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    PREFACE


  




  

    





    Recent advances in analytical techniques have led to the development of effective strategies for rapid separation of complex mixtures with high resolution and their identification. The present 1st volume of the book series “Recent Advances in Analytical Techniques” is a compilation of six outstanding reviews, written by the leading researchers in the field. Each review is focused on an important aspect of analytical techniques including sample preparation, development of electronic sensors, in vivo monitoring of tumor cells, advances in glow discharge spectroscopy, characterization of volatiles using gas chromatography and application of nanomaterials in biomedical applications. Since many contaminants present in crude samples can interfere during the analysis, it is critically important to find new sample preparation strategies which are efficient and practical. Namera and Saito have discussed conventional and new techniques for sample preparation to analyze biological, food and environmental substances in chapter 1.




    In chapter 2, Pereira et al. present the use of new materials used in the development of electrochemical sensors. The application of new types of electrochemical sensors in analytical chemistry has increased recently due to their numerous advantages such as high sensitivity, selectivity, stability, low cost and use in simple instrumentation. They can be applied specifically in the analysis of clinical and environmental samples to provide higher reactivity and selectivity. Promising organic and inorganic materials have been used as electrochemical sensors such as composites based on graphene and carbon nanotubes, Molecularly Imprinted Polymers (MIP) and/or Ionically Imprinted Polymers (IIP). Some inorganic compounds such as nanoparticles of noble metals and metal oxides have also been applied as modifiers of electrodes to enhance their electrochemical properties or to increase the surface area of electrodes.




    In vivo flow cytometry is an emerging tool used to monitor circulating tumor cells (CTCs) in vivo. It is a non-invasive method, and allows monitoring of CTCs in their native biological environment. Wei et al. have discussed the basic principles of fluorescence based and photoacoustic based in vivo flow cytometry and reviewed a number of studies on cancer therapy using in vivo flow cytometry. Potential applications and disadvantages of in vivo flow cytometry in cancer therapy are also discussed.




    Glow discharges (GDs) coupled to optical emission or to mass spectrometry have been widely investigated during the last three decades for a variety of direct solid analytical applications. The advances associated with GDs include low matrix effects, high sensitivity and resolution, and multi-elemental analysis. Lobo and Pereiro have discussed the basic principles of the use of GDs along with recent instrumental advances and applications for optical emission and mass spectrometry. GD time-of-flight mass spectrometry has been discussed in detail since it is promising in terms of high depth resolution, fast acquisition rates and time-gated detection. It has also shown a great potential in obtaining elemental and molecular information as well as in the characterization of advanced materials such as multilayers, thin film solar cells and polymers.




    In the fifth chapter, Martin et al., have reviewed recent technological advancements in gas chromatography (GC) for the detection and identification of volatile constituents of beer. The analysis of beer volatile fraction is challenging due to the presence of CO2, and the diversity of chemical structures found in it with different polarities, volatilities, and a wide concentration range. It requires effective extraction techniques to recover the analytes of interest, while minimizing the production of artefacts during the extraction process. The advantages and disadvantages of different extraction techniques have been discussed along with significant improvements in the chromatographs (namely the multidimensional ones), detection systems, columns technology and algorithms that contribute to the reduction of analysis time, making the methods more expeditious and user-friendly.




    Nanomaterials have been investigated for a number of biomedical applications such as drug delivery, biosensors, tissue engineering, and bio-imaging. During the past few decades, several life threatening diseases such as cancers and some common bacterial infections have been treated using photodynamic therapy (PDT). It is based on the photochemical reactions between light and tumour tissues through photosensitizing agents. Riaz et al. have reviewed the present applications and future prospects of the various materials developed as photodynamic therapeutic agents in the last chapter.




    We are deeply grateful to all the authors for their excellent contributions which should be of wide interest to the readers. We are also grateful to Mr. Mahmood Alam (Director Publications) and his excellent team comprising Mr. Shehzad Naqvi (Senior Manager Publications) and Mr. Omer Shafi (Assistant Manager Publications) for their untiring efforts.
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      Abstract




      Remarkable techniques for the separation and detection of small quantities of analytes have been developed in recent years. However, it is still difficult to directly analyze species of interest in complex matrices. Although some methods have been reported for direct injection into an analytical instrument, removal of interfering substances during sample preparation is an important step in the analytical process. This procedure is usually tedious and time consuming. To reduce the tedium of this task and the time required for sample preparation, many unique extraction techniques have been introduced and applied to the analysis of substances in environmental, food, and biological samples. This chapter describes useful sample preparation techniques, including conventional and newly developed ones, for determining analytes of interest in biological, environmental, and food sources.
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      INTRODUCTION




      Separation and detection techniques that allow small amounts of analytes to be separated and detected, especially chromatography and mass spectrometry, have experienced remarkable development in last decade. A particular focus in metabolomics and proteomics is the identification and monitoring of low-molecular-weight metabolites and high-molecular-weight proteins, which may reflect toxic or medical conditions. High resolution mass spectrometry is needed to routinely accomplish the more challenging objectives in these fields. High




      resolution mass spectrometry is also finding an increasing application in environmental and food science, because of the risk posed by unexpected toxic substances in food and the environment. However, it is difficult to inject samples directly into these instruments for the identification of toxic components, because proteins, lipids, and other contaminants in biological, environmental, and food samples solidify and clog in the instrument, and hinder chromatographic separation and analytic ionization. Also, the concentrations of analytes are usually very low in comparison to that of interfering substances. Therefore, sample preparation remains a very important step in obtaining accurate results.




      Analytical procedures usually consist of sampling, sample preparation, column separation, detection, and data analysis. Each step is crucial to success, but sample preparation requires more than 70% of the total analysis time and is the so-called “bottleneck” of the process [1-3]. Although new extraction techniques have been developed for extraction and enrichment of analytes from sample matrices, liquid–liquid extraction (LLE) is still widely used for sample preparation due to its high efficiency, ease of operation, and low cost. Solid-phase extraction (SPE) has been developed to overcome the limitations of LLE and is currently one of the most widespread extraction methods for pretreatment of environmental, food, and biological samples. SPE is simpler, more convenient, and easier to automate than LLE. However, LLE requires large amounts of hazardous solvents, and SPE requires a quantity of solvent two or three times that of the sorbent bed volume to ensure high recovery of analytes. Moreover, the extracted and eluted solutions must be concentrated by evaporation in both cases. New techniques have been developed to reduce the size of previously used devices and to enable the injection of all analytes into a single piece of equipment such as a gas chromatograph (GC) or liquid chromatograph (LC). These conventional LLE and SPE techniques, which avoid complicated, time-consuming steps and eliminate the use or hazardous solvents, fall under the umbrella of “green chemistry”.




      In this chapter, sample preparation techniques including the conventional and newly developed ones are introduced for the determination of analytes of interest in biological, environmental, and food samples as shown in Fig. (1).


    




    

      HEADSPACE EXTRACTION




      Headspace extraction is one of the most important sampling methods for volatile analytes, which mainly include aromas, odors, and solvents in water, food, and biological materials [4-6]. Because non-volatiles are not transferred to the gas phase (headspace), a clean extraction can be obtained from complex matrices. Static or dynamic headspace extraction is used for volatile analytes. In the static headspace method, which is also called the equilibrium method, the sample vial is heated so that the analyte in the vial reaches equilibrium with the gaseous phase (headspace). After the analyte reaches equilibrium, a portion of the headspace in the sample vial is introduced manually or automatically into a GC while equilibrium is maintained. In the dynamic headspace method, the headspace is introduced continuously into a GC by constantly passing a purge gas through the headspace or sample. Although the headspace is introduced directly into a GC in this method, the analyte occasionally must be concentrated by trapping on some adsorbents because the analyte exists in a large volume of the purge gas. The method that uses a trap adsorbent is called the purge and trap method. Unlike in the static method, the analyte does not necessarily need to reach equilibrium in the vial in the dynamic headspace method.
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Fig. (1))


      Schematic classification of sample preparation techniques for extraction and enrichment of analyte.



      The general headspace extraction procedure is schematically shown in Fig. (2). As seen, the sample is placed in a vial that is sealed with a septum. After equilibration by heating, the headspace is directly injected to a GC.




      The analyte partitioned between the liquid sample and the headspace according to the following equation [4],
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            	(1)

          


        

      




      where K is the partition coefficient (or distribution ratio), and Cspl and Cgas are the analyte concentrations in the liquid phase and headspace, respectively. From mass balance considerations, the total (initial) amount of analyte in the vial is given by, where Cint is the initial analyte concentration in the sample, Vspl is the liquid phase volume, and Vgas is the headspace volume.
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Fig. (2))


      Scheme of general extraction procedure in headspace sampling.
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            	(2)

          


        

      




      Combination of equations (1) and (2) results in the following expression.
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            	(3)

          


        

      




      As illustrated by equation (3), it is possible to determine the concentration of an analyte in a sample by analyzing its concentration in the headspace after equilibrium, because Cgas is correlated with Cint. Theoretically, a highly volatile analyte, which has a small K value, will transfer more completely into the headspace giving a high headspace concentration. The value of K can be altered by changing the temperature at which the vial is equilibrated or by changing the composition of the sample matrix. In the case of ethanol, K decreases from 1355 to 216 as the temperature of the vial is increased from 40 to 80 °C [4]. As a result, lower concentrations can be detected by heating. However, water vapor can interfere with analyte separation and detection, if the temperature of the vial is increased too much.




      Typical reconstructed selected ion monitoring chromatograms are shown for determination of volatile organic compounds in ground waters in Fig. (3) [7]. When the limit of detections (LOD) of the target analytes in water were calculated by a signal to noise ratio of 3, the LODs were from 1 to 100 ng/L. This technique is suitable for simultaneous trace determination of all target compounds that permit an environmental survey of both parent and degradation products.
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Fig. (3))


      Total ion chromatogram of volatile compounds in SIM mode for a 10 mg/L standard (A) and detail of groundwater sample (B) by an extraction of a static headspace method.


      Peak identification: 1= tert-butyl alcohol, 2= tert-butyl ether-d3 + tert-butyl ether, 3= di-isopropyl ether, 4= ethyl tert-butyl ether, 5= tert-butyl formate, 6=benzene, 7= tert-amyl methyl ether, 8=fluorobenzene, 9=toluene, 3 10=ethylbenzene, 11=m+p-xylene and 12=o-xylene. (From [7] with permission of Elsevier).



      In Fig. (4), good chromatographic separation was achieved for all target compounds (acetaldehyde, acetone, methanol, ethanol, n-propanol (internal standard) and acetic acid) spiked into blood with retention times of 1.9, 2.5, 4.35, 5.62 and 6.10 min, respectively [8]. Ethanol and acetone was also detected from the plasma in the patient who received ethanol-containing medication.
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Fig. (4))


      GC-MS analysis of plasma from healthy volunteer spiked to give a final concentration of 100 mg/L, and from a neonatal patient before receiving any ethanol containing medication. (From [8] with permission of Springer).



      Although headspace sampling is very simple for extraction of volatile compounds in sample, a disadvantage of static headspace sampling is that the limit of detection is relatively high. So, it is difficult to detect an analyte at low concentration by static headspace sampling. In samples containing analytes of different volatilities, the concentration of the more volatile analyte is enriched in the headspace. Dynamic headspace extraction can improve this shortcoming. However, a drawback of dynamic headspace sampling is the requirement of complex instrumentation including a purge gas device, purge gas, and a sample vial, sorbent, or cryogenic trapping unit equipped with a heating device.


    




    

      PROTEIN PRECIPITATION




      Protein precipitation is a simple pretreatment method that is used in proteomic and metabolomic studies. The mechanism is based on the decrease in aqueous solubility caused by changing the charge of the protein or addition of a precipitating reagent also named precipitants. The reagents used include acids, salts, metal ions, and organic solvents [9]. Suitable precipitants were evaluated by monitoring the amount of protein remaining in solution after precipitation [10]. In this study, trichloroacetic acid (10%, w/v), metaphosphoric acid (5%, w/v), zinc sulfate (10%, w/v), sodium chloride (0.5 M), acetonitrile, ethanol, methanol, and ammonium sulfate (saturated) were surveyed. Each precipitant was added to human plasma at ratios of 0.5:1 to 4:1. Solutions were vortexed and centrifuged at 3000 rpm. The absorbance of the resulting supernatant was measured at 280 nm. The plasma protein remaining in the supernatant was compared to that in non-precipitated plasma. Results are summarized in Table 1. Precipitants effective in protein removal were zinc sulfate, acetonitrile, and trichloroacetic acid at precipitant to plasma volume ratios of 2:1 or greater.




      

        Table 1 Comparison of protein precipitation efficiency of precipitants in different lots of human plasma [10].
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      Although protein precipitation is simple and handy, many amounts of phospholipids are remained in the aliquot after protein precipitation as shown in Fig. (5) [11]. Moreover, the ionization of the analytes with electrospray ionization of LC-MS is sometimes affected by the remained phospholipids in the aliquot as shown in Fig. (6) [12]. In that case, more suitable preparation methods are required for the extraction of the analytes. The choice is important for obtaining accurate results, because the combination of precipitant and mobile phase used in LC-MS has a large influence on the matrix effect [10].
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Fig. (5))


      Mass chromatograms of a spiked human plasma sample after PPT procedure (A) and the same human plasma sample spiked with the three model analytes at 5 ng/ml after HybridSPE-Precipitation (B). (From [11] with permission of Elsevier).
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Fig. (6))


      Comparison of the effect of sample preparation method on the FIA response of phenacetin. SRM extracted ion chromatogram of triplicate FIA of phenacetin spiked into prepared plasma samples obtained by different sample preparation methods showing the response differences of the tested sample preparation methods compared to mobile phase. (From [12] with permission of John Wiley & Sons).


      (1) Mobile phase spiked with phenacetin, (2) Oasis SPE plasma extract spiked with phenacetin, (3) Filtered Oasis SPE plasma extract spiked with phenacetin, (4) Plasma protein precipitation sample spiked with phenacetin, (5) Filtered plasma protein precipitation sample spiked with phenacetin Panel.

    




    

      LIQUID BASED EXTRACTION




      

        Liquid-Liquid Extraction




        Liquid-liquid extraction (LLE) is one of the most popular sample preparation techniques for extraction and purification of analytes of interest in complex pharmaceutical, environmental, and food matrices. In LLE, analyte partitioning is driven by the difference in solubility between two immiscible phases; one is the aqueous phase, and the other is the organic phase (Fig. 7).




        Some analytes are classified as either ionic or non-ionic compounds. Non-ionic compounds are smoothly transferred to the organic layer depending on their distribution coefficients (K) or partition coefficients (P) and are easily extracted with an organic solvent. However, ionic compounds such as basic or acidic compounds exist in a mixture of ionic and non-ionic forms depending on the pH value of the solution. When extracting with an organic solvent, ionic analytes can be converted to the non-ionic form by changing the pH of the solution. The pH of the solution is usually higher/lower than the pKa of each analyte.
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Fig. (7))


        Partitioning equilibria in liquid-liquid extraction.



        At equilibrium, the analyte is distributed between the two phases according to the value of its distribution coefficient (K) or partition coefficient (P). The value usually is expressed logarithmically as log K or log P. The partition coefficient between water and 1-octanol, Pow, typically is employed, because water (or a buffer solution) and 1-octanol are used in pharmaceutical and environmental sciences. Log K and log Pow also have been calculated by ChemDraw® and HSPiP® (Hansen Solubility Parameters in Practice) software.




        The distribution coefficient, expressed here as K, is defined as the ratio of solute concentrations between two solvents as shown in the following equation [13],
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              	(4)

            


          

        




        where Corg is the concentration of solute extracted into the organic phase at equilibrium, and Caq is the concentration remaining in water. Mint is the amount of sample before extraction, Morg is the amount extracted into the organic phase at equilibrium, Maq is the amount remaining in water, Vorg is the volume of organic solvent, and Vaq is the volume of water. Equation (4) may be rearranged to give
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              	(5)

            


          

        




        Recovery following the first extraction is given by
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              	(6)

            


          

        




        After the first extraction, the amount of analyte left in water is
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              	(7)

            


          

        




        After the second extraction, the amount remaining in water is equals
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              	(8)

            


          

        




        Therefore, after n extractions, the amount of analyte remaining in water is,
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              	(9)

            


          

        




        and the recovery after n extractions is
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              	(10)

            


          

        




        The following points are evident from the above equations: (1) the amount of analyte extracted depends on the value of K, (2) a larger volume of extracting solvent is more effective in a single extraction, (3) many portions of the extracting solvent with smaller volumes are more effective than one portion with large volume, and (4) recovery does not depend on the concentration of analyte in the sample.




        When it is unclear which solvent to use for an extraction, a solvent miscibility chart (Table 2) is helpful in selecting an immiscible solvent combination [13, 14]. Hexane, ethyl acetate, and dichloromethane are commonly used as extraction solvents. An experimental study has described the relationship between analyte recovery and log P. An analyte for which log P is greater than 3 can be extracted to greater than 70% by one hexane extraction [15]. An analyte for which log P is greater than 1 can be extracted to greater than 70% by one dichloromethane extraction. Methyl t-butyl ether is suitable for extraction of hydrophilic analytes. However, its selectivity is high, which makes it unsuitable for simultaneous extractions in screening analyses [16].




        

          Table 2 Properties of solvents.
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        Emulsification, which is a combination of small organic and water droplets from two immiscible phases, is a bottleneck in LLE. An emulsion may form upon vigorous shaking of the combined phases. It is hard to break an emulsion, and a long time is needed to establish phase separation. Some approaches taken to break emulsions include addition of sodium chloride to the aqueous phase, centrifugation, cooling, and filtration of both phases. An effective general approach for breaking emulsions has not been found.




        Clean extraction can be achieved by LLE. However, lipids and other endogenous substances, which affect chromatographic separation and mass spectrometric detection, cannot be completely removed by LLE. To remove these contaminants, an acetonitrile−hexane partition is commonly used to exclude lipids from sample extracts. Analytes are partitioned into the acetonitrile phase, and lipids are partitioned into the hexane phase. However, analytes of low polarity also transfer into the hexane phase, and recovery is decreased [17]. These approaches also shorten the lifetime of columns and chromatographic systems making further clean-up of extracts mandatory [18-20].


      




      

        Supported Liquid Extraction




        Conventional LLE uses large volumes of solvents that often are hazardous and can pollute the environment. Instances of emulsification also make the LLE process tedious and time consuming. Supported liquid extraction, which also is known as solid-supported liquid extraction or supported liquid-liquid extraction, is an established method that can replace conventional LLE for analyte extraction. The method is similar to solid phase extraction, because a solid material packed into a column or cartridge is used in the extraction. However, the principle of analyte extraction is same as LLE. In general, a powder or granule of high porous diatomaceous earth is used as the support material. Commercially available examples include Extrelut® (Merck), Chem Elute (Agilent Technologies), InertSep® K-solute (GL Sciences), and ISOLUTE® SLE+ (Biotage). Many examples of analyte extraction and clean-up have been reported in forensic analysis [21-24]. An aqueous sample is adsorbed on the solid material. After 10 to 15 min, a thin aqueous layer forms on the surface of the solid. The extracting solvent is then added and allowed to percolate by gravity through the column or cartridge. As the solvent contacts the thin aqueous layer on the solid surface, the analyte is transferred from the aqueous to organic phase by the same principle as LLE. Because no vigorous shaking is required, emulsions do not form. Thus, surfactants and fatty materials can be studied by this technique. The extraction of drugs in whole blood also can be achieved without formation of emulsions. Analyte recovery is greater than in conventional LLE, because of more effective contact between the aqueous layer and organic solvent.


      


    




    

      SMALL SCALE LIQUID BASED EXTRACTION




      Conventional LLE utilizes large volumes of solvent, and the process can be tedious and time consuming. The organic solvent used for extraction also must be evaporated to concentrate the analyte. To avoid these steps, some special techniques have been developed to reduce the time involved and volume of solvent required.




      

        Homogeneous Liquid–Liquid Extraction (HLLE)




        HLLE is a simple and powerful preconcentration technique that is based on the high solubility of an organic solvent in water at high temperature. A uniform state of solution characteristically forms in the process. After this homogeneous solution is cooled and centrifuged, a small water–immiscible sediment phase is obtained and separated without vigorous mechanical shaking (Fig. 8). HLLE reduces the extraction time, process cost, and consumption of and exposure to organic solvent [25].
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Fig. (8))


        Scheme of general extraction procedures in homogeneous liquid-liquid extraction.



        Although conventional solvent extraction employs two immiscible solvents, HLLE extracts the solute from a homogeneous solution into a very small volume of sediment formed by phase separation. The theory of HLLE is similar to that of LLE. In HLLE, there is no true interface between water and the extracting solvent. In other words, the surface area between the aqueous and organic phases is infinitely large. Therefore, transfer of analytes from the aqueous to organic phase is fast, equilibrium is established quickly, and extraction time is short. The procedure is simple and requires only a change of temperature. A ternary component solvent system or a perfluorinated surfactant system are two common modes of homogeneous liquid–liquid extraction. Recently, two-phase separation has been accomplished by addition of salt (salting out effect), a change of pH, and a change of temperature. Homogeneous liquid–liquid extraction has been successfully applied to the extraction of organic and inorganic analytes [26-30].




        The following factors should be considered in obtaining optimal extraction conditions: extraction solvent (type and amount), co-solute solvent (type and amount), additives (buffer for pH control), ionic strength, and extraction time. The mixing ratio of extracting solvents is important for optimizing analyte recovery. Chloroform typically is used as the extracting solvent, because it is only slightly soluble in water and has greater density than aqueous solutions. Moreover, it readily forms sediments at the bottom of the conical tube. The co-solute solvent is selected on the basis of its miscibility with the organic and aqueous phases. Acetonitrile and methanol have been examined as co-solute solvents for dissolving chloroform in aqueous solution. A homogeneous solution of chloroform in water in the presence of methanol is created by solvation of chloroform by methanol molecules. The ability of methanol to do so is decreased in the presence of NaCl. Hence, chloroform is separated as an immiscible phase from the aqueous solution. The NaCl concentration has been varied from 1 to 25% to study effect of salt concentration on extraction efficiency.


      




      

        Dispersive Liquid–Liquid Microextraction (DLLME)




        DLLME, which is based on a ternary component solvent system as in HLLE and cloud point extraction, was proposed by Assadi and co-workers in 2006 [31]. In this method, an appropriate mixture of extracting and dispersing solvents is forcefully injected into an aqueous sample by syringe causing a cloudy solution to form. The analyte is extracted into fine droplets of the extracting solvent. After extraction, phase separation is accomplished by centrifugation, and the analyte enriched in the sediment phase is quantitated by an appropriate instrumental method (Fig. 9). The advantages of DLLME include ease of operation, low sample volume, low cost, and high recovery. Recently, many patterns of DLLME have been proposed, and they have been compared using low-density solvents or ideal containers [32]. However, it is difficult to find a suitable combination of extracting and dispersing solvents to obtain accurate results. The principles of the technique and its application in the separation, pre-concentration, and determination of organic and inorganic compounds in biological samples have been reviewed recently [33-47].




        In DLLME, the enrichment factor (EF) is used to evaluate mass transfer of the analyte. The analyte concentrations in the initial and sedimented phases equal C0 and Csed, respectively. EF is defined by the following formula
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Fig. (9))


        Scheme of general extraction procedures in dispersive liquid–liquid microextraction.



        The Csed of polyaromatic hydrocarbons (PAHs) ranges from 0.5 to 2.5 mg/L in C2Cl4.




        Extraction recovery (ER) is defined as the percentage of total analyte (n0) extracted into the sedimented phase (nsed),
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        where Vsed and Vaq are the sedimented phase and sample solution volumes, respectively.




        The identity and proportions of extracting and dispersing solvents are important in DLLME. Extracting solvents should have a density greater than water, be capable of extracting target analytes, and exhibit good chromatographic behavior. Carbon disulfide, carbon tetrachloride, and tetrachloroethylene, which have densities of 1.26, 1.59, and 1.62 mg/L, respectively, have been used as extracting solvents. Miscibility of the dispersing solvent with organic and aqueous phases also is a consideration. In the original article [31], several extracting and dispersing solvents were examined in variable proportions. Thypical chromatograms of PAHs and BTEX in water are shown in Fig. (10).




        Extraction time, which was examined over a 0–60 min range under constant experimental conditions, had no influence on extraction efficiency. The surface area between the extracting solvent and aqueous phase was infinitely large. Transfer of analytes from the aqueous to extracting phase was fast, and equilibrium was achieved rapidly resulting in short extraction times.
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Fig. (10))


        DLLME–GC-FID analysis of PAHs and BTEX in water sample.


        Peak identification: Left chromatogram; 1 = naphthalene, 2 = acenaphthylene, 3 = acenaphthene, 4 = fluorene, 5 = phenanthrene, 6 =anthracene, 7 = fluoranthene, 8 = pyrene, 9 = benzofluorene, 10 = benzo[a]anthracene, 11 = chrysene, 12 = benzo[e]acephenanthylene, 13 = benzo[e]pyrene, 14 = benzo[a]pyrene, 15 = perylene, 16 = benzo[ghi]perylene, I.S. = biphenyl. Right chromatogram; 1 = benzene, 2 = toluene, 3 = ethyl benzene, 4 = m- or p-xylene, 5 = o-xylene. (From [31] with permission of Elsevier).

      




      

        Single Drop Microextraction (SDME)




        To further reduce extraction volume, SDME was introduced independently by Liu and Dasgupta [48] and Jeannot and Cantwell in 1996 [49]. In SDME, a microsyringe is inserted into an aqueous sample with a small drop of water-immiscible organic solvent held at the tip of the needle (Fig. 11).
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Fig. (11))


        Different modes of single drop microextraction.



        After exposure for a prescribed time, the microdrop is retracted into the microsyringe, and the contents are injected into a gas chromatograph. As in LLE, the distribution coefficient is expressed as
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        where Corg and Caq are the equilibrium concentrations of analyte in organic solvent and water, respectively. From mass balance, the total analyte in the sample vial is given by,
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        where Ci is the initial concentration of analyte in the sample, Vaq is the volume of the aqueous phase, and Vorg is the volume of organic solvent.




        By combining equations (13) and (14), the following equation is obtained.
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        According to equation (15), it is possible to determine the analyte concentration in the organic phase at equilibrium, because Corg is correlated with Ci. The following factors should be considered in obtaining optimal extraction conditions: solvent (type and volume), additives (buffer for pH control), agitation, extraction time, and sample volume. Although maximum sensitivity and precision are obtained by stirring until equilibrium is reached, it is not necessary to for this condition to extract the analyte provided that stirring conditions and time are reproduced.




        In this method, analytes can be extracted from a sample by one of two modes: direct SDME (Fig. 11A) or headspace SDME (HS-SDME) (Fig. 11B). In direct SDME, a single microdrop of organic solvent on the tip of a syringe is immersed in an aqueous sample. HS-SDME is similar to direct SDME, except that a microdrop of high-boiling extraction solvent is exposed to the headspace of the sample. Three-phase SDME (Fig. 11C), in which an aqueous microdrop is used as an acceptor phase, has also been developed. The analyte in the aqueous sample is first extracted into the organic phase and then back-extracted into the aqueous receiving phase. Therefore, cleaner extraction can be obtained.




        Although SDME is cheap and a reduced volume of toxic organic solvent is required for extraction, a major problem of the technique is that the microdrop is easily dislodged from the microsyringe while stirring the aqueous sample. Furthermore, the technique is not suitable for dirty samples, because particulate impurities make the drop unstable and are potentially harmful to the analytical instrument.




        HS-SDME is based on an equilibrium between three phases. Slow mass transfer in the aqueous phase and analyte diffusion into the microdrop are limiting steps in the overall process. Stirring the solution improves mass transfer in the aqueous phase and induces convection in the headspace. Therefore, equilibrium between the aqueous and vapor phases is achieved more rapidly, and analysis time is reduced. High-temperature HS-SDME is performed by evaporating the organic solvent during extraction. Several reviews have reported application of this technique to the determination of drugs and medicines in biological materials [50-60].


      




      

        Membrane Assisted Solvent Extraction (MASE)




        MASE, which is based on small-scale LLE, was introduced by Hauser and Popp in 2001 [61]. MASE is based on the transport of analytes through a low-density polyethylene membrane into a small amount of organic solvent (Fig. 12). The organic phase is then injected into a GC. Because water is undesirable for large-volume injections, the non-porous membrane excludes water from the organic extract. A membrane bag allows the transport of analytes from all sides of the bag in MASE, in contrast to a flat-sheet membrane (Fig. 12A) [62]. The bag is commercially available from Gerstel® (Mulheim, Germany), which also supplies a fully automated system (Fig. 12B).
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Fig. (12))


        Different modes of membrane supported microextraction.



        The following factors should be considered in obtaining an optimal extraction: extraction solvent (type and amount), additives (buffer for pH control), ionic strength, agitation, and extraction time. The mixing ratio of extracting solvents is important for optimizing analyte recovery.




        The main advantage of MASE is the circumvention of phase separation by use of a non-porous membrane. However, analyte diffusion and mass transfer are slow, and a long time is required to achieve high recovery. Therefore, it is preferable to perform MASE at a high temperature. Another drawback is that initial extraction with a new bag cannot be performed unless the bag is thoroughly preconditioned. This fact is important, because preconditioning requires large quantities of organic solvent to remove interfering compounds from the membrane.




        The next generation of LPME, hollow-fiber LPME (HF-LPME), was introduced by Rasmussen and co-workers in 1999 [63] as a preconcentration technique for capillary zone electrophoresis (CZE). In HF-LPME, a porous hollow fiber filled with microliter quantities of acceptor solution is immersed in the sample solution. The analyte is extracted into the acceptor solution through pores in the hollow fiber, which are filled with a solvent chosen on the basis of the analyte partition coefficient. The preconcentration factor (PF) is used to indicate recovery,
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        where Ca,final is the final analyte concentration in the sample extract (acceptor phase), and Cs,initial is the initial concentration of analyte in the sample.




        The extraction efficiency (EE) is defined as the percentage of total analyte present in the original sample, ns,initial, that has been transferred to the acceptor phase, na,final,
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        where Va and Vs are the volumes of the acceptor and sample solutions, respectively.




        Two modes of LPME, two-phase (Fig. 12D) and three-phase (Fig. 12E), were used originally. In two-phase HF-LPME, the acceptor solution can be the same organic solvent that is immobilized in the pores of the hollow fiber and injected into a chromatograph. In three-phase HF-LPME, the acceptor solution can be aqueous. Analytes are extracted from the sample solution into the organic membrane and subsequently back extracted into the aqueous acceptor solution.




        The following factors should be examined to obtain an optimal extraction: extraction solvent (type and amount), additives (buffer for pH control), ionic strength, agitation, and extraction time. Recovery depends on the time required to reach equilibrium as mass transfer from sample to acceptor through the hollow fiber is slow.




        The chromatograms of ephedrine in (a) non-spiked urine sample, (b) direct injection at concentration of 500 ng mL−1, and (c) a urine sample related to a volunteer who treated with ephedrine using HF-LPME are shown in Fig. (13) [64]. This technique demonstrated several advantages over the other extraction methods especially high sample clean-up. Under the optimized conditions, preconcentration factors of 35 for urine and 8 for human plasma were obtained using HF-LPME, respectively. The calibration curves showed good linearity for urine and plasma samples by both methods with the coefficient of estimations higher than 0.98. The limits of detection were obtained 60 and 200 ng/mL by HF-LPME for urine and plasma samples.
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Fig. (13))


        The chromatograms corresponding to non-spiked urine sample (a); (b) direct injection of ephedrine at concentration of 500 ng/mL (b); extraction of a urine sample related to a volunteer who treated with ephedrine, using HF-LPME (c), respectively. (From [64] with permission of Elsevier).



        Some disadvantages of LPME using hollow fiber membranes are the following. (1) The membrane barrier between the aqueous and organic phases reduces the extraction rate and increases extraction time. (2) In two-phase LPME, a large amount of solvent is needed to elute analytes from the lumen and pores of the fiber, and the process is time consuming. (3) Creation of air bubbles on the surface of the hollow fiber reduces the transport rate and decreases the reproducibility of extraction. (4) In real samples such as blood plasma, urine, and wastewater, adsorption of hydrophobic substances on the fiber surface may block the pores. Several reviews have reported application of this technique to the determination of drugs and medicines in biological materials [65-74].




        A new approach, electromembrane extraction, has been introduced to decrease equilibration time [75-77]. In this method, electrodes are placed in the sample solution and the acceptor solution that is inside the hollow fiber. The extraction vial is filled with sample, and the pH is adjusted to produce a net ionic charge on the analyte(s). A voltage is applied to the electrodes, and charged analytes in the sample are drawn across the membrane to the acceptor solution. For cations, the cathode is located in the acceptor solution, and the anode is located in the sample; the polarity is reversed for anions. To complete the procedure, the voltage is turned off, and the acceptor solution is collected for analysis by a convenient technique. High voltages may lead to electrolysis, bubble formation, and analyte decomposition due to redox reactions at the electrodes.


      


    




    

      SOLID BASED EXTRACTION




      

        Solid-Phase Extraction (SPE)




        SPE is the process of separating analytes of interest based on differences in affinity for a sorbent (solid phase) and a solvent (liquid phase). These differences depend on physical and chemical properties. The following reviews are helpful for method development in environmental, food, and biological analysis [78-81]. Usually the analyte of interest and impurities are adsorbed on the surface of a sorbent by passing a sample solution through a column. Impurities are selectively removed by washing with a solvent that has a low affinity for the analyte. The analyte is then eluted with a high affinity solvent. The extraction mechanism is similar to LLE, but detailed understanding is difficult to achieve, because factors such as hydrophobicity, solubility, hydrogen bonding, and π−π interactions influence the affinity of the sorbent for the analyte. SPE can be classified by three separation modes: normal phase, reversed phase, and ion-exchange extraction. These procedures are typically used for clean-up and concentration of analytes in samples. Classification as normal or reversed phase is based on the polarity of the sorbent and eluting solvent. In normal phase, silica gel is used as the sorbent, and a non-polar solvent such as hexane is used for elution. In reversed phase, silica gel coated with an octyl or octadecyl surface functionality is used as the sorbent, and a polar solvent such as methanol or chloroform is used for elution. As in LLE, there is a relationship between recovery and the Pow of the analyte, although this term depends on the sorbent used. In experimental studies, analytes with log P of 2 to 3 can be extracted completely by C18 surfaces [82], analytes with log P greater than 1 can be extracted completely by a polymer sorbent (PS-1, InertSep PLS-2) [79, 82, 83], and analytes with log P is less than 1 (water preferring) can be extracted completely by activated carbon [84].


      




      

        Immunoaffinity Extraction (IAE)




        The conventional sorbents are silica and polymer sorbents with chemically bonded n-alkyl functional groups such as octyl or octadecyl groups on the surface. The extraction mechanism is based on hydrophilic interactions; therefore, the selectivity is often low in the extraction of a trace analyte in a complex matrix. Immunoaffinity extraction (IAE), which is one of the immuno-based sample preparation techniques, is used to improve the selectivity [85-87]. In this extraction method, antibodies for the target analytes are immobilized on a sorbent; this is called an immunosorbent. The sorbent recognizes the target molecule through antigen-antibody interaction. Usually, a column packed with the immunosorbent is used for the extraction of the analytes in a sample solution. Although IAE had been used as a purification process in biochemistry, its utility in microanalysis recently began to be recognized after it was applied to the extraction of a hormone in biological materials. In IAE, the sample is applied to a sorbent bonded with the antibodies. The targets are tightly bonded to the antibody immobilized on the sorbent and substances with no affinity, including endogenous substances, can be washed out of the column by passing a buffer through it. The analyte is finally eluted from the column by (1) changing the pH, (2) changing the polarity by adding methanol or acetone, (3) adding a protein denaturation reagent (guanidine, urea, or chaotropic salts), and (4) adding a cross-reactive antigen. Usually, the analyte is eluted by denaturing the immunosorbent; therefore, the immunosorbent column is a single-use column. When the analyte is eluted with mild conditions such as a buffer, however, the column can be used for repeated extractions [88-90]. The most significant difference between IAE and conventional SPE is that the immunosorbent must be stored under wet conditions, usually in phosphate-buffered saline.




        Typical chromatograms of the elution fractions resulting from the use of C18 silica and of the immunosorbent are shown in Fig. (14) [91]. A similar extraction recovery close to 100% was found, but the chromatogram corresponding to the immunosorbent (Fig. 14C) shows that fewer interfering compounds were co-extracted compared to the extraction by the conventional C18 support (Fig. 14B).




        Recently, aptamers (single-stranded oligonucleotides or peptides) that recognize and bind to a specific target molecule have been focused on as potential antibodies [92-94]. Aptamers offer advantages over antibodies, as they can be engineered completely in a test tube, are readily produced through chemical synthesis, possess desirable storage properties, and elicit little or no immunogenicity in therapeutic applications. The typical chromatogram of ochratoxin extracted by oligosorbent (aptamer) is shown in Fig. (14A). As expected, an extraction recovery close to 100% and a very clean baseline were observed that confirms the performances of the oligosorbent extraction. However, the comparison with the chromatogram corresponding to the immunosorbent shows that the selectivity is similar around the elution peak of ochratoxin, allowing an easy quantification in both cases. These first results are very promising for a future use of oligosorbents dedicated for the determination of OTA from various complex samples.
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Fig. (14))


        HPLC chromatograms of ochratoxin of a red wine sample spiked at 2 μg/L on the oligosorbent based on a covalent immobilization (a), on the conventional C18 silica cartridge (b), and on the immunosorbent (c). (From [91] with permission of Springer).

      




      

        Molecularly Imprinted Solid-Phase Extraction (MISPE)




        Molecular imprint technology has recently been applied to the modification of sorbent surfaces in SPE. A template of the analyte of interest is formed on the surface of the sorbent to adsorb a single analyte or a class of structurally related analytes with high selectivity. Selectivity is greatly influenced by the kind and amount of cross-linking agent used in the synthesis of the imprinted polymer, as is the case in the synthesis of antibodies [95-98]. Selectivity also is determined by covalent and non-covalent interactions between the target molecule and monomer functional groups [97, 99]. MISPE has many applications in environmental [100] and food [101] analysis. Its use in the analysis of drugs, metabolites, and biomarkers is area of recent interest, although commercially available MISPE cartridges are limited.




        Laboratory preparation of a molecularly imprinted sorbent is easy, but it is more difficult to make an MIP having the necessary characteristics. The combination of monomer unit, molecular template, and diluting solvents must be investigated by trial and error, and considerable time and effort are required for optimization. Additional limitations encountered in routine applications include difficulties in using rare chemicals as templates, removing template molecules within an MIP from the sorbent, and preparing an MIP of water soluble chemicals.




        The typical chromatograms obtained by injecting the elution fraction from MIP and NIP are shown in Fig. (15) [102]. expected, only a low amount of alfuzosin (2%) was observed using the non-imprinted polymer. A recovery of 60% was obtained for the MIP. In addition, co-medications were not retained on the MIP. Those results clearly highlight the selectivity of the optimized extraction procedure associated to the MIP.
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Fig. (15))


        Chromatograms of alfuzosin and co-medications in serum spiked with 50 ng after the percolation on MIP 1 (A) and NIP 1 (B) and without treatment (C).


        Peak identification: 1 = nicotine, 2 = acetaminophen, 3 = caffeine, 4 = alfuzosin, 5 = aspirin, 6 = ibuprofen, i = non-identified compound. (From [102] with permission of Elsevier).

      




      

        Monolithic Spin Column Extraction (MSCE)




        When a sorbent particle is packed into a column or syringe barrel (cartridge), extraction typically is performed by manual handling or by use of a specific manifold. The manifold allows multiple samples to pass simultaneously. Pressure in the cartridge is increased by manual extraction, but is reduced with manifold extraction. However, it is difficult to control pressure and maintain the constant flow needed for reproducibility within the cartridge. Recently, a monolithic silica spin column, which uses gravitational force to carry out extraction, has been developed. The device consists of monolithic silica disks (4.3-mm i.d., 1.5-mm thickness) packed into a spin column [103, 104]. The column is commercially available from GL Sciences (Tokyo, Japan) under the trade name MonoSpin. Monolithic silica disks, which have a surface area greater than that of silica particles, are attached to the support body.




        Sample loading, washing, and elution of target drugs are carried out simply by centrifugation (Fig. 16). Many samples can be processed simultaneously. The method has advantages of simple operation, requirement of a low elution volume, and no need of solvent evaporation. First-time users should pay attention to flow rate, preferably by use of a manifold, and avoid drying the SPE column to obtain good accuracy. It is difficult for beginners to use the manifold. Centrifugation is necessary only for spin-column extraction, and the time invested here can be used to prepare for the next step. The extraction ratio is affected by the pH of the sample solution and the rate of rotation. Optimal extraction conditions should be chosen based on these two factors.




        In most applications, the surface of the monolith is bonded with a C18 moiety. Multifunctional moieties have been attached to the silica surface to meet more challenging objectives. Several types of spin columns have been developed: C18-SCX, C18-TiO, and C18-C. Simultaneous extraction of acidic and basic drugs can be performed with high recovery using C18-SCX without interference from endogenous substances [105-108]. The sorbent is suitable for drug screening in bioanalysis.
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Fig. (16))


        Scheme of general extraction procedures in monolithic silica monospin extraction.



        The typical chromatograms obtained for the urine sample of a drug abuse patient are shown in Fig. (17) [104]. When the peak purity of amphetamines was checked by monitoring the UV spectrum pattern from 200 to 350 nm, no peak was overlapped to the tested amphetamines, and high selectivity of this method was verified. The curves exhibited linearity in the concentration range of 0.2–20 µg/mL, the minimum detectable levels in the urine were 0.1 µg/mL. The recovery of amphetamines in urine was from 96 to 111%, and the value of RSD for intra- and inter-day variations in the urine samples with amphetamine concentrations of 1.0 and 10µg/mL were 2.8 and 10.4%, respectively.




        
[image: ]


Fig. (17))


        Chromatograms of amphetamines extracted from normal and drug containing urine samples by using the spin column: (A) authentic solution, (B) normal urine, and (C) drug-containing urine (5µg/mL).


        Peak identification: AP = amphetamine, MA = methamphetamine, MDA = methylenedioxyamphetamine, MDMA = methylenedioxymethamphetamine. (From [104] with permission of Elsevier).

      




      

        Matrix Solid-Phase Dispersion (MSPD)




        Matrix solid-phase dispersion (MSPD) was first introduced for extraction of drug residues from bovine muscle (Fig. 18) [109]. MSPD offers the possibility of simultaneous extraction and removal of co-extracted substances, which simplifies the overall process [110-113]. In this procedure, the sample architecture is disrupted by mechanical blending with a solid bonded-phase support (dispersant) such as silica, alumina, Florisil, or diatomaceous earth. Analytes tend to be less strongly bonded to the support phase after mechanical blending. In addition, sample pretreatment is performed under mild conditions (atmospheric pressure and room temperature), which minimize degradation. MSPD is simple and cheap, because specific equipment is not required, and the method consumes less solvent due to the low affinity of analyte for the dispersant. Many applications of the procedure have been reported for extracting target molecules from highly viscous, solid, or semisolid samples.




        The following factors have been examined for their effect on extraction: (1) particle size of the dispersant, (2) dispersant characteristics, (3) dispersant-sample ratio, (4) chemical modification of the matrix or matrix/solid-support blend, and (5) selection of eluents and the sequence of their application to a column. Particle sizes in the range of 40–100 μm are recommended for this procedure, because smaller particles (3–10 μm) lead to extended elution times and the need for excessive pressure or a vacuum to obtain adequate flow. Dramatic effects of polarity may be observed using lipophilic bonded phases such as C18 and C8 or hydrophilic phases such as underivatized silica. Factors (1) through (4) are most commonly considered, but their impact varies from application to application.
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Fig. (18))


        Scheme of general extraction procedures in matrix solid-phase dispersion.



        In a typical procedure, a 0.5 g of sample of liver or fruit is placed in a glass or agate mortar containing 2 g of a dispersant such as octadecylsilyl-derivatized silica (ODS-C18). The solid support and sample are manually blended for about 30 s with a glass or agate pestle. Internal standards or spikes may be added prior to this step. The blended material is then packed into the syringe barrel, and the analyte is eluted with a solvent such as dichloromethane, ethyl acetate, or hexane.


      




      

        Dispersive Solid-Phase Extraction (DSPE)




        Dispersive SPE (DSPE) was introduced as part of a method for the simultaneous extraction and clean-up of pesticide residues in fruits and vegetables in 2003 by Anastassiades [114]. In this technique, sorbent is added directly to the sample solution without preconditioning. Consequently, analytes are extracted from the bulk solution without the requirement of a column, cartridge, or disk (Fig. 19). Extraction time and simplicity are favorable, because the need to pass the sample solution slowly through a column is avoided. However, few workers have used this direct extraction procedure. To increase selectivity, different adsorbents such as graphene [115], multiwalled carbon nanotubes [116], and sol–gel organic–inorganic hybrids [117] have been developed and applied to the extraction of analytes from various samples.
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Fig. (19))


        Scheme of general extraction procedures in dispersive solid-phase extraction.



        The original method, which involves salting out by LLE using acetonitrile and purification by two-step dispersive solid-phase extraction, is identified as QuEChERS for Quick, Easy, Cheap, Effective, Rugged, and Safe [114]. Modified procedures have been introduced by the EU and the AOAC. In recent years, the method has been applied to the extraction of small levels of contaminants in non-vegetable foods such as meat and fish. The number of applications has increased dramatically [118-121], and the technique has begun to be applied to the extraction of drugs from biological samples [122-124].




        In the general procedure, acetonitrile is added to the homogenate or crushed sample. Sodium chloride and magnesium sulfate are added to the mixture for the purposes of salting out and dehydration. Citrate is sometimes added to simultaneously transfer basic, acidic, and neutral analytes into acetonitrile. The supernatant obtained after centrifugation is treated by dispersive solid-phase extraction. In DSPE, substances interfering with the analysis are removed by admixture with a highly porous material such as a C18-coated particle or graphitic carbon. However, pigments, polar matrices, and fatty substances, which affect chromatographic separation and ionization suppression or enhancement, are not effectively eliminated by conventional methods. To improve this situation, combination of SPE with a material that can selectively remove lipids and pigments provides better clean-up and removal of matrix materials.




        The typical chromatograms of sulfonylurea herbicides in soil obtained with/without clean-up by DSPE were shown in Fig. (20) [125]. The results indicate that DSPE with C18 could give a good clean-up effect. The signal was linear over the concentration range from 5.0 to 200 ng/g for the four sulfonylurea herbicides in soil, with the correlation coefficients between 0.9967 and 0.9987, the LODs between 0.5 and 1.2 ng/g, and LOQs between 1.0 and 2.4 ng/g, respectively.
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Fig. (20))


        The chromatograms of soil sample without clean-up by DSPE (A) and with clean-up by DSPE (C18) (B). The soil sample was spiked with each sulfonylurea at 30 ng/g.


        Peak identification: 1 = metsulfuron-methyl, 2 = chlorsulfuron, 3 = bensulfuron-methyl, 4 = chlorimuron-ethyl. (From [125] with permission of Elsevier).

      




      

        Disposable Pipette Extraction (DPX)




        DPX was introduced by Brewer in 2003 as a sample preparation based on conventional SPE that allows on-line coupling with GC or LC [126]. A solid-phase sorbent is loosely packed into a disposable pipette tip, which is fritted at the top and bottom (Fig. 21). After drawing sample into the tip, the analyte is adsorbed and concentrated on the sorbent by mixing the sorbent suspension with the sample by air bubbling. Dynamic mixing uses less sorbent and provides faster extraction than classical SPE. The analyte is eluted into a vial with an organic solvent followed by washing the sorbent, if needed. Commercially available reversed phase and cation exchange stationary phases are used for chromatographic separation. The sorbent particles in the DPX tips are small (10–20 μm in diameter) and have a high surface area. The adsorption mechanism involves hydrophobic and π–π interactions with the styrene–divinylbenzene sorbent. The extraction tip is sold commercially by Gerstel (Mühlheim a/d Ruhr, Germany). Combinations of these approaches provide selective enrichment of most pesticides and removal of polar matrix interferences. Analytes of medium polarity, whose log P values were 2 or less, had recoveries below 60%. Recoveries of 90–100% were obtained for pesticides with log P equal to 2.86 or greater. Pesticide retention in DPX-RP is related to log P, which enables estimation of pesticide recovery based on hydrophobicity [127].




        The DPX method is rapid and takes just a few minutes to perform without solvent evaporation. However, complete elution of the analyte from the sorbent typically requires 0.5 mL of solvent; thus, preconcentration of the analyte is low. Large-volume injections have to be performed to increase sensitivity.




        The following factors should be considered in optimizing the extraction: sorbent (type and amount), additives (buffer), ionic strength, and eluting solvent and volume. The draw speed of the plunger that creates the turbulent air bubble is important in increasing the recovery of the analyte. To reduce the time required for sample preparation, a PTV interface or large-volume injection can be used to introduce the eluate directly without evaporation of solvent. Several reviews have reported application of this technique to the determination of drugs and medicines in biological materials [128-133].
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Fig. (21))


        Scheme of general extraction procedures in disposable-pipette extraction.

      




      

        Magnetic Solid-Phase Extraction




        Magnetic solid-phase extraction is a new procedure based on the use of magnetic or magnetizable sorbent particles [134]. In this procedure, a magnetic sorbent is added to the sample solution, and the suspension is stirred to adsorb the analyte (Fig. 22). The sorbent containing adsorbed analyte is separated from the solution by a magnet placed outside the extraction vessel; centrifugation or filtration of the sample is unnecessary. The analyte is eluted with an appropriate solvent and analyzed. Magnetite was the original core material, but other magnetic materials such as metal oxide, silica-coated nanoparticles, carbon nanotubes, and molecular imprinted polymers have been used in this technique [135-138].




        The pH of the sample solution, amount of sorbent, salting out effect, type and volume of desorbing solvent, and desorption and extraction time influence the extraction efficiency. Extraction equilibrium usually requires more than 10 min, and a typical extraction time is 15 to 20 min [139, 140]. Extraction equilibrium is reached quickly by using nanoparticle and microsphere in the sorbent, 3 min is a typical extraction time. Experiments with desorption times of 0.5 to 6 min were carried out with best results achieved after 2 min [141, 142]. There have been many reports of analyte extraction from environmental, food, and biological materials with high recovery.
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Fig. (22))


        Scheme of general extraction procedures in magnetic SPE.

      


    




    

      SMALL SCALE SOLID BASED EXTRACTION




      As is the case with conventional LLE, SPE processes are sometimes tedious and time consuming, and evaporation cannot avoid concentrating the analyte. To circumvent these problems, special techniques have been developed to reduce the time and solvent volume of extraction.




      

        Solid-Phase Microextraction (SPME)




        SPME was introduced by Pawliszyn as a solvent-free technique for extraction and direct injection into GC [143, 144]. The SPME device looks like a modified micro-syringe consisting of a fiber coated with a thin layer of extracting phase (volume: 0.5 to 2 µL) inside the needle (Fig. 23A). Mass transfer is governed by diffusion of the analyte from the sample matrix through the boundary layer to the extracting phase with the goal of establishing equilibrium between the two phases. The amount of analyte extracted at equilibrium is described by equation (18) [145],
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        where n is the amount of analyte extracted, Kfs is the distribution coefficient between the extraction phase and sample matrix, Vf is the extraction phase volume, Vs is the sample matrix volume, and C0 is the initial concentration of analyte in the sample matrix. When the sample volume is very large (KfsVf << Vs), equation (18) simplifies to:
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        As seen from equation (19), the amount of analyte extracted depends on its concentration in the sample matrix as in LLE theory. Therefore, a wide dynamic range is available for quantitating analytes.
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Fig. (23))


        Different modes of solid-phase microextraction.



        Headspace and direct immersion sampling modes can be used to extract analytes. Because only the analyte volatilized from the sample is adsorbed in the headspace mode, the resulting chromatogram is simpler. Also, the lifetime of the coating fiber is extended in the headspace mode, because the sample matrix is not in close contact with the coating. Typical chromatograms of alcohols and esters in beer by SPME and static headspace (SHS) method are shown in Fig. (24) [146]. For ethyl acetate the limit of detection determined with the SHS method was lower than that found with the SPME method; for propanol the limits of detection were the same for both methods, whereas for the remaining compounds the limits of detection determined with the SPME method were lower than those determined with the SHS method, usually 2-5 times lower. And Alcohol and ester contents determined by using the SPME method were somewhat higher than those determined by SHS.
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Fig. (24))


        Chromatograms of beer alcohols and esters determined by SHS (A) and SPME (B) methods.


        Peak identification: IS = internal standard, EA = ethyl acetate, IA = isobutyl acetate, PR = propanol, EB = ethyl butyrate, BA = butyl acetate, IB = isobutanol, AA = isoamyl acetate, BU = butanol, MB = methyl-1- butanol, EK = ethyl caproate, EL = ethyl caprylate. (from [146] with permission of American Chemical Society).



        The selection of the coating material and its thickness are important factors in obtaining accurate results, because the amount of analyte adsorbed is affected by the coating and its thickness, and recovery and sensitivity depend on the coating used. Liquid-like polymeric materials (e.g., commercial polydimethylsiloxane (PDMS) and polyacrylate) and solid porous materials (e.g., divinylbenzene (DVB)/PDMS and Carboxen/PDMS) are commercially available coating substrates for extraction of analytes from various matrices. Recently, nanomaterials such as carbon nanotubes, graphene, and monoliths have been developed as coating materials [147-149]. PDMS is a first choice for screening purposes, but lacks selectivity compared to that of solid coatings. A suitable coating should be selected for each study to achieve high specificity and a long lifetime. Fibers should be carefully handled due to their fragility and tendency to rupture.




        The following factors should be considered to obtain optimal extraction conditions: sampling mode, coating (type and thickness), additives (buffer), ionic strength, extraction temperature, extraction time, and agitation. pH control, salting-out, and agitation are crucial factors in increasing analyte recovery and improving sensitivity. Extraction time and temperature also affect extraction efficiency. Elevated temperature may create a less favorable coating–headspace partition, although heat may increase the vapor pressure of volatile analytes in the headspace mode based on the temperature dependence of the Henry’s law constant. On-line sample preparation increases productivity and reduces human error during the extraction process. The fiber SPME is easily automated by fitting to a commercial autosampler such as the Combi PAL (CTC Analytics, Zwingen, Switzerland). After the initial report of SPME, applications, modifications, and improvements in methodology of the technique have increased dramatically [150-158].




        A fully automated sample preparation technique, in-tube SPME, was introduced by the Pawliszyn’s group in 1997 [159]. In contrast to conventional fiber SPME, an open or sorbent-packed glass tube is inserted in the sample loop of an auto-sampler (Fig. 23B). The method resembles a column switching technique. The sample is transferred to the extraction layer or sorbent in the glass tube by repeated drawing and dispensing of the sample. After extraction, the adsorbed analyte is loaded into an analytical system for quantitation. Although the technique can be automated for direct introduction of extracted analytes into the apparatus, it is necessary to pretreat samples by filtration and/or dilution to prevent blockage of the narrow capillary column. To ensure optimal extraction conditions, the same factors mentioned for conventional SPME should be considered (i.e., sampling mode, coating, additives, and extraction time). The number of sample draws and dispersals are crucial for increasing extraction recovery. Several reviews have summarized application of this technique for the determination of drugs and medicines in biological materials [160-164]. Recently, in vivo SPME has been developed for direct extraction of analytes from humans and animals (Fig. 23C) [165-167]. The technique is promising for live sampling of biological materials in clinical trials to study the effect of drugs administered to patients.




        SPME extraction usually is non-exhaustive, and absolute recovery is low. Although low recovery is a drawback, all extracted analyte can be introduced into an analytical instrument. Therefore, the overall amount recovered is greater than with the conventional technique. An additional drawback of SPME is the lengthy extraction time for achieving high recovery, because of low diffusion rates and slow mass transfer. To overcome this problem, in-house multi-fiber devices such as in-tip fiber SPME (Fig. 23D) [168-170], 96-well wire (Fig. 23E) [171, 172] and 96-blade SPME systems (Fig. 23F) [173-175] have been developed to extract analytes simultaneously and reduce extraction time.


      




      

        Microextraction by Packed Sorbent (MEPS)




        MEPS is an integrated approach combining SPE and a syringe that was introduced by Abdel-Rehim in 2004. The miniaturized SPE device allows on-line coupling with gas and liquid chromatography and capillary electrophoresis [176, 177]. The mechanism of operation is similar to that of conventional SPE. Mass transfer in MEPS occurs by hydrophobic adsorption on the sorbent surface and partitioning into bonded alkyl chains. The adsorption capacity depends on the physical properties and amount of sorbent. In MEPS, a small amount of sorbent (1–4 mg) is packed at the bottom of the needle (Fig. 25). The apparatus is available commercially from SGE Analytical Science (Ringwood, Australia). Commercially available silica, alkyl-bonded silica (C2, C8, C18), ion-exchange resin, or a combined sorbent may be used. The main difference between this technique and conventional SPE is that the sorbent material is directly integrated into the needle. When the plunger of the syringe (100–250 μL) is pulled with the needle inserted in the sample, analytes are extracted by adsorption onto the packed bed as the sample passes through the solid phase. The solid phase is washed once with water or buffer to remove interfering substances, and the analytes are eluted with 20–100 μL of organic solvent. MEPS can be used as a sample preparation technique prior to GC or LC. MEPS has a shorter sample preparation time than LLE and SPE, because, although 20–100 μL of solvent is used for elution of the analyte, MEPS can be fully automated by coupling to programmed temperature vaporizing (PTV) interfaces or large-volume injections. With these injection techniques, it is possible to directly introduce the eluate without evaporating the eluent. In addition, extraction recovery (60–90%) is much greater than that achieved with SPME (1–10%).
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