polarity (log P) and basicity (pKa) was 

investigated in this thesis with PALME (paper II) and EME (paper V). 

 

In Figure 19, the drugs of abuse used as model analytes in paper II and V (47 in total, MDPV and 

ethylphenidate was used in both papers) are divided into four separate groups based on their log P 

and pKa values. The first group is represented by strong lipophilic bases (high log P, high pKa), the 

second group is represented by weak lipophilic bases (high log P, low pKa), the third group is 

represented by strong hydrophilic bases (low log P, high pKa), and the fourth group is represented by 

weak hydrophilic bases (low log P, low pKa). The cut-off values were set to 2.5 and 6.0 for log P and 

pKa, respectively. This division was made to identify potential patterns in the results, and to enable a 

general focus on polarity and basicity.  

3.2.1 PALME of new psychoactive substances 

The extraction process in PALME involves two critical steps: analyte transfer from the aqueous 

sample and into the organic SLM (step 1), and analyte transfer from the SLM and into the aqueous 

acceptor solution (step 2). Highly polar analytes (log P < 2) were expected to represent a challenge in 

PALME because of their low affinity for the organic SLM (step 1). This was further investigated in 

paper II with NPS as model analytes covering a relatively large polarity range (1.1 < log P < 4.0).  

 

Figure 19: Division of the model analytes in paper II and V into four groups based on their log P and pKa values. 
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Twelve NPS were extracted from human plasma and whole blood. Whole blood was used as sample 

matrix in PALME for the first time, and a slightly higher base concentration was needed in 250 µL 

whole blood sample (75 µL 80 mM NaOH) compared to 250 µL plasma sample (115 µL 40 mM NaOH) 

to achieve sufficient alkalization (pH≈12). This reflected a higher buffer capacity for whole blood 

samples compared to plasma samples. Optimal sample composition, as well as optimal extraction 

time, was therefore considered individually for the two sample matrices. The remaining steps of the 

procedures were similar, and optimization of the SLM is presented in the following. 

3.2.1.1 Optimization of SLM solvent (PALME with PVDF membranes) 

Six pure organic solvents were tested as potential SLMs, including dihexyl ether, 2-nonanone, 

dodecyl acetate, isopentyl benzene, 2-nitrophenyl octyl ether (NPOE), and hexadecane. These were 

selected based on previous experience with HF-LPME and PALME [108, 201]. The results are shown 

in Figure 20 for the three most efficient solvents: isopentyl benzene, dodecyl acetate, and 2-

nonanone. Hexadecane was inefficient, probably because it was too hydrophobic. Isopentyl benzene, 

dodecyl acetate, and 2-nonanone provided the highest recoveries, but dodecyl acetate was selected 

above the two other solvents due to more favorable values for boiling point and water solubility. 

 

Although high recoveries were obtained, pure dodecyl acetate as SLM was not optimal as the 

recoveries increased when the amount of NPS in the sample was increased. This indicated non-

specific binding of the analytes to the PVDF filter material in the commercially available acceptor 

plates, as previously reported [108]. This issue was suppressed by use of trioctylamine.  

Trioctylamine (TOA) was added to the SLM (dodecyl acetate) to mask the PVDF binding sites. The 

amount of TOA was 1% (w/w) with no further optimization. The effect of TOA was analyte dependent; 

for example, it was highly efficient for AH-7921 (strong lipophilic base), whereas less efficient for 

methoxetamine (strong hydrophilic base). The same trend based on log P was observed for the 

 

Figure 20: Recoveries obtained after PALME of twelve NPS in plasma with isopentyl benzene, dodecyl acetate, and 2-
nonanone as SLM solvent (paper II). Error bars = RSD. 
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remaining analytes with strong basicity. This indicated that addition of TOA was beneficial for 

lipophilic analytes, which was logical as lipophilic analytes are more prone to surface binding. 

Although TOA was less efficient for the hydrophilic analytes, total recovery was clearly improved, and 

addition of TOA to the SLM was considered beneficial for the overall extraction performance. The 

final SLM was therefore 5.0 µL dodecyl acetate containing 1% TOA (w/w). This SLM was successfully 

used for PALME of NPS in plasma and whole blood in paper II. 

3.2.1.2 Potential cross contamination between samples during PALME 

Potential cross contamination between individual sample wells during PALME from whole blood was 

investigated in paper II. This was initiated because UHPLC-MS/MS analysis after one PALME 

experiment from whole blood with no analytes (blank samples) revealed chromatographic peaks. A 

possible explanation was the relatively high viscosity of whole blood, and that foaming occurred 

when the system was agitated during PALME. Extensive foaming would cause spreading of blood 

samples from one donor well to another if the donor and acceptor plate was insufficiently clamped 

together before extraction. To check for potential cross contamination, every other well of an entire 

96-well donor plate was filled with either blank samples or whole blood spiked with analytes. No 

trace levels of analytes were detected in the blank samples, and this supported the absence of cross 

contamination. Nevertheless, it was a reminder that the donor and acceptor plates should be 

carefully fixed together prior to PALME. 

3.2.2 EME of drugs of abuse with varying polarity and basicity 

In paper V, simultaneous EME of 37 drugs of abuse in a large polarity (log P) and basicity (pKa) range 

was investigated. The aim was to develop a general EME procedure to achieve efficient extraction, 

regardless of polarity or basicity.  

3.2.2.1 EME from neutral and acidified plasma samples 

First, optimal sample pH was considered, and EME was performed with neutral and acidic sample 

conditions. The neutral samples were either untreated plasma or plasma diluted with deionized 

water (pH 7.4), and the acidified samples were plasma diluted with either 1.0 M HCl or 0.10 M HCl. 

The SLM was impregnated with NPOE and the acceptor solution was 20 mM HCOOH in these 

experiments. With these conditions, it was expected that strong lipophilic bases would be easily 

extracted due to high affinity for the SLM and ease of ionization. This was verified with recoveries 

above 50% for analytes with pKa > 6 after EME from plasma diluted with deionized water (pH 7.4). 

Some of the analytes with high recoveries were strong hydrophilic bases, but the log P values for 

these particular analytes were close to the cut-off limit of 2.5 which indicated a certain 

hydrophobicity.  
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In accordance with paper III, analytes with pKa < 6 were poorly extracted with recoveries less than 10% 

in the initial EME systems with 20 mM HCOOH as acceptor solution. Flubromazepam, phenazepam, 

and diclazepam (all weak lipophilic bases) were therefore poorly extracted at both neutral and acidic 

sample conditions. This was probably due to their low ability to ionize (pKa < 2.3), and that they were 

prevented from entering the acceptor solution because of elevated pH conditions closest to the SLM 

(pH boundary layer) which was recently visualized with phenolphthalein as pH sensitive color 

indicator [202]. Generally, the recoveries were higher for most analytes when EME was performed 

with neutral and diluted samples, and it was decided to proceed with samples comprising plasma 

diluted 1:1 (v/v) with deionized water.  

3.2.2.2 Trifluoroacetic acid as background electrolyte in the acceptor solution 

To increase the recovery for analytes with low pKa values, 250 mM trifluoroacetic acid (TFA) was 

tested as acceptor solution, still with pure NPOE in the SLM. TFA was previously used as acceptor 

solution in paper III to achieve sufficient acidification of the acceptor solution when EME was 

optimized for weakly basic analytes. TFA is strongly acidic due to the high electronegativity of the 

fluorine atoms in the trifluoromethyl group. The use of TFA clearly improved the extraction 

performance, and this was confirmed in paper V by observing enhanced recovery for analytes with 

weak basicity (pKa < 6) when 250 mM TFA was introduced as acceptor solution. 

 

As seen in Figure 21, a different pattern was observed for the strongly basic analytes (pKa > 6); the 

recoveries decreased for all the strong lipophilic bases when 250 mM TFA replaced 20 mM HCOOH as 

acceptor solution, and this was observed for most of the strong hydrophilic bases as well. This led on 

to the hypothesis of interfacial ion-pair formation. 

 

Figure 21: Recoveries for strong lipophilic and strong hydrophilic basic analytes after EME with 20 mM HCOOH and 250 
mM TFA as acceptor solution (paper V).  
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3.2.2.3 Hypothesis of interfacial ion-pair formation during EME  

A hypothesis of interfacial ion-pair formation was suggested in paper V. The aim was to explain why 

the recovery for strong lipophilic bases decreased when the acceptor solution was changed from 20 

mM HCOOH to 250 mM TFA. Analytes with strong basicity (high pKa values) were expected to easily 

ionize in the sample and migrate in the electrical field towards the interfacial boundary between the 

SLM and acceptor solution. However, the lipophilic analytes were clearly prevented from entering 

the acceptor solution, and it was suggested that this was due to ion-pair formation between 

positively charged analyte molecules and negatively charged TFA molecules at the SLM/acceptor 

interface. The resulting formation of hydrophobic complexes would consequently lead to trapping in 

the SLM. The suggested mechanism of interfacial ion-pair formation is illustrated in Figure 22, with 

methadone as an example of a lipophilic target analyte. 

 

It is likely that ion-pairing also could occur between TFA and more hydrophilic analytes, resulting in 

less hydrophobic complexes that were less prone to trapping in the SLM. Nevertheless, this was 

purely hypothesized, and the recoveries for hydrophilic analytes after EME with 20 mM HCOOH and 

250 mM TFA were similar. Still, effort was made to suppress the negative effect of TFA for the 

lipophilic analytes. This was accomplished using a new strategy: solvent modification of the acceptor 

solution. 

3.2.2.4 Solvent modification of the acceptor solution in EME 

A systematic study of solvent modification of the acceptor solution in EME was presented in paper V, 

where simultaneous EME of both lipophilic and hydrophilic basic drugs were accomplished with pure 

NPOE in the SLM. This was surprising because microextraction of polar analytes has usually been 

performed with carrier molecules in the SLM. The purpose of modifying the acceptor solution was to 

 

Figure 22: Illustration of the suggested mechanism of interfacial ion-pair formation between positively charged analyte 
molecules (e.g. methadone) and negatively charged TFA molecules at the SLM/acceptor interface (paper V). 
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increase analyte solubility in the acceptor solution by reducing the polarity, and thereby enhance 

mass transfer of hydrophobic species across the organic SLM and into the acceptor solution.  

The organic solvents acetonitrile, methanol, and DMSO were tested as potential modifiers and were 

added to 250 mM TFA in a 1:1 volume ratio. The SLM was unstable (high system current) when 

acetonitrile or methanol was used, and these solvents were not used further. Instability of the SLM 

was also observed when acetonitrile and methanol were tested as modifiers in the acceptor solution 

(200 mM HCOOH) used for PALME in paper IV. This was observed by leakage of the SLM due to 

miscibility between the SLM and the modified acceptor solution. Clearly, this was an important issue, 

and modification of the aqueous acceptor solutions in EME and PALME should be performed with 

precaution and awareness that miscibility between the SLM and acceptor solution may occur. This 

was therefore tested in a simple experiment in paper V, where DMSO was selected as modifier. The 

SLM was NPOE, and mixing of pure NPOE and pure DMSO showed that these two solvents were 

completely miscible. However, when mixing NPOE with 50% DMSO in 250 mM TFA, a two-phase 

system was established. Immiscibility between the SLM and acceptor solution is a fundamental 

requirement for a stable EME system, and it was therefore important to confirm that a two-phase 

system was maintained when DMSO was present in the acceptor solution. Modification with DMSO 

was found to be highly beneficial for the EME performance, and Figure 23 shows how the recoveries 

changed for the drugs of abuse when the acceptor solution (250 mM TFA) was modified with 50% 

DMSO (v/v). 

As seen in Figure 23, recovery increased for most analytes when DMSO was added to the acceptor 

solution (250 mM TFA), especially for the lipophilic analytes. It was hypothesized that this was 

because DMSO somehow suppressed the ionization of TFA in the acceptor solution, and thereby 

suppressed the interfacial ion-pairing between TFA anions and strong lipophilic bases. 



PhD thesis Linda Vårdal  RESULTS AND DISCUSSION 

47 
 

 

 

Optimal amount of DMSO in the acceptor solution was considered by testing acceptor solutions 

comprising 250 mM TFA with 25%, 50%, and 75% DMSO (v/v). Pure DMSO was also tested as 

acceptor solution, but this caused a highly unstable extraction system and was not relevant due to 

miscibility with NPOE as previously discussed. The SLM was stable with DMSO up to 75%, but the 

system current increased by the end of extraction. 250 mM TFA with 50% DMSO was thus considered 

optimal to maintain a stable extraction system. Also, the extraction performance was highest with 50% 

DMSO, as seen in Figure 24, where the 37 drugs of abuse are classified as «approved» or «failed» 

after EME with 25%, 50% and 75% DMSO added to 250 mM TFA as acceptor solution. The analytes 

were classified as approved if their recoveries were above 40% and with corresponding RSD values 

below 20%. If not, they were classified as failed, and this category was further divided into failure 

due to low recovery (< 40%), high RSD values (> 20%), or both. From these experiments, 50% DMSO 

was the optimal amount when combined with 250 mM TFA, and as stated previously; this acceptor 

solution formed the required two-phase system with NPOE. 

 

Figure 23: Recoveries for drugs of abuse after EME with pure 250 mM TFA as acceptor solution, and 250 mM TFA 
modified with 50% (v/v) DMSO (paper V). Error bars = RSD. 
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DMSO (50% v/v) was also tested as modifier in combination with 20 mM and 250 mM HCOOH to 

check if the effect was influenced by the acid component. In this extraction system, recoveries were 

not improved for the lipophilic analytes by addition of DMSO. This was attributed to the lower acidity 

and lower polarity of HCOOH as compared to TFA. 

3.2.3 Extraction kinetics for drugs of abuse 

Optimal extraction time was considered for the final PALME procedure for NPS (paper II) and the 

final EME procedure for drugs of abuse (paper V). Optimization of the extraction time in PALME 

usually includes extraction times exceeding 60 min due to a slower mass transfer compared to EME. 

Therefore, PALME was performed for 5, 20, 45, 60, 90, 120, and 180 min, whereas EME was 

performed for 5, 15, 30, 45, and 60 min. 

Three kinetic patterns were observed for the NPS in the PALME system (paper II). Some of the NPS 

were extracted with fast kinetics and reached steady-state within 45 min (pentedrone, MDPV, AH-

7921, mCPP, methoxetamine, and ethylphenidate). Others were extracted with medium speed and 

reached steady-state after 1-2 hours (methylone, bromo-dragonfly, PFA, and 6-APB). The remaining 

analytes did not reach steady-state even after 3 hours of PALME (2C-E and MDAI). The analytes with 

fast kinetics were mostly lipophilic analytes, although a clear correlation between extraction kinetics 

and hydrophobicity (log P) was not confirmed. Final extraction time was set to 120 min as a 

compromise between throughput and recovery. 

When extraction time was evaluated for EME of drugs of abuse (paper V), the results revealed that 

the analytes reached steady-state at different speeds. The slow mass transfer observed for the 

weakly basic analytes was in accordance with the observations made for similar analytes in paper III. 

Basically, analytes with strong basicity (pKa > 6) reached steady-state after 30 min of EME, whereas 

analytes with weak basicity (pKa < 6) required 60 min or longer to reach steady-state. In Figure 25, 

time curves are presented for lipophilic and hydrophilic analytes with both strong and weak basicity.  

 

Figure 24: 37 drugs of abuse classified as «approved» or «failed» after EME with acceptor solutions containing 25%, 
50%, or 75% DMSO added to 250 mM TFA (v/v) in paper V.  
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The time curves for strongly basic analytes (high pKa values) showed that analytes with strong 

basicity were extracted rather efficiently in the EME system. These analytes were more easily ionized 

and were able to migrate in the electrical field. Weakly basic analytes (low pKa values) were extracted 

with varying results; some were almost exhaustively extracted, and some barely reached 20% 

recovery after 60 min of EME.  

The lower curve for strong hydrophilic bases represented morphine which was one of the most polar 

analytes included (log P = 0.87). This suggested that high polarity (low log P) caused a slower mass 

transfer. However, the other strong hydrophilic bases were extracted with similar efficiency as the 

strong lipophilic analytes. This indicated that polarity (log P) was of less importance for EME 

efficiency compared to basicity (pKa). The importance of pKa was further demonstrated by slower 

extraction kinetics for the most weakly basic analytes (pKa < 1.8) compared to the other analytes that 

were classified as weakly basic (pKa < 6). This was consistent with the observations made for weakly 

basic benzodiazepines in paper III. 

  

 

Figure 25: Time curves after 5, 15, 30, 45, and 60 min EME of 37 drugs of abuse in a large range of polarity and basicity 
(paper V). 
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 3.3 Optimization of EME and PALME for weakly basic analytes 

Based on the theoretical background for the extraction process in EME and PALME, a few challenges 

were beforehand expected when initiating the experimental work in paper III-V. In these papers, the 

model analytes represented a pharmaceutical class that mostly consist of weak bases, namely 

benzodiazepines, and a few designer benzodiazepines were included in paper IV and V. The aim was 

to investigate in detail how the extraction conditions should be optimized for weakly basic analytes 

(low pKa values), as weak bases represented a challenge in both EME and PALME. In EME, strongly 

acidic conditions in the sample and acceptor solution were required to keep the analytes in their 

protonated state and to achieve electrokinetic migration. Strongly acidic conditions were considered 

unfavorable because of analyte stability and potential chemical degradation. In PALME, weakly basic 

analytes represented a challenge because of their poor ability to ionize at the SLM/acceptor interface, 

which is important for analyte transfer into the aqueous acceptor solution. This could cause lipophilic 

analytes to stay trapped in the SLM. 

Figure 26 shows an overview of the distribution and classification of the model analytes according to 

log P and pKa values. As it appears from Figure 26, different types of analytes were included in paper 

V, while the analytes in paper III and IV mainly represented analytes with weak basicity. Eight 

benzodiazepines were used as model analytes in all these three papers, and were therefore directly 

comparable. 

 

Previously, polar basic drugs have been extracted with EME, and non-polar basic drugs have been 

extracted with both EME and PALME, but this has mainly been analytes with moderate basicity (pKa > 

5). Thus, there was a lack of fundamental understanding on how to perform efficient microextraction 

of weakly basic analytes. This was further investigated in this thesis with EME (paper III and V) and 

PALME (paper IV).  

 

Figure 26: Division of the model analytes in paper III-V into group A, B, C, and D based on their log P and pKa values. 
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3.3.1 EME of weakly basic benzodiazepines 

In paper III, focus was on optimizing the EME conditions to achieve efficient extraction of weakly 

basic analytes. For this purpose, nine benzodiazepines were included as model analytes, all with pKa 

values below 5. This was the first time benzodiazepines were extracted with EME. 

3.3.1.1 Mixed-mode extraction 

EME with different applied voltages (10-50 V) were initially performed, including an LPME-

experiment with no voltage across the SLM. This revealed that passive diffusion contributed to the 

mass transfer, and almost all the analytes (except 7-aminoclonazepam and alprazolam) were 

extracted with zero voltage (Figure 27). This was explained by the lipophilic nature of the analytes; 

the log P values ranged between 3.28 and 3.71. When voltage was applied, the analytes responded 

differently in terms of recovery. The results are shown for voltages up to 30 V in Figure 27. Voltages 

above this level caused excessive system current (> 50 µA). As seen in Figure 27, the two analytes 

that were non-extracted with 0 V (7-aminoclonazepam and alprazolam) were strongly influenced by 

the electrical field, and their recoveries increased from zero to about 80% when voltage was applied. 

Nitrazepam, oxazepam, and N-desmethyldiazepam were also strongly influenced by the electrical 

field, and passive diffusion only contributed to a minor extent to their mass transfer. Clonazepam, 

flunitrazepam, phenazepam, and diazepam were moderately influenced by the electrical field, and 

passive diffusion contributed substantially to their mass transfer. Based on these observations, it was 

clear that mass transfer of weakly basic benzodiazepines occurred as «mixed-mode extraction»; both 

as electrokinetic migration and passive diffusion. However, application of an electrical field was 

clearly beneficial, and the analytes were more efficiently extracted under EME conditions (10-30 V) 

compared to LPME conditions (0 V). Average recovery was highest at 20 V, and this voltage level was 

used for further EME experiments. 

 

 

Figure 27: Recoveries obtained after microextraction with 0 V (LPME) and extraction voltages of 10, 20, and 30 V (EME) 
in paper III. Error bars = RSD. 
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To establish a mass balance for the EME system, both the donor and acceptor solutions were 

analyzed by UHPLC-UV after EME. The donor solutions were injected directly as they comprised 20 

mM HCOOH spiked with the analytes (no biological matrix). The recoveries were slightly higher when 

EME was performed from pure 20 mM HCOOH compared to plasma samples, as could be expected, 

but the recoveries were reproducible in both cases. As seen in Figure 28, some of the analytes were 

trapped inside the SLM, especially flunitrazepam (pKa = 1.68) and clonazepam (pKa = 1.55). These 

analytes required extremely acidic conditions in order to be ionized, and recent work has 

demonstrated that the pH is higher closest to the SLM compared to the bulk acceptor solution [202]. 

These local pH effects may have suppressed mass transfer into the acceptor solution. Low proton 

protection is another explanation; the analytes may have deprotonated during their transfer across 

the SLM. 

 

3.3.1.2 Sample conditions 

HCl and HCOOH were tested as background electrolytes in the plasma samples (paper III). The total 

volume of the samples was 100 µL, and either 40 µL 10 mM HCl, 100 mM HCl, 20 mM HCOOH, or 200 

mM HCOOH was added. The extraction performance was very similar with these sample 

compositions. This was explained by the «mixed-mode» nature of the EME system: the analytes that 

were partially ionized in the sample were extracted by electrokinetic migration into the SLM, and 

then the ionization equilibrium in the sample shifted accordingly. The remaining neutral analytes 

were extracted to some extent by passive diffusion. Thus; the degree of ionization in the sample was 

not critical, and 20 mM HCOOH was selected as background electrolyte to keep the sample 

conditions as mild as possible. 

  

 

Figure 28: Mass balance for the EME system in paper III established by UHPLC-UV analysis of both the donor (sample) 
and acceptor solutions after extraction, revealing that some of the analytes were trapped in the SLM. 
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3.3.1.3 Acceptor solution 

20 mM HCOOH, 20 mM HCl, and 20 mM TFA were tested as acceptor solutions in paper III. The 

benzodiazepines were extracted with low recoveries when 20 mM HCOOH was used as acceptor 

solution, except 7-aminoclonazepam and alprazolam. The recoveries were improved with 20 mM HCl, 

but were highest with 20 mM TFA. Acceptor solutions comprising 20 mM HCl or 20 mM TFA provided 

similar acidity, but an additional ion-pairing effect was suggested for TFA, which later corresponded 

with the observations made in paper V (section 3.2.2.3). It was also suggested that negatively 

charged TFA molecules migrated in the opposite direction of the electrical field and into the SLM, and 

exchanged protons with analytes that suffered from low proton protecting ability. The results are 

shown in Figure 29, where the weakly basic benzodiazepines are sorted by ascending pKa values to 

illustrate the effect of more acidic conditions in the acceptor solution for the weakest bases. 

 

This was the first time TFA was used as acceptor solution in EME, and 20 mM TFA was superior to 20 

mM HCOOH and 20 mM HCl. The capability of TFA as acceptor solution was further explored with 

increasing TFA concentrations, including 10, 20, 100, 150, and 250 mM TFA. The results are shown in 

Figure 30. The recoveries generally increased with increasing TFA concentration, supporting that 

strongly acidic conditions were required in the acceptor solution when performing EME of weakly 

basic analytes. Therefore, 250 mM TFA was considered as optimal acceptor solution. The stability of 

the analytes in 250 mM TFA was confirmed by reanalysis of the EME extracts after 24 hours in the 

autosampler (4°C), with no observable signs of degradation. 

 

Figure 29: Recoveries after EME with 20 mM HCOOH, 20 mM HCl, and 20 mM TFA as acceptor solution (paper III).  
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3.3.1.4 SLM solvent 

Four organic solvents were tested as potential SLMs, including NPOE, diallyl phthalate, dodecane 

nitrile, and tributyl phosphate. These were all strong hydrogen acceptors (high Kamlet Taft β-values), 

and were tested without addition of carrier molecules. The reason for not adding carriers was to 

keep the system current at a low level and maintain system stability. The results showed that diallyl 

phthalate and tributyl phosphate were inefficient. This observation was rather unexpected and is 

currently unexplained. NPOE and dodecane nitrile were similar in performance, but NPOE was 

selected over dodecane nitrile because it is a well-established SLM solvent in EME and meets the 

criteria associated with efficient SLM solvents. 

3.3.2 PALME of benzodiazepines & designer benzodiazepines 

Most benzodiazepines and designer benzodiazepines are very weak bases (pKa < 2). Therefore, 

extremely acidic conditions in the acceptor solution are required to achieve ionization at the 

SLM/acceptor interface and facilitate analyte transfer into the acceptor solution. This particular 

challenge was addressed in paper IV, where PALME was optimized for benzodiazepines, designer 

benzodiazepines, and Z-hypnotics. 

3.3.2.1 Sample 

Optimal sample composition was considered. The included benzodiazepines were all with pKa < 5, 

and ionization was consequently suppressed in the sample at physiological conditions (pH 7.5). Based 

on this, PALME was performed from untreated whole blood as sample matrix. However, the viscosity 

of whole blood was suspected to possibly affect the extraction efficiency, and dilution with NaOH (pH 

12), carbonate buffer (pH 9.5), and phosphate buffer (pH 7.5) was therefore investigated and 

compared to PALME from untreated whole blood. The results showed that PALME from undiluted 

 

Figure 30: Recoveries after EME with increasing concentration of TFA in the acceptor solution (paper III). Error bars = 
RSD. 
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whole blood was less efficient. The high viscosity reduced the effect of agitation during extraction, 

which primarily is performed to maintain convection in the sample. Dilution of the whole blood 

matrix was therefore implemented in the final procedure, as it was in the final PALME procedure for 

NPS (paper II). The results were similar after dilution with carbonate buffer and phosphate buffer, 

and it was decided to proceed with physiological sample conditions and dilution with phosphate 

buffer (pH 7.5). 

3.3.2.2 Solvent combinations in the SLM 

Seven organic solvents containing 1% TOA (w/w) were tested as potential SLMs in the PALME system 

(paper IV). These included 2-undecanone, dihexyl ether, isopentyl benzene, DEHPi, dodecyl acetate, 

hexadecane, and undecanol. The first four solvents showed potential, and these were further tested 

in combination (A-D, Figure 31). The solvent combinations were prepared by mixing the solvents in a 

1:1 weight by weight ratio before 1% TOA (w/w) was added. The extraction performance was 

generally improved when the SLM comprised solvent combinations. The most effective combination 

was combination A; 2-undecanone and dihexyl ether (1:1, w/w) with 1% TOA (w/w).  

 

3.3.2.3 Solvent modification of the acceptor solution in PALME 

HCOOH was used as background electrolyte in the acceptor solution in paper IV and was tested with 

increasing concentrations (10-1000 mM). The aim was to facilitate analyte transfer from the SLM and 

into the acceptor solution by ensuring sufficient acidification and ionization of the analytes at the 

SLM/acceptor interface. The extraction efficiency increased for most analytes when the HCOOH 

concentration was increased, with only a few exceptions (zolpidem and alprazolam). Final acid 

concentration was set to 200 mM HCOOH.  

The acceptor solution (200 mM HCOOH) was modified with 25% and 50% methanol, acetonitrile, and 

DMSO (v/v), respectively, and compared to acceptor solutions of pure 200 mM HCOOH. The aim was 

to increase analyte solubility by making the acceptor solution less polar. The SLM was not stable with 

 

Figure 31: Recoveries after PALME with solvent combinations in the SLM (paper IV). 
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methanol or acetonitrile, as previously mentioned (section 3.2.2.4), and the extracts were not 

analyzed. However, DMSO was highly beneficial for the extraction efficiency, and the potential was 

further explored with acceptor solutions containing 60%, 70%, 75%, and 100% DMSO (v/v). Pure 

DMSO as acceptor solution was unsuccessful because the volume of the acceptor solution decreased 

during extraction, which indicated dissolution and leakage of the SLM. The extraction performance 

increased with increasing amounts of DMSO, and optimal acceptor solution was 200 mM HCOOH 

with 75% DMSO (v/v).  

Dilution of the extracts prior to UHPLC-MS/MS analysis was necessary when the acceptor solutions 

contained more than 60% DMSO to avoid excessive chromatographic band broadening. This issue 

was completely eliminated by diluting the extracts 1:1 (v/v) with deionized water. 

3.3.3 Extraction kinetics for weakly basic benzodiazepines 

In paper III, the extraction time was evaluated by performing EME for 5, 15, 30, 45, and 60 min. 

Current measurements confirmed system stability throughout this time span. Rapid extraction 

kinetics was observed for analytes with pKa ≥ 2.65 (7-aminoclonazepam, nitrazepam, N-

desmethyldiazepam, alprazolam, and diazepam). These analytes were extracted with recoveries 

above 80% and reached steady-state within 15 min of EME. Slower kinetics was observed for the 

analytes with pKa ≤ 2.18 (clonazepam, flunitrazepam, oxazepam, and phenazepam). These analytes 

were extracted with recoveries from 50-90%, but needed up to 45 min of EME to reach steady-state. 

Although some analytes failed to reach steady-state within 15 min, this duration was considered as 

optimal extraction time, as a compromise between throughput and recovery. 

In paper IV, the extraction time was evaluated by performing PALME for 5, 15, 30, 45, 60, 120, and 

180 min. The extraction time clearly affected the recoveries for weakly basic benzodiazepines. 

Optimal extraction time was set to 60 min even though this was not the equilibrium time for all 

model analytes. After 60 min of PALME, the extraction recoveries ranged from 52-90%. Fifteen out of 

twenty analytes were extracted with recoveries above 70%. 

In Figure 32, time curves are presented for the eight common benzodiazepines used as model 

analytes in paper III-V. Interestingly, the kinetic patterns were rather similar between EME (A) and 

PALME (B). However, based on the observations in paper III; similar performance should be expected 

for EME and PALME of weakly basic analytes because they are less influenced by the electrical field in 

EME. 
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The upper time curves (A) represented EME with 250 mM TFA as acceptor solution (paper III). This 

acceptor solution proved to be very efficient for weakly basic analytes in both paper III and V. The 

plasma samples were diluted with 20 mM HCOOH in paper III and deionized water in paper V. The 

difference in performance from curves (A) and (C) indicated that the presence of HCOOH in the 

sample was beneficial for the mass transfer of weak bases. This should be investigated further in the 

future. 

Figure 32: Time curves for 
the eight common benzo-
diazepines used as model 
analytes in paper III-V after 
EME from plasma (A and C) 
and PALME from whole 
blood (B). 
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 3.4 Evaluation of the quantitative performances of the methods 

Evaluation was performed in paper II-V to confirm the reliability of the experimental results. In paper 

IV, a new PALME application for benzodiazepines, designer benzodiazepines, and Z-hypnotics in 

whole blood was presented, and an extensive method evaluation was performed according to the 

current European Medicine Agency (EMA) guidelines. In paper II, III and V, evaluation of selected 

parameters was performed, and these included linearity, intra-day accuracy and precision, limits of 

detection (LOD), lower limits of quantification (LLOQ), extraction recovery, and matrix effects.  

Evaluation of the optimized EME and PALME procedures was always in combination with UHPLC-

MS/MS analysis. The aim was mainly to study the extractability of the included model analytes, and 

not necessarily to achieve highest possible detection and quantification capability. Therefore, some 

of the results from the method evaluations were considered satisfactory although they deviated 

slightly from the requirements made in the guidelines. In the following sections, key results from the 

method evaluations are summarized. 

3.4.1 Linearity 

The linearity of a new bioanalytical method is usually investigated in the therapeutic range of the 

included analytes, and R2 > 0.99 is usually required. However, some of the model analytes in paper II-

V were designer drugs, and there was a lack of information regarding blood concentrations for these 

analytes. Therefore, the linearity was evaluated from the lowest calibration standard providing 

accuracy and precision within ± 20% (equal to LLOQ). The calibration ranges were either individual 

for each analyte or similar for all analytes.  

In paper II, PALME of NPS in plasma provided linearity in the range 5.0 to 1000 ng mL-1 with R2 > 0.99 

for all NPS, except MDAI (R2 = 0.988). The linearity from whole blood was investigated from LLOQ to 

the highest calibration level for each analyte, with R2 > 0.99 for all NPS, except ethylphenidate (R2 = 

0.988), bromo-dragonfly (R2 = 0.985), and AH-7921 (R2 = 0.970).  

In paper III, the optimized EME procedure for benzodiazepines in plasma provided linearity in the 

range 5.0 to 100 ng mL-1, with R2 > 0.99 for all analytes.  

In paper IV, PALME of benzodiazepines, designer benzodiazepines, and Z-hypnotics provided R2 > 

0.99 for all analytes at individual concentration ranges, except lorazepam which obtained R2 > 0.99 

with a quadratic calibration curve.  

In paper V, linearity was evaluated with both equilibrium and non-equilibrium conditions for EME of 

drugs of abuse in plasma (unpublished data). This included linearity experiments with the final 

selected extraction time (15 min) and the extraction time needed for most analytes to reach 
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equilibrium (30 min). The purpose was to check if the linearity was negatively influenced by non-

equilibrium conditions. This was not the case, and the results were similar after 15 and 30 min. The 

method was linear throughout the individual calibration ranges with R2 > 0.99 for all analytes, except 

flubromazepam (R2 = 0.98), oxazepam (R2 = 0.98), diclazepam (R2 = 0.95), 25I-NBOMe (R2 = 0.98), and 

LSD (R2 = 0.98). 

3.4.2 Repeatability 

Repeatability is an important parameter to evaluate for bioanalytical procedures, and precision 

reported as RSD within ±15% (and ±20% at LLOQ) is often requested by regulatory guidelines. In this 

study, repeatability was an important success parameter for the developed microextraction systems. 

In paper II, the repeatability for PALME of NPS in plasma was within ± 15% RSD (intra-day) and ± 20% 

RSD (inter-day) at three concentration levels (7.5-750 ng mL-1), and within ± 20% RSD (intra- and 

inter-day) at individual analyte concentrations (48-147 ng mL-1) in whole blood. The EME procedure 

for benzodiazepines in paper III provided intra-day precision within ± 12% RSD at three concentration 

levels (5.0-80 ng mL-1). In paper IV, PALME of benzodiazepines, designer benzodiazepines, and Z-

hypnotics provided repeatability within ± 12% RSD (intra- and inter-day) at three individual 

concentration levels. In paper V, the repeatability was low for the drugs of abuse that were slowly 

extracted in the EME system (7-aminoclonazepam, flubromazepam, phenazepam, diclazepam, and 

LSD). For the other drugs of abuse, the EME procedure provided intra-day precision within ± 15% RSD 

at two individual concentration levels.  

3.4.3 Accuracy 

The accuracy was expressed as the deviation between measured analyte concentration and the 

theoretical concentration (% bias), with a deviation limit of ± 15% (± 20% at LLOQ). The accuracy was 

within ± 15% for all the included analytes in the developed EME and PALME procedures in paper II-V, 

and this confirmed the capability of the final procedures (combined with UHPLC-MS/MS) to 

accurately quantify the analytes in plasma and whole blood. 

3.4.4 Limits of detection (LOD) and lower limits of quantification (LLOQ) 

The limits of detection (LODs) were determined from scalar dilutions of the analytes in plasma and 

whole blood samples, and was the lowest concentrations extracted with EME or PALME that 

provided a chromatographic signal that was at least three times higher than the chromatographic 

noise (S/N > 3).  
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The lower limits of quantification (LLOQs) were determined from accuracy and precision experiments, 

and was the lowest sample concentration providing a chromatographic signal that was at least ten 

times higher than the noise (S/N > 10) with corresponding accuracy and precision within ± 20%. 

The PALME procedures in paper II provided LLOQ ≤ 0.78 ng mL-1 for the twelve NPS in plasma, and 

LLOQ ≤ 105 ng mL-1 for the same NPS in whole blood (except MDPV: 138 ng mL-1 and bromo-

dragonfly: 147 ng mL-1). The LLOQs were higher from whole blood because lower concentrations 

were not tested. LLOQ for the weakly basic benzodiazepines in paper III was also the lowest 

calibration level (5.0 ng mL-1) which was lower than the therapeutic level for each benzodiazepine. 

LOD was 3.0 ng mL-1 for all the included benzodiazepines. In paper IV, PALME of benzodiazepines, 

designer benzodiazepines, and Z-hypnotics in whole blood provided acceptable LLOQ (2.0-100 ng mL-

1) and LOD (0.10-5.0 ng mL-1). In paper V, LLOQ ≤ 40 ng mL-1 was obtained for the majority of the 

included drugs of abuse, with only a few exceptions (oxazepam, amphetamine, metamphetamine, 

and oxycodone: 63-122 ng mL-1). The LOD ranged from 0.0050 to 8.2 ng mL-1, except LOD for 

amphetamine (40 ng mL-1). Lower LLOQ and LOD values could most likely be obtained if lower 

concentrations had been tested, but this was not prioritized. 

3.4.5 Extraction recovery 

Recovery was used as success parameter for the extraction process in paper II-V. Highest possible 

recoveries were favorable, but reproducible recoveries were considered much more important than 

exhaustive extractions. The extraction recovery varied greatly with extraction time and different 

compositions of the sample, SLM, and acceptor solution.  

In paper II, the recoveries for NPS in plasma samples were evaluated at two concentration levels to 

investigate if the recoveries were affected by analyte concentration in the sample. The extraction 

recoveries varied greatly between the twelve NPS (25-117%), and the recoveries were higher for NPS 

with log P > 2. However, the recoveries were not affected by analyte concentration, and all the NPS 

were extracted with high precision. The recovery from whole blood ranged from 11-86%, except for 

2C-E (3% recovery).  

In paper III, EME of weakly basic benzodiazepines in plasma provided recoveries from 38-74%.  

In paper IV, the extraction recoveries for benzodiazepines, designer benzodiazepines, and Z-

hypnotics in whole blood were determined at three concentration levels and revealed that the 

recovery for zopiclone was clearly affected by sample concentration. The recoveries for the other 

analytes were reproducible and ranged from 52-90%.  
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In paper V, EME of drugs of abuse in a large polarity and basicity range provided recoveries from 37-

101%, except diclazepam (13% recovery). The recovery for diclazepam might have been affected by 

severe matrix effects, as reported in the next section.  

3.4.6 Matrix effects 

Evaluation and quantification of matrix effects was accomplished by performing extraction (EME or 

PALME) from blank plasma or whole blood, and then spiking the acquired extracts with the model 

analytes to a pre-determined concentration. Thereafter, neat standard solutions were prepared by 

spiking acceptor solution (not used for extraction) with analytes to an equal concentration as the 

spiked extracts. Then, UHPLC-MS/MS analysis of the spiked extracts and the neat standard solutions 

was performed, and the matrix effects were calculated according to Matuszewski [203] as the 

percentage ratio between the peak areas obtained from the spiked extracts and the peak areas 

obtained from the neat standard solutions. In paper II-IV, the quantified matrix effects were within 

the acceptance limit of ± 15%. In paper V, the matrix effects were within ± 20%, except for 

diclazepam (79% matrix effects). The fact that acceptable matrix effects were found for a large 

number of compounds extracted with various sample, SLM and acceptor compositions indicated that 

very few matrix components were co-extracted during EME and PALME. 
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 3.5 Phospholipid-free extracts after EME from human plasma 

Previous publications have demonstrated general sample clean-up with EME and HF-LPME [82, 113, 

136]. However, phospholipid-free extracts had not yet been demonstrated for EME (or PALME) at the 

beginning of this thesis. This was further investigated for EME in this thesis (paper I), and similar 

investigations were performed for PALME in a parallel project [188]. 

EME was performed with previously developed extraction procedures for non-polar basic drugs, 

polar basic drugs, and non-polar acidic drugs. The aim was to check for trace levels of phospholipids 

in the extracts after EME. This was accomplished with UHPLC-MS/MS analysis of the acceptor 

solutions using in-source fragmentation and selection of the m/z 184 fragment representing the 

phospholipid backbone of the most abundant phospholipids in human plasma: PCs, lyso-PCs, and 

SMs (Figure 13, section 3.1.1.1). This fragment was then analyzed directly as a «transition» (m/z 

184→184), in accordance with a previously published LC-MS/MS approach [190]. Semi-quantification 

of trace phospholipids in the EME extracts was obtained with parallel UHPLC-MS/MS analysis of 

protein precipitated plasma. PP (protein precipitation) fails to remove phospholipids, and the UHPLC-

MS/MS phospholipid chromatograms obtained after PP were compared with the chromatograms 

obtained after EME.  

The EME systems that were investigated are schematically presented in Figure 33, and mainly 

included use of different SLMs that were previously optimized to extract non-polar basic drugs (EME 

system #1), polar basic drugs (EME system #2), or non-polar acidic drugs (EME system #3). The 

samples were either untreated plasma or plasma diluted 1:6 (v/v) with deionized water. Dilution of 

plasma and reduction of the extraction voltage was necessary if the system current exceeded 50 µA. 

The acceptor solution was acidified with 10 mM HCl in EME system #1 and #2, and alkalized with 10 

mM NaOH in EME system #3. 

 

 

 

 

Figure 33: The different EME systems investigated for phospholipids in the acceptor solution (paper I). 
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In EME system #1, the SLM was NPOE, 

ENB or IPNB. The non-polar drugs 

venlafaxine and citalopram were 

extracted with recoveries from 30-40% 

when the SLM was NPOE (UHPLC-UV 

chromatogram in Figure 34). However, no 

phospholipids were detected in the 

acceptor solutions after 5 min of EME. To 

check if the mass transfer of phospho-

lipids was a time dependent process, the 

extraction time was prolonged from 5 to 30 min. Still, no phospholipids were detected in the 

acceptor solutions. Further on, it was investigated if the phospholipids were extracted if they were 

net positively charged and consequently influenced by the electrical field. The phospholipids were 

zwitterions and neither negatively nor positively charged at pH 7.4, and the plasma samples were 

therefore acidified to pH≈2 with 50 mM phosphoric acid. After EME, both the donor and acceptor 

solutions were analyzed by UHPLC-MS/MS. The resulting chromatograms showed that the 

phospholipids remained in the sample.  

A typical UHPLC-MS/MS chromatogram is shown in Figure 35, where the presence of phospholipids is 

disproved for the extracts after EME with NPOE as SLM (system #1), whereas a substantial amount of 

phospholipids were present in protein precipitated plasma. 

 

 

Figure 35: Chromatograms obtained after UHPLC-MS/MS analysis of protein precipitated plasma (upper chromatogram) 
and EME system #1 with NPOE as SLM (lower chromatogram), paper I. 

 

Figure 34: UHPLC-UV chromatograms of the non-polar drugs 
venlafaxine and citalopram used as model analytes to 
demonstrate the EME performance (system #1) in paper I. 
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Similar results were observed for EME system #1, #2, and #3. This proved that even though the 

chemical composition of the SLM was changed, the extraction voltage differed between 10-300 V, 

the samples were neutral, acidified, or alkalized; the acceptor solutions from the investigated EME 

systems were consistently free from phospholipids. 

The results in paper I was a further demonstration of the excellent clean-up capability of EME, and 

the same was demonstrated for PALME [188]. These conclusions are very important for future 

development of EME and PALME as analytical sample preparation techniques, partially because 

alternative techniques (e.g. phospholipid-removal plates) are expensive, but mostly because 

phospholipids can cause matrix effects in the LC-MS if they co-elute with the target analytes. The 

latter is especially relevant for microextraction techniques, because microextractions are performed 

with very small volumes of extracting phase, and the aqueous extracts are often analyzed by LC-MS. 

Enrichment of phospholipids in the extracts is thus highly unfavorable, and this particular challenge is 

completely eliminated with EME and PALME. 
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CONCLUDING REMARKS 

The work with this thesis has been focused on developing electromembrane extraction (EME) and 

parallel artificial liquid membrane extraction (PALME) as bioanalytical sample preparation techniques. 

This has been pursued through developing new applications, highlighting the extensive sample clean-

up capability, and by addressing the fundamental challenge concerning EME and PALME of weakly 

basic analytes. The main findings are summarized below: 

 

· Benzodiazepines and drugs of abuse (including designer drugs/NPS) in a large polarity and 

basicity range can be simultaneously extracted by EME and PALME from plasma and whole 

blood. This clearly highlighted the versatility of the techniques. Also, the prevalence of NPS 

has increased dramatically during the last two decades, and it has become crucial to develop 

analytical procedures where common drugs of abuse and new designer drugs are combined in 

one single analysis. The PALME procedure for NPS in plasma and whole blood represented the 

first PALME application developed for forensic analysis.  

 

· Microextraction of weakly basic analytes was optimized by altering the composition of the 

donor solution (sample), SLM and acceptor solution. Modification of the acceptor solution 

with the organic solvent dimethyl sulfoxide (DMSO) and the organic trifluoroacetic acid (TFA) 

was found to be highly beneficial for the recovery of both weak and strong lipophilic and 

hydrophilic drugs of abuse. This showed that analyte transfer from the SLM (which was NPOE) 

and into the acceptor solution was a highly critical step, especially for the most weakly basic 

analytes. The strategy of modifying the acceptor solution was in contrast to earlier work, 

where main focus has been on optimization of the SLM. This new way of thinking may be very 

important for future development of EME and PALME for weakly basic and acidic analytes. 

 

· Evaluation of the final EME and PALME procedures confirmed that we can rely on the 

experimental data obtained from plasma and whole blood. This was important support for 

the acceptance and implementation of EME and PALME in future bioanalytical applications. 

 

· The extracts after EME from human plasma are free from phospholipids. This confirmation 

was very important for future development and commercialization of EME. 

 

Compared to other sample preparation approaches, such as LLE, SPE, HF-LPME, SPME, and PP, the 

newly developed extraction procedures based on EME and PALME provide several advantages. 

Compared to LLE, SPE, and PP (with acetonitrile), the consumption of organic solvent is much lower 
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(green chemistry). In addition, the extracts from EME and PALME are aqueous and can be directly 

subjected to LC-MS analysis, with no need for evaporation or reconstitution (as often required in LLE 

and SPE). This simplifies the workflow substantially. The three-phase nature of EME and PALME 

enables high selectivity for a wide range of substances with different physicochemical properties due 

to the chemical barrier (SLM solvent) and the physical barrier (regulated by the pore size) of the SLM. 

The challenge with emulsion formation between biological samples and the extracting phase, which 

is common in LLE, is almost eliminated in EME and PALME because the organic solvent is held by 

capillary forces inside the pores of the SLM. Furthermore, both EME and PALME provide excellent 

sample clean-up with no traceable amounts of phospholipids in the extracts. The latter clearly 

reduces the risk of matrix effects, and is a clear advantage compared to PP. The cost per sample is 

extremely low (< 1 €), and the 96-well format allows high sample throughput. This is a clear 

advantage compared to HF-LPME, where only one sample is extracted at a time. Other techniques 

may also be operated in multi-well formats, such as SPE and SPME, but the cost per sample is usually 

much higher.  

The new knowledge presented in this thesis will hopefully contribute to push the potential of EME 

and PALME as highly promising sample preparation techniques even further in the field of bioanalysis. 

At this point, the techniques are not yet implemented in routine analyses, and their use is solely 

related to research. To change this, one particular goal should be pursued: commercialization. 

Commercialized equipment is not only important for future implementation in routine laboratories; 

it may also increase the interest for EME and PALME both nationally and internationally, and total 

research activity may be enhanced by motivating other research groups to participate. Currently, 

PALME is conducted with commercialized equipment (intended for other use), while EME is under 

commercialization by companies in Norway and Japan. At short term, more fundamental research is 

needed to provide deeper insight to the physicochemical aspects related to the complex extraction 

process in EME. This should include identification of new and stable SLM solvents, as well as 

systematic knowledge of exactly why the solvents work in terms of molecular interactions. Also, 

identification of efficient SLM solvents for selective extraction of peptides represents an interesting 

future direction towards complex biomedical applications. PALME is much closer to routine 

laboratories, and development of generic and fully validated methods is important. At long term, 

development of new and preferably groundbreaking applications is important in order to extend the 

applicability of both EME and PALME – in directions where existing approaches are not appropriate.  
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