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Abstract  

Sample preparation has a critical role as a first step in analytical processes, especially in 

bioanalysis and environmental analysis. A good sample preparation technique should be 

robust and stable, regardless of the sample matrix.  

The aim of this thesis is to design and synthesize molecularly imprinted polymers that can be 

used in various sample preparation techniques, such as on-line MEPS, on-line SPE and on-

line monolithic pre-columns used for the extraction of drugs, hormones, and cancer 

biomarkers from human plasma and urine samples. Additional aim was to provide full 

automation, on-line coupling, short sample preparation time and high-throughput.  

In this thesis MIP in MEPS was used on-line with liquid chromatography-tandem mass 

spectrometry (LC/MS/MS) for the determination of sarcosine in human urine and plasma 

samples. The method was fully automated and the packed sorbent could be used for about 

hundred extractions. In additional work a coated needle with MIP-Sol-Gel as thin layer was 

prepared and used for the microextraction of bilirubin from human plasma and urine. Small 

sample volumes could be handled and the validation of the method showed that the method 

was robust and selective.  

In a further work MIP-SPE on-line with HPLC was used for the extraction and determination 

of dextromethorphan in human plasma samples. MIP-SPE showed a good selectivity and 

high recovery (87% - 92%). On-line MIP monolithic pre-column was prepared and used in a 

coupled system for the extraction of tramadol in human plasma and urine samples. The MIP 

monolithic pre-column showed good selectivity and high extraction recovery was obtained 

(91-96%). The extraction and analysis of human insulin in plasma and pharmaceutical 

formulation solutions were carried out using MIP-SPE on-line with HPLC. The validation of 

the method showed that the method was accurate and robust.   
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MS/MS                 Tandem mass spectrometry 

MTMOS               Methyltrimethoxysilane 

Mw                       Molecular weight 

NIP                       Non-imprinted polymer   
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1. Introduction 

1.1. Sample preparation  

When analyzing biological samples, one problem is that these samples exist as a complex 

matrix. An important step for analysis is the clean-up and pre-concentration of biological 

samples. This step is known as sample preparation. Sample preparation is a basic step for the 

analysis of complex matrices such as plasma or urine. Sample preparation is an important 

step whether the analysis relates to environmental or other fields. In bioanalysis, sample 

preparation is time consuming and can also be the main cause of error. The key aim of 

sample preparation is to eliminate or decrease the interferences that are present in a complex 

sample matrix such as blood or plasma matrices. Additionally, sample preparation can be 

applied not only for clean-up but also for sample enrichment or derivatization in order to 

enhance the method sensitivity. However, a sample preparation strategy still requires 

numerous developments because of the different types of sample matrices and low 

concentrations of the analytes of interest. Today there are a number of methods for sample 

preparation, such as: solid-phase extraction (SPE), liquid–liquid extraction (LLE), protein 

precipitation (PPT), and more recently, SPME (solid-phase microextraction), microextraction 

in packed syringe (MEPS), and stir-bar sorptive extraction (SBSE). In addition, more 

selective, thermal and chemical stable sorbents are required to improve these extraction 

techniques. 
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1.2. Solid-phase extraction  

Solid-phase extraction (SPE) is the most common sample preparation technique employed in 

bioanalysis.  SPE has four main steps: conditioning, loading, washing, and elution. (1) 

Conditioning: the sorbent is activated and conditioned for appropriate binding with analyte; 

(2) Loading: the sample is forced through the SPE until the maximum level of binding 

between analyte and sorbent has been achieved; (3) Washing: interferences are removed 

while the analyte remains bound to the sorbent; (4) Elution: the analyte is desorbed from the 

sorbent by elution with efficient solvent. SPE is the most popular technique in bioanalysis 

because of the broad selectivity of the technique (different sorbents with different selectivities 

can be used). The critical factors in SPE are the choice of the type and amount of the sorbent 

and the compositions of the washing and elution solutions (solvents) [1]. 

1.3 Microextraction in a packed syringe: description and designs 

Simply, microextraction in a packed syringe (MEPS) is a major upgrade over SPE to a more 

efficient and sophisticated format that reduces the volumes of sample, washing and elution 

solutions. MEPS was introduced by Abdel-Rehim and co-workers in 2004 [2]. Subsequently, 

MEPS was promptly commercialized by SGE Company (Melbourne, Australian). In MEPS, 

the sample extraction, concentration and clean-up steps are performed in a single device 

composed of a syringe and a MEPS barrel insert and needle (BIN). The BIN, a very small 

tube containing 1-2 mg of the packed sorbent, is similar to an SPE cartridge (Figure 1). For 

this preparation technique, the syringe loads the sample through the BIN and the target 

analytes are captured, then washed and eluted with a suitable solvent (all MEPS steps are 

done by autosampler).   
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Figure 1. MEPS design. 

 

The MEPS BIN is used with 100-, 250-, or 500-µL gas tight MEPS syringes that allow for 

fluid handling at normal SPE pressures. After processing several samples, the BIN will be 

incapacitated and a new BIN is required (after about 100 extraction cycles). The BIN is 

simply replaced by unscrewing the locking nut and removing or changing the BIN. The full 

device can be operated in several ways, using a manual format, a semi-automatic hand-held 

eVol
®

 XR, or fully integrated in robotic platforms [3]. Additionally, another advantage of 

MEPS is that it is an appropriate method for various types of sorbents (normal phases, 

reversed phases, a combined mode, or ion-exchange chemistries).  

Currently, MEPS is commercially available in a variety of common SPE phase platforms [3]. 

All types of sorbents that can be used in conventional SPE columns are suitable for MEPS. 

For MEPS techniques, low volumes of sample can be used compared to SPE. MEPS can be 

used in two formats: manual or automated. As the analyte solution crosses through the solid 

bed, the analytes are captured easily by the solid sorbent in the BIN [4]. The simple 

functioning of MEPS allows for a high capability for the direct connection of MEPs with 

analytical instruments and the development of a fully automated sample preparation method 

[2]. MEPS has been employed for analyses of drugs, pesticides, polycyclic aromatic 
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hydrocarbons, and other organic pollutants in environmental water samples [3]. Moreover, 

MEPS has also been successfully used for the qualitative and quantitative determination of 

various types of drugs and/or metabolites in biological samples, such as plasma, serum, 

blood, urine, saliva, and hair [4-14].  

1.4. Molecularly imprinted polymers  

There has been an increasing amount of interest paid to the use of highly selective 

molecularly imprinted polymers (MIPs) as sorbents for solid phase extraction over the last 

two decades. MIP is designed to exhibit specificity for the analyte of interest via a 

mechanism such as selective binding sites. The molecular imprinting technique is a durable 

synthetic method that can be used to create robust molecular recognition materials that are 

able to mimic natural recognition entities, for example, antibodies and biological receptors 

[15–23]. In addition, MIPs are very stable and can operate under difficult situations with high 

mechanical, thermal, and pressure stresses. Additionally, MIPs are resistant to acidic and 

basic conditions. The molecularly imprinting method includes appropriate strategies to create 

materials with recognition abilities similar to those of natural systems. The molecular 

imprinting technique has been applied as a useful method for the detection of various types of 

drugs and metabolites across various research fields, such as food analysis, bioanalysis, 

environmental analysis, chiral separation, drug delivery, and sensors, among others [24-42].  

Generally, molecular imprinting cavities are created by the binding between template and 

monomer functional groups. Moreover, a crosslinker is necessary to create a three-

dimensional polymer structure. After the polymerization procedure, the template is removed 

from the polymer network with a polar solvent, such as methanol, to create a selective cavity 

(Figure 2). Generally, various types of intermolecular reactions (e.g., hydrogen bonding, or 

dipole–dipole, covalent, non-covalent, or ionic interactions) are responsible for the molecular 
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recognition process between the template and monomer functional groups in real samples 

[41]. In all studied non-imprinted polymer (NIP) prepared as a blank polymer to consider the 

selectivity of MIP for the extraction of analytes from complex matrix or/and in the presence 

of some similar structure compounds. 

 

 

Figure 2. Synthesis of MIPs: (A) mixing of the template with the functional monomers, (B) polymerization with 

crosslinking monomer, and (C) removal of template by washing. 

 

It is also critical to mention that the preparation of MIPs is relatively cheap, easy, stable at 

different pH ranges, and a notable alternative to natural receptors [44]. 

 In addition, according to my experimental experience, the quality of prepared MIPs is related 

to some factors such as: position and strength of template-monomer interaction and nature of 

included materials (template, monomer, crosslinker, initiator, and progen solvent). The 

template molecule should be stable and create maximum interaction with monomers during 

the polymerization process. Monomers also should have enough functional groups to bind 

with template molecules. The optimized amount of crosslinker can help to maintain the 



  

17 
 

polymer cavities and morphology during the subsequent extractions. Progen solvent is a 

media for the non-covalent polymerization process and create a porous surface area in the 

polymer network. 

MIPs can be made with the covalent and non-covalent or combinations between covalent and 

non-covalent methods depend on the nature of interaction [20].  In the covalent method 

interaction between the template and monomer happen before polymerization process and 

interaction between analyte and monomer during the extraction process is covalent, as well.  

Vice versa of covalent method, in the non-covalent method interaction between the template 

and monomer occur before polymerization process and rebinding process is also non-

covalent. Due to fast binding-rebinding process between template and monomer in the non-

covalent method, prepared MIP with this method is widely used for SPE technique.  

There are different polymerization protocols for preparation of MIPs such as; bulk 

polymerization, precipitation polymerization, suspension polymerization, multi-step swelling 

polymerization, surface polymerization, in situ polymerization, and sol-gel. Each of these 

methods has some advantages, disadvantages, and appropriate for different purposes. The 

main highlights of these methods are listed and compared in Table 1. 
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Table 1. Brief highlight about MIP preparation methods [20]. 

polymerization 

type 

advantages disadvantages 

Bulk Simple and easy to prepare Time consuming  procedures for grinding, 

sieving, column packing, and template removing,  

nonspherical particles, poor performance 

Suspension Even particles, 

reproducibility, 

large scale possible 

 

Water incompatible, complicated process and 

required specific surfactant polymers 

Multi-step 

swelling 

Monodisperse beads of 

controlled diameter, 

 

 

Difficult processes and 

reaction conditions, 

require aqueous emulsions 

Precipitation  Microsphere particles, 

uniform size and high yields 

 

Extra amount of template needed and high 

dilution factor 

Surface Monodisperse yield, 

thin layer 

 

Difficult and 

tedious process 

In-situ In-situ process 

 (relatively cheap and porous structure) 

 

Complicated optimization required 

for each novel analyte 

Sol-gel Convenient, versatile route for even 

porous surface, high thermal and 

chemical stability 

Slow binding-rebinding process 
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1.5. Sol-gel concept 

A sol-gel (Figure 3) is a preparation of an advanced inorganic and organic-inorganic hybrid 

material with even porosity, high selectivity, and high thermal and chemical stabilities. Sol-

gel methodologies have been developed for different analytical separation methods. In the 

sol-gel procedure, a liquid colloidal solution known as the ‘‘sol’’ converts into a solid ‘‘gel’’ 

matrix. According to Malik and his co-workers [45], the sol-gel process consists of two 

critical steps: the hydrolysis of the sol-gel precursor and the polycondensation of the 

hydrolyzed products and other sol-gel active moieties present in the system. In the 

polycondensation process, sol-gel active organic ligands are randomly incorporated into the 

growing inorganic network [45]. Several parameters are important to determining the 

performance of a sol-gel method, such as: (1) type and nature of the precursors; (2) ratio 

between precursor and water; (3) type and concentration of catalysts (acid, base, fluoride); (4) 

pH of sol solution; (5) ratio between organic solvent and precursor; (6) temperature and 

humidity; (7) post-gelation aging conditions [45]. 

 

Figure 3. The sol-gel process. Methyltrimethoxysilane (MTMOS) is a sol-gel precursor and hydroxy-terminated 

polydimethylsiloxane (PDMS) is a sol-gel active organic polymer [45]. 
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Considering the advantages of MIPs and sol-gels, the combination of MIPs with the sol-gel 

technique creates advantageous properties, including high thermal and chemical stability, 

porosity, and selectivity for the extraction of various compounds from biological fluids. 

1.6. On-line MIP separation methods 

In most studies, MIPs are used in off-line methods, particularly for MIP-SPE applications, 

which are analogous to off-line SPE systems with common sorbents. The main benefits of an 

off-line MIP-SPE method are the ease of operation, high enrichment factor and good 

selectivity. However, off-line sample preparation methods are time consuming, more labor 

intensive, and result in analytical errors associated with performing several steps. To 

overcome the limitations of off-line MIP-SPE, on-line MIP-SPE processes have been 

developed. In on-line methods, MIP-SPE techniques are connected on-line with analytical 

devices, decreasing the loss of sample and decreasing the consumption of solvents [46, 47]. 

Additionally, an on-line MIP-SPE procedure can significantly decrease the time required for 

the pre-treatment of real samples. Moreover, in on-line MIP-SPE methods, the entire volume 

of extracted sample is introduced into the analytical column and only a low amount of solvent 

is required. In addition, a on-line MIP-MEPS method has recently been developed for the 

extraction of some local anesthetics [48].  

This thesis will discuss the application of MIPs as sorbents in SPE methods, as a monolithic 

pre-column, and in MEPS applications for the on-line separation and identification of several 

drugs, hormones, and cancer biomarkers in biological fluids. 
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1.7. Studied analytes 

1.7.1. Biomarkers 

Currently, prostate cancer (PCa) is the second most common type of male cancer (after skin 

cancer) [49]. Recent studies have shown that, in Australia, 120,000 men live with PCa, 

20,000 new cases are diagnosed annually, and more than 3,000 men die each year [50]. 

Globally, one individual dies every four minutes because of PCa [51]. Therefore, the 

separation and identification of prostate cancer biomarkers is a very important challenge. In 

this study, the extraction and separation of sarcosine (as a prostate cancer biomarker) from 

plasma and urine samples utilizing MIP-MEPS and LC/MS/MS is discussed. Additionally, 

the quantification of bilirubin was also investigated. Bilirubin (BR) is a bioactive molecule 

that is produced from the metabolism of hemoglobin. BR is a commonly used compound for 

the detection of several liver diseases and was recently approved as a lung cancer biomarker 

[52].   

1.7.2. Drugs 

Tramadol hydrochloride (TRD), a synthetic analgesic (pain reliever), and dextromethorphan 

(DEX), a cough suppressant used for the temporary relief of cough symptoms caused by 

minor throat and bronchial irritations as well as those resulting from inhaled irritants, were 

studied in this thesis. Finally, insulin, a very important regulatory hormone that is central to 

regulating carbohydrate and fat metabolism in the body, was considered for the development 

of on-line MIP-SPE and HPLC. Several of the compounds analyzed in this thesis are shown 

in Figure 4. 
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 Figure 4. Structures of analytes used in this thesis (a: kynurenine, b: sarcosine, c: glutamic acid, d: prinole, e: 

glycine, f: dextromethorphan, g: tramadol, h: bilirubin). 
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2. Separation techniques 

2.1. Liquid chromatography  

Liquid chromatography (LC) was invented by the Russian botanist Mikhail Semenovich 

Tswett when he attempted to separate various compounds from plants [53]. LC, explained in 

its simplest terms, can be considered as the separation of compounds from a mixture based 

upon the rates at which they elute from a stationary phase, usually, over a mobile phase 

gradient. There are several types of LC, such as: normal phase, reversed phase, ion-exchange, 

ion pairing, and size exclusion. Reversed-phase LC is the most common method and is 

employed in several research fields. In this technique, a silica-sphere hydrophobic stationary 

phase and a hydrophilic mobile phase are common requirements. The compositions of the 

column stationary phase and the mobile phase have a strong effect on the separation of the 

analytes on the LC column because the distribution of analytes between the stationary phase 

and the mobile phase depend on the hydrophilicity and hydrophobicity of the analyte. Thus, 

some analytes will be more distributed into the mobile phase and elute more rapidly (shorter 

retention times), while others will be retained by the stationary phase (resulting in longer 

retention times). 

By considering these parameters, the retention factor (k) can be obtained by the following 

equation: 

k= (tR - t0 )/ t0 

Where, t0 is the retention time of an unretained analyte and tR is the retention time of a 

retained analyte, from the point of injection to the apex of its peak. 

Today, LC is the most widely used routine analytical separation technique. Moreover, many 

developments have been made in LC instrumentation over the years. High performance liquid 
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chromatography (HPLC) was developed in the late 1960’s by incorporating high-pressure 

liquid pumps [53]. HPLC is a robust analytical technique that can be employed for the 

separation of several compounds across a wide range in polarity and molecular weight (Mw) 

During the 1990’s and 2000’s, many improvements have been made on LC pumps, which can 

currently achieve a pressure of 600-1000 bar. Further developments in column technology 

resulted in very significant increases in resolution by developing columns with a smaller 

particle size (such as 1.7 µm) and this technique is commonly called UPLC/UHPLC (ultra-

performance liquid chromatography/ultra-high performance liquid chromatography) [53]. In 

addition new stationary phases such as modified silica, polymer and monolithic were 

developed under the years.  

2.2. Mass spectrometry 

Sir J. J. Thomson (Joseph John Thomson (1856 - 1940), University of Cambridge, UK) was 

the first person to describe mass spectrometry [54], in 1897, for the determination of mass-to-

charge ratios of ions. Currently, MS is an almost universal analytical instrument that is used 

in many research areas from clinical to environmental applications. Mass spectrometry (MS) 

is a highly sensitive and selective technique. The three critical components of a mass 

spectrometer are: the ion source, mass analyzer, and detector. In the ion source component, 

the analytes are converted to ions. In the mass analyzer, the ions are sorted and separated, 

under a high vacuum, based on their mass and charge. Finally, the separated ions are then 

detected by the MS detector, and the results are displayed on a diagram (the type of detector 

depends on the type of analyzer). Mass spectrometry techniques possess many advantages, 

such as rapid identification of the analytes in complex matrices, and high method selectivity 

and sensitivity. Electro spray ionization-tandem mass spectrometry (ESI/MS/MS) is the most 

used technique in bioanalysis due to the high selectivity of this technique. In ESI the mobile 

phase from LC is evaporated by heating and by using a nitrogen gas. First fine droplets 
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(contain positive and negative ions) are formed and then ions are accelerated by an electric 

field through a Tylor cone into mass spectrometer analyzer (Figure 5).  

 

Figure 5. A schematic description of ESI interface. 

ESI is a mild ionization technique that results in small fragmentation and therefore a large 

amount of molecule ions can be formed. When using a tandem mass spectrometer (MS/MS) 

the molecule ions (precursor ions) from the first quadrupole will enter a collision cell filled 

with collision gas (argon or nitrogen). The precursor ion collides with the collision gas and 

breaks into fragments called product ions (daughter ions) (Figure 6). Tandem mass 

spectrometry increases the selectivity and the signal-to-noise ratio significant.  

 

Figure 6. A schematic diagram for tandem mass spectrometry (MS/MS). 
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In addition, a brief summary of various types of MS components is given in Table 2. 

Table 2. MS components and types of components. 

 

 

 

 

 

MS instrument 

MS component Types of components 

Ion source matrix-assisted laser desorption/ionization (MALDI), electrospray 

ionization (ESI), atmospheric pressure chemical ionization 

(APCI) 

Analyzer single quadrupole, triple quadrupole, quadrupole-time-of-flight 

(QTOF),time of flight (TOF), ion trap, orbitrap, 

Fourier transform ion cyclotron  resonance (FTICR) 

Detector microchannel plate (MCP), photomultiplier, electron multiplier 

 

 

In this thesis a triple quadrupole mass spectrometer was used to achieve the desired 

information about studied analytes. This instrument has three quadrupole; the first quadrupole 

was used for parent ions of the studied analytes, in the second quadrupole; the ions were 

fragmented to the product ions using collision gas (argon or nitrogen) and in the third 

quadrupole; was responsible for characterization of one product ion from each studied 

analytes. 
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3. Results and Discussion   

The major aim of the present thesis is the development and validation of molecularly 

imprinted polymers as selective sorbents in various sample preparation methods, such as: on-

line microextraction by packed sorbent (MEPS), on-line solid phase extraction (SPE), and on-

line monolithic pre-columns for the extraction of drugs, hormones, and cancer biomarkers 

from biological samples. In papers I, II, and III, MIP sorbents were used as a cartridge or a 

pre-column for the extraction of dextromethorphan, insulin, and tramadol from biological 

samples. In papers IV and IV, the focus was the extraction of sarcosine and bilirubin as 

biomarkers from plasma and urine samples utilizing MIP-MEPS and a MIP-sol-gel in a 

coated needle coupled on-line with LC/MS/MS. 

Ion suppression in LC/MS bioanalysis is a huge challenge and it has become a concern in the 

analysis of drugs in biological fluids. Ion suppression is resulting by the presence of 

endogenous material such as salts and lipids in a biological matrix and may disturb the 

analyte ionization. A clear description of signal suppression was published by Annesley [55] 

and Matuszewski et al. [56]. It can provide improper data and bad accuracy and precision can 

be obtained. The degree of ion suppression can be evaluated by different experimental 

methods. The most common method is a comparison of the instrument response for the 

analyte injected directly in mobile phase, and the same concentration of the analyte added to 

pre-extracted blank sample matrix. There is a crucial factor to decrease or eliminate the ion 

suppression and this is more extensive sample clean up. Thus more selective sorbents such as 

MIPs are needed to achieve effective sample clean up.  

The selective extraction is the most important advantage of MIPs technique. In addition, 

MIPs are stable in organic solvent media, biological fluids and different ranges of pH. 

Therefore, MIPs as an efficient technique can use for the extraction of analytes in complex 
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matrices. The basic concerns in MIPs technique which needs more consideration and 

investigation are; increasing the mass transfer process, longer life time, more homogenous 

and porous surface, thermal, chemical and mechanical stability.  

In this thesis some of these problems were investigated and some new outcomes clarified 

which we will discuss in the following sections. 

Briefly, the results clearly demonstrated that the MIP-SPE is an efficient method with 

acceptable mass transfer, excellent molecule recognition properties, less heterogeneous sites, 

and good access to the sites. Moreover, the highest selectivity of MIP compared to other 

sorbents for the extraction of analytes from complex matrix can improve the capability of 

MIPs. 

Furthermore, a monolithic MIP as pre-column was used to overcome the low mass transfers 

and high back pressures in common MIP-SPE methods. Monolithic-MIP pre-column showed 

high selectivity for the extraction of tramadol in the presence of high and low concentration 

of some related compounds with similar structure and properties. 

Template bleeding is a well-known problem in the MIP extraction process therefore dummy 

MIP is a good method to resolve this problem. In addition, MIP-SPE method needs relatively 

high amount solvent solutions, more amount of sorbent and time consuming. MEPS 

technique is a good alternative because of it is greener, faster and cost effective sample 

preparation method. 

Finally, the preparation of MIPs with stability in high temperatures and maintain the cavity 

structure after several extraction runs is another issue which considered and investigated. The 

sol-gel methodology was applied to overcome these problems and create a selective, robust, 

long life time and high mechanical and thermal stable method.   
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3.1. MIP-SPE coupled on-line with LC (Paper I, II, and III) 

3.1.1. MIP cartridges coupled on-line with HPLC for the simple and rapid analysis of 

dextromethorphan in human plasma samples (Paper I) 

In this study, a molecularly imprinted polymer was used as a solid-phase extraction cartridge 

connected on-line with LC for the extraction and monitoring of dextromethorphan (DEX) in 

human plasma samples.  

The use of DEX for the treatment of neuropathic pain and pain related to fibromyalgia is 

widespread. Therefore, finding a selective method for the separation of DEX from complex 

fluids is an interesting challenge. 

3.1.1.1. Process of the on-line SPE-HPLC system 

For this purpose, an exact amount of prepared MIPs was packed into a polypropylene 

cartridge. This MIP-SPE cartridge was connected to an HPLC system for the on-line 

extraction of DEX. In on-line SPE methods, the determination of the appropriate flow rate, 

and the type and amount of solutions for the conditioning, washing, loading, and elution steps 

is a critical issue and was investigated carefully in this study. Finally, the eluted sample was 

passed to the HPLC column in a mobile phase solution.  

3.1.1.2. Optimization of various effective parameters in MIP preparation 

Several important parameters of the MIP preparation process, such as the MIP formulation 

and porogenic solvent, pH, adsorption capacity and selectivity, were optimized. In addition, 

factors that affect the MIP extraction performance, such as the type of solvent for 

polymerization and the amount and nature of the monomer and the cross-linker, were also 

investigated. Chloroform was determined to the be best solvent for promoting molecular 
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recognition by the MIPs for the extraction of DEX, compared with methanol or acetonitrile 

(Figure 7) because less polar solvents can create more possibility for binding between 

template and monomer molecules. 

 

Figure 7. Recoveries obtained using the MIP and NIP polymers synthesized in different organic solvents (Paper 

I). 

 

To increase the cavities, porosities and selective sites in the MIP structures, the optimization 

of the molar ratio between the functional monomer and the template is a very important issue. 

In this study, several molar ratios of the monomer and the template were investigated. 

Finally, the optimal ratio among template: monomer: cross-linker (1:13:52) was selected 

(MIP6, Table 3). 
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Table 3. Optimization of MIP preparations (Paper I). 

MIP MAA 

(mmol) 

DEX 

(mmol) 

EGDMA 

(mmol) 

 

AIBN 

(mmol) 

Extraction (%) 

(mean ± SD)
a
 

MIP1 0.54 0.27 14 0.056 36 (± 1.3) 

MIP2 1.08 0.27 14 0.056 32 (± 2.6) 

MIP3 1.62 0.27 14 0.056 58 (± 2.8) 

MIP4 2.16 0.27 14 0.056 51 (± 3.2) 

MIP5 2.7 0.27 14 0.056 64 (± 1.4) 

MIP6 3.51 0.27 14 0.056 92 (± 3.1) 

MIP7 4.05 0.27 14 0.056 54 (± 1.7) 

NIP1 0.54 - 14 0.056 19 (± 1.9) 

NIP2 1.08 - 14 0.056 19 (± 2.1) 

NIP3 1.62 - 14 0.056 20 (± 2.4) 

NIP4 2.16 - 14 0.056 20 (± 2.6) 

NIP5 2.7 - 14 0.056 22 (± 1.4) 

NIP6 3.51 - 14 0.056 23 (± 2.3) 

NIP7 4.05 - 14 0.056 23 (± 2.1) 
a Average of three determinations 

 

 The effect of pH on the extraction of DEX was evaluated for different pH ranges. After 

several extractions and experiments, the results demonstrated that the neutral pH ranges are 

the best region for the extraction of DEX (Figure 8). The protonation of the amine group and 

deprotonation of the carboxyl group under acidic and basic conditions are likely the main 

reason for this result. Finally, the best selectivity for DEX extraction with the MIP was 

observed at pH 8.0. 
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Figure 8. Effect of pH on the extraction efficiency of DEX using MIP and NIP (Paper I). 

The adsorption capacity is another important parameter that can be optimized to increase the 

porosity and number of selective sites in the MIP network compared to the NIP. In order to 

assess the adsorption capacity of the MIP and NIP, a range of concentrations of DEX  (10–

500 µg mL-1 )were mixed with the specified amount of MIP and NIP particles (50 mg) and 

the adsorption capacities were determined by HPLC. The results presented in Figure 9 reveal 

that 90 mg g-1 is the maximum amount of adsorption of DEX by this amount of MIP particles. 

Additionally, the large difference between adsorption by MIP and by NIP verifies the 

presence of a high number of selective cavities and sites in the MIP network.  

 

Figure 9. Adsorption capacities for MIP and NIP particles (Paper I). 
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The selectivity of the MIP extraction for DEX was examined using selected drugs with 

structures similar to DEX. All the tests were performed under the same conditions as 

mentioned in Paper I. The selectivity coefficients for the DEX ion relative to the other drugs 

were determined as: 

    
   

   

  
      

    

where,   
    and   

 
 are the distribution ratios of the DEX and the other compound, 

respectively. Additionally, the same process was performed for NIP particles. The relative 

selectivity coefficient (k´) was calculated by the following equation: 

   
      

      
 

 

The selectivity factors are presented in Table 4. The MIP demonstrated an excellent capacity 

for the selective extraction of DEX compared to other similar drugs.  

 

Table 4. Selectivity factors of MIPs and NIPs for different drugs (Paper I). 

Drug KD (MIP) 

(mL/g) 

KD (NIP) 

(mL/g) 

k
Sel

 (MIP) k
Sel

 (NIP) k' 

Dextromethorphan 

Pseudoephedrine 

Tramadol 

Amoxicillin 

Aspirin 

Bromhexine 

Chlormphenicol 

2125 

150 

130 

136 

74 

139 

174 

64 

63 

60 

48 

47 

68 

67 

- 

14.2 

16.4 

15.6 

28.8 

15.3 

12.2 

- 

1.01 

1.06 

1.33 

1.36 

0.94 

0.96 

- 

14.0 

15.4 

11.8 

21.2 

16.3 

12.7 

 

The morphology of the MIP and NIP particles were observed by scanning electron 

microscopy (SEM) (Figure 10). The network of MIPs has a greater porosity compared to that 
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of the NIPs. This finding provides confirmation that the MIP matrix possesses a higher 

adsorption capacity and greater number of selective sites than that of the NIP. 

 

Figure 10. SEMs of unleached MIP (A) leached MIP (B) and NIP (C) particles (Paper I). 

 

3.1.1.3. Analysis of plasma samples 

The efficiency and capability of the MIP-SPE method was investigated for the extraction and 

determination of DEX from plasma samples. Typical HPLC chromatograms obtained for the 

extraction of DEX from plasma samples by MIPs and NIPs are shown in Figure 11 and MIPs 

showed a significant capability for extraction of DEX from plasma sample in comparison 

with NIPs.  
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Figure 11. Typical HPLC chromatograms after on-line extraction by MIP (A) and NIP (B). (Paper I). 

 

This MIP-SPE method provides an easier and cleaner method for the extraction of various 

analytes from biological samples. The HPLC results demonstrate the high recovery of DEX 

by MIP-SPE-LC, ranging from 87.4-92% (Table 5). The LOD for DEX in plasma samples 

was 0.12 ng mL-1 and the Lower limit of quantification (LLOQ) was 0.35 ng mL-1 in plasma 

samples. 

Table 5. Recovery of DEX in human plasma by MIP-SPE-LC (Paper I). 

Sample Spiked value 

(ng mL
-1

) 

Found 
a 

(ng mL
-1

) 

Recovery ± SD% 

MIP                        NIP 

    

 

 

Human plasma 

 

1 

5 

10 

50 

 

0.87 

4.55 

8.94 

46.0 

 

87.4 ± 4.2            12.7 ± 1.0 

91.0 ± 3.3            14.0 ± 1.2 

89.4 ± 3.2            13.3 ± 1.1 

92.0 ± 3.0            14.3 ± 1.1 

a
 Average of three determinations. 
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In summary, this new on-line method reduced the extraction time.. Also, this study showed 

that the optimization of some important factors such as: mole ratio, solvent of the 

polymerization process, mole ratio between template and monomer and pH can help to 

increase the extraction performance of MIP-SPE. In addition, MIPs showed good selectivity 

for the extraction of DEX in the presence of some similar selected drugs.  
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3.1.2. MIP cartridges coupled on-line with LC for the analysis of human insulin in 

plasma and pharmaceutical formulations (Paper II) 

In this study, a new method was developed for the automated determination of human insulin 

in biological fluids using the principle of sequential injection on a molecularly imprinted 

solid-phase extraction (MIP-SPE) cartridge as a sample preparation technique coupled with 

liquid chromatography and photodiode-array detection.  The molecularly imprinted polymers 

were prepared by the precipitation polymerization method.  The MIP was employed as the 

solid-phase extraction sorbent for the on-line extraction of insulin from complex matrices. To 

achieve the optimal conditions, influential parameters for determining the extraction 

efficiency were thoroughly investigated. The rapid and simple analysis of the hormone was 

successfully accomplished by the high selectivity of the prepared sorbent coupled with 

HPLC. MIP known as a method for the selective extraction of small molecules and the 

extraction of large compounds like human insulin is an important issue. The result of this 

work was showed higher selectivity and good recovery for human insulin extraction in 

comparison with published methods.  

Insulin is an important hormone that is central to regulating carbohydrate and fat metabolism 

in the body. Insulin plays a dynamic role in the control of glucose homeostasis and, with an 

Mw of about 5800, consists of 51 amino acids shared between two intra molecular chains.  

3.1.2.1. MIP-SPE-HPLC process  

MIP particles were packed into a polypropylene cartridge and connected to an HPLC system 

as shown in Figure 12. Various sample solutions were passed through the extraction cartridge 

via peristaltic pumps (P1 to P6).  
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The following processes were performed for the conditioning, loading, washing and elution 

solution steps: 

1- First, the  cartridge was conditioned with 1 mL of MeOH, 1 mL of ultra-pure water 

and 1 mL of 25 mM ammonium phosphate (pH 3.0) (P1 to P3 pumps). 

2-  For the loading step, 5 mL of sample (100 ng mL
-1

 at a flow rate of 1.0 mL min
-1

) 

was passed through the MIP-SPE cartridge (P4 pump).  

3- In the washing step, the cartridge was washed with 1 ml of 0.01 M HCl and 1 mL of 

ultra-pure water (P5 and P6 pumps). 

4- For elution in the mobile phase, 3 mL of MeOH:phosphate buffer (60:40) (PA 

peristaltic pump) was passed through the MIP-SPE cartridge (PA pump).  

5- The eluted solution was pushed through HPLC column with sodium 

sulphate:triethylamine buffer:ACN (60:40) (PB and PC pumps) as the mobile phase. 

 

Figure 12. On-line MIP-SPE connected to an HPLC system (Paper II). 
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3.1.2.2. Optimization of the extraction process  

After the preliminary determination of a preparation procedure, several effective parameters 

of the extraction process require optimization, such as: the molar ratio among template, 

monomer and crosslinker, the choices of loading, washing and eluent solutions, and the flow 

rate, pH and adsorption capacity. According to the results, at pH 7.6, a flow rate of 1 mL min
-

1
 is optimal for the extraction process. Moreover, cartridges were conditioned with 1 mL of 

MeOH, 1 mL of ultra-pure water and 1 mL of 25 mmol L
-1

 ammonium phosphate at pH 3.0. 

The results indicate that washing with 1 mL of hydrochloric acid (0.01 mol L
-1

) and 1 mL of 

ultra-pure water provided the optimal protocol.  For this process, washing with hydrochloric 

acid is essential to remove the ionic species from human plasma and urine. Finally, the 

insulin captured by MIP was eluted, three times, with 1 mL of MeOH and acetic acid (10:1, 

v/v). The recoveries for the extractions of insulin with MIP and NIP were approximately 87% 

and 24%, respectively. 

The adsorption capacity of a sorbent is an essential determining factor of the amount of 

sorbent that is required to separate a precise amount of analyte from a solution quantitatively. 

For this purpose, MIP and NIP particles were added into insulin solutions at concentrations of 

10-1000 mg L
-1

 and the concentration of insulin remaining in solution was determined by 

HPLC. The adsorption capacity results are plotted in Figure 13.  
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Figure 13. Adsorption capacity for MIP and NIP particles (Paper II). 

 

3.1.2.3. Method validation 

The calibration curves used to determine the insulin concentrations in plasma and urine 

samples spiked with insulin ranged from 0.07- 250 ng mL
-1

 and 0.1-270 ng mL
-1

, 

respectively. The LLOQ for plasma and urine samples were found to be 0.7 ng mL
-1

 and 0.1 

ng mL
-1

, respectively, with a resultant %RSD of 3.35 and 2.8 (n=4). The LOD of the plasma 

and urine were found to be 0.20 ng mL
-1

 and 0.03 ng mL
-1

, respectively. The intra- and inter 

day precision and accuracy of the method were assessed by analyzing plasma samples spiked 

with human insulin at three different concentration levels over the calibration range tested, 5 

replicates of 10, 70 and 200 ng mL
-1

, respectively. All samples were prepared either on the 

same day or for five consecutive days to assess intra- and inter-day precision, respectively. 

The inter-day precision was less than 4.8 % and the intra-day precision was less than 3.3%, 

respectively, for plasma samples.  
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3.1.2.4. Pharmaceutical formulation analysis  

The efficacy of the method was investigated by determining insulin concentrations in 

pharmaceutical formulations and in human plasma and urine samples. The results 

demonstrate that this automated method can elute interferences from complex matrices while 

avoiding contamination of the HPLC column. The typical chromatograms for extractions of 

insulin by MIP- and NIP-SPE from urine and plasma samples are presented in Figures 14 and 

15. 

 

Figure 14. HPLC chromatogram for insulin in urine after a) MIP- and b) NIP-SPE in a urine sample (Paper 

II). 

 

Figure 15. HPLC chromatogram for insulin in plasma after c) MIP- and d) NIP-SPE in a plasma sample 

(Paper II). 
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The extraction recoveries for the plasma and urine samples were between 87-89% and 86-

88%, respectively. Additionally, the method was used to analyze pharmaceutical insulin 

formulations. Various formulations, including Insulin regular human (Lansulin® R, Vial), 

Insulin Isophane (NPH) - (Lansulin® N, Vial) and Insulin Aspart (NovoRapid®, Pen), were 

analyzed. Solutions of each compound were prepared individually at a concentration of 50 ng 

mL
-1

. The elution solvent for the cartridges was MeOH and acetic acid (10:1, v/v). The 

extraction yields of the selected pharmaceutical formulations using the automated MIP-HPLC 

were measured and compared with the conventional method (Table 6). The results 

demonstrate that the novel SPE-HPLC method can be used for the automated determination 

of insulin in pharmaceuticals with both high recovery and accuracy. 

Table 6. Insulin assays of pharmaceutical formulations (Paper II). 

 

Insulin pharmaceutical 

name/form 

 

Labeled value 

(mg/Vial or Pen) 

 

Proposed on-line SPE HPLC  

 

Referenced LC method 

 

Recovery RSD (%)  

(n=4) 

 

Recovery RSD (%) 

 (n=3) 

    

Lansulins® R, Vial 100 87 ± 3.1 93 ± 3.5 

Lansulins ® N, Vial 1000 880 ± 3.4 91.5 ± 3.8 

NovoRapids® , Pen 100 90 ± 3.8 92 ± 3.5 

 

 

In this study, insulin imprinted polymers were synthesized by the precipitation 

polymerization method and used as the SPE cartridge. This cartridge was used for the 

extraction of insulin from various complex matrices. The recoveries for trace amounts of 

insulin spiked into human plasma and urine samples were greater than 87%. The results of 

this study demonstrate the capability of the imprinting technique for the selective extraction 

of large-structure molecules similar to insulin. 
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3.1.3. On-line clean-up and determination of tramadol in human plasma and urine 

samples using MIP-LC (Paper III) 

In the third study, an on-line solid-phase extraction utilizing an MIP monolithic pre-column 

for the extraction of tramadol (TRD) from urine and plasma samples was developed. A 

molecularly imprinted monolith column has several advantages, such as high mass transfer, 

low back pressure and circumventing problems associated with the packing of discrete 

particles, including the need for end frits, to maintain a stationary phase. The MIP monolithic 

column was prepared using an in situ molecular-imprinting polymerization method. Several 

effective factors for the extraction performance of the MIP monolithic column were 

considered. The MIP monolithic column was used for the automated extraction and 

determination of TRD in urine and plasma samples. The obtained recoveries for TRD in real 

samples ranged from 90.5-96.0%. TRD is used as a pain reliever, and TRD was used as a 

template molecule in this study. Moreover, to study the pre-column selectivity, some selected 

drugs such as DEX (related structure), timolol (non-related structure) and o-

desmethyltramadol (main metabolite) were investigated. It must be noted that selective and 

simultaneous analysis techniques for determination of drugs in biological fluids are very 

important. This method can be useful in control of drug interactions and also in clinical 

laboratories for diagnostic purposes and drug abuse.  

3.1.3.1. Imprinted monolithic column preparation 

An in situ polymerization method was applied for the preparation of the MIP monolithic 

column. TRD, MAA, EGDMA, AIBN and chloroform were used as the: template molecule, 

functional monomer, cross-linker, initiator and progen solvent, respectively. This solution 

was degassed by ultrasonication for 15 min, transferred into a stainless steel column (100 mm 

× 0.46 mm I.D.), and the ends were sealed carefully. The polymerization process was 
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completed at 60 
◦
C in a water bath for 12 h. After the polymerization step, the MIP 

monolithic column was connected to an HPLC pump and washed with MeOH:phosphate 

buffer to remove the template and other unreacted materials. After preparation, the MIP 

monolithic column was coupled to an HPLC system (with a similar setup as shown in Figure 

10). Additionally, similar to the previous endeavors, various solvents were evaluated to find 

suitable conditioning, washing and elution solutions. Moreover, using the same process as in 

the previous studies, several effective factors for the extraction of TRD, such as: the MIP 

formulation and porogenic solvent, and the effects of pH, the eluent solvent and the 

selectivity were investigated precisely.  

3.1.3.2. Determination of TRD in human plasma and urine samples 

In this study, the capability of the MIP monolithic pre-column for the on-line extraction of 

TRD from plasma and urine samples was investigated. One mL of 50 ng mL
-1

 TRD diluted in 

plasma and urine samples were passed through the MIP monolithic column separately. The 

typical chromatograms produced for TRD in urine and plasma samples are shown in Figures 

16 and 17.  
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Figure 16. HPLC chromatogram for TRD in urine after A) MIP- and B) NIP- monolithic column (Paper III). 

 

Figure 17. HPLC chromatogram for TRD in plasma after A) MIP- and B) NIP- monolithic column (Paper III). 

(Paper III). 
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The results indicate that the extractions of TRD from plasma and urine samples were 

achieved with high recovery (> 90%) and high precision (Table 7). 

Table 7. Assay of TRD from human plasma and urine samples using an MIP monolithic column connected to an 

HPLC (Paper III). 

Sample Spiked concentration 

(ng mL
-1

) 

Calculated concentration 

(ng mL
-1

) 

Recovery% RSD% 

Human 

plasma 

2.0 

10 

30 

50 

200 

1.81a 

9.1 

27.9 

46.5 

184 

90.5 

91.4 

92.5 

93.1 

92.0 

3.8 

2.6 

2.8 

3.0 

3.2 

Human 

urine 

0.5 

10 

30 

50 

200 

0.47 

9.3 

27.8 

48.0 

191 

94.0 

93.3 

95.2 

96.0 

95.5 

3.5 

3.0 

2.9 

3.1 

3.9 

a Average of three determinations 

 

The LOD and LOQ for the measurement of TRD in urine samples were 0.03 ng mL-1 and 

0.10 ng mL-1, respectively, and were 0.3 and 1.0 ng mL-1 in plasma samples.  

To study the MIP monolithic pre-column selectivity, some drugs such as DEX (related 

structure to TRD), timolol (non-related structure) and O-desmethyltramadol (main metabolite 

for TRD) were selected. The selective and simultaneous analysis technique for determination 

of drugs in biological matrices is an interesting topic to control of drug interactions, in 

clinical laboratories for diagnostic purposes, and drug abuse. Solutions of these compounds 

(100 ng mL
-1

) were prepared individually in water and passed through the MIP monolithic 

pre-column. The selectivity factors for DEX, timolol and O-desmethyltramadol showed the 

ability of this method for selective extraction of TRD. Possible interference by DEX, timolol 
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and O-desmethyltramadol with the clean-up monolithic column was investigated by the 

addition of the interfering compounds to the urine and plasma samples in binary mixtures 

containing 50 ng mL
-1

 TRD under the optimized conditions. The recovery was checked and 

compared with that obtained by NIP monolithic column. The results reveal that in 

concentration up to 500 ng mL
-1

 of DEX, timolol, and O-desmethyltramadol, the recoveries 

were not reduced more than 4.3 and 4.0 percent for plasma and urine samples, respectively 

(Table 8). In addition, the recoveries of TRD with NIP monolithic pre-column in the presence 

of selected drugs (500 ng mL
-1

) in plasma were obtained less than 32%. These results truly 

confirmed the selective adsorption capability MIP monolithic pre-column for the extraction 

of TRD in plasma and urine samples. 

 

Table 8. The recovery of TRD in binary mixtures in human plasma and urine with MIP monolithic columns 

coupled with HPLC. 

 

 

Sample 

 

 

Monolithic 

column 

                                  Recovery% 

 

Timolol (ng mL
-1

)        DEX (ng mL
-1

)        O-desmethyltramadol (ng mL
-1

) 

 

50           500               50           500                  50           500 

   

Plasma MIP 

NIP 

95.1        94.00            95.2        93.00               93.4          91.7 

23.2        17.0              22.5        19.0                18.4           17.6 

Urine MIP 

NIP 

94.5        93.00            93.9         93.7                93.0          92.0 

25.1        18.0              24.5         20.8                18.1          16.6 
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In summary, a molecularly imprinted monolithic pre-column was prepared using an in situ 

polymerization process. The prepared MIP monolithic column was connected to an HPLC for 

the extraction and detection of TRD from human plasma and urine samples. This monolithic 

pre-column achieved high recovery and good selectivity for the extraction of TRD in the 

presence of several selected drugs. This automated MIP monolithic pre-column is a good 

candidate for the on-line extraction of various types of drugs and metabolites from biological 

matrices. According to the results of this study, an MIP monolithic column can be easily 

connected to analytical instruments with good selectivity, high mass transfers and low back 

pressures. 
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3.2. MIPs used in microextraction by packed sorbents on-line 

with LC/MS/MS (Paper IV and V) 

3.2.1. Determination of the prostate cancer biomarker sarcosine in human plasma and 

urine samples utilizing MIP-MEPS and LC/MS/MS (Paper IV) 

In this study (IV), dummy molecularly imprinted polymers used for the microextraction by a 

packed sorbent (DMIP-MEPS) connected on-line to a liquid chromatography–tandem mass 

spectrometer (LC/MS/MS) were used for the determination of the prostate cancer biomarker 

sarcosine in human plasma and urine samples. A significant problem that is common to MIP 

preparation methods is the ‘‘bleeding’’ of template trapped within the polymer network. At 

time, approximately 1% of the amount of the template used in the pre-polymer mixture 

remains bound in the polymer even after the thorough washing of the polymer. To overcome 

this problem, a dummy molecularly imprinted polymer (DMIP) method was used. For the 

DMIP process, a compound with a similar structure (in this work, glycine, which is similar in 

structure to sarcosine) was used as a template molecule. Moreover, the selectivity of this 

method was evaluated for several prostate cancer biomarkers, including glutamic acid, 

prinole and kynurenine. In addition, several parameters that affect the extraction 

performance, such as the pH, washing solution, elution solution, loading time and sorbent 

capacity, were investigated.  

3.2.1.1. Preparation of dummy-template MIP and NIP 

For the preparation of the DMIP, a method similar to previous studies was considered and, in 

this case, glycine was used as the dummy-template. Additionally, UV radiation was used for 

the polymerization process instead of a water bath. Figure 18 shows the process for DMIP 

preparation. 
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Figure 18. Schematic procedure of DMIP preparation (Paper IV). 

 

3.2.1.2. MIP-MEPS conditions 

A 250-μL gas-tight syringe was used to perform the MEPS technique. The solid sorbent 

material (2 mg of DMIP) was manually inserted inside the syringe as a plug. The sorbent was 

fixed by normal polyethylene frits to prevent movement inside the syringe.  

In general, the DMIP-MEPS extraction procedure is similar to SPE. In the MEPS extraction 

process, additional post-cleaning and re-conditioning steps are required to enable multiple 

uses of the MEPS sorbent. In the first step, the sorbent was manually conditioned with MeOH 

and water. After conditioning, a plasma or urine sample was loaded into the DMIP-MEPS 

syringe. The loading process was completed by several aspirate-dispense cycles through the 

DMIP-MEPS. Subsequently, the sorbent was washed once with a proper washing solution to 

eliminate salts, proteins and other interfering materials. The analytes were eluted from the 

sorbent and injected into the LC/MS system. After each extraction, the DMIP-MEPS was 
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washed 5 times with each the elution and washing solution to prevent any carry over. Each 

DMIP sorbent was used for approximately 30 extractions. 

3.2.1.3. Conditioning optimization 

Various solvents (MeOH, ultra-pure water, 25 mM ammonium phosphate, or mixtures of 

these solvents) were evaluated to optimize the elution efficiency. The highest recoveries for 

the majority of the analytes were observed when a MeOH:water:25 mM ammonium 

phosphate (1:1:1) mixture was used as the conditioning solvent. Therefore, this mixture was 

deemed to be the optimal conditioning solvent and used for the subsequent experiments. 

3.2.1.4. Washing optimization 

The reason for the washing step in the DMIP-MEPS procedure is to selectively remove 

unwanted compounds from the sorbent without removing the analytes. The isolation of 

weakly basic analytes from the plasma and urine samples by DMIP-MEPS is based on ionic 

and non-polar interactions. The highest recovery was obtained when a mixture of water:0.1 

M HCl (50:50) was used as the washing solution. 

3.2.1.5. Elution optimization 

An appropriate elution solvent should elute the desired analyte from the sorbent in a small 

volume of elution solvent. In the case in which the retention of analytes is based not only on 

hydrophobic interactions but also ion-exchange interactions, a non-polar solvent is not strong 

enough to disrupt the forces that bind the analyte to the sorbent. Therefore, to elute the 

targeted analyte, a solvent capable of breaking both hydrophobic and ionic forces was 

required. Several solutions, including MeOH, water and ACN, were considered as elution 

solutions. The elution efficiency increased as the ACN content in the eluent increased. 

Finally, a mixture of ACN and water (50:50) was selected as the elution solvent.  
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3.2.1.6. pH optimization 

The effect of solution pH on the extraction efficiency was demonstrated. The effect of pH on 

the rebinding efficiency of sarcosine was examined for the pH range from 2.0 to 12.0. 

Finally, the highest extraction yield was obtained at pH 7.0.  

3.2.1.7. Sample loading cycle number and time 

In MEPS, the pre-concentration of the analytes is affected by the number of extraction cycles 

performed and by the speed of sample addition. Practically, an aliquot of the sample solution 

can be drawn up and down through the DMIP-MEPS bed several times (sample loading 

cycles) without discarding it. Sample loading can be performed once or multiple times 

depending on the sample concentration and if pre-concentration of the targeted analytes is 

required. For the optimization of the number and time of sample loading cycles, the time 

range between 1-6 min, with 10 loading cycles per min, was considered. Finally, a time of 2 

min was selected to achieve the maximum sorbent absorption. 

3.2.1.8. Adsorption capacity 

The common method for verifying the existence of cavities in the structure of an MIP is to 

assess the equilibrium batch rebinding. An exact amount of template with a given amount of 

MIP or NIP is passed through the MEPS. The adsorption capacities of the MIP and NIP were 

determined by passing 100 µL of sarcosine solutions at concentrations ranging from 10–500 

µgmL
-1

 through the DMIP-MEPS sorbent under the optimal conditions (10 injections for 2 

min, 2 mg of sorbent, ACN:Water elution, pH=7). The peak area for the amount of sarcosine 

extracted at the different concentrations was calculated and is plotted against concentration in 

Figure 19. The highest adsorption of sarcosine by the MIP (2 mg) was 400 µg mL
-1

.  
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Figure 19. Adsorption capacity optimization (10 injections for 2 minute/ 2 mg sorbent/ Elution: ACN/Water 

(50:50)/ pH=7) (Paper IV). 

3.2.1.9. Selectivity optimization 

The selectivity of the molecularly imprinted polymer for sarcosine was evaluated by 

analyzing similarly structured prostate cancer biomarkers, such as glutamic acid, proline and 

kynurenine. The percent recoveries for each biomarker by DMIP and NIP are shown in 

Figure 20.  

 

Figure 20. Selectivity optimization (10 injections for 2 minute/ 2 mg sorbent/ Elution: ACN/Water (50:50)/ 

pH=7, standard: 100 ng mL-1) (Paper IV). 
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3.2.1.10. Method validation 

The standard curves contained nine concentration levels of spiked human plasma or urine 

across the range from 3.0–10000 ng mL-1, prepared following special protocols [57]. The 

coefficient of determination (R
2
) values obtained for the urine and plasma calibration curves 

were ≥0.99. The accuracy and precision were determined by analyzing quality control 

samples at three concentrations: 8, 2000 and 8000 ng mL-1. The intra-assay precisions (CV, 

%) were between 4.0% and 7.1% for the plasma samples and from 3.0–6.3% for the urine 

samples (n = 6). The inter-assay precisions ranged from 2.9–4.7% for the plasma samples and 

5.0–6.7% for the urine samples (n = 18). The accuracy ranged from 97% to 105% (n=18). 

The results are shown in Table 9.  

Table 9.  Precision and accuracy results for measurements of sarcosine in plasma and urine (Paper IV). 

 QC samples (ng mL
-1

) Accuracy % 

(n=18) 

Precision (CV %) 

 

 

Intra-day               Inter-day 

(n = 18)                  (n = 6) 

Plasma 8.0 (QCL) 101 7.1 4.7 

 2000 (QCM) 103 4.4 3.3 

 8000 (QCH) 101 4.0 2.9 

Urine 8.0 (QCL) 97 6.3 6.7 

 2000 (QCM) 105 3.0 5.0 

 8000 (QCH) 101 3.1 5.2 

 

Moreover, the matrix effect (ME) is a well-known problem in quantitative bioanalysis, 

mainly in LC-ESI-MS. The main aim of sample preparation in bioanalysis is to reduce or 

eliminate the matrix effect. In the present study, the matrix effect of plasma and urine 

samples was assessed. The impact of the ME is related to the concentration, and for this 
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reason, the ME was investigated at both low and high concentration levels (50 and 5000 ng 

mL-1). The magnitude of the matrix effect (ME), as a percentage, can be obtained as follows: 

ME (%) = [(response of spiked sample in plasma or urine / response of standard solution) -1] x 100 

Four replicates of plasma and urine samples were analyzed and the comparison of the spiked 

matrix to the reference sample was evaluated. The ME values were <10% for the DMIP-

MEPS procedure (Table 10). Moreover, the magnitudes of the ME observed in the DMIP-

MEPS analysis were compared with those of the plasma protein precipitation method. The 

matrix effect of the plasma protein precipitation method was tenfold greater than that of 

DMIP-MEPS. 

Table 10. Matrix effect measured in real samples using DMIP-MEPS (Paper IV). 

 

Matrix 

Sample (ng mL
-1

) ME% (n=4) 

Plasma 50 

5000 

-6.6 

9.2 

Urine 50 

5000 

5.2 

7.1 

 

3.2.1.11. Bioanalytical method selectivity. 

 High selectivity for sarcosine from plasma or urine samples was obtained using DMIP-

MEPS-LC/MS/MS. Analyses of blank plasma and urine samples by DMIP-MEPS and 

LC/MS/MS did not reveal any endogenous peaks that would interfere with the quantification 

of sarcosine. The typical multiple reaction monitoring (MRM) transitions obtained from 

blanks, and plasma and urine samples spiked with sarcosine are presented in Figures 21 and 

22. 



  

56 
 

 

Figure 21. Ion chromatograms produced from the MRM analysis of sarcosine and internal standards from 

spiked plasma samples at the LLOQ and blank plasma samples (Paper IV).  

 

 

Figure 22. Ion chromatograms produced from the MRM analysis of sarcosine and internal standards from 

spiked urine samples at the LLOQ and blank urine samples (Paper IV).  
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3.2.1.12. Application of the method to the analysis of human urine samples 

The developed method was used to determine the sarcosine concentrations in urine samples 

from healthy individuals and cancer patients. For this purpose, 6 urine samples were collected 

from 3 healthy persons and 3 cancer patients. The levels of sarcosine excreted are shown in 

Table 11. The concentrations of sarcosine are approximately ten fold greater in cancer 

patients compared to healthy individuals. 

Table 11. Concentration of sarcosine excreted in urine samples from three health subjects (H1-3) and three 

cancer patients (P1-3) (Paper IV). 

Health/Patient Found concentration (ng mL
-1

) 

H1 15 

H2 17.8 

H3 18 

P1 211 

P2 225 

P3 195 

 

 

In summary, for the first time, DMIP-MEPS with liquid chromatography–tandem mass 

spectrometry (LC/MS/MS) was used for the extraction and determination of sarcosine in 

human plasma and urine samples. This DMIP method can circumvent the ‘‘bleeding’’ of 

template problem associated with the common MIP preparation methods. The factors 

affecting the extraction efficiency were investigated. The method was applied to the analysis 

of sarcosine in samples from cancer patients. The DMIP-MEPS-LC/MS/MS technique was 

demonstrated to be a very promising technique and possesses significant advantages, such as 

the simplicity of the sample-preparation process and the high selectivity and high sensitivity. 

In addition, this technique could be useful for the determination of other cancer biomarker 

compounds in biological matrices. 
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3.2.2. A novel needle trap utilizing a molecularly imprinted-sol-gel xerogel for the on-

line microextraction of the lung cancer biomarker bilirubin from plasma and urine 

samples (Paper V) 

In our experience, MIPs that are prepared by bulk or precipitation methods are not stable at 

high temperatures, under which the structure of MIP cavities is destroyed. Sol-gel 

methodology, which produces high thermal and chemical stabilities, is an appropriate method 

to circumvent this problem. In the present study, a needle trap utilizing a molecularly 

imprinted sol-gel xerogel (NMSX) was prepared for the on-line microextraction of bilirubin 

(BR) from human plasma and urine samples. This molecularly imprinted, thin layer sol-gel 

was developed using one precursor.  Bilirubin, a biomarker for lung cancer and for some liver 

diseases, was chosen as the template and 3-(propylmethacrylate) trimethoxysilane 

(3PMTMOS) as the precursor for the molecularly imprinted sol-gel process. Each prepared 

needle could be used for about hundred extractions before it was discarded. As a blank, the 

needle of the non-molecularly imprinted sol-gel xerogel (NNSX) was prepared according to 

the same process but in the absence of BR as a template.  The NMSX and NNSX were 

employed for the extraction of BR from plasma and urine samples and the extraction 

capabilities of both phases were compared. The adsorption capacity of NMSX was 

approximately 60% higher than that of NNSX. 

3.2.2.1. Preparation of the coated needle 

First, the needle was washed with MeOH, water and acetone to remove any contaminants. 

The needle surface was functionalized by crossing sodium nitrate (1.0 mol L
-1

) and sodium 

carbonate (1.0 mol L
-1

) solutions at 60 ºC for 60 min. Four hundred μL of 3PMTMOS, as the 

precursor, and 100 μL of BR (0.1 mmol L
-1

 in ACN), as the template molecule, were 

sonicated for 30 min to create the maximum amount of binding possible. Then, 150 μL of 
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TFA (100 %) was slowly added in three steps (each time 50 µL) and sonicated for another 10 

min. Subsequently, drop by drop, 50 µL of distilled water was added to start the hydrolysis 

process. Then, the solution was passed through the functionalized needle by using a 

peristaltic pump at a flow rate of 0.1 mL min
-1

 for 60 min to create a thin layer of NMSX 

inside of the needle. The needle was then placed in a desiccator for further aging for 24 

hours. Finally, for the polycondensation process, the needle was exposed to a temperature 

gradient from 50-250 ºC over 3 h. After the preparation process, to remove the trapped 

templates and create porous selective cavities, the NMSX needle was washed with a mixture 

of MeOH: acetic acid (80:20) for 1 h. The non-molecularly imprinted (NNSX) needle was 

prepared under the same conditions as the NMSX needle but in the absence of the template. 

Finally, the needle was connected to a Hamilton syringe (250 µL) for use in other 

experimental equipment. Figure 23 depicts the process of NMSX preparation. 

 

Figure 23. MIP sol-gel process (Paper V). 



  

60 
 

3.2.2.2. Optimization of the preparation process 

Regarding the preparation process, several important parameters were considered carefully. 

First, the proper ratio between the template and the precursor that creates the maximum 

volume of selective cavities and porosity after removing the template from the NMSX 

network was considered as a critical factor.  Then, the effect of the amount of TFA used as a 

catalyst in the sol-gel process was investigated. The summary results of these optimization 

processes are compiled in Table 12. Moreover, the “crossing-time” of the imprinting sol-gel 

solution through the needle to create the thin layer of polymer is a critical issue. Therefore, 

after several studies conducted with varying crossing-times, 60 min was chosen as the 

optimized “crossing-time” for passing the solution through the needle to create the thin layer 

of polymer. This optimized “crossing-time” prevented the needle from being blocked. 

.Table 12. Optimization of the preparation process (Paper V). 

BR  

(mmol) 

Precursor 

(µL) 

TFA 

(µL) 

Water 

(µL) 

Solvent ACN 

(µL) 

Recovery 

(%) 

0.1 200 100 50 100 45 

0.1 200 150 50 100 49 

0.1 200 200 50 100 58 

0.1 300 100 50 100 66 

0.1 300 150 50 100 69 

0.1 300 200 50 100 53 

0.1 400 100 50 100 78 
0.1 400 150 50 100 85 

0.1 400 200 50 100 75 

0.1 500 100 50 100 57 

0.1 500 150 50 100 66 

0.1 500 200 50 100 61 

 

 

 

3.2.2.3. NMSX and NNSX processes in plasma and urine 

For this study, 100-µL aliquots of plasma samples were diluted with formic acid (0.1%) and 

100 µL of the internal standard was added. For the conditioning of NMSX, 100 µL of 

distillated water was used, and then 100 µL of diluted plasma sample was loaded through the 
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NMSX needle. This process was completed by several aspirate–dispense sequences (8×100 

µL) through the NMSX. Then, the NMSX was washed with 100 µL of water/0.1 M HCl 

(80:20). The analytes were eluted with 100 µL of MeOH and injected into the 30-µL loop 

connected to the LC/MS/MS instrument. The NMSX sorbent was washed with the elution 

(6×100 µL) and washing solutions (5×100 µL) to prevent carry-over. Additionally, the last 

two washings were used as equilibration steps before the next extraction. Each NMSX was 

used for approximately 100 extractions before it was discarded. The same process was 

performed for urine sample analysis. 

3.2.2.4. Morphological analysis 

 Figure 24 shows the SEM images of coated and un-coated needles. The SEM photographs 

verify the existence of a thin layer of imprinting sol-gel inside of the needle. The 

microspheres were obtained from the optimized amount of template/ precursor /catalyst 

agents and gentle mixing during the imprinting sol-gel polymerization. 

 

 

 

Figure 24. Scanning electron micrographs of un-coated and coated needles (Paper V). 
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3.2.2.5. Imprinting factor and effect of salt  

To evaluate the NMSX extraction efficiency and conditions, the enrichment factor (EF) and 

extraction recovery (ER) were calculated as in [58]. According to this study, the enrichment 

factor is the ratio between the analyte concentration in the eluent (Celu) and the initial 

concentration of analyte (C0) within the sample. 

   
    

  
 

Moreover, the imprinting factor (IF) was used to calculate the selective recognition 

capabilities of the NMSX. 

   
      
      

 

Where, the EFNMSX is the enrichment factor of BR extracted in NMSX and EFNNSX is the 

enrichment factor of BR extracted in NNSX under the same conditions. 

In order to compare the IF values of NMSX and NNSX for the separation of BR in the 

solvent media, both plasma and urine samples were analyzed by the same process and the 

results are given in Table 13. According to the results, the NMSX exhibits a high selectivity 

for the separation of BR compares to the NNSX. 

Table 13. The selectivity of the NMSX for the separation of BR compared to that of the NNSX (the volume and 

concentration of all compounds were 100 µL and 100 nmol L-1, respectively; data are the mean of 3 

measurements) (Paper V). 

BR             EF    

 

MIP             NIP 

IF 

Solvent media                       0.85             0.15                              5.66 

plasma    0.80             0.16 5.0 

urine   0.82             0.15                               5.46 
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Moreover, the effect of salt on the extraction efficiency of BR by NMSX was considered. For 

this purpose, a range of NaCl concentrations (1-100 mM) were added to solution and the 

same NMSX extraction process was performed. The results demonstrate that the addition of 

salt can help to increase the percent recovery of BR from plasma and urine samples. The 

results of this analysis are shown in Figure 25. 

 

  

Figure 25. Effect of salt on the BR extraction efficiency with NMSX and NNSX in plasma and urine samples 

(Paper V).  

 

3.2.2.6. On-line connection of NMSX-MEPS to LC/MS/MS 

A coated needle was connected to a 250-µL Hamilton syringe and used for the extraction 

procedure. In addition, special vessels were evaluated for the storage of the conditioning, 

washing and elution solutions. For this design, an autosampler, which contains an NMSX-

MEPS needle, can directly obtain the various solutions for conditioning, sample loading, 
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washing and elution. Finally, the elution solution was injected on-line to the LC/MS/MS. The 

design of the on-line connection of the NMSX-MEPS to the LC/MS/MS is shown in Figure 

26. 

 

Figure 26. NMSX-MEPS on-line connection with LC/MS/MS (Paper V). 

 

3.2.2.7. NMSX development 

After the determination of the primary preparation process, the effects of several parameters, 

such as conditioning solution, washing solution, elution solution, time, pH, adsorption 

capacity and imprinting factor, on the extraction of BR from the plasma and urine samples 

were investigated by the same process as described in paper IV. 

3.2.2.8. Method validation 

Using a similar protocol as described in paper IV [57], high linearity for the range between 

5.0 to 1000 nmol L
-1

 was obtained for the urine and plasma samples. The correlation 

coefficient (R
2
) values achieved for the urine and plasma were ≥0.998 (n=5). Moreover, the 

accuracy of the QC for BR extraction was assessed.  The intra-day precisions in plasma and 
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urine for BR were 1.7–3.8% and 1.5–4.7 %, respectively. The same process applied in paper 

IV was performed for the QC analysis NMSX-MEPS and the results are listed in Table 14. 

 

 Table 14. The accuracy of QC samples for BR (Paper V). 

QC 

(nmol L
-1

) 

in plasma 

Mean 

concentration 

(n=5) 

Deviation 

(%) 

QC  

(nmol L
-1

) 

in urine 

Mean 

concentration 

(n=5) 

Deviation 

(%) 

15 15.81 + 0.6 15 15.44 + 0.72 

400 410.59 + 11.5 400 411.3 + 12.0 

800 824.22 + 14.8 800 809.41 +12.02 

 

 

The LOD for BR in human plasma and urine samples were 1.6 nmol L
-1

 and 1.5 nmol L
-1

, 

respectively. The LLOQ was 5.0 nmol L
-1 

for both human plasma and urine (n=4). The 

accuracy (CV%) ranged between 1.0 to 6.8% and from 1.0 to 7.0% for human plasma and 

urine, respectively. In addition, the relative standard deviations were calculated to examine 

the precision of the method and ranged from 1.3 to 7.0% and from 1.2 to 6.7% for plasma and 

urine samples, respectively. 

The extraction recovery was approximately 80%. Typical chromatograms for measurement of 

the LLOQ concentrations for urine and plasma samples and blanks are shown in Figures 27a 

and b. 
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Figure 27. Typical chromatograms of LLOQ concentrations and blanks for urine (a) and plasma (b) samples 

(Paper V). 

The matrix effect (ME) was considered using a similar method to that for paper IV (four 

washes to prevent any carry-over between extractions) and the results are listed in Table 15.  

 

Table 15. Matrix effect on BR extraction (Paper V). 

 

 

 

 

 

 

 

 

 

Sample (ng mL
-1

) Urine Plasma 

800 4.7 5.3 

15 -4.2 -5.6 
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In summary, a novel, robust, thermally and chemically stable molecularly imprinted sol-gel 

xerogel (NMSX) was developed and used for needle-trap microextraction. The method 

validation demonstrated a high selectivity for the extraction of BR from plasma and urine 

samples. The coated needle was used for approximately one hundred extractions without any 

impact on the results. Key parameters for the extraction process, such as the conditioning, 

washing and elution solvents, and the pH, time, adsorption capacity and imprinting factor, 

were investigated. The present study is the first to use an on-line NMSX-MEPS connected to 

a LC/MS/MS to determine BR concentrations in plasma and urine samples. The results 

demonstrate that the NMSX sorbent should be useful for the extraction of BR from plasma 

and urine samples and high accuracy and precision were obtained. In addition, the NMSX-

MEPS design will be used for head-space extractions in future studies. 
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4. Conclusions and future aspects 

 

Molecularly imprinting technology is a robust, simple, and low-cost method for the selective 

separation of analytes. Moreover, MIPs can be easily combined with SPE, SPME, MEPS, and 

other extraction techniques. MIPs used in combination with on-line extraction techniques can 

reduce the extraction time and achieve high method selectivity. In addition, a sol-gel is an 

easy, versatile technique for preparing sorbents with higher thermal and chemical stabilities, 

and a MEPS is a miniaturized type of SPE with a faster process, which reduces the extraction 

time and the sample volume. Therefore, MIPs, sol-gel, and MEPS can be combined to create 

a fast, easy, green, and high thermal and mechanical stability extraction technique for the 

determination of various types of drugs, metabolites, and caner biomarkers. Finally, the 

preparation of novel types of MIP sorbents, such as preparation of single use MIP-MEPS (to 

eliminate the carry-over), MIP sol-gel membranes (with biodegradability, high porosity, 

greater selectivity, and stabile properties), needle-trap MIP-sol-gels for the extraction of some 

volatile cancer biomarkers, and their detection with LC/MS or GC/MS presents an interesting 

field for future developments. Moreover, preparation of nano-MIP materials (particle, fiber 

and membrane) with higher mass transfer speed, less heterogeneity and more porosity needs 

more investigation and laboratory works in the near future.  
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