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Abstract 

Sample preparation (sample pre-treatment) is the initial step and an essential part in 
bioanalysis procedure. The main role of sample preparation is to extract and transfer the 
analyte(s) of interest from a complex matrix to a purified media such as a pure solvent for 
analysis and quantification. Biological fluids are complex and contain, in addition to the 
target analyte(s), many different unwanted compounds from salts to proteins. Thus, the 
analysis of these samples requires an effective sample preparation method prior to the liquid 
chromatography-mass spectrometry (LC/MS) and gas chromatography-mass spectrometry 
(GC/MS) assays. The aim of the present work was to evaluate micro-extraction by packed 
sorbent (MEPS) and develop new sample preparation techniques for the extraction of 
neurotransmitters and biomarkers from biological samples. Moreover, two new sample 
preparation techniques were developed. The first developed technique is molecular 
imprinting on polysulfone membrane (MIPM), and the second one is molecularly imprinted 
polymer in tablet form (MIPT). 

MEPS is a well-known sample preparation technique that can be used online with analytical 
instruments without any modifications. In this thesis, MEPS was used online with liquid 
chromatography-tandem mass spectrometry (LC/MS/MS) for the quantification of 
dopamine and serotonin in human urine samples (Study I) and with GC/MS for the analysis 
of methadone in humane urine (Study II). Polystyrene polymer and silica-C8 were used as 
sorbent in Study I and Study II, respectively. In both studies, small sample volumes (50 μL) 
were used and full method validation was performed. In both studies (I and II), MEPS 
enhanced the limit of detection (LOD) and reduced the extraction time compared to the 
previously published methods. In Study I, the mean accuracies of quality control (QC) 
samples of dopamine and serotonin were 99–101% while the precision values (RSD) were 
6–11%. In Study II, the accuracy values of methadone were between 97 and 107% while the 
precisions (RSD) were between 11 and 15%. 

MIP-sol-gel on polysulfone membrane (MIPM) was developed and used in combination 
with MEPS for the extraction of hippuric acid (HA) in plasma and urine samples (Study III). 
A good selectivity was obtained using plasma and urine samples. The precision of QC 
samples in plasma and urine samples were 2.2–4.8% and 1.1–6.7%, respectively. The 
method recovery was above 90%. 

In Study IV, a new technique was developed using a tablet form of molecularly imprinted 
sol-gel (MIPT) for the extraction of methadone from human plasma samples. Methadone-d9 
was selected as the template for accurate recovery, and 3-(propyl methacrylate) 
trimethoxysilane (3PMTMOS) was used as a precursor. The extraction recovery was higher 
than 80%. The LOD and LLOQ were 1.0 and 5.0 ng mL-1, respectively. The validation 
showed good selectivity, accuracy and precision. 
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In Study I, III and IV, LC/MS/MS system was used while GC/MS was used in Study II for 
the separation and detection of target analytes.  

There will always be a high demand for rapid, selective, reliable and sensitive techniques for 
sample preparation. It is convenient to use molecular dynamics simulations as a theoretical 
tool for the optimization of molecularly imprinted system. Suitable monomers and cross-
linkers are crucial to synthesize the new membrane and tablet molecular imprinted polymer 
platforms for all kinds of molecules. 

 
Keywords: Bioanalysis; Sample Preparation; Micro-Extraction; MEPS; Micro-Solid Phase 
Extraction; Molecularly Imprinted Polymer; Sol-Gel; Membrane; Tablet; LC/MS/MS; 
GC/MS; Neurotransmitter; Biomarker; Dopamine; Hippuric Acid; Methadone; Serotonin; 
Plasma; Urine 

� 2016 Aziza El-Beqqali 
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Sammanfattning 

Bioanalys används för kvantitativ och kvalitativ mätning av droger och deras 
metaboliter i biologiska prover som blod, plasma och urin. Den används också i 
polislaboratorium för illegal droganalysis, inom dopingtest- och miljöanalyser. 
Bioanalys används också på kliniska laboratorier för att ta reda på vad som ligger 
bakom en sjukdom. 
Masspektrometer skiljer mellan olika molekyler utifrån deras masstal. Eftersom 
biologiska prover innehåller ett antal endogena föreningar måste provet extraheras 
från blod, urin eller vatten dvs. förbereda provet som kommer att injiceras i en 
masspektrometer. Denna process kallas provberedning. 
Denna forskning går ut på att hitta, utveckla och utvärdera innovativa 
provberedningsmetoder som ska vara billiga, snabba, effektiva, noggranna, selektiva 
och miljövänliga. 
Avhandlingen är indelad i evaluering av tre olika tekniker.  
Den första delen handlar om MEPS (Microextraction by Packed Sorbent) som är en 
teknik patenterad av AstraZeneca som Apparatur för Provberedning. MEPS är en 
miniatyrisering av konventionella Solid Phase Extraktion (SPE) och består av en 
spruta och en insats (BIN) som innehåller ca 2 mg Sorbent. MEPS kan användas 60-
100 gånger. Huvuddragen om MEPS är kortare tid för förberedelser, samt färre steg 
mellan förberedelser och injicering i masspektrometern. Dessutom MEPS behöver 
mindre mängd buffert och lösningsmedel, olika sorters av sorbent samt den kan 
användas antigen manuellt eller ansluten till analytiskt system. I denna studie 
analyserades dopamin, metadon och serotonin i urin och plasma. Dessa är välkända 
neurotransmittorer. 
Den andra delen handlar om utvecklingen av en ny molekylärt avtryckt polysulfon 
membran (MIP-Membran eller MIPM) för att öka selektiviteten och hållbarheten hos 
det absorberande materialet (sorbent) för MEPS. I denna studie analyserades 
lungcancer biomarkör hippursyra i plasma. 
Den tredje delen omfattar skapande av en ny extraktion metod, MIP-Tablett (MIPT). 
MIPT är en kombination av MEPS teknik, molekylärt avtryckt polymer (MIP) som 
sorbent, och sol–gel koncept i form av tablett för kvantifiering av metadon, i plasma. 
Alla dessa metoder validerades i termer av linjäritet, selektivitet, noggrannhet och 
precision. Kriterierna för valideringsstudiers godkännande var väl i linje med de 
internationella kriterierna. 
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1 Introduction 

Bioanalysis is a part of analytical chemistry that deals with analysis (identification 
and quantification) of analytes of interest in different biological specimens. Examples 
of the application of bioanalysis include drugs, metabolites, genes and biomarkers, 
including many other biological molecules that are present in biological matrices as 
for example: whole blood, plasma, serum, urine, saliva, sweat, as well as tissue and 
cerebral spinal fluid. Samples from both human and animal are used in bioanalysis. 
Bioanalysis is widely used in areas such as medical research and development 
projects, mostly in pharmaceutical and biotechnology industries for studying 
pharmacokinetics, toxicokinetics and bioequivalence of medical drugs. In addition, 
bioanalysis is important in therapeutic drug monitoring (TDM), forensic toxicology 
investigations, environmental matters, and finally in the determination of illicitly 
used drugs in sports’ anti-doping tests. 
The implementation of new sample preparation techniques in bioanalysis is of great 
interest and value to the bioanalytical community. 
In the present thesis, the focus will be on two important groups of bioanalytes:  
neurotransmitters and biomarkers. Typical neurotransmitters of relevance for this 
thesis are dopamine, serotonin and methadone, while hippuric acid is proposed as a 
biomarker for lung cancer [An et al., 2010], and all of them are determined in plasma 
and urine samples. More information about neurotransmitters and biomarkers is 
described further in Section (1.6). 
Apart from the discovery and qualification of neurotransmitters and biomarkers, there 
is a great demand and need to measure the concentration of these substances in 
biological fluids. The neurotransmitters have great effect on our bodies and our health 
in terms of thinking, feeling and moving. Biomarkers help in the diagnosis and/or 
treatment of several diseases. Good characterization, full validation and 
documentation of the applied bioanalytical methods are needed. 
Due to the low concentration levels of these analytes in biological fluids, the 
analytical estimation of these substances is challenging. Normally those analytes 
incorporate a variety of chemicals and metabolites that can have a negative impact on 
the accuracy, precision and reliability when determining these entities. 
A powerful bioanalytical method consists of two integral stages: 
1) Sample preparation (treatment/clean-up/extraction) of the analyte from its bulk 

biological matrix. 
2) Separation, detection and quantification of the target analyte. 
Among modern separation-detection techniques, liquid chromatography (LC), gas 
chromatography (GC), liquid chromatography together with spectrometric tandem 
mass (LC/MS/MS) and gas chromatography coupled with mass spectrometry 
(GC/MS) are the benchmark for qualitative and quantitative bioanalytical studies as 
summarized in Section (1.7). 
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1.1  Sample Preparation in Bioanalysis 

Efficient pre-treatment of samples is among the key procedures within bioanalysis 
requiring huge time of the work activity and operating costs to make the sample ready 
for introduction into a chromatographic system [Vaghela et al., 2016]. 
The aim of sample preparation is the removal of extraneous material from biological 
samples before analysis. Furthermore, sample preparation is required to enhance the 
selectivity, to isolate the analyte from the complex matrix and pre-concentrate the 
analyte if it is needed. Thus, a highly selective and specific sample preparation is a 
prerequisite for reasonable and sensitive analyses. 
Current progress in sample preparation techniques is oriented toward fully 
automation, creation of liquid-handling robots, miniaturization to decrease sample 
sizes. The development in sample preparation should be measured by means of 
improved sensitivity, selectivity, accuracy, precision, and data quality. Sample 
preparation advancement should be directed to increase efficiency, to give a high 
recuperation of the target analytes including less number of working steps, to increase 
assay throughput, as well as to reduce costs and environmental impact. 
In bioanalysis, normal sample-preparation systems include solid phase extraction 
(SPE), liquid-liquid extraction (LLE) as well as protein precipitation (PP) [Ashri and 
Abdel-Rehim, 2011]. LLE and PP have several limitations that are associated with 
the need of large sample volume, low recovery, poor selectivity, time-consuming and 
matrix effects in LC/MS/MS analyses. Recent approaches have improved their 
disadvantages [Kole et al., 2011]. However, the last decades have seen a rapid 
introduction of more effective sample preparation strategies including SPE and newly 
developed microextraction techniques that have contributed to master the restrictions 
of LLE and PP. 
In the next Sections (1.2) – (1.4), a summary of the development from the 
conventional SPE to novel sample preparation techniques has been provided with 
emphasis on solid-phase microextraction (SPME) and microextraction by packed 
sorbent (MEPS). 
 

1.2  Solid-Phase Extraction (SPE) 

Solid-phase extraction (SPE) is a highly reliable technique used for sample 
preparation allowing a good purification and concentration of trace elements in 
biological fluids. The method has been used for more than fifty years and applied 
broadly in many fields, e.g., in environmental, pharmaceutical, biological, organic 
chemistry and food analyses.  
SPE process is very simple, and consists of using a solid phase (sorbent) to extract 
the desired analytes from a sample (Figure 1). SPE can be performed off-line or 
coupled on-line directly to a chromatograph. The purpose of SPE is to obtain extracts 



 3 

of the target analyte free from matrix interferences in a few process steps: 
conditioning the sorbent, applying the sample, washing and eluting. 
The most important parameters in SPE are first, the selection and the amount of the 
sorbent; second, the washing solution’s composition and volume which should be 
carefully selected to guarantee no leakage of the analytes; and third, the elution 
solution’s composition and volume. Nowadays, a great variety of highly reproducible 
and cleaner sorbents is available, leading to an increased acceptance and interest 
towards SPE. 
The benefits of SPE are, when compared to classical LLE, that it can easily be 
automated, it can save time and the interferences can be separated more efficiently 
from analytes. Furthermore, SPE demands less consumption of organic solvents and 
results in higher method selectivity. Since the sorbent and the analyte(s) participate 
in different intermolecular interactions, sample preparation task using SPE has been 
more selective, and the optimization of the technique can be performed by adjusting 
the conditions of chromatographic analysis. The interactions occurring in SPE can be 
of polar, hydrophobic or ionic character, while in LLE occurs only a partition 
equilibrium in the fluid phase. LLE utilize relatively large amounts of solvents with 
compromised purity of extracted analytes while SPE requires small amounts of 
solvents and produce better recovery. The main drawback of SPE is the cartridge 
variations stem from lot to lot. Moreover, during elution of highly polar analytes 
using strong bases and acids to guarantee a high recovery is not compatible with mass 
spectrometry. Further advantages and disadvantages of SPE during drug analysis are 
reviewed in the literature [de Zeeuw, 1997]. 
 

 
Figure 1. Schematic diagram of solid-phase extraction (SPE). 
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1.3  Solid-Phase Microextraction (SPME) 

The studies on solid-phase microextraction (SPME) were initiated 30 years ago 
[Arthur and Pawliszyn, 1990; Pawliszyn, 1997]. This technique has been adopted as 
an option to the existing sample preparation methods, and today it has various fields 
of applications for the extraction of a diversity of analytes. SPME is a rapid sample 
preparation method for GC and LC (Figure 2) that does not require any solvent. 
The extraction technique SPME is based on the partitioning of the analyte between 
the matrix and the coated silica fiber. Several factors, including temperature, pH, 
stirring, and salt concentration may influence the equilibration time and the 
equilibrium constant [Pawliszyn, 1997]. With the adjustment of pH, the neutrality of 
the target analyte can be reached. Basic pH improves the recovery of basic analytes, 
while acidic analytes are better recovered at acidic pH. Recovery is also enhanced by 
adding salt, e.g., NaCl, which is a source of strong ionic effects. 
Many target drugs are polar and strongly attached to the sample matrix. In order to 
make these drugs disposed to thermal desorption from the SPME fiber to GC analysis 
a derivatization may be necessary. Several techniques for derivatization have been 
used and described in the literature [Pan and Pawliszyn, 1997]. Derivatization process 
comprises first of the addition of appropriate reagents to the sample matrix, and 
second the extraction or derivatization on the fiber. There is a large potential for 
derivatization within SPME that allows enhancing drug analysis but this potential has 
not been explored sufficiently. 
Although several studies on SPME using drugs and their metabolites in plasma or 
human urine have been published [Fritz, 1999], only few of them involve SPME 
optimization for plasma analysis. In most applications, SPME is linked on-line with 
GC/MS. On the other hand, LC/MS has been applied very little. 

 
Figure 2. Depiction of solid-phase micro-extraction (SPME). 
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1.4  Microextraction by Packed Sorbent (MEPS) 

A novel development in the field of sample preparation is the technique 
microextraction by packed sorbent (MEPS) originally designed and patented by 
AstraZeneca, Sweden [Abdel-Rehim, 2003; Abdel-Rehim, 2004]. MEPS resembles 
a miniaturized SPE packed bed device with different range of volumes. Therefore, its 
function is the same as SPE, i.e., cleaning-up interferences from the biological matrix, 
separation and enrichment of the sample with the target analytes. 
Typical MEPS setup (Figure 3) consists of two parts: a liquid-handling microliter 
syringe of (100-250 μL) and a MEPS barrel inserted-needle assembly (BIN) 
containing circa 1-2 mg of the solid phase material (packed sorbent) loaded as a plug 
or as a cartridge into the syringe [Abdel-Rehim, 2010; Abdel-Rehim, 2011]. Different 
types of packed sorbent material may be used in the MEPS cartridge depending on 
the conditions: normal phase, reverse phase, mixed mode or ion exchange. Most 
common materials are silica-C2, silica-C8, or silica-C18, carbon, polystyrene-
divinylbenzene copolymer (PS-DVB), restricted access material (RAM), molecular 
imprinted polymers (MIP) and including coated sorbents to enhance the target 
analyte’s selectivity [Abdel-Rehim, 2010]. 
In the MEPS technique, the biological fluid sample is pulled up and down throughout 
the syringe with the help of an auto sampler pump. Passing through the solid support, 
the analytes are then adsorbed into the sorbent material. Together with the analytes 
some interfering materials may eventually also be adsorbed. Thus, a washing solution 
has to be applied to the solid phase material to wash it and thus to remove the 
interferences. After that, the elution of the analytes is performed with help of an 
organic solvent, e.g., methanol or a mobile phase that is injected directly into the LC 
or GC instrument. 
 

 
Figure 3. Setup of microextraction by packed sorbent (MEPS). 
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Unlike conventional SPE that requires a separate column to upload the sorbent, in 
MEPS technique the solid phase is packed right away in the syringe. That differs 
MEPS from SPE where a separate robot to administer the sample into the solid phase 
is needed. This allows washing the sorbent effectively between different assays and 
thus reducing any chance of analyte(s) for carry-over. The small amount of packed 
sorbent material used in MEPS makes it easier to be cleaned, and hence several cycles 
can be applied. For instance, for plasma or urine samples, the sorbent may be used 
over 100 times while for aqueous samples it may be used as much as 400 times. 
However, commercial SPE columns can be used only once, even when the same 
sorbent material as in MEPS is used. 
In MEPS, small sample volumes can be used. In addition, instead of solvent volumes 
in the order of mL required to elute a standard SPE cartridge, MEPS technique can 
handle small elution volumes as 10-100 μL. This elution volume is such that it can 
easily be injected directly into a GC or LC without further steps. This gives the 
possibility to perform the process manually or to connect MEPS automatically into 
LC or GC with help of a CTC-PAL auto sampler for offline or online analysis without 
any modifications [Abdel-Rehim, 2004]. 
Another advantage of MEPS technique before conventional SPE or even LLE, is that 
with MEPS the volume of sorbent, the consumption of solvents and the sample 
preparation time are significantly reduced. 
In SPME, the sampling on the coated fiber may not be always used due to its 
vulnerability to the nature of different complex matrices, e.g., urine, blood or plasma. 
In that sense, MEPS is a more robust technique than SPME because MEPS is less 
sensitive as normal phase or reversed phase sorbents can be used which acquire high 
stability towards different solvents and temperatures and consequently can be used 
without problems. Regarding extraction recoveries, MEPS shows much higher values 
(60-90%) than SPME in which hardly 1 to 10% can be obtained. As little as 10 μL of 
sample volume can be treated with MEPS, while SPME favors higher sample 
volumes to improve the recovery. 
 

1.5  Extraction Sorbents 

Sorbents are characterized in terms of capacity and selectivity. 
Selectivity is the capability of a solid phase sorbent to adsorb the analyte present in a 
sample matrix in the presence of other components in the sample, thus not paying 
attention to the other undesirable constituents. Selectivity is influenced by the sample 
matrix’ composition, the analyte’s chemical structure, the sorbent’s properties, the 
washing solution and the eluent solution used. The best way to obtain a high 
selectivity is by selecting such functional groups of the analyte that are “missing“ in 
the sample matrix and other interferences. 
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Capacity is defined as the total amount of the analyte retained in a defined mass of 
sorbent according to the process optimal conditions. Hence, it is easy to estimate 
approximately the required amount of sorbent when we know the capacity and the 
quantity of analyte that we wish to extract. It has been reported that the sample 
capacity of a SPE cartridge is about 1-5% of the sorbent mass [Poole, 2003]. 
 
Silica-Based Sorbents and Molecular Interactions 

Between functional groups of sorbent and analyte occur molecular interactions that 
can be polar, non-polar and ionic interactions. 
Most organic compounds possess a non-polar structure, so they can easily be 
adsorbed by non-polar sorbents where Van-der-Waals forces and non-polar 
interactions dominate. Typical sorbents with a pronounced degree of non-polar 
interactions are modified silicas in which a hydrocarbon spacer attaches the 
functional groups to the silica surface. Their selectivity is apparently low because of 
the ability of their functional groups, e.g., the alkyl substituents, to interact with 
practically all non-polar analytes. Therefore, a series of substances of different 
structure can be isolated. 
Surface-modified silicas, such as octyl-modified silica (C8) and octadecyl-modified 
silica (C18) are stable in almost all organic solvents and show pH stability in the 
range 2 – 8. Their use in a wider pH range is guaranteed because functional groups 
cleavage is time-depending, and the time contact between sorbent and solvent is 
normally very short. Silicas being solid and rigid materials, they never show 
disintegration or shrinking.  
Octadecyl-modified silicas (C18) are very non-polar sorbents allowing hydrophobic 
interactions with a large variety of organic substances. Thus, C18 is recommended 
for extraction of drugs, pharmaceuticals, antibiotics, amphetamines, antiepileptics, 
caffeine, barbiturates, fatty acids, preservatives, nicotine, vitamins and pesticides 
among many other non-polar compounds [Montesano et al., 2014]. On the other hand, 
octyl-modified silica (C8) is somewhat more polar than C18 due to the presence of 
shorter alkyl sequences that allow secondary interactions with polar compounds. C8 
is applied for extraction of pesticides, polychlorinated biphenyls (PCB), etc. 
Among polar interactions that occur between many different sorbents and functional 
groups of the analytes, we can find hydrogen bonds, dipole-dipole and π-π 
interactions. Polar interactions are typical for sorbents like unmodified silica, NH2, 
CN and OH (diol) modified silicas. Commonly, polar sorbent is used effectively to 
adsorb polar substances from a non-polar environment, and as elution solution, a 
polar solvent is applied. Contrarily, non-polar sorbent is used to adsorb non-polar 
compounds from a polar environment. Low polarity solvents are then used for elution. 
Charged analytes interacting with a sorbent with functional groups of opposite charge 
undergo ion exchange interactions. 
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Positively charged groups may be found in amines (from primary to quaternary) and 
many inorganic cations such as Ca2+, Na+ and Mg2+. Negatively charged groups may 
exist in phosphates, anions of sulphonic and carboxylic acids, and similar anionic 
units. The adsorption via these ionic interactions is intensified in a low-ionic-strength 
matrix and a low-selectivity counter ion, for instance, Na+ or acetate. Solvents having 
a high ionic strength and high selectivity, e.g., citrate or Ca2+, are usually chosen as 
elution solution. Nevertheless, pure ionic interactions rarely occur. Alternatively, 
they take part in association with others as secondary interactions. 
 
Molecularly Imprinted Polymers 

Molecular imprinting is a robust technique for the synthesis of materials with the 
capability of selecting effectively some specific chemical compounds, e.g., a target 
analyte. Polyakov in 1931 demonstrated the idea of the molecular imprinting 
[Alexander et al., 2006]. He demonstrated that molecular specificity could be 
imprinted into silica gel by pre-treating silicic acid with organic adsorbates before 
polycondensation. Under last years, many developments and applications of 
imprinting polymers in different areas have carried out by several research groups 
[Alexander et al., 2006; Chen et al., 2011]. 
As illustrated in Figure 4, in order to generate a molecularly imprinted polymer 
(MIP), a number of functional monomers are arranged around a template molecule 
via covalent and non-covalent interactions. 
Subsequent co-polymerization of the monomer molecules with a cross-linker leads to 
a trapping of the template molecule in a highly cross-linked amorphous polymeric 
structure. After extracting the trapped template, a porous polymer can be obtained 
with an imprinted arrangement of ligands or binding sites located at the surface. The 
resulting molecularly imprinted polymer (MIP) holds a predetermined shape, size and 
functional groups for a specific target analyte. 
Due to its high binding affinity and high ligand selectivity, MIP can recognize and 
rebind with the target analyte even in presence of some structurally related 
compounds [Khorrami and Rashidpur, 2012]. Therefore, MIP can be used as a 
feasible alternative to the more conventional sorbents for the extraction of analytes 
during sample preparation [Andersson et al., 2004; Widstrand, et al., 2006]. 
MIP has been implemented during the last twenty years as extracting media in 
different bioanalytical extraction techniques. Comprehensive studies include off-line 
SPE [Ali et al., 2010; Chen et al., 2013], on-line SPE [Moein et al., 2011; Moein, 
Javanbakht et al., 2014], monolithic columns [Huang et al., 2011; Javanbakht et al., 
2012; Lin et al., 2013], SPME [Hu et al., 2012; Prasad et al., 2009; Prasad et al., 
2013b; Qiu et al., 2010], stir-bar sorptive extraction (SBSE) [Prasad et al., 2013a; 
Zhu et al., 2006] and MEPS [Ashri et al., 2013; Daryanavard et al., 2013]. 
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Figure 4. Synthesis of molecularly imprinted polymer (MIP). 
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Figure 5. Hydrolysis and condensation during sol-gel production of silica oligomers from 

an alkoxy precursor, tetraethyl orthosilicate (TEOS). Reproduced with 
permission from Ref. [Owens et al., 2016] Copyright 2016, Elsevier. 

 
Molecularly imprinted materials prepared with the “sol-gel” method have recently 
received special consideration as a sorbent in solid-phase extraction and other micro-
extraction sorptive techniques [Moein, El-Beqqali, et al., 2014]. 
 
Sol-Gel Concept 

Sol-gel is a technique for preparing advanced inorganic polymers and organic-
inorganic hybrid materials under mild temperature and reaction conditions [Hench 
and West, 1990; Krasia-Christoforou, 2015]. 
Sol-gel process implies two different phases: a solution (sol) and a gelation (gel). A 
sol, in which a solid matter is dispersed through the bulk of a colloidal fluid, is 
exchanged into a gel consisting of a solid phase interconnected matrix, i.e., a 
continuous three-dimensional network [Brinker and Scherer, 1990]. 
Sol-gel process occurs via two main reactions: hydrolysis of precursor(s) and poly-
condensation of sol-gel entities that are active in the bulk of the fluid. An example of 
sol-gel generation is illustrated in Figure 5. 
The combination of the MIP technique with the sol-gel methodology can be used to 
develop novel sorbent materials that possess unique properties: a molecular-level 
composition with a strong chemical bonding and a structure showing high specific 
surface area and controllable pore size. In addition to high selectivity and specificity, 
the resulting MIP sol-gel materials offer many advantages including high chemical 
and thermal stability, excellent mechanical properties giving a long shelf lifetime, 
fast mass transfer, fast adsorption/desorption kinetics resulting in higher extraction 
efficiency [Corriu, 2000; Shea and Loy, 2001]. 
Through sol-gel MIP technique, a wide range of solid materials (Figure 6) may be 
obtained at a very low cost and quickly. Example of manufactured devices by this 
technique include solid-phase adsorbents, catalysts, stationary phases and sensors. 
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Figure 6. Sol-gel technologies and applications. Reproduced with permission from 
      Ref. [Owens et al., 2016] Copyright 2016, Elsevier. 
 

1.6   Neurotransmitters and Biomarkers 
 

Neurotransmitters are chemical compounds released by nerve cells, i.e., brain 
neurons, which allow sending signals to other neighboring nerve cells, muscle cells, 
or gland cells [Lodish et al., 2000]. In other words, they act as chemical messengers 
facilitating communication between the brain and the body organs. For example, 
neurotransmitters make it possible that the brain commands the heart to beat, the 
stomach to digest, the lungs to breathe and to perform other body functions. 
Neurotransmitters can act in an inhibitory or excitatory way. Inhibitory 
neurotransmitters relax the brain and are supportive in keeping the balance, while 
those that stimulate the brain are excitatory. Neurotransmitter imbalance can be 
caused by factors like stress, poor diet, drugs, alcohol, caffeine, neurotoxins and 
genetic predisposition. 
Certain types of neurotransmitters are synthesized and activated in their own systems 
of neurons and cells. Major neurotransmitter systems include the dopamine system, 
the serotonin system, among others. Other types of neurotransmitters are produced 
artificially by chemical synthesis, e.g., methadone. 
Dopamine (DA; 4-(2-aminoethyl) benzene-1,2-diol) is a monoamine neuro-
transmitter that belongs to the catecholamine and phenethylamine families of 
psychoactive drugs, and its chemical structure consists of a benzene ring with one 
ethyl section ending in an amine group, and in addition there are two hydroxyl groups 
attached to the benzene ring (Table 1). 
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Table 1. Chemical structures of analytes and techniques used in this thesis. 
 

Compound 
Formula 
[CAS No] 

Chemical Structure Extraction 
Method 

Analytical 
Method 

Publication 

Neurotransmitters 
    

 
Dopamine 
C8H11NO2 
[51-61-6] 

 

 
 

 
MEPS 

 
LC/MS-

MS 

 
Paper I 

 
Methadone 
C21H27NO 
[76-99-3] 

 

 
 

 
MEPS 

 
MIPT 

 
GC/MS-

MS 
 

LC/MS-
MS 

 
Paper II 

 
Paper IV 

 
Serotonin 

C10H12N2O 
[50-67-9] 

 

 

 
MEPS 

 
LC/MS-

MS 

 
Paper I 

Biomarkers 
    

 
Hippuric acid 

C9H9NO3 
[495-69-2] 

 

    
 

 
MIPM 

 
LC/MS-

MS 

 
Paper III 
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DA is a neurotransmitter with a peculiar property that allows it to act as both 
excitatory and inhibitory. Several distinct pathways and cell groups make up a DA 
system. In the brain, the most important dopamine pathways are those involved in 
executive functions such as motivation, motor behavior, alertness, emotional and 
sexual arousal, orgasm, and refractory period. If the level of DA activity is high, then 
it is required less impetus to initiate a given conduct or action. DA plays a critical 
role as a reward-learning signal, a form of operant conditioning, which establishes a 
strong relationship provided by pleasurable experiences, such as playing video games 
or taking addictive drugs, followed by an increase in DA activity. A typical example 
of increased anticipatory behavior is the process of freeing DA to increase the appetite 
after we smell some food. Other lower-level functions of DA are those related with 
controlling the production of several hormones, including lactation, nausea and 
vomiting. 
Outside the brain, DA acts as a local chemical messenger in several sections of the 
peripheral nervous system. In addition, DA functions as vasodilator in blood vessels; 
it regulates insulin release in the pancreas; and in the immune system, it decreases the 
lymphocyte activity. DA also stimulates the elimination of sodium and delivery of 
urine in the kidneys; while the gastrointestinal system is favored by DA because it 
controls the movement of food through the intestines and protects intestinal mucosa 
from damage. 
Alterations in DA neurotransmission can lead to serious dysfunctions in the nervous 
system. For instance, Parkinson’s disease, which is distinguished by rigidity of the 
body, shaking, and difficulty initiating movement, is caused by damage and loss of 
DA-secreting neurons, while schizophrenia is due to an increased DA activity. Low 
levels of DA activity are related to disorders like ADHD, fibromyalgia, and other 
syndromes, e.g., burning mouth and restless legs. 
DA is found in many food plants (fruit pulp of bananas, potatoes, avocados, broccoli, 
Brussels sprouts, oranges, tomatoes, spinach and beans) [Kulma and Szopa, 2007] 
but when consumed they have no effect on the brain due to their difficulty to cross 
the blood-brain barrier. Fortunately, many plants such as velvet beans, fava beans and 
marine green algae contain L-DOPA, which is the metabolic precursor of DA and 
capable of crossing the blood-brain barrier [Ingle, 2003]. 
The determination of dopamine in urine is presented in Paper I. 
Methadone (MT; RS-6-dimethylamino-4,4-diphenylheptan-3-one) (Table 1) is a 
synthetic opioid with analgesic effect that is widely used to relief chronic pain. 
Racemic MT is found to be effective during maintenance treatment of opioid 
dependence and in the management of detoxification in heroin-addicted individuals 
[Bell, 2012; Isaza et al., 2014]. 
MT and its metabolite EDDP are often determined in biological fluids to respond to 
drug abuse detection programs (in which urine is tested), to attest intoxication cases 
(plasma or serum) or to support forensic investigations of sudden deceases, traffic or 
other criminal violations (whole blood). By reviewing MT usage history, the results 
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obtained from chronic users can be interpreted better as they can develop tolerance 
to doses that would incapacitate an opioid-naive individual. 
The determination of methadone in urine and human plasma is presented, 
respectively, in Papers II and IV. 
Serotonin (5-HT; 5-hydroxytryptamine or 3-(2-Aminoethyl) indol-5-ol)) (Table 1) 
is another monoamine neurotransmitter that along with DA has influence on various 
functions of the central nervous system and on the rest of the body. It is popularly 
associated to feelings of happiness and well-being. Serotonin is necessary for a stable 
mood and control of emotions, sleep cycle, pain control, regulation of body 
temperature and blood pressure, appetite satiety, smooth muscle contraction and 
appropriate digestion. It can also act as a growth factor, playing an important role in 
regeneration of liver and aiding healing the body. Serotonin is a natural regulator of 
anxiety, weight, and is speculated to be an effective antidepressant. It is known for 
some cognitive functions like concentration, memory, sensory perception and 
learning. 
Low levels of 5-HT can lead to decreased immune system function, obsessive-
compulsive disorder, depression, social phobia, migraine, bipolar disorder, and 
emesis. Serotonin, along with DA, is also involved Alzheimer’s disease, 
schizophrenia, and ADHD [Moriarty et al., 2011]. 
Extensive studies performed over 30 years ago [Feldman and Lee, 1985], evaluating 
the 5-HT content of fruits and vegetables, determined that 5-HT is found in high 
concentrations in 80 types of food such as nuts of the walnut and hickory (Caraya) 
families, fruits as banana, plantain, pineapple, Kiwi fruit, plums, avocado, tomatoes, 
dates, mushrooms, and in many vegetables. 
Eating foods containing 5-HT does not increase brain serotonin, because it cannot 
pass through the blood–brain barrier, a similar mechanism to DA as explained above. 
However, its metabolic precursors L-tryptophan and 5-hydroxytryptophan (5-HTP) 
does traverse the blood–brain barrier. These substances are effective serotonergic 
agents than can be found as dietary supplements [Young, 2007]. 5-HT and its 
derivative 5-hydroxyindoleacetic acid (5-HIAA) are excreted in the urine. Therefore, 
they can be used as cancer biomarkers because their overbalance in urine is a sign of 
excess production due to the presence of certain tumors or cancers. 
The determination of serotonin in urine is presented in Paper I. 
Biomarker or biological marker is defined by regulatory agencies worldwide [EMA, 
2011; US FDA, 2014] as a physiological, pathological, or anatomic property that is 
determined impartially and evaluated as evidence of a normal biological state or 
condition, a disease process, or a response to a treatment in humans and animals. It 
also refers to specific chemicals that living organisms shed into the environment, thus 
used as indicator of their existence or their presence in a particular place. 
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Recently, there has been a rapid development in the use of biomarkers in medical 
science, and consequently, an increased interest in finding and characterizing new 
biomarkers. 
Hippuric acid (HA; Benzoylaminoethanoic acid or N-Benzoylglycine) is a 
carboxylic acid (Table 1) excreted in the urine of horses and other herbivores. In some 
occupations, humans take many aromatic compounds such as benzoic acid and 
toluene that are converted in the interior of the body into hippuric acid by reaction 
with amino acids, e.g., glycine. Therefore, HA is considered a lung cancer biomarker 
in the biological monitoring of human exposure to toxic organic solvents as toluene 
[An et al., 2010; Bahrami et al., 2005]. 
The determination of hippuric acid in urine and plasma is presented in Paper III. 
 

1.7   Separation and Detection Techniques 

Among the existing separation and detection techniques, the combination of high 
performance liquid chromatography (HPLC or LC) and mass spectrometry (MS) as 
well as the combination of gas chromatography (GC) and MS, are the most effective 
and powerful techniques in bioanalysis with a high sensitivity and a good selectivity. 
They are useful in many applications like pharmaceutical analysis, environmental 
analysis and other related fields of chemistry, food and life sciences [Hansen and 
Pedersen-Bjergaard, 2015; Hsieh and Korfmacher, 2006; Inoue et al., 2011; Koeber 
et al., 2001; Smeraglia et al., 2002]. 
 
Liquid Chromatography (LC) and Gas Chromatography (GC)  

Liquid chromatography (LC) is a fundamental technique for separation of a wide 
range of bioanalytes with different molecular weights, polarities, thermal stability or 
tendency to ionize in solution. In LC, the separation of the analytes is the result of 
partitioning between the mobile phase and the stationary phase. The mobile phase 
consists of solvents of different compositions, while particles (usually silica spheres) 
make up the stationary phase. 
LC can be run in various separation modes, for instance, normal-phase, reverse phase, 
ion-exchange, ion-pairing and size-exclusion. The most common technique in LC is 
the reverse-phase, in which the two phases, silica particles with bonded hydrophobic 
(Silica-C4 to C18) stationary phase and a hydrophilic mobile phase, have a strong 
influence on the separation of analytes on the LC column. 
A setup of LC system is show in Figure 7. A sample is introduced to the column using 
an injector while a flow of mobile phase is pumped through the column. The analytes 
follow the direction of the mobile phase flow through the column at different 
velocities and elute from the column one at a time. After leaving the column, the 
analytes are introduced into the MS detector and measured one by one. 
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Figure 7. Setup of a liquid chromatography (LC) apparatus. 

 
The mean velocity at which the analytes move through the column relies on the 
hydrophilicity and the hydrophobicity of the analyte. Analytes with higher affinity to 
the stationary phase will migrate slowly in the column, and thus will show longer 
retention time (tR) than those analytes with lower affinity. 
Gas chromatography (GC) is a separation and detection technique applied mainly to 
volatile chemicals or compounds that can be derivatized into volatile substances. 
Figure 8 illustrates a setup of GC/MS system. In GC, a small sample (in the order of 
μL) is injected into a heated gaseous mobile phase (carrier gas) where the sample 
component evaporates instantaneously. The vapor sample is then transported with the 
carrier gas into the packed or capillary separation column (GC column).  
 

 
Figure 8. Setup of gas chromatography-mass spectrometry (GC/MS) apparatus. 
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The different sample elements interact with the stationary phase as they pass through 
the GC column, and different components are physically separated based on 
differences in their volatility and ability to partition between the mobile phase and 
the stationary phase. Consequently, constituents with low volatility and strong 
interaction with the stationary phase will be effectively retained in the GC column, 
and move gradually through the column. After leaving the GC column, the sample 
elements are introduced into a MS detector where each individual sample element is 
detected and quantified. 
In GC, analytes should be volatile or semi-volatile to be carried with the gas to the 
detector. Temperature plays an important role because both volatility and vapor 
pressure of the sample constituents raises with temperature. For very volatile 
compounds, lower temperatures are applied; while for poor volatile higher 
temperatures are required. Owing to the volatility criterion, bioanalytical GC may be 
restricted to small-molecule drug substances under approximately 500 molecular 
weights. Applicability of GC is also limited by the analyte thermal stability and 
polarity. Thermally fragile molecules are not suitable for GC if they cannot withstand 
elevated temperatures up to 250–300 oC.  
The use of GC to separate polar and large-molecule compounds is troublesome 
because these substances tend to demonstrate severe peak tailing. Therefore, 
compounds with high degree of polarity and with high molecular weights are 
preferably analyzed by LC, while non-polar and small-size molecules can ideally be 
analyzed by GC. 
 
Mass Spectrometry (MS)  

Mass spectrometry (MS) plays an important role as a detection techniques used today 
in molecular analysis [De Hoffman and Stroobant, 2007]. MS can generate three-
dimensional data; i.e., data representing signal strength as a function of time and mass 
spectral data for each point of time. MS has the potential to yield valuable information 
on the molecular weight, molecular structure, quantity, identity and purity of a 
bioanalyte. MS has a high sensitivity and specificity that provide good results in both 
qualitative and quantitative bioanalysis. 
The MS process consists of an ionization of the bioanalyte molecules followed by a 
separation, fragmentation and identification of the resulting ions according to their 
mass-to-charge (m/z) ratios. The generation of ions occurs in the ionization source 
of the mass spectrometer prior to their characterization in the mass analyzer. 
Modern ion sources are based on the atmospheric pressure ionization (API) technique 
[Takats et al., 2004; Cody et al., 2005] in which the bioanalyte molecules are ionized 
at atmospheric pressure and then the product ions are separated from neutral 
molecules either mechanically or electrostatically. Common API techniques include 
electrospray ionization, chemical ionization and photoionization. 
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Electrospray Ionization (ESI)  

Electrospray ionization (ESI) relies on the generation of bioanalyte ions in liquid-
phase (solution) before they reach the mass spectrometer analyzer. Several books and 
extended reviews have been published on ESI principles and bioanalytical 
applications [Cole, 1997; Cech and Enke, 2001; De la Mora et al., 2000; Rohner et 
al., 2004]. 
As illustrated in Figure 9, a slow flux of the ESI solution (effluent) passing through 
a capillary tube is sprayed (nebulized) by nitrogen gas at atmospheric pressure in the 
presence of a strong electrostatic field (2-5 kV) and heated drying gas (N2) at a 
specific temperature (200-500 oC) forming highly charged droplets. As the solvent 
evaporates from the droplets, the charge density in the droplet surface increases 
continuously until ions with like charges are ejected (desorbed) from the droplets 
[Kebarle and Tang, 1993]. By this time, solvent molecules having lower molecular 
mass than the sample ions are quickly diffused away. Then, the remaining bioanalyte 
ions are focused into the mass analyzer through some vacuum pumping stages. 
Effective generation of bioanalyte ions in solution is very important to achieving the 
desired electrospray and good MS results. 
During LC/MS separations, and in ESI mode, it is important to take in consideration 
a few parameters related to sample preparation and solution chemistry. For instance, 
the use of adequate bioanalyte concentration in the ESI solution, the adjustment of 
solvent pH accordant to the polarity of ions desired and the pH of the sample, and the 
selection of solvents with low heat of vaporization and low surface tension to enhance 
ion desorption. 
 

 
 

Figure 9. Process of ion generation during electrospray ionization (ESI). 
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Furthermore, volatile additives and acid-base buffering species are preferred to 
prevent partial ionization, signal suppression and contamination or corrosion in the 
MS ion source [De Hoffman and Stroobant, 2007]. Volatile buffers like acetate and 
formate are frequently used thanks to compatibility with MS. Acetate and formate are 
commonly useful for positive-ion mode detection. The use of triflouroacetic acid 
(TFA), which is an efficient ion pairing agent, can however strongly suppress signal 
with ESI mode [Temesi and Law, 1999; Apffel et al., 1995]. 
ESI can be applied to a wide spectrum of small and large biomolecules [Cole, 1997; 
Kushnir et al., 2002]. Biological macromolecules can acquire multiple charges, and 
for this reason, ESI can be used successfully to analyze compounds with high 
molecular weights such as proteins. In addition to molecular weight information 
obtained from MS, complementary structural elucidation is very valuable. Structural 
information is acquired by fragmentation of ion bioanalytes during a so-called 
collision-induced dissociation (CID) process. 

 

Tandem Mass Spectrometry (MS/MS)  

Tandem mass spectrometry (MS/MS) is one of the most powerful ways to obtain 
structural information and it consists of a multiple-stage MS; commonly two mass 
analyzers are connected. 
The basic approach of MS/MS (Figure 10) is the measurement of m/z of bioanalyte 
ions before and after a CID reaction within the MS. Precursor ions with a specific 
m/z-value are produced in the ionization source and isolated by the first mass analyzer 
(MS1). Then, these precursor (parent) ions (mp+) undergo a fragmentation or 
dissociation in the collision cell into the product (daughter) ions (md+) and residual 
neutral fragments (mn) according to the following acceleration-collision reaction: 
mp+     →     md+     +     mn 

 

 
 

Figure 10. Principle of tandem mass spectrometry (MS/MS). 
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md+ can be sampled and analyzed by the second mass spectrometer (MS2) but the 
latter species, mn, cannot be detected. However, from the mass difference between 
mp+ and md+, the mass of mn can be calculated. 
Interesting in MS/MS is that already in the first mass analyzer non-precursor ions can 
be discarded. Accordingly, previous steps like sample preparation and 
chromatographic separation become much less critical. The major disadvantage of 
MS/MS is the high cost of the equipment. 
Both LC/MS/MS and GC/MS employ a mass spectrometer as a detector, but they 
differ in the way the ionization is performed. In LC/MS/MS, ionization takes place 
outside the mass spectrometer at atmospheric pressure, while in GC/MS it occurs 
under vacuum inside the mass spectrometer. 
 
Role of LC/MS/MS and GC/MS in Bioanalysis  

Several analytical techniques have been developed for the quantification of 
neurotransmitters and biomarkers of interest in this thesis. 
For the detection of dopamine and serotonin in plasma or urine, a few researchers 
have used either LC/MS/MS [De Jong et al. 2010; Kushnir et al., 2002; Monaghan et 
al., 2009; Moriarty et al., 2011], LC with electrochemical detection (LC/ECD) 
[Vuorensola and Karjalainen, 2003] or capillary electrophoresis in combination with 
mass spectrometry (CE/MS) [Peterson et al., 2004; Vuorensola and Karjalainen, 
2003]. However, they often confronted difficulties during sample preparation that, 
consequently, resulted in time-consuming assays, low extraction recoveries and loss 
of sensitivity. In some cases [Kushnir et al., 2002; Vuorensola and Karjalainen, 
2003], the sample preparation method was designed specifically for catecholamines 
(e.g., dopamine) and may not be effective for serotonin.  
Determination of methadone enantiomers has been performed using LC/MS [He et 
al., 2005; Kintz et al., 1997; Quintela et al., 2006], GC/MS [Myung et al., 1999; 
Sporkert and Pragst, 2000; Wilkins et al., 1996] and CE [Cherkaoui et al., 2001; 
Rudaz et al., 2003]. 
Besides improved sensitivity and selectivity, LC/MS/MS gives specificity, speed and 
cost-effectivity. However, this technique has also limitations related to matrix effect, 
decrease of sensitivity of the analyte of interest in the processed matrix and 
compromised selectivity [Smeraglia et al., 2002]. The matrix effect (ion suppression) 
occurs when interferences from biological matrix, for example salts and 
phospholipids, are co-eluting with the analyte from LC and disturb the ionization 
process in the ESI interface resulting in a reduced or enhanced analyte signal. To 
reduce or eliminate matrix effect some modifications related to instrumentation and 
methodological issues include modified ionization, ionization switching, extraction 
mechanism modification and gradient HPLC techniques, which have demonstrated 
significantly improved robustness of complex bioanalytical methods to avoid matrix-
related issues.  
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2 Aim of this Thesis 

The aim of the present work can be divided into three parts. 
The first part deals with the development and validation of the Microextraction by 
Packed Sorbent (MEPS) technique as a new sample preparation method for online 
quantification of drugs and metabolites in biological samples. The target analytes 
used in this study are dopamine, methadone and serotonin, which are well-known as 
neurotransmitters. Human urine is used as biological fluid. The analytical screening 
and detection is carried out by connecting MEPS online directly to high performance 
liquid chromatography-tandem mass spectrometry (LC/MS/MS) or to gas 
chromatography-mass spectrometry (GC/MS). MEPS results and comparison with 
previously published data using other extraction techniques will be presented and 
discussed in Section 3.1 of this thesis (Paper I and Paper II). 
The second part is about the evaluation and application of a new molecularly 
imprinted polysulfone membrane (MIPM) to increase selectivity and durability of the 
sorbent material for MEPS. High performance liquid chromatography-tandem mass 
spectrometry (LC/MS/MS) is used to analyze hippuric acid (lung cancer biomarker) 
in human plasma samples. Section 3.1.7 of this thesis (Paper III) summarizes the 
evaluation of different factors in the extraction process.  
The third part embraces the development of a novel micro-solid phase extraction 
method, molecularly imprinted tablet (MIPT) by combination of MEPS technique, 
Molecularly Imprinted Polymer (MIP) as sorbent, and Sol-Gel as the sorbent 
synthesis approach. Online quantification of neurotransmitters (methadone) in 
plasma is accomplished by high performance liquid chromatography-tandem mass 
spectrometry (LC/MS/MS). The MIPT results including the evaluation and 
optimization of this novel technique will be presented and discussed in Section 3.3 
(Paper IV). 
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3 Results and Discussion 

3.1  MEPS Procedure and Validation (Papers I-II) 

During sample preparation using MEPS technique (Figure 11), 50-250 μL of the 
biological fluid sample (human urine) were pumped up through the syringe by means 
of an auto sampler (Phase 1) and then the analytes were retained in the sorption bed. 
In Phase 2, the interfering materials present in the solid phase were removed with 50-
100 μL of washing solution (pure water or water/methanol mixture). Afterwards, the 
elution of the analytes (Phase 3) was evaluated using solutions with different 
compositions of water, methanol, ammonium hydroxide and formic acid, making the 
sample ready to introduce it straight into a GC or LC instrument's injector (Phase 4). 
In MEPS, the recovery was defined as the relation of the mean peak area resulting 
from three trials using spiked urine samples to the peak area obtained from pure 
standard solution at two levels of concentration, i.e., 100 and 1000 ng mL-1. 
 
3.1.1  Sorbent Selection 

For MEPS sorbent, the recovery was measured for different solid–phase silica sorbent 
materials (1 mg of C2, C8 or C18). The method sensitivity was enhanced by allowing 
the auto sampler (set to a flow rate of 20 μL s-1) to pump the urine sample up and 
down through the syringe five times. During the elution step, a warmed syringe (at 
40°C) was used, and the elution solution consisted of pure methanol.  
A good recovery (around 60%) was obtained for silica–based C8 resulting in an 
extraction time of 2 min. After each trial, the sorbent was rinsed five times with 
methanol (100 μL) in order to avoid carry-overs. 
 
3.1.2  Washing and Elution  

Various washing and elution solutions were used to study their effect on the recovery 
of the analytes. 
In general, the presence of methanol in the washing solution instead of pure water 
contributed to a high level of cleanliness (no interferences detected) in the extract. 
However, the use of large amount of methanol led to a weaker recovery and to an 
increased leakage. The optimal composition of water/methanol in the washing 
solution was 90:10 (v/v) resulting in the highest recovery of the analytes, the lowest 
amount of leakage and a very clean extract. 
To evaluate the elution efficiency, different elution solutions were studied. The 
extract of 50 μL of the urine sample in the packed sorbent was washed with 100 μL 
of water/methanol mixture (90:10, v/v), then different compositions of water, 
methanol  and  ammonium hydroxide  were  tested  during  the elution  step,  and its 
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Figure 11. Steps involved in the sample preparation by MEPS. 

 
recovery was compared with the results obtained for pure standard solution with a 
concentration of 100 ng mL-1. The increment of methanol content in the elution 
solution contributed to an increase in the elution efficiency. Admissible recovery of 
about 50% resulted when an elution solution with a composition of water/methanol 
5:95 (v/v) containing 0.2% ammonium hydroxide was employed. 
 
3.1.3  Selectivity 

To define selectivity of MEPS, a non-interference with the endogenous material 
present in the areas of interest was considered. When blank human urine samples 
were analyzed with LC/MS/MS, no endogenous interference peaks were detected at 
or around the time when analytes or the IS elute. Typical mass chromatograms 
obtained for blank urine, internal standard, as well as for urine samples spiked with 
dopamine or serotonin (300 μg L-1), and also for urine spiked with methadone at low 
quality control (QC) sample (62 ng mL-1) are presented in Figure 12. 
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3.1.4  Calibration Data 

The peak area ratio of each analyte (dopamine, methadone and serotonin) and the 
internal standard (analyte/I.S.) was determined and a standard calibration curve with 
non–zero concentration was drawn.  
The standard calibration curve was depicted by the quadratic regression: 

c    2 ��� bxaxy  

where y defines the peak/area ratio, x the concentration, a the curvature, b the slope, 
and c the intercept. The weight of the quadratic calibration curve was 1/x. The 
precision and accuracy were calculated for the quality control (QC) samples at 3 
different trials. 
 
Table 2. Back calculated results for the calibration of urine samples. 

Analyte Concentration Mean Concentration 
(n=6) 

Mean Accuracy 
(%) 

RSD 
(%) 

Dopamine (μg L-1)    
 50 50 100 0.0 
 100 104 104 2.9 
 500 478 96 2.1 
 1000 1091 109 4.2 
 2000 2019 101 5.5 
 4000 3964 99 11.0 
Methadone (ng mL-1)    
 2.3 3 120 1.0 
 23 25 107 8.4 
 78 82 106 7.2 
 155 153 99 11.0 
 310 300 97 8.9 
 465 441 95 9.7 
 1550 1572 101 3.4 
 3100 3079 99 1.7 
Serotonin (μg L-1)    
 50 51 102 11.0 
 100 93 93 7.7 
 500 494 99 8.5 
 1000 1055 106 7.8 
 2000 1977 99 5.4 
 4000 4011 100 5.3 
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Optimized conditions were used for method validation. The calibration curves 
consisted of six-eight concentration levels of human urine spiked with the analytes in 
the concentration interval 2.3–3100 ng (mL)-1 for methadone, and 50–4000 μgL-1 for 
dopamine and serotonin. Simultaneously, several blank samples were tested. In all 
assays, the correlation coefficients of the regression r2> 0.99 were obtained. In Table 
2, we can observe that the back calculated concentrations of the calibration points are 
in good agreement with the nominal concentrations. For n=6, the mean accuracy 
values were in the range between –5% and +20% of the nominal concentrations for 
methadone, while for dopamine and serotonin the values ranged from –1 to +9%. 
 
3.1.5  Accuracy and Precision 

Accuracy is a representation of systematic error that can be determined as the 
percentage of deviation between the measured and the nominal value at different 
concentration levels.  

Accuracy (%) =  × 100 

 
Precision (RSD%) is a measure of the random error and is determined as the 
percentage of standard deviation of the observed values related to the mean value 
observed at the different levels of concentration. 
 

RSD (%) =  × 100 

 
The accuracy and the precision of the method validation for quality control (QC) 
samples were calculated according to internationally accepted guidelines [EU EMA, 
2011; US FDA, 2014; Shah et al., 2000]. Table 3 summarizes the accuracy and 
precision data. 
Three levels of concentrations: 30, 300 and 1500 μg L-1 were used to determine the 
precision and the accuracy, intra- and inter day experiments for dopamine and 
serotonin. At all calibration curves, two different levels for QC samples were used. 
For n=12, the intra-assay precisions (RSD) at three different concentrations for QC 
samples were about 3.2–6.4% for dopamine and 2.7–9.6% for serotonin in urine 
samples. For n=24, the inter-assay precisions (RSD) (n= 24) were 6–9% and 6.1–
11% for dopamine and serotonin, respectively. For both dopamine and serotonin, the 
accuracy for intra-assay and inter-assay varied between 99 and 108%. 
For methadone, three levels of concentrations: 62, 186 and 1860 ng mL-1 were used 
to calculate precision and accuracy for intra– and inter-day assays. 
 



 27 

Table 3. Accuracy and precision (intra- and inter day assay) of QC samples in 
urine. 

   Intra-assay  Inter-assay (n=3) 
Analyte  Conc.  Mean 

Conc. 
Mean 

Accuracy 
RSD  Mean 

Conc. 
Mean 

Accuracy 
RSD 

    (%) (%)   (%) (%) 

Dopamine  (μg L-1)  (n=12)  (n=24) 

 30  33 108 6.0  32 106 9.0 
 300  301 100 6.4  302 101 7.7 
 1500  1481 99 3.2  1493 100 6.0 

Methadone (ng mL-1)  (n=6)  (n=18) 

 62  67 109 11.0  67 107 11.0 
 186  185 99 12.0  186 100 11.0 
 1860  1652 89 14.0  1797 97 15.0 

Serotonin (μg L-1)  (n=12)  (n=24) 
 30  32 107 9.6  32 107 8.8 
  300  296 99 8.8  296 99 11.0 
 1500  1514 101 2.7  1503 100 6.1 

 
Six QC samples were prepared in human urine at each level. For n=6, the intra-assay 
precisions (RSD) at three different concentrations for QC samples were in the range 
11–14%. For n=18, the inter-assay precisions (RSD) were between 11 and 15%. The 
accuracy was 89-109% for intra-assay (n=6), while for inter-assay (n=18), it varied 
between 97 and 107%. 
 
3.1.6  LOD, LOQ and Carry-Over 

The determination method for the limit of detection (LOD) and the limit of 
quantification (LOQ) was set in the line of FDA-guidelines [US FDA, 2014]. 
The LOD (S/N ≥ 3) was 1.0 μg L-1 for dopamine and serotonin, while for methadone 
it was 0.4 ng mL-1. Figure 3 of Paper II shows a chromatogram of a urine sample at 
the LOD. The LOQ for dopamine and serotonin was set to 50 μg L-1; and for 
methadone, it was set to 2.3 ng mL-1. 
The carry-over effect was investigated by injecting solution after extraction using the 
highest standard concentration followed by injection of blank solution. The memory 
effect was minimized by washing the MEPS five times with methanol and five times 
with water after every injection. The carry-over was lower than 0.2% in all the cases. 
 
 



 
28

 

  
T

ab
le

 4
. 

C
om

pa
ri

so
n 

of
 a

cc
ur

ac
y,

 p
re

ci
si

on
, L

O
D

 a
nd

 e
xt

ra
ct

io
n 

tim
e 

be
tw

ee
n 

M
E

PS
 a

nd
 o

th
er

 e
xt

ra
ct

io
n 

te
ch

ni
qu

es
. 

A
na

ly
te

 
Te

ch
ni

qu
e 

C
on

ce
nt

ra
tio

n 
 

A
cc

ur
ac

y 
(%

) 
R

SD
 

(%
) 

LO
D

 
 

Ex
tra

ct
io

n 
Ti

m
e 

 
(m

in
) 

R
ef

er
en

ce
s 

D
op

am
in

e 
 

(μ
g 

L-1
) 

 
 

(μ
g 

L-1
) 

 
 

 
M

EP
S-

LC
/M

S/
M

S 
50

 
10

0 
0.

0 
1.

0 
1 

Pa
pe

r 
I 

 
LL

E-
LC

/M
S/

M
S 

66
  

97
.7

 
8.

6 
2.

5 
12

 
[K

us
hn

ir,
 2

00
2]

 

M
et

ha
do

ne
 

 
(n

g 
m

L-1
) 

 
 

(n
g 

m
L-1

) 
 

 

 
M

EP
S-

G
C

/M
S 

62
 

10
9 

11
.0

 
0.

4 
2 

Pa
pe

r 
II

 

 
LL

E-
LC

/U
V

 
50

 
10

9 
12

.0
 

2.
3 

15
 

[H
e 

et
 a

l.,
 2

00
5]

 

 
SP

E 
(C

18
)-

LC
/U

V
 

20
 

10
8 

6.
7 

1.
0 

26
 

[Q
ui

nt
el

a 
et

 a
l.,

 2
00

6]
 

 
SP

M
E-

G
C

/N
PD

 
50

  
10

8 
7.

3 
50

.0
 

30
 

[M
yu

ng
 e

t a
l.,

 1
99

9]
  

Se
ro

to
ni

n 
 

(μ
g 

L-1
) 

 
 

(μ
g 

L-1
) 

 
 

 
M

EP
S-

LC
/M

S/
M

S 
30

  
10

7 
9.

6 
0.

1 
1 

 

 
H

PL
C

 
15

8.
4 

10
4 

2.
1 

1.
76

 
15

 
[X

ia
o 

et
 a

l.,
 1

99
8]

  

  

 
 



29 

3.1.7  Comparison with Other Extraction Techniques 

The results of the microextraction technique (MEPS) studies presented in Paper I 
and Paper II were compared with the results published in the literature for other 
sample preparation techniques (LLE, SPE, SPME) for bioanalysis of dopamine, 
methadone and serotonin in urine or plasma [Kushnir, 2002; He et al., 2005; Quintela 
et al., 2006; Myung et al., 1999; Xiao et al., 1998]. 
Table 4 shows that MEPS technique is as accurate and precise as the other methods. 
However, MEPS contributed to an improvement in the limit of detection (LOD) by 
two- and up to 125-fold. A significant extraction time reduction (7-15 times) was 
also obtained. MEPS reduced the consuming of solvent significantly. In addition, 
small sample volumes could be handled. 
 

3.2  Development of a New Sorbent “MIPM” for MEPS 
(Paper III) 

3.2.1  Sol-Gel MIP Sorbent Preparation Conditions 

 
 
Figure 13. Modification process for MIP Sol-Gel membrane (MIPM) (Paper III) and MIP 
 Sol-Gel Tablet (MIPT) (Paper IV). 
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In the course of preparation of the sol-gel MIP, and to achieve the most favorable 
extraction conditions, various key parameters have to be taken into account. 
The first one is the selection of an appropriate ratio of concentrations between the 
template (HA) and the precursor (3PMTMOS) [Schweitz et al., 1997], as well as the 
effect of different quantities of catalyst (TFA) during the sol-gel preparation. A 
proper ratio is necessary in order to build the optimum cavity density in the MIPM 
system after the template is removed. The results of these investigations are listed in 
Table 1 of Paper III. For 0.1 mmol of the template, the optimal precursor: TFA ratio 
was 2:1 which resulted in a maximum recovery of 96%. 
Another important factor is the selection of the solution “residence-time” needed to 
immerse the polysulfone membrane (PSM) into the imprinting sol-gel solution to 
generate a thin layer on the membrane surface. The optimal “pass-time” obtained was 
5 times with a duration of 10 min as shown in Paper III. 
 
3.2.2  Preparation of Sol-Gel MIP Coated Membrane (MIPM) 

Figure 13 shows the preparation process of the modified PSM (MIPM) with help of 
an imprinting sol-gel solution. 
First, to remove any contamination, the PSM was washed with water and acetone. 
500 μL of precursor (3PMTMOS), 100 μL of HA (0.1 mmol L-1) as template molecule 
and 400 μL of solvent (ACN) were mixed under sonication for 30 min to prepare the 
sol-gel MIP solution with the maximum binding probability. 
Then 400 μL TFA (100%) was slowly added in four steps (100 μL each step) and 
sonicated for another 10 min. Subsequently, drop by drop, 100 μL distilled water 
were added to start the hydrolysis process and to keep the solution in this state for 30 
min. Finally, to form a sol-gel imprinted layer on both sides of the PSM, it was 
immersed in the sol-gel MIP solution for 10 min, and then placed in a desiccator for 
10 min. The last two steps were repeated 5 times. 
Additional 24 h in the desiccator were needed for aging the MIPM. For a complete 
polycondensation, the MIPM was subjected to a temperature gradient from 50 to 
150ºC for 5 hours. After that, the MIPM was washed with a mixture of 
methanol/acetic acid (80:20) for 2 hours to remove the trapped template and create a 
porous selective surface. A non-MIP membrane (NIPM) was prepared in the same 
way as the MIPM, but without the template. 
The modified polysulfone membrane was used to support a sol-gel molecularly 
imprinted sorbent in MEPS technique as represented in Figure 14. 
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Figure 14. Schematic picture of Sol-Gel MIP membrane (MIPM). 

 

In Figure 15, scanning electron micrographs (SEM) images of the MIP membrane are 
shown. The modified thin layer of imprinted sol–gel on the membrane surface is 
clearly observed (A) as well as the surface (B) and cross-section (C). The surface 
porosity after the addition of the imprinted sol–gel and aging can also be noticed. As 
it can be perceived, a layer of imprinted sol–gel was created on the backbone PSM 
surface. 
 
3.2.3  MIPM Procedure and Validation 

The novel technique MIPM-MEPS was evaluated for extraction of hippuric acid from 
human plasma and urine samples by on-line connection with LC/MS/MS. The 
influence of different parameters on extraction efficiency such as solvent solutions, 
adsorption capacity, added salt, pH, extraction time were investigated. 
 
Conditioning, Washing and Elution Solutions 

The selection of suitable solvent for washing and elution is a crucial issue. 
Thus, the effects of various conditioning, washing and eluting solutions on recovery 
were studied. The recovery was measured as the response from a spiked plasma or 
urine sample expressed as the target peak area. The results showed the best recovery 
was obtained when 100 μL ultra-pure water and ultra-pure water/FA (0.1%) (90:10) 
were used as the conditioning and washing solutions, respectively (Figure 16 A and 
B). 
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Figure 16. Test of conditioning (A), washing (B) and elution (C) solutions. 

 
In addition, the effects of various elution solutions on extraction efficiency (EE) were 
also investigated. Solutions containing MeOH, ACN, water, acetic acid, formic acid 
and ammonium hydroxide were investigated as elution solutions. The elution 
efficiency was measured and compared with the pure analyte standard. The elution 
efficiency increased as the MeOH content in the eluent increased. A polar solvent 
such as MeOH can facilitate desorption process of analyte from sorbent. When 100 
μL solution of ACN/MeOH (50:50) was used as the elution solution (Figure 16 C), 
the extraction efficiency was more than 91%. 
 
Effect of Added Salt, pH and Extraction Time 

The influence of added salt on recovery of HA by MIPM extraction was examined. 
First, a range of NaCl concentrations (1–100 mmolL−1) were added to the solutions 
and extractions using MIPM were carried out. The results show that at a specific 
concentration of 20 mmolL−1, NaCl salt can help to increase the recovery of HA in 
plasma and urine samples and then the recovery decreased when the salt 
concentration increased. The results are shown in Figure 17 A. The addition of salt 
has commonly been used in microextraction techniques to improve the extraction 
efficiency. The addition of salt can increase the analyte partitioning into the 
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organic/solid phase by salting-out effect [Han and Row, 2012; Pawliszyn, 1997; 
Psillakis and Kalogerakis, 2003]. Moreover, the effect of salt addition may lead from 
improvement to deterioration of the extraction efficiency, depending on the nature of 
analytes and the sample matrix. In addition, the presence of high concentration of salt 
in sample solution may change the physical properties of the analyte or the sorbent 
decreasing the diffusion rate of the analyte into the organic/sorbent phase. 
The pH is a very important issue for obtaining stable and repeatable data. Because of 
that, the effect of pH on the rebinding efficiency of HA was studied by varying the 
solution pH from 2.0 to 12.0 (Figure 17 B). Several experiments were performed with 
100 μL of solutions containing 100 nmol L−1 of HA within a wide pH range (0.1 
mmolL−1 of acetic acid and ammonium hydroxide were used for preparing the exact 
desired pH). It was observed that HA underwent complete rebinding/elution from 
acidic to natural pH (i.e., 2–7). However, due to better selectivity and high recovery 
for the extraction of HA at pH 2.0–3.0 with MIPM compared to non-molecularly 
imprinted sol-gel membrane (NIPM) and PSM. HA has pKa value of 3.7 and at pH 
2.0 the most of HA molecules will be in uncharged form and then the partitioning of 
the HA will be shifted toward the MIP sorbent giving higher recovery. 
 

 
Figure 17. Effect of salt (A), pH (B) and extraction time (C) on the extraction of HA. 
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In NIPM (non-specific interaction), HA molecular form (charged/uncharged) does 
not influence the recovery and therefore the pH has no impact on the recovery. 
A remarkable property of imprinted sol–gel materials is the capacity and high 
porosity. Thus, the maximum analyte binding by the MIPM depends on equilibrium 
between analyte and sorbent. To study adsorption capacity, a solution of HA was 
added to the MISM in from 1 to 6 min, and the maximum analyte absorption by the 
sorbent was reached after 4 min (Figure 17 C). Similar experiments were made for 
both NIPM and untreated PSM. After 1 min, both NIPM and PSM were saturated. 
The MISM needed more time for maximum adsorption, this is may be due to slow 
rate diffusion of the analyte into MIP sorbent.  
 
Method Validation 

Concentrations from 1.0 to 1000 nmol L−1 were used to construct the calibration 
curve. For both urine and plasma, a close relationship was observed between 
concentration and peak area in the measured concentration range. For all analytes, the 
coefficient of determination was R2≥0.997 (n = 3). For n=15, the accuracy of QC 
samples for HA varied from 1.0 to 6.6% in plasma and from 2.2 to 7.1% in urine. 
The intra-day precisions (RSD) in plasma and urine for HA were 2.2–4.8% and 1.1–
6.7%, respectively. Three washing solutions were applied between each run to avoid 
carry-over. Extraction recoveries were always above 91%. 
 

 
 

Figure 18. MRM chromatograms of LOQ for HA in plasma (A) and urine (C) samples; 
   and blank plasma (B) and urine (D) samples. 
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Table 5. Different methods for determination of HA including present study. 

Extraction 
Technique 

Detection 
method 

LOD 
(ng mL-1) 

Recovery 
(%) 

Precision 
(RSD%) 

Reference 

μ-SPE GC/FID 16.5 98.0 1.6 [Ahmadi et al., 
 2009] 

LLE GC/MS 4.0 92.7 3.6 [Ohashi et al., 
 2006] 

SPE IC 1.0 93–98 1.4–2.3 [Zhao et al., 
 2011] 

MIPM-MEPS LC/MS/MS 0.5 91–96 1.1–7.1 Paper III 
 
Typical chromatograms of LOQ for HA and blank chromatograms for plasma and 
urine samples are shown in Figure 18. The LOD values were 0.33 nmol L−1 and 0.3 
nmol L−1 for plasma and urine samples, respectively.  
For human plasma and urine samples in three batches on different days, the LOQ 
value was 1.0 nmol L−1. The accuracies were 1-6.8% and 1-7% in human plasma and 
urine, respectively. The precision for plasma samples was obtained in the range from 
2.2 to 7.3%, while values between 1.1 and 6.2% resulted for urine samples. 
 
Comparison with Other Extraction Techniques 

Various techniques for the determination of the HA has been published including 
GC/FID [Ahmadi et al., 2009], GC/MS [Ohashi et al., 2006] and IC [Zhao et al., 
2011]. However, sample preparation still remains as a bottleneck. It is still time 
consuming, it requires a lot of effort and there is an increased necessity for connecting 
it online. The sample preparation technique presented in this study, MIPM-MEPS, 
turns to be selective and robust, and it gives possibility to be connected online and 
performed fully automated. Moreover, it can handle small volumes of samples. As 
show in Table 5, MIPM-MEPS has a similar recovery and precision values as well as 
acceptable detection limit as compared to other published methods.  
 

3.3  Development of a New Extraction Technique “MIPT” 
(Paper IV) 

3.3.1  Preparation of MIP Sol-Gel Tablet (MIPT) 

To increase the bioanalytical method selectivity and sensitivity, it is required to 
design and synthesis of more selective sorbents such as MIPs. In the present study 
sol-gel MIP was prepared in a new form as tablet. Polyethylene (PE) polymer with 
diameter and thickness of Ø6x1.2 mm was used as the backbone for the MIPT 
preparation (Paper IV). 



37 

 
Figure 19. Extraction tablets and applications. 

 
Not only MIPs can be used in tablet form but also graphitic or silica sorbents can be 
used. In addition, the tablet can be prepared in different sizes from small to large 
depending on the sample volume. Figure 19 shows the extraction tablets and possible 
applications. 
The sol-gel MIP was prepared on the both the surfaces and the matrix of PE material. 
A PE material is carefully washed, first with methanol, and then with water and 
acetone to remove any contamination. For preparation of MIPT, the results described 
in Section 3.2.1 for preparation conditions of sol-gel MIP were used to select the 
optimal amounts of template/ precursor/catalyst to obtain microspheres on the PE 
material. 
Lastly, to replace the used template and to create a porous selective surface, the MIPT 
was washed with methanol for 2 h and with 0.2% formic acid in water for 30 min. 
The preparation of a non-molecularly imprinted polymer tablet (NIPT) was carried 
out in the same way but without template (methadone-d9) [Andersson et al., 1997; 
Andersson et al., 2004]. 
Figure 20 shows the SEM images of coated (sol-gel MIP) and un-coated (sol-gel NIP) 
PE surface. This investigation can verify layers of sol-gel imprinted materials 
covering the PE surface. In addition, the SEM image exhibits the uniformity in the 
structures and high surface area of the MIP particles. 
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A B 

 
Figure 20.  Scanning electron micrographs of a PE surface 

                       NIP-sol-gel tablet (A) and MIP-sol-gel tablet (B) 
 
MIPT micro-solid phase extraction technique is a novel method for sample 
preparation including the following steps (Figure 21). First, the loading by inserting 
the MIPT directly in the biological sample solution followed by adsorption of the 
bioanalytes specifically onto the MIPT by shaking the samples with the help of a 
vortex during max 10 min. 

 
Figure 21. Steps involved in the new extraction technique using MIPT. 
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Table 6. Accuracy and precision of methadone (MT) in human plasma. 

QC samples Mean accuracy Intra-assay  Inter-assay 

(ng mL-1) % Mean RSD  Mean RSD 
 (n=12) (n=6) (%)  (n=12) (%) 

      15 9.7     16.10 8.0      16.46 7.0 
  2000 3.6 2046 4.0  2073 8.0 
  4000 5.9 4389 6.0  4238 5.0 

 
Method Validation 

The bioanalytical method for the detection of MT in human plasma utilizing MIPT 
was validated according to FDA and European Medicines Agency guidelines [US 
FDA, 2014; EU EMA, 2011]. The validation parameters, including the calibration 
and extraction recovery, accuracy, precision, carry-over, and LOD and LLOQ, 
selectivity and matrix effects were evaluated using standard human plasma samples. 
 
Calibration and extraction recovery. The plasma standard calibration curves were in 
the range of 5–5000 ng mL-1 and described by a quadratic regression (see section 
3.1.4). Each calibration curve consists of eight calibration points. The coefficient of 
determination was r2 > 0.999 in all runs (n=3). The lower limit of quantification 
(LLOQ) was achieved as the lowest point of standard calibration curves (5 ng mL-1) 
and the limit of detection (LOD) was 1 ng mL-1. The method extraction recovery was 
80% using concentration levels at 10 ng mL-1 and 2500 ng mL-1 (n=3, RSD = 5-7%). 
 
Accuracy and precision. The method accuracy was determined by the percentage of 
the equation: [(found/theoretical concentration) – 1] using six replicates of QC 
samples at three concentration levels: 15 ng mL-1, 2000 ng mL-1 and 4000 ng mL-1. 
The LLOQ was 5.0 ng mL-1. The accuracy was in the range of 3.6 – 9.7%. The method 
precision was evaluated by the relative standard deviation (RSD) of six runs of each 
QC concentration level, in one day (intra-day assay) and in three days (inter-day 
assay). Intra-assay precision was ranged from 4 to 8% while the inter-assay precision 
was 5 – 8%. The inter-day precision of LLOQ was 11 % (n=6). The accuracy and 
precision results are summarized in Table 6. 
 
Method selectivity and matrix effect. The method selectivity was established by 
comparing blank plasma sample and spiked plasma sample processed by the MIPT 
extraction. Blank plasma samples did not show any significant peaks of interferences 
Figure 28.  
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Figure 28.  MRM transitions obtained from the analysis of MT at LLOQ with 
             internal standard (A) and blank plasma sample (B). 
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The matrix effect was evaluated using post-extraction addition method at two 
concentration levels (QCH and QCL). No significant matrix effects were observed 
and the variations were less than 10%.  
 
Carry-over effect. The carry-over effect was investigated by injecting the pure mobile 
phase after the injection of highest concentration sample (5000 ng mL-1). Each MIPT 
was reused up to twenty extractions without any changing in the extraction efficiency. 
To decrease the carry-over, the MIPT was washed with methanol and with water after 
each extraction. No carry-over was detected when the tablet reused. 
 
Comparison with Other Extraction Techniques  

Table 7 demonstrates a comparison between the results of the MIPT (Paper IV), 
MEPS (Paper II) and published data obtained from other extraction techniques 
(SPME and SBSE). Both MEPS and MIPT techniques considerably reduced the 
extraction time compared to SPME (decreased by 3-15 fold) and SBSE (decreased 
by 9-45 fold). In addition, the sample volume was reduced by 5 times and 25 times 
using SPME and SBSE, respectively. This work demonstrates that quantitation can 
be performed using MIPT with lower extraction time and higher selectivity. The 
limits of detection and quantification of the present method are improved in 
comparison to the SPME. 
 
Table 7. Comparison of LOD, LLOQ, extraction time and precision between 

different extraction techniques. 

Methadone SPME SBSE MEPS MIPT 

Matrix Plasma Urine Urine Plasma 
Sample Volume (mL) 1.0 5.0 1.0 0.2 
Detection Method GC/MS GC/MS GC/MS LC/MS/MS 
Linear Range 
(ng mL-1) 

50-2000 No data 2.3-3100 5-5000 

LOD  
(ng mL-1) 

9.0 No data 0.4 1.0 

LLOQ  
(ng mL-1)  

30 No data 2.3 5.0 

Extraction time 
(min) 

30 90 2 10 

Precision 5.0 No data 11 4-8 

Reference [Bermejo et 
al., 2000] 

[Tienpont et 
al., 2003] 

Paper II Paper IV 
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4 Conclusions and Future Aspects 

New microextraction techniques for the assay of neurotransmitters and biomarkers in 
biological fluids were developed and validated. 
In Paper I and Paper II, the extraction of neurotransmitters such as dopamine, 
serotonin and methadone from human urine was performed by microextraction in 
packed sorbent (MEPS) and connected online with LC/MS/MS or GC/MS. 
In Paper III, the surface of a porous polysulfone membrane (PSM) was modified by 
sol-gel based molecularly imprinting methodology. The molecularly imprinted 
polymer membrane (MIPM) was subsequently used as sorbent for online extraction 
of a lung cancer biomarker, hippuric acid, from human plasma and urine samples 
using LC/MS/MS. 
In Paper IV, a new sol-gel MIP technique was introduced in a tablet form (MIPT). 
MIPT was used for micro-solid-phase extraction in small sample volumes to extract 
and enrich neurotransmitters such as amphetamine and methadone from plasma using 
LC/MS/MS. 
The acceptance criteria for the validation of the investigated techniques were well in 
accordance with the international guidelines [EU EMA, 2011; US FDA, 2014; Shah 
et al., 2000]. During calibration, regression correlation coefficients were over 0.99 in 
all experiments.   
MEPS showed values of precision and accuracy that are comparable with other 
techniques. Compared to previously used methods, such as LLE-LC/MS/MS 
[Kushnir et al., 2002], SPME-GC/NPD [Myung et al., 1999], LLE-LC/UV [He et al., 
2005], SPE(C18)-LC/UV [Quintela et al., 2006] and HPLC [Xiao et al., 1998], both 
MEPS-LC/MS/MS and MEPS-GC/MS improved the limits of detection (LOD) and 
reduced the extraction time significantly. 
MEPS, as a sample preparation method, proved to be suitable for the fully automated 
determination of biologically active analytes in complex matrices requiring only 
small sample and solvent volumes thus reducing the experimental costs. In addition, 
MEPS technique resulted to be relatively selective due to the use of different sorbents 
with variety of selectivity. It is easy to use and fast. Only small amounts (1 mg) of a 
solid packing material were needed, and any adsorption material such as silica-based 
(C2, C8, C18) or molecularly imprinted polymers (MIP) could be used. Even though, 
there were some serious issues related to the loss, disorganization or formation of 
imperfections in the solid sorbent matrix, thus affecting the repeat lifetimes of the 
MEPS common sorbents. After few consecutive extractions of biological samples, 
the sorbent should be replaced. Consequently, the selection and preparation of stable, 
non-deteriorating, reusable and long-lasting sorbents is an important challenge during 
sample preparation process.   
MIPM as extraction sorbent showed higher selectivity towards analytes as they were 
designed for more than the common sorbents used in MEPS technique. Moreover, 
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the sol-gel imprinting technique showed the capacity to use strong bonding to bind to 
surfaces through hydrogen bonding. This increased the robustness and lifetime of the 
sorbent. Furthermore, the cross-linking capacity and high rigidity of silica precursor 
components allowed to keep the size and shape of the created cavities in the MIPM 
matrix, which was definitive for using it in several tens of extraction runs. The main 
disadvantage observed was related to the sensibility of the MIP cavities to the sample 
matrix, being that the impurities present in plasma and urine samples could destroy 
or obstruct the membrane in the syringe, and therefore resulting in a decreased 
extraction recovery after 50 extractions. 
With MIPT, various effective parameters, including adsorption capacity, extraction 
and desorption time, addition of salt and impact of pH were investigated and 
optimized. The validated method showed good selectivity for the extraction of the 
selected biologically active analytes from plasma samples and demonstrated that the 
method is accurate, precise and sensitive. The MIPT was used for about twenty 
extractions without any noticeable change in the results. The MIPT procedures are 
very simple, fast and robust. The MIPT can be prepared in different size to be suitable 
for large volume samples from environmental and food analysis. 
Due to the advantages over other sample preparation techniques, the microextraction 
techniques presented in this thesis will undoubtedly allow an increased application in 
the analysis of numerous different classes of substances in a variety of matrices. 
The development of sorbents with high selectivity, easy-to-use sorbents with simpler 
processing steps, as well as a reduction of error risks are the main goals of companies 
involved in new extraction sorbent materials and methods. 
Considering that there will always be a high demand for rapid, selective, reliable and 
sensitive techniques, it is convenient to propose the following issues for future 
development studies: 

� Development of the synthesis of new membranes for MEPS for industrial 
production. 

� Development of tablet manufacture for a number of well-known 
neurotransmitters and biomarkers for industrial production. 

� Produce tablets for all kinds of molecules. 

� Utilization of molecular dynamics simulations as a theoretical tool for 
development of molecularly imprinted systems in order to find suitable 
monomers and cross-linkers.  
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