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This book is dedicated to all victims of the attacks in 
Brussels, Belgium, on March 22, 2016.

We hope it will compensate a very little bit for their 
sufferances and the sorrows of their families.

It is also dedicated to the Greek people, who are going 
through a very, very long period of uncertainty.

“When the going gets tough, the tough gets going.”
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Preface
Considerable analytical progress in chromatographic analysis has been made over the past decade, 
when hyphenated techniques involving highly efficient separation and sensitive detection have 
become the techniques of choice. Among them, methods based on chromatographic separation 
with mass spectrometric detection have opened new perspectives in terms of identification and are 
acknowledged as the major useful and authoritative methods for the determination of pollutants in 
the environment.

Since the publication of the third edition of this book in 2005, the focus of chromatographic 
research has changed again, and the variety of application fields that have been addressed in the 
literature shows that, due to their versatility, chromatographic mass spectrometric techniques have 
proven themselves successful in virtually any analytical challenge that makes them robust and 
effectively applicable alternatives in pollutant analysis. Obviously, in comparison with different 
detection methods, mass spectrometry or tandem mass spectrometry appears to be the technique of 
choice in environmental analysis, as it provides reliable results at the subnanogram per liter or per 
gram level, while the use of other specific detectors, such as flame-ionization detector, nitrogen–
phosphorus detector, and electron capture detector, has been in gradual decline. Mass spectrometric 
analysis has increased exponentially during this time, and important progress has been made in 
terms of instrumentation in order to increase the throughput, mass resolving power, mass accuracy, 
tandem mass spectrometry capabilities, and resolution for mass spectrometry.

In this context, the main scope of the book is to outline those developments, which are particu-
larly relevant to environmental analysis, especially when using chromatographic mass spectromet-
ric techniques. Accordingly, the fourth edition has been largely changed and updated in comparison 
with the previous ones to address these new issues, the new lines of discussions, and new findings.

This edition contains six sections. In Section I, an overview of principles, instrumental aspects, 
and conceptual case studies in chromatographic analysis is given. The basic concepts and instru-
mentation of gas chromatography and liquid chromatography combined with mass spectrometry are 
discussed. This section includes also a chapter on thermal desorption.

The five chapters in Section II detail sample preparation methods for the determination of pol-
lutants in air, in solid and complex environmental matrices, and in the aquatic environment. The 
reader finds much information on novel materials and methods in sample treatment and separation.

Important aspects, such as quality assurance, validation, proficiency testing, and reference meth-
ods, are the elements of the contents of the three chapters of Section III.

Sections IV, V, and VI enumerate chromatographic methods on air pollutants (Section IV), on 
environmental residues in different matrices (Section V, five chapters), and on transformation prod-
ucts of pharmaceutical and personal care products (Section VI). The five chapters of Section V 
essentially deal with residues with endocrine-disrupting capacities.

Most of the data are compiled in tables and figures to elucidate the text. Presenting important 
theoretical and practical aspects from sample collection to laboratory analysis, Chromatographic 
Analysis of the Environment, Fourth Edition, is a unique resource of chromatographic techniques, 
data, and references that are useful to all scientists involved in the analysis of environmental 
compounds.
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7 Advances in Sample
Preparation for Molecular 
Imprinting in Environmental 
Applications

George Z. Kyzas, Dimitrios Bikiaris, 
and Dimitra Lambropoulou

7.1  INTRODUCTION

Molecular imprinting is a modern technique and not quite common. It is a specific enough tech-
nique according to which the selective binding/isolation of target species (molecules or ions/metals) 
from a mixture can be achieved (Whitcombe et al., 1995). The ability to selectively recognize a 
target molecule in a vast pool of similar molecules is essential to biological and chemical processes. 
This process is called molecular recognition, and it is an event that occurs everywhere in nature. It 
occurs when two molecules are both geometrically and chemically complementary; that is, when 
they can both ‘fit together’ spatially and bind to each other by using noncovalent forces, including 
hydrogen bonds, electrostatic interactions, hydrophobic interactions, and weak metal coordination 
(Chen et al., 2002). Therefore, a specific technology has been bloomed and redesigned in the last 40 
years, which is called molecular imprinting. The whole process is based on adsorption/rebinding/
separation technology, which is already one of the most successful techniques for pollutant removal 
(Srinivasan, 2011; Balogh et al., 2012; Jiang et al., 2012; Alahmadi et al., 2013; Mobarak et al., 
2013; Radenović et al., 2013; Sasaki et al., 2013). The targets-for-isolation species (usually called
templates or template molecules) are compounds of high-added value, which their isolation from 
mixture can lead to future recovery and exploitation.

Some of the basic application areas of molecular imprinting include separation processes (chro-
matography, SPE, membrane separations), artificial antibodies, and sensor recognition elements 
(Bergemann et al., 1999; Chen et al., 2011). Molecular imprinting presents wide recognition due 
to some properties such as stability and easy and low-cost preparation (Liu and Wulff, 2004). It is 
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worth noting the impressive increase number of research groups which employ this technique since 
the increasing number of publications can confirm it. The simplicity of use, the relatively low cost, 
and the broad range of possible guest molecules (small organic molecules, ions but also biological 
macromolecules) have since led to the important development of this technique, as illustrated by the 
increasing number of publications over recent years (Figure 7.1).

As it was said previously, the major applications of MIPs belong to the analytical field with 
targets (templates) of environmental pollutants. Therefore, special mention should be done for the 
existing analytical instrumentation for the determination of the compounds/species under separa-
tion. In general, the target molecules (analytes) are determined using techniques of chromatography, 
which are coupled to common detectors (UV, fluorescence). More recently, MS or MS/MS was 
applied for the same purpose. But in the case of MS, the direct injections of crude/nonmodified 
sample extracts are allowed but not recommended, because matrix components can inhibit or even 
enhance the analyte ionization, hampering accurate quantification. For this reason, sample prepara-
tion is even now a procedure of the whole chain of analytical process that is under investigation.

The main targets of sample preparation are the following: (i) removal of potential interferents, 
(ii) analyte preconcentration, (iii) converting (if this is necessary) the analyte into a more suitable 
form for detection or separation, and (iv) providing a robust and reproducible method which will be 
independent of variations in the sample matrix. Recently, other targets (more specific) have been 
addressed about sample preparation: (i) using smaller initial sample sizes, (ii) improving the selec-
tivity in extraction, (iii) facilitating the automation, and (iv) minimizing the amount of glassware 
and organic solvents to be used (Smith, 2003).

Based on the previous discussion, the common and ‘traditional’ liquid–liquid extraction is now 
not applicable and cannot ‘satisfy’ the recent requirements. Therefore, analytical laboratories 
and industries have substituted it with other new extraction techniques. Nowadays, the most used 
techniques are the (i) SPE, (ii) SPME, (iii) SBSE, (iv) matrix solid-phase dispersion (MSPD), (v) 
 microsolid-phase extraction, (vi) liquid-phase microextraction, etc.

Until now, many research and review articles were published emphasizing the importance of 
sample preparation in the whole analytical process. A very interesting special issue (‘Advances in 
Sample Preparation—Part I and Part II’) was published by Journal of Chromatography A (Elsevier) 
showing some updates on this topic (Ramos and Smith, 2007a, 2007b). However, all of these tech-
niques do not present such high selectivity, and, therefore, further optimization of typical steps 
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needs to be realized. Unfortunately, even after careful optimization (conditioning, sample loading, 
washing and elution during the extraction, and cleanup of target analytes), some matrix components 
are co-eluted with target analytes, making it difficult to reach limits of detection in line with the 
stringent regulations nowadays.

In the near past, antibodies immobilized on an adequate support, namely, immunosorbents, were 
proposed as an alternative for use in SPE applications (Martín-Esteban et al., 1997; Pichon et al., 
1999) in order to overcome the aforementioned drawbacks associated with typical nonspecific sor-
bents. Different immunosorbents have been employed for the determination of pesticides, drugs, 
and polyaromatic hydrocarbons, among others, showing an excellent degree of cleanup, owing to 
the inherent selectivity of the antibodies used. However, the obtainment of antibodies is difficult, 
time consuming, and expensive, so it is difficult to guarantee its success. Also, it is important to say 
that after the antibodies have been obtained, they need to be immobilized on an adequate support, 
which may result in poor antibody orientation or even complete denaturation.

The use of MIPs as selective sorbent materials allows customized sample treatment prior to the 
final determination. Thus, their use in SPE, so-called MISPE, is, by far, the most advanced techni-
cal application of MIPs (Caro et al., 2006; Pichon and Haupt, 2006; Tamayo et al., 2007; Haginaka, 
2009; Lasáková and Jandera, 2009). An increasing interest in the combination of MIPs with other 
sample-preparation techniques is presented nowadays (i.e., polymeric membrane extraction, SBSE, 
and MSPD).

The scope of this work is to highlight the updates in MIPs for sample preparation (especially for 
SPE and SPME), describing the different approaches employed in selected applications in environ-
mental targets (i.e., pharmaceuticals, biomedical, biological, etc.).

7.2  SYNTHESIS OF MOLECULARLY IMPRINTED POLYMERS

The preparation of MIPs starts by positioning the functional monomers around a template molecule. 
The monomers interact with sites on the template via interactions that can be reversibly covalent 
or noncovalent (hydrogen, ionic, van der Waals, π–π, etc.). Then, they are polymerized and cross-
linked around the template in order to fix their position and to ‘freeze’ the geometry of the pores 
in the network. The template molecule is then extracted, leaving a polymer with functional sites 
capable of molecular recognition.

The first step is the contact between the functionalized monomers and the template molecule, 
which leads to the formation of a complex. Its structure and stability will then determine the behav-
ior of the future MIP. The interactions involved must be sufficiently strong to remain intact during 
the polymerization stage but sufficiently labile to enable template extraction and reinsertion of guest 
molecules in the later stages. These interactions must therefore occur rapidly and be reversible. It is 
crucial to optimize the choice of the different components of the system at this point.

Different types of strategies can be distinguished depending on whether the bonding between 
template and host is covalent or not: (i) covalent interactions, (ii) noncovalent interactions, and 
(iii) double approach: covalent plus noncovalent.

The second step is the polymerization step of the monomers around the complex formed in the 
first step (Piletsky et al., 2002). Owing to its ease of use, radical polymerization is the most frequent. 
The crucial question is to determine how to carry out this polymerization/cross-linking step with 
minimum disturbance of the complex already in place. Choices must be made; for instance, in radi-
cal polymerization, the radicals can be generated at 60°C (a,a′-azobutyronitrile as initiator; denoted
as AIBN) or 45°C (azobis valeronitrile as initiator; denoted as ABDV), which could cause heat 
destabilization of the complex or at 4°C with low-temperature photochemical radical production 
(AIBN, 360 nm). Comparative studies on recognition specificity have shown that the photochemical 
approach gives the most specific materials (O’Shannessy et al., 1989).

Another crucial point of the preparation of MIPs is the extraction step. The proportion of extrac-
tion of the template molecules interacting with the MIP via easily hydrolyzable covalent bonds or 
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noncovalent linkages is estimated to be about 90%. The remaining molecules are trapped in highly 
cross-linked zones. This problem is exacerbated with macromolecules where steric hindrance low-
ers the efficiency of extraction. In addition, the synthesis of MIPs requires large quantities of guest 
molecule (50–500 μmol per gram of polymer). Therefore, when pure template molecule is dif-
ficult or expensive to obtain, reaching quantitative template extraction yields can be primordial. 
Extraction conditions must then be optimized to obtain yields of over 99%. The extraction step uses 
an appropriate solvent. It often proves to be long and the actual process involved is dependent on the 
system in question. Thus, automation of the washing steps for industrial applications still remains 
problematic. Extraction of the template leaves a three-dimensional material in which the cavity 
shapes and functional group locations are complementary to the guest molecule.

Solvent plays an important role in the formation of the porous structure of MIPs, which are a 
subset of a larger class known as macroporous polymers. The morphological properties of poros-
ity and surface area are determined by the type of solvent, referred to as ‘porogen,’ used in the 
polymerization. Many solvents were tested in literature for the preparation of MIPs, presenting 
their main differentiation in the phase. The main organic solvents used are dimethyl sulfoxide, 
dimethylformamide, acetonitrile, toluene, and chloroform, while deionized water is also used as 
solvent (Spivak et al., 1997). Moreover, it is notable to report that 70–98% of the final mass of a 
prepared MIP is composed typically of its cross-linker. Numerous cross-linkers have been tested 
for the preparation of a rigid MIP such as divinyl benzene (DVB), ethylene glycol dimethacrylate, 
ethylenebis-acrylamide, and trimethylolpropane trimethacrylate (TRIM). Wulff et al. (1987) and 
Sibrian-Vazquez and Spivak (2004) have systematically studied the effect of cross-linkers on the 
recognition properties of MIPs.

Another important point is that the synthesis is related to the template used. For example, the 
synthesis of MIP and the binding forces between template and polymeric matrix can be strongly 
influenced from the valence of the template. Therefore, other reagents are selected in order to form 
a polymeric matrix for monovalent metal as templates and other for others.

After the preparation of MIPs, a full characterization is necessary to examine the morphological 
and functionalized properties of the prepared materials. The common techniques of MIP charac-
terization are spectroscopy (nuclear magnetic resonance, Fourier transform infrared spectroscopy), 
swelling tests, and Brunauer–Emmett–Teller analysis (Sellergren, 1994a, 1994b).

In summary, two strategies for molecular imprinting have been established based on whether the 
template is associated with interactive monomers using covalent bonds or noncovalent interactions. 
Of the two strategies, the noncovalent approach has been used more extensively for three reasons: 
(i) noncovalent methodology is easier because it does not require synthetic steps toward the pre-
polymer complex and interactions between monomers and template are easily obtained when all 
components are mixed in solution; (ii) removal of the template is generally much easier, and usu-
ally, it is accomplished by continuous extraction; and (iii) a greater variety of functionality can be 
introduced into the MIP binding site using noncovalent methods. An example for MIP preparation 
with noncovalent bonding for dye removal is given (Figure 7.2).

Prior to its use in experiments, an MIP is usually evaluated to check its recognition prop-
erties for a target. Chromatographic evaluation and equilibrium batch rebinding experiments 
are the methods most commonly used to investigate the selectivity of the imprinted materials. 
Chromatographic evaluation allows measurement of capacity factors (k′) and imprinting factors
of MIPs. These values are obtained from the retention time of the template molecule on a chro-
matographic column packed with the MIP and a second column packed with the nonimprinted 
polymer (NIP, which is synthesized just the same as an MIP but without the target compound). If 
the MIP is imprinted, then the analyte should be retained more strongly on the MIP than on the 
NIP because of the selective interactions. In some studies (Caro et al., 2003), the selectivity of 
the MIP was also probed using compounds structurally related to the template. If the MIP retains 
these compounds almost as well or better than the template, this indicates that the MIP shows 
cross-reactivity (Caro et al., 2003).
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For equilibrium batch rebinding experiments, a known mass of template in solution is added to 
a vial containing a fixed mass of polymer. Once the system has come to equilibrium, the concen-
tration of free template in the solution is measured and the mass of template adsorbed to the MIP 
calculated (Brüggemann et al., 2004). Some of these experiments are based on radioligand binding, 
which is a very highly sensitive method to study the population of binding sites with the strongest 
binding characteristics (Shea and Sasaki, 1991). Typically, the sample is incubated with the radio-
ligand for several hours and a centrifugation step is used to sediment the polymer particles. The 
radioactivity in the supernatant is then measured.

7.3  SAMPLE PREPARATION FOR MOLECULARLY IMPRINTED POLYMERS

Many works for MIPs were published in literature with the topic ‘sample preparation’ (Figure 7.3). 
The impressive increase of the related published works in the last 5 years is noteworthy (2011–
2015). This implies the need for further consideration of sample preparation.

7.3.1  Solid-PhaSe extraction for Molecularly iMPrinted PolyMerS 
(Molecularly iMPrinted Solid-PhaSe extraction)

SPE is one of the most promising and important techniques for MIPs. This is confirmed by the fact 
that many industries and companies attempt (and some have achieved this) to make commercially 
available cartridges packed with MIPs, which are appropriate for the target analyte determination 
in different samples. Many papers were also published regarding the applicability of MIPs for SPE. 
A drawback in literature is that the studies published only suggest (or describe) the need for using 
different templates for different applications. A little number of works suggests new trends for 
limiting the inherent drawbacks in preparing and using MIPs (template bleeding, tedious synthesis 
procedure, and slow mass transfer).

As it was described in Section 7.2, the bulk polymerization was the first designing plan/strategy 
for synthesis of MIPs. After extraction and sieving, the MIP particles obtained invariably possessed 
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a heterogeneous particle size distribution with poor binding site accessibility for the target analyte. 
Many attempts have been done in this path developing novel synthesis routes in order to have MIP 
microspheres with suitable properties (physical characteristics, size, porosity, pore volume, and 
surface area). Only multistep swelling and polymerization (Hosoya et al., 1996) and precipitation 
polymerization (Wang et al., 2003) have been used for the preparation of MIPs for SPE of a wide 
variety of analytes in biological samples (Haginaka et al., 1999; Haginaka and Sanbe, 2000; Sanbe 
and Haginaka, 2003) and environmental samples (Cacho et al., 2003; Tamayo et al., 2003, 2005).

Various MISPE modes have been assayed such as (i) batch SPE technique, where MIPs are 
incubated with the sample; (ii) conventional off-line SPE technique, where MIPs are packed into 
cartridges; and (iii) several modes of online SPE technique. The former has been changed and dis-
placed by the conventional off-line SPE format. Andersson et al. (1997) revealed for first time that 
the use of a close structural analogue of analyte as imprint species prevented the problems associ-
ated with template bleeding, which, until now, is one of the most serious and common problems of 
using MIPs.

Off-line protocols: Off-line MISPE protocols do not have any difference from other SPE pro-
cedures. In a typical procedure, a small amount (15–500 mg) of MIPs is packed into polyethylene 
(PET) cartridges. Then, after conditioning, loading, and washing, analytes are eluted, ideally free of 
co-extractives, and the elution extract is further analyzed by LC, GC, or capillary electrophoresis.

A huge development of off-line MISPE methods has been observed recently for the determina-
tion of many analytes in environmental samples (river water, groundwater, wastewater, tap water, 
seawater, and soil extracts), biofluids (urine, plasma, serum, and blood), and food samples. In gen-
eral, the sample is loaded onto the MIP cartridge in a low-polarity solvent, since in such media, 
specific interactions are maximized, and after multiple washings for the removal of compounds, 
which have been nonspecifically bound to the polymeric matrix, analytes are eluted with a solvent 
able to disrupt the typical noncovalent interactions between the analyte and the imprinted polymer. 
Aqueous samples can also be directly loaded onto MIP cartridges. However, in this case, MIPs 
behave like a reversed-phase sorbent, and thus, both target analytes and matrix components are 
retained through nonspecific interactions. Then, a washing solvent able to remove matrix compo-
nents and to redistribute nonspecifically bound analytes to the selective imprints is introduced.

Online protocols: In a typical procedure, a small precolumn packed with MIPs (typically about 
50 mg) is placed in the loop of a six-port injection valve. After loading the sample and washing 
out interfering compounds, the analytes are eluted by the mobile phase and then separated in the 
analytical column.
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In-line protocols: Extraction, enrichment, separation, and determination of target analytes can 
be achieved in one single step by the direct coupling of an MIP column in-line with the detection 
system thanks to the high selectivity provided by MIPs.

Advanced batch protocols: The batch MISPE technique has been displaced by other SPE tech-
niques/modes. However, batch MISPE has reemerged using magnetic MIPs (Chen et al., 2009; Ji et 
al., 2009; Zhang et al., 2009), which, after extraction, can be separated from the media by a simple 
magnet, avoiding filtration and/or centrifugation. Based on literature, this procedure has been suc-
cessfully used for the extraction of triazines from soil, soybean, lettuce, and millet (Zhang et al., 
2009); tetracycline antibiotics from egg and tissue (Chen et al., 2009); and bisphenol A in environ-
mental water and milk (Ji et al., 2009). Another approach is the molecularly imprinted microsolid 
phase extraction (MIMSPE) (Feng et al., 2009). The MIMSPE device consists of MIPs enclosed 
within a polypropylene flat-sheet membrane envelope. The membrane presents a porous structure 
that is ideal for holding submicrosphere MIP particles not suitable for MISPE since they cannot 
be hold back by the typical frits used in SPE cartridges. A successful example of the application 
of MIMSPE is the selective extraction of phenolic compounds from tap, river, and sewage waters 
(Feng et al., 2009) and ochratoxin A from coffee, grape juice, and urine (Lee et al., 2012).

7.3.1.1  Molecularly Imprinted Solid-Phase Extraction for Environmental Applications
The first MISPE approach for MIPs was done by Sellergren (1994a), who determined pentamidine 
in urine samples. The number of works published with MISPE environmental applications is large 
and can be divided into subtopics. One of the most important applications is the selective extraction 
of analytes from environmental samples (Andersson, 2001; Caro et al., 2006; Baggiani et al., 2007; 
Pichon and Chapuis-Hugon, 2008; Lok and Son, 2009).

Environmental samples (mainly environmental waters, sediments, and soils) have been applied 
to MISPE for the extraction of pesticides, pharmaceuticals, and phenolic compounds (Table 7.1). An 
initial off-line MISPE work describes an environmental application dealt with the extraction and 
enrichment of six chlorotriazines from groundwater and sediment samples using a terbuthylazine-
imprinted polymer (Ferrer et al., 2000). An aliquot of 100 mL of water sample was percolated, and 
after a cleanup step with dichloromethane, the matrix components were removed, whereas target 
analytes were selectively retained with recoveries higher than 80% (except for propazine, with a 
recovery of 53%) after percolating 100 mL of water sample.

Despite these results, subsequent works have concluded that small amounts of water on the MIP 
have a negative effect on the retention of analytes, making it necessary to include an exhaustive 
drying step before the cleanup. Besides, matrix effects due to the presence of divalent cations in 
real water (such as calcium ions) have been observed. An ion-exchange interaction between these 
cations and the hydrogen of the carboxyl groups of the MIP occurs, thus preventing subsequent 
interactions (by H-bonding) between the triazines and the MIP (Chapuis et al., 2003). However, this 
matrix effect can be easily avoided by introducing an acidic washing step after the percolation of 
the water sample. Alternatively, as mentioned previously, it is possible to perform a two-step SPE 
procedure by firstly loading water samples onto conventional sorbents (i.e., C18, DVD) and then 
retained analytes eluted with an organic solvent suitable for further loading on the MIP (Turiel et 
al., 2001; Pap et al., 2002).

MISPE has been successfully applied, although in a lesser extent, to the cleanup of soil sample 
extracts for the determination of triazines (Turiel et al., 2001; Chapuis et al., 2004), monosulfuron 
(Dong et al., 2004), and fluoroquinolones (Turiel et al., 2007a).

Especially for pharmaceutical application, the MISPE examples are numerous. Table 7.2 sum-
marizes pharmaceutical applications of MISPE, which are divided into two categories: one is to 
extract a target compound(s) in pharmaceutical preparations and herbal medicines or herbs selec-
tively (Hu et al., 2003; Mena et al., 2003; Hu et al., 2005; Karasová et al., 2005; Nakamura et al., 
2005; Karasová et al., 2006; Lin et al., 2006; Liu et al., 2006; Djozan and Baheri, 2007; Farrington 
and Regan, 2007; Rezaei et al., 2008). The other is to extract a compound(s) structurally related to 
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TABLE 7.1
Relevant MISPE Applications in Environmental Analysis

Analytes
Template/Monomer/

Cross-Linker Porogen Sample MISPE Mode

Triazines Terbutylazine/MAA/EDMA Dichloromethane Groundwater 
and sediments

Off-line

Triazines Terbutylazine/MAA/EDMA Dichloromethane Waters 
(industrial 
effluent)

Off-line

Triazines Terbutylazine/MAA/EDMA Toluene Waters Online (SPE + 
MIP)

Triazines Propazine/MAA/EDMA Toluene Tap, 
groundwater soil

Off-line 
(SPE + MIP)

Triazines Terbutylazine/MAA/EDMA
Ametryn/MAA/EDMA

Dichloromethane Soil and grape 
juice

Off-line

Monosulfuron Monosulfuron/MAA/EDMA Dimethylformamide Soil Off-line

Fluoroquinolones Ciprofloxacin/MAA/EDMA Methanol Soil Off-line and 
in-line

4-Nitrophenol 4-Nitrophenol/4-VP/EDMA Acetonitrile River water Online

Triazines Terbuthylazine/MAA/EDMA Toluene River water Online (RAM 
+ MIP)

Chlorinated 
phenoxy acids

2,4,5-Trichlorophenoxyacetic 
acid/4-VP/EDMA

Methanol/water River water Off-line

Bisphenol A Bisphenol A/4-VP/EDMA Toluene River water Online

Bisphenol A Bisphenol A-d16/4-VP/EDMA Toluene/poly(vinyl 
alcohol)

River water Off-line

Bisphenol A Bisphenol A/4-VP/TRIM Acetonitrile Tap and lake 
water

In-line

Methylthiotriazines Irgarol/TFMAA/EDMA Toluene River water Online

Penicillin G Penicillin G procaine salt/1-(4-
vinylphenyl)-3-(3,5-

bis(trifluoromethyl)phenyl)urea + 
methacrylamide/EDMA

Acetonitrile Tap and river 
water

Off-line

Nonylphenol and 
its ethoxylated 
derivatives

Nonylphenol/MAA/EDMA Toluene/acetonitrile Environmental 
solids

Off-line

Diclofenac Diclofenac (2-VP/EDMA) Toluene Surface and 
wastewater

Off-line

Acidic 
pharmaceuticals

Not available (commercial MIP) Wastewater Off-line

Atrazine and 
metabolites

Terbutylazine/MAA/EDMA Dichloromethane Soils Off-line

Fluoroquinolones Enrofloxacin/1-(4-vinylphenyl)-3-
(3,5-bis(trifluoromethyl)phenyl) 
urea + methacrylamide/EDMA

Acetonitrile Environmental 
waters

Off-line

Ethynyl estradiol Ethynyl estradiol/MAA/EDMA Acetonitrile River water Online

Benzimidazole 
fungicides

Thiabendazole/MAA/DVB Toluene/acetonitrile Environmental 
waters

Online

(Continued)
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TABLE 7.1 (CONTINUED)
Relevant MISPE Applications in Environmental Analysis

Analytes
Template/Monomer/

Cross-Linker Porogen Sample MISPE Mode

Polycyclic 
aromatic 
hydrocarbons

PAH solution/MAA/EDMA Acetonitrile Coastal 
sediments, 

atmospheric 
particulates, and 

industrial 
effluents

Off-line

Benzimidazole 
compounds

Thiabendazole/MAA/DVB Toluene/acetonitrile Waters Off-line and 
online

Antiepileptics Cyclobarbital/4-VP/EDMA Toluene River water Online 
(RAM-MIP)

Phenolic 
compounds

2,4,6-Trichlorophenol/MAA/
EDMA

Acetonitrile Tap, river, and 
sewage waters

Off-line

Source: Analytica Chimica Acta, 668, Turiel, E., and A. Martín-Esteban, Molecularly imprinted polymers for sample prepa-
ration: A review, 87–99, Copyright (2010), with permission from Elsevier.

Note: 2-VP, 2-vinylpyridine; 4-VP, 4-vinylpyridine; DVB, divinylbenzene; EDMA, ethylene glycol dimethacrylate; HEMA, 
2-hydroxyethyl methacrylate; MAA, methacrylic acid; TFMAA, 2-(trifluoromethyl)-acrylic acid; TRIM, trimethylol-
propane trimethacrylate.

TABLE 7.2
Relevant MISPE Applications in Pharmaceutical Applications

Template Target Molecules Preparation Method MISPE Method

Amobarbital Phenobarbital Suspension On-column, LC

Atropine Atropine, scopolamine Multistep swelling Online, LC

Chloramphenicol Chloramphenicol Bulk Offline, voltammetry

Diacetylmorphine Diacetylmorphine Monolith SPME, GC, GC-MS

(E)-piceatannol (E)-piceatannol, butein, 
quercetin

Bulk Offline, LC-MS

Esculetin Esculetin and analogues Bulk Offline, LC

Harman Harmaline and harmine Bulk Offline, LC-MS

Ibuprofen Ibuprofen Bulk Offline, LC

Piroxicam Piroxicam Bulk Off-line, UV

Protocatechuic acid Phenolic acids Bulk Offline, LC

Quercetin Quercetin, kaempferol Bulk Offline, LC

Quercetin (E)-piceatannol, butein Bulk Offline, LC

trans-Resveratrol trans-Resveratrol, emodin Bulk Offline, LC

Sinomenine Sinomenine Bulk Offline, LC

Sulfamethoxazole Sulfamethoxazole Monolith On-column, LC

Trimethoprim Trimethoprim Bulk, suspension Offline, LC

Source: Haginaka, J.: Molecularly imprinted polymers as affinity-based separation media for sample preparation. Journal 
of Separation Science. 2009. 32. 1548–1565. Copyright Wiley-VCH Verlag GmbH & Co. KGaA. Reproduced with 
permission.
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a template molecule from crude extracts of herbal medicines or herbs (Xie et al., 2001, 2002; Xie et 
al., 2003, 2003; Zhu and Xu, 2003; Zhuang et al., 2008).

An MIP for atropine was prepared using a multistep swelling and polymerization method. The 
MIP produced was applied for the determination of tropane alkaloids (atropine and scopolamine) 
in a commercial gastrointestinal drug by a column-switching LC system, consisting of the MIP 
as a precolumn and a cation-exchange column as an analytical column. Since the amount of atro-
pine included in the commercial gastrointestinal drug was high, the leaked template molecule, 
atropine, did not interfere the assay of atropine. When injecting the sample solution directly to 
the analytical column, large amounts of interfering components are eluted at the peak of sco-
polamine. However, by online MISPE, tropane alkaloids (atropine and scopolamine) could be 
determined accurately.

A combination of an MIP column and an MS detector afforded affinity extraction and online 
identification of antitumor components from the herb extracts (Xie et al., 2002). An MIP for 
harman, a structural analogue of antitumor components, was prepared. Two antitumor com-
ponents, harmine and harmaline, were extracted and identified from the methanol extract of 
Peganum nigellastum seeds. Furthermore, an MIP for quercetin, an active inhibitor of epidermal 
growth factor receptor (EGFR), was prepared. The crude extract of Caragana jubata, a Chinese 
traditional Tibetan medicine, was loaded onto the MIP, and two novel active EGFR inhibitors, 
(E)-piceatannol and butein, were found to be selectively retained on the MIP (Zhu and Xu, 2003). 
When an MIP for (E)-piceatannol was used as affinity media, two different compounds besides 
the template itself were specifically recognized by the MIP, which were identified to be butein 
and quercetin (Zhu et al., 2003).

7.3.1.2  Molecularly Imprinted Solid-Phase Microextraction 
for Environmental Applications

Although the combination of molecular imprinting technology with SPME is still in its infancy, sev-
eral papers have been published demonstrating the selectivity provided by imprinted fibers, allow-
ing the determination of target analytes at trace levels in different kinds of samples.

The simplest way to desorb analytes after MIP-SPME is performing elution by immersing the 
fiber in a small volume of a solvent able to disrupt the specific interactions taking place at imprinted 
cavities. The first example was reported by Koster et al. (2001) for the determination of bromb-
uterol in urine samples. Analytes were extracted from urine for 45 min using an MIP-coated fiber 
of ~75 μm. After a washing step, brombuterol was statically eluted for 5 min in a small volume 
(200 μL) of a methanol/acetic acid (90:10) mixture and further analyzed by HPLC with electro-
chemical detection. In a similar manner, the selective extraction of triazines from soils and vegeta-
bles was performed by immersing propazine-imprinted monolith in toluene-based sample extracts 
for 1 h under low stirring. Then, to remove nonspecific interactions, fibers were immersed in toluene 
for 15 min under stirring and subsequently air-dried for 5 min and analytes were finally desorbed 
with 200 μL of methanol by sonication for 5 min. The full methanolic extracts were diluted with 
200 μL of water and further analyzed by HPLC with UV detection. The high selectivity provided 
by the propazine-imprinted fiber allows the detection of target analytes at very low concentration 
levels, which would be extremely difficult without performing any cleanup (Turiel et al., 2007b).

When off-line elution is performed, only a small fraction of the total volume used for the elution 
is injected in the chromatographic system. Thus, in order to improve detection limits, the online 
combination of SPME to HPLC is a useful alternative. This approach has been followed by Li et al. 
(2009) for the SPME-HPLC analysis of prometryn in soybean and corn (Hu et al., 2007b); triazines 
in soybean, corn, lettuce, and soils (Hu et al., 2007a), tetracyclines in chicken feed, chicken muscle, 
and milk (Hu et al., 2008); and μ-blockers in urine and plasma (Hu et al., 2009) using MIP-coated 
fibers. After extraction and washing steps, the fibers were immersed into the chamber of the spe-
cially designed SPME-HPLC six-way injection valve, the analytes being eluted statically for a fixed 
time with a suitable solvent or directly by the mobile phase used for the chromatographic separation 
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of target analytes. Regardless of the methodology used, clean chromatograms were obtained reach-
ing detection limits at very low concentration levels.

As mentioned previously, most of the reported imprinted fibers are thermally stable up to tem-
peratures ranging from 250°C to 300°C, thus making them suitable for SPME-GC, which is the 
simplest, cheapest, and more environmental friendly approach. This methodology has been used 
for the determination of diacetylmorphine and analogous compounds in street heroin (Djozan and 
Baheri, 2007); triazines in water, rice, onion, and maize (Djozan and Ebrahimi, 2008; Djozan et al., 
2009); and polybrominated diphenyl ethers in municipal wastewaters (Li et al., 2009) with high sen-
sitivity and selectivity. Although few are the applications reported, until now, the thermal stability 
of imprinted fibers will surely help to the development of MIP-based SPME and to its implementa-
tion in analytical laboratories in the near future.
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