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    The present book on Capillary Electrophoresis in Food Analysis edited by Dr. Maria Castro-Puyana, Dr. Miguel Herrero and Prof. Maria Luisa Marina represents very comprehensive and updated source of information on the topic.




    The book opens with the chapter on the basic principles of Capillary Electrophoresis written by Kalaycıoğlu and Erim. This chapter is a good reading for every researcher interested in this technique and not just limited to food scientists. The aspects such as separation mechanism, basic instrument, separation parameters, modes of Capillary Electrophoresis, on-line sensitivity enhancement, detection methods and separation strategies for some groups of analytes are discussed in a very concise and clear way.




    The second chapter by Li and co-authors deals with sample preparation techniques used in food analysis. In particular, the updated overview on the techniques based on phase separation, field-assisted extraction, membrane separation, chemical conversion and online sample preparation is provided.




    Following five chapters deal with the analysis of specific groups of compounds such as lipids, carbohydrates and proteins (Chapter 3 by Oliveira and coauthors), peptides (Chapter 4 by Stepanova and Kasicka), amino acids (Chapter 5 by Castro-Puyana and Marina), vitamins (Chapter 6 by Van Schepdael, Wang and co-authors) and polyphenols (Chapter 7 by Marina and co-authors). Together, these chapters provide the most recent and important advances in the analysis of such relevant analytes as powerful tools for food characterization.




    The book also comprises of interesting chapters devoted to very important aspects in the field of food analysis such as the application of Capillary Electrophoresis to the quantification of food additives (Chapter 8 by Rios and co-authors), food authenticity (Chapter 11 by Kvasnicka), controlling of chemical food safety (Chapter 12 by Hernández-Mesa and co-authors) or quality and safety of dietary supplements (Chapter 13 by Donati and Aturki).




    Three chapters dealing with advanced methodological aspects in Capillary Electrophoresis complete the book, including Chapter 9 by Marina and co-authors on the application of chiral Capillary Electrophoresis to food analysis, Chapter 10 by Crevillén, Escarpa and co-authors on the application of Microchip Electrophoresis to food analysis and the concluding Chapter 14 by Recber and Celebier on the potential of Capillary Electrophoresis-Mass Spectrometry as analytical methodology to perform metabolomic approaches to food analysis.




    I would like to congratulate the editors, all the contributing authors, as well as the readers of this book for publishing this timely and well-balanced book on application of Capillary Electrophoresis in food analysis. The strength of this book is based on the long time professional activity of all three editors in the field covered by the book. This allowed them to select a very strong team of authors for covering almost all the most important aspects of food analysis based on Capillary Electrophoresis.




    This book will definitely become a reference source for everyone using Capillary Electrophoresis for food analysis and will promote further use of this technique, as well as its advanced modalities such as Capillary Electrophoresis-Mass Spectrometry, Microchip Electrophoresis, multichannel- and multidimensional Capillary Electrophoresis for sophisticated problem solving in food analysis.




    

      Bezhan Chankvetadze


      Professor of Physical Chemistry and Director


      Institute of Physical and Analytical Chemistry


      School of Exact and Natural Sciences


      Tbilisi State University


      Tbilisi


      Georgia
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    Modern food analysis comprises different important fields within Food Science, including food quality, food safety and traceability assessment, detection of frauds, authentication of origin, determination of the nutritional value of food products, or even the assessment of the potential bioactivities that food ingredients may exert. Moreover, food analysis has a significant social impact due to the consumers’ concern about everything related to food. Among these fields, the researches aimed to observe the effects that bioactive compounds present in food may confer are probably those that have increased their importance the most. This is not only related to an increase of interest in this particular subfield but also in the improvement and evolution of modern analytical tools that have allowed to tackle analytical challenges not reachable some decades ago. In this regard, the development of faster, more sensitive, accurate, and powerful analytical methods capable to providing information about all these aspects is crucial.




    In this context, capillary electrophoresis (CE) is positioned among other more extended separative tools, mainly those based on gas and liquid chromatography. However, despite not being so broadly used, capillary electromigration methods, with CE leading the way, possess exceptional properties related to their high analysis speed and separation efficiencies combined with the small samples and reagent requirements and a great variety of potential applications.




    The present volume is aimed at providing an updated overview of the current state-of-the-art related to the use of CE in the field of food analysis. The book is structured, including some general chapters dealing with the basic principles of capillary electrophoresis, providing an overview of the most relevant and important characteristics and potential of this analytical tool. The theoretical background of capillary electromigration is included as well as the description of the basic instrumentation needed and the different separation modes that make CE such a versatile tool. Moreover, sample preparation aspects, specifically directed towards the subsequent application of CE are also presented, which are relevant considering the great influence of sample preparation steps and procedures on the analytical results that are attainable. A second group of chapters is focused on the required approaches for the analysis of important groups of food components, such as lipids, carbohydrates, proteins, peptides, amino acids, vitamins, polyphenols, and food additives. Each chapter includes information showing the advantages of the use of CE as well as its different separation modes for those applications compared to other separation and analytical techniques. Two additional chapters deal with more specific developments within the general use of CE, namely, the development of approaches for chiral separations and the use of miniaturized devices. Indeed, CE has demonstrated very good capabilities for the efficient separation of chiral compounds. The different approaches and compounds that can be used as chiral selectors are presented and discussed. Besides, CE has been demonstrated as one of the most suitable analytical tools to be miniaturized and to construct lab-on-a-chip devices based on electromigration even allowing to perform multiple simultaneous analyses. Instrumentation, detection, and microchip design aspects are included in the chapter devoted to microchip CE. Finally, several chapters are focused on specific fields of the study showing the latest developments and applications presented in each topic. Those chapters include information related to the use of CE for food authentication, food safety, the analysis of dietary supplements as well as the use of CE coupled to mass spectrometry for its use in food metabolomics-related researches.




    Together, the chapters included in this volume, written by renowned experts in their respective fields, provide a wide perspective of the use of capillary electrophoresis-based approaches in the field of food analysis. Readers with a background in Food Science, from Ph.D. students to experts and researchers working in food and analytical chemistry, as well as chemists working in food control laboratories, might find this information interesting.
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      Abstract




      Capillary Electrophoresis (CE) is a powerful separation and analysis technique that has been rapidly progressing since it was first introduced. The application range of CE is so diverse that it ranges from small analytes to large and complex macromolecules. This chapter aims to provide a deep understanding of the basic principles of CE. The first part of the chapter involves the theoretical basis, instrumentation, and separation mechanism of CE. The second part focuses on capillary electrophoretic separation modes and the third part describes the detection methods in CE. The fourth and final part covers capillary electrophoretic strategies for specific analyte groups.
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      INTRODUCTION




      Capillary Electrophoresis (CE) is a separation method that takes the basis of separation principle from classical electrophoresis and has the device design of modern chromatographic techniques. CE was first described as a new separation technique between 1980-1990, then a relatively new separation technique by comparison with High-Performance Liquid Chromatography (HPLC) and Gas Chromatography (GC). Today, CE has been widely applied to real samples and can be defined as a modern separation technique.




      Classical electrophoresis was first introduced by the Swedish chemist Arne Tiselius in 1930 [1]. This invention earned Tiselius a Nobel Prize in 1948. Electrophoresis, in its simplest definition, means the migration of charged particles under the electric field.




      Classical electrophoresis experiments began in U-shaped tubes with electrodes attached to both ends, containing an electrolyte inside. Later, the separation media preferred were gels, as the reproducibility of migration velocities in open solution was low. This method, is known today as slab-gel electrophoresis




      and it is an essential tool of biochemistry laboratories, especially in protein separations. The technology has developed over the years and made it possible to produce silica columns with a diameter of micrometers. Thus, reproducible migration velocities have been obtained in open solutions in capillary columns. J.




      W. Jorgensen and K. D. Lukacs introduced the CE technique in 1981 with an article published in Analytical Chemistry [2]. The method first evolved with hand-made devices in research labs, and later, modern CE devices were introduced to the market.




      The present chapter describes the basic principles and mechanisms of capillary electrophoretic techniques. It covers instrumentation, different separation modes, and detection methods in CE, and separation strategies for specific analyte groups, such as small inorganic anions and organic acids, proteins, metal ions, and chiral molecules.


    




    

      SEPARATION MECHANISM




      In this section, general and some unique principles, strengths, and weaknesses of the CE technique will be given. Although the CE separation principle is based on classical electrophoresis, there are essential differences between the two methods. The high electrical resistance of the capillary column makes it possible to apply a very high voltage (HV) between the two electrodes. In commercial CE devices, up to 30 kV voltage can be achieved. The high voltage applied gives the CE technique a tremendous separation speed. This high speed also increases the separation efficiency of the method. An advantage of CE over other chromatographic techniques is that separation can be done in an aqueous medium. If necessary, hydrophilic organic solvents can also be added to the aqueous separation medium. Another advantage of CE is that different types of analytes can be separated in the same silica column using the same instrument design. One designation that has been used since the early years of CE is that the species can be separated in a broad spectrum from Li-ion to DNA by capillary electrophoretic methods. Indeed, many species in inorganic, organic, and macromolecular structures have been shown to be separated by CE. The different applications of CE can be seen in the most recent reviews [3-5]. Another advantage of CE compared to liquid chromatography methods is that silica capillary columns are less costly. Since the injection volume in CE is in nL size, it is an economical method in terms of capillary columns and the small amounts of sample and chemical consumption. The capillary column can be regenerated by washing with separation electrolytes and suitable solvents




      between each injection. Due to this advantage, many sample solutions can be injected directly into the capillary column without the need for pre-purification.




      The weakness of CE is the detection limit. In CE, the separation column is also the detection cell. Since the light path of the detection cell is in micrometers, if the molar absorptivity of the analyte is not high enough in UV detection, detection limits will be high. There are unique methods to overcome this obstacle in CE. These methods will also be mentioned in this section. The schematic device design of CE is shown in Fig. (1).




      
[image: ]


Fig. (1))


      Basic components of capillary electrophoresis instrumentation.



      Fig. (1) shows two small buffer vials and a sample vial. The ends of a fused-silica column are immersed in buffer vials during electrophoresis. For electrophoretic separation, the separation medium must be an electrolyte solution with electrical conductivity. In CE separations, the use of a buffer solution for the background electrolyte medium is preferred due to the formation of H+ and OH- ions in the electrode regions as a result of electrolysis. H+ and OH- concentrations due to electrolysis are at the micromolar levels. However, the migration mobilities of pH- sensitive analytes and the surface charge of silica capillary column are affected by the pH change of the medium. Therefore, it is common practice to use a buffer as the separation medium in CE applications, with some exceptions.




      The two electrodes are connected to a high voltage (HV) source. Voltage up to 30 kV can be provided in CE devices. Capillary columns are generally fused-silica columns. The outer layer of a fused-silica capillary is coated with a thin layer of polymer to prevent breakage and provide flexibility while using it. The detection




      window is opened by burning the polymer layer about 0.5 cm in length. As seen in Fig. (1), in general practice, the detector is placed close to the cathode side. Injections are performed from the anodic side. All the injected species, i.e., positively charged, negatively charged, and neutral species, migrate inside the capillary from the anodic side to the cathodic side, regardless of their charges.




      During this migration, the analytes separate from each other, reach the detector, and the data is evaluated with the help of a software.




      Upon the application of high voltage between electrodes, ionic species experience an electric force given by eq. (1):
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          	(1)

        


      




      where q is ion charge and E is applied electric field which is given by eq. (2):




      

        

          	[image: ]



          	(2)

        


      




      where V is the voltage applied across the capillary, and L is the capillary length.




      Ionic species in the capillary accelerate towards electrically opposite electrodes. While the velocity of the charged species increase, the friction force caused by the effect of the environment slows down the speed of the species. According to Stokes' law, the friction force for a spherical molecule can be expressed by eq. (3):
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          	(3)

        


      




      where η is the viscosity of solution inside the capillary, r is the radius of the ion, and v is the velocity of the ion.




      When a steady state is reached, the forces are equal but opposite, and the ions move with a constant velocity, which is proportional to the electrical field.
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          	(4)

        


      




      where the proportionality constant µe here is called electrophoretic mobility (cm2V-1s-1). After steady-state, i.e. FE = FF, by the combination of equations (1-4), the electrophoretic mobility µe of a charged particle is expressed as
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          	(5)

        


      




      The separation of the species from each other is due to the mobility differences during migration in the capillary column. As seen from eq. (5), in a medium where viscosity is constant, the electrophoretic separation of the species is based on differences in their charge/size ratios.




      We have mentioned that the injection is generally done from the anodic side, and all species migrate towards the cathode. It is necessary to look inside the capillary to understand the reason for this, which is contrary to Coulomb's law at first sight. The column consists of fused-silica capillaries. When an aqueous solution of electrolytes at around pH ≥ 1.5 is in contact with the capillary wall, the silanol groups of the silica on the surface of the capillary inner wall are deprotonated, leaving negative groups on the wall. Hence the inner wall of fused-silica capillary is now negatively charged. The excess of positive ions is located near the capillary wall due to the electrostatic attraction between the negatively charged wall and positively charged ions inside the capillary.




      Capillary wall-SiOH + H2O ↔ Capillary wall-SiO- + H3O+




      When a high potential is applied between the ends of the capillary, excess positive charge inside the capillary migrates to the cathodic side and drags their hydrate solvent molecules. Thus, a solution flow occurs in the capillary. This flow is called electroosmotic flow (EOF). In CE separation techniques, the driving force is EOF. The magnitude of the EOF can be expressed by electroosmotic mobility (EOM). Generally, the mobility of the electroosmotic flow is greater than the electrophoretic mobilities of the injected species. While positively charged species injected from the anodic side move towards the cathode with their electrophoretic mobility, they are also dragged by the electroosmotic flow in the same direction. So the apparent mobility for these species is given with the following equation:
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          	(6)

        


      




      where




      µa: apparent mobility




      µe: electrophoretic mobility µeo: electroosmotic mobility




      In contrast, while the negatively charged species try to move towards the injection direction, that is, the anodic side, with their electrophoretic mobility, the strong electrosmotic flow in the capillary drags them to the cathode direction. The apparent mobility of negatively charged species within the capillary is given by the following equation:
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          	(7)

        


      




      This process is illustrated in Fig. (2). The charged particles will separate from each other during their migration in the cathode direction within the capillaries, if there is a difference in their charge/size ratios. However, all of the injected uncharged species will move to the detector together with apparent mobility equal to electroosmotic mobility, i.e. µa = µeo.
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Fig. (2))


      Migration order of ionic and neutral species with the effect of EOF.



      EOF can be easily adjusted with some experimental variables. However, while changing EOF, positive and negative effects of variables on separation should be taken into account. Experimental parameters affecting the speed of EOF are buffer pH, buffer concentration, applied electric field, temperature, buffer additions, and coating the inner wall of the capillary column. The change of buffer pH most easily and effectively controls the speed of the electroosmotic flow in the capillary. As the pH of the separation electrolyte increases, the ionization in the capillary inner wall increases hence the negative charge of the wall increases and EOF accelerates.




      Increasing the electric field causes an increase in EOF. However, an increase in the electrical field may increase the current and, consequently, the Joule heating in the capillary. Reducing the electric field reduces separation efficiency and resolution.




      EOF decreases with increasing buffer concentration. Increased buffer concentration causes an increased current in the capillary and possible Joule heating. On the other hand, a very low concentration of buffer increases the risk of wall adsorption of some analytes. Increased temperature lowers the viscosity of the separation electrolyte and EOF increases.




      Organic solvents, additives, especially surfactants which are added into the buffer, significantly affect the speed of the EOF. Finally, the temporary or permanent coating of the capillary interior wall is an effective method for EOF control.




      The most basic CE type, in which charged particles are separated according to mobility differences in free solution, is called Capillary Zone Electrophoresis (CZE). The uncharged species can be separated by other CE types, as will be explained later.


    




    

      SEPARATION PARAMETERS




      

        Migration Time




        The migration time of species in the capillary column is calculated according to the eq. (8):
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            	(8)

          


        




        where




        t: migration time (s)




        L: capillary length (cm)




        L': capillary effective length (the length of capillary from injection point to the detection point) (cm)




        V: separation voltage (V).


      




      

        Separation Efficiency and Peak Broadening




        The expression of high separation efficiency is used in defining the CE methods. One of the reasons for the high separation efficiency of CE is the flat profile of EOF. Fig. (3A) schematically shows the flat profile of EOF.
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Fig. (3))


        Flow profiles and corresponding peak shapes.



        The pressure-driven flow is a laminar flow resulting in broader peaks. More than one analyte peak may be hidden in the peak in Fig. (3B). However, the peaks formed in a flat flow are sharp peaks, and the resolution of the two peaks within a few seconds can be achieved. Peak broadening is an undesirable phenomenon that reduces the separation efficiency in all chromatographic methods. One of the reasons for peak broadening is the diffusion of the injected zone during migration. However, since the capillary has a very small diameter, the diffusion of the injection zone in the direction of the capillary walls can be neglected. The diffusion can be in the longitudinal direction. The smaller the standard deviation of the data of a peak in the form of a Gaussian curve results in a narrow peak. The effect of longitudinal diffusion to the peak broadening is given as the variance of the peak in eq. (9):
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            	(9)

          


        




        where




        D: diffusion coefficient of the species.




        t: migration time.




        The very high electric field applied in the CE method causes short migration times. As t decreases, the effect of longitudinal peak broadening will decrease. The peaks of macromolecules such as protein and DNA with low D values will be very narrow, and high separation efficiencies are achieved for these molecules.




        Apart from its longitudinal diffusion, another factor that causes peak broadening is the formation of Joule heating in the capillary. Although the electrical current passing through the capillary is very low, there may be a heat generation in the capillary called Joule heating. The Joule heating formed in the capillaries causes the electrolyte viscosity in the capillary center to be lower than the edges, and the flat profile flow within the capillaries turns into a laminar flow, which causes zone broadening. The way to reduce Joule heating is to lower the operating voltage and buffer concentration. However, a low electric field will reduce separation efficiency and resolution.




        On the other hand, lowering the buffer concentration or ionic strength will both decrease the buffer capacity and increase the risk of possible sample adsorption to the wall. Another method for controlling Joule heating is to reduce the internal




        capillary diameter. However, with the use of narrow capillaries, sensitivity will decrease for analytes with low molar absorptivity, especially in UV detection. Joule heating is dissipated through the capillary wall if the device has active temperature control.




        Sample adsorption to the capillary wall may cause peak tailing. This effect usually results from the electrostatic interaction between positively charged analytes and the negatively charged capillary wall. Increasing the buffer concentration prevents adsorption by shielding the wall charge. However, since CE separation is very fast, there is no wall adsorption problem for small particles. Adsorption is a problem for proteins carrying a large number of charges on them. In protein separations, coating the capillary inner wall with an uncharged or positively charged polymer according to the type of protein is a method applied to prevent wall adsorption.




        If the conductivity of the sample zone and the separation buffer are very different from each other, this may cause distortion and tail in the peak shapes. Although this effect is smaller than the other effects that cause peak broadening, it can be effective in low-resolution separations. Additionally, it can be turned into an advantage to increase the sensitivity of some analytes in the form of sample stacking, which will be explained soon.


      




      

        Precision in Migration Times and Peak Areas




        Capillary columns provide reproducible results by rinsing the column with a washing solution between each run. It is sufficient to wash only with the working buffer for some analytes, while special washing strategies should be developed for some others. Sodium hydroxide, hydrochloric acid, and some organic solvents such as methanol are usual washing solutions. Since the EOM is very sensitive to pH, buffer capacity is a critical factor for obtaining reproducible migration times. In the case of initial concentrations of conjugate acid-base pair of the buffer are equal to each other, the buffer capacity is maximum. The buffer works effectively when the pH of the buffer is around ± 1 unit of the pKa value of the conjugated acid. A high concentration of buffers is also required for a good buffer capacity. However, buffer concentration in CE is limited due to possible Joule heating. The CE device automatically cuts off or lowers the voltage when the current limit value is exceeded.




        Zwitterionic buffer solutions can be used in relatively high concentrations without increasing the CE current. Tris, MES, CAPS, CAPSO are the most used zwitterionic buffers in CE. A buffer with a low absorbance at the wavelength




        studied is a desired feature. Phosphate and borate buffers are the most used buffers in capillary electrophoretic separations with their low absorbances and high buffer capacities. Even if the buffer has a high capacity, the buffer containers need to be refreshed occasionally. When the buffer contains an organic solvent, the polymer layer at the capillary end can creep and consequently partially close the capillary entrance, which affects injection volume reproducibility. This problem can be solved by burning the polymer layer at the capillary end approximately half a cm.




        pH difference between the washing solution and the buffer solution can cause hysteresis in the capillary column. In such cases, it is preferred to apply an electric field for a while without injecting the new solution or to ignore the first injection results.




        The internal standard increases peak area reproducibility. In this case, the calibration curve is drawn as peak areas/internal standard area ratios vs. analyte concentrations. However, it is not always possible to find a stable and suitable internal standard that migrates near analyte peaks. In this case, the calibration curve can be created between the corrected peak areas and concentrations. Corrected peak areas are obtained by dividing the area of each peak by migration time.




        The most common solutions for reproducibility of migration time and peak area are summarized in Tables 1 and 2, respectively.




        

          Table 1 Common solutions to increase migration time reproducibility.




          

            

              

                	Cause



                	Solution

              


            



            

              

                	Viscosity and consequently EOM change due to


                temperature change in the capillary



                	• Effective temperature control

              




              

                	Buffer composition change due to pH change, evaporation, and mixing of washing solution into the buffer



                	• Increase buffer capacity


                • Replenish buffer solution occasionally


                • Use caps for buffer vials


                • Use a separate outlet vial for wash waste


                • Dip the inlet end of capillary into water vial after washing step

              




              

                	Hysteresis of wall charge due to pH difference


                between buffer and washing solution



                	• Give sufficient equilibrium time to the running buffer

              




              

                	EOM change due to wall adsorption



                	• Find an effective wash solution


                • Increase the concentration of the buffer


                • Coat the capillary wall

              


            

          




        




        

          Table 2 Common solutions to increase peak area reproducibility.




          

            

              

                	Cause



                	Solution

              


            



            

              

                	Injected volume change due to temperature change



                	• Effective temperature control

              




              

                	Sample concentration change due to evaporation



                	• Effective temperature control


                • Use caps for sample vials


                • Refresh sample solutions occasionally

              




              

                	When the buffer solution contains an organic


                solvent, the outer polymer layer softens and partially covers the capillary inlets



                	• Remove polyimide layer from the capillary ends

              




              

                	Change of sample composition in electrokinetic


                injection



                	• Use hydrodynamic injection


                • Use a new sample solution for each injection

              




              

                	Extra sample inlet from the outer capillary wall at


                the injection tip



                	• Dip capillary inlet end in water or buffer in a separate vial after sample injection

              




              

                	Low signal to noise ratio



                	• Increase the sample concentration


                • Apply sample stacking methods

              


            

          




        


      


    




    

      MODES OF CE




      

        Capillary Zone Electrophoresis (CZE)




        The separation of analytes in free solution according to mobility differences, as described above, is CZE. CZE is the basic separation mode of CE. Other capillary modes use the device design of CZE.


      




      

        Micellar Electrokinetic Chromatography (MEKC)




        If the separation is mainly based on the interaction between analytes and some separation medium additives, such separations in CE are commonly referred to as electrokinetic chromatography or electrokinetic capillary chromatography. Micellar Electrokinetic Chromatography (MEKC) is the dominantly used form of electrokinetic chromatography.




        After Terabe et al. introduced MEKC [6], it has become a CE method primarily used in the separation of uncharged species. In MEKC, a surfactant is added to the separation buffer above its critical micelle concentration (CMC). Aggregates called micelles are formed inside the capillaries, and these aggregates act as a fixed phase in the liquid chromatography. However, since the micelles also have an electrophoretic mobility, they move within the capillary. Micellar aggregates can be called a pseudo-stationary phase. Sodium dodecyl sulfate (SDS) is the most widely used surfactant in MEKC applications. The hydrophilic ends of the micelles formed in the aqueous buffer medium are directed towards the aqueous phase and the hydrophobic tails towards the middle of the micelle.




        A schematic separation scheme of MEKC is given in Fig. (4). A small neutral hydrophilic molecule injected from the anodic side will be dragged to the detector with the electroosmotic flow (t0). The peak will appear in the electropherogram at t0 time. Neutral markers such as acetone, formamide, mesityl oxide can be used in order to determine the mobility of the EOF in both MEKC and CZE. The negatively charged micelles, in that example, tend towards the anodic side with their electrophoretic mobility. However, they will be driven towards the cathodic side, that is, the detector direction with the electroosmotic flow in the capillary.




        When a very hydrophobic dyestuff is injected into the medium, it will remain in the hydrophobic core of the micelle. It will appear as a peak in the electropherogram when the micelle reaches the detector (tm). Sudan dye is commonly used as a marker for this purpose. In MEKC separations, the partition of species between the hydrophobic core of micelles and the solution phase occurs. All uncharged analytes will migrate between t0 and tm window. Those with a more hydrophilic structure will be seen in areas closer to t0, and those that are more hydrophobic will appear in areas close to tm. If all hydrophobic analytes tend to spend most of their time in the micelle phase, a certain proportion of water-compatible organic solvent can be added to the buffer to increase the tendency of these analytes to the aqueous phase. Alcohols and acetonitrile are the most commonly used organic solvents in the studies. In MEKC, the organic solvent added should not exceed 20-30% concentration because micelles can be dispersed in the organic solvent medium.
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Fig. (4))


        Separation mechanism of Micellar Electrokinetic Chromatography (MEKC).



        Alternatively, by adding cyclodextrins to the buffer together with a surfactant, separation of hydrophobic molecules can be achieved by the partition of molecules between the micellar phase and cyclodextrin cavity. MEKC has been used in the analysis of a large number of compounds in food, plant, biological, and environmental samples.


      




      

        Nonaqueous Capillary Electrophoresis (NACE)




        In NACE, the separation medium is an organic solvent instead of water. Methanol, acetonitrile, formamide, dimethylformamide are the most common organic solvents in NACE studies. Organic solvent affects the solubility of analytes. However, an important factor in NACE separations is the significant change of acid-base properties of analytes relative to the water environment. The organic solvent also affects the ionization of the capillary wall. Since the conductivity of the organic solvents used is lower compared to water, the high electric field in the capillary increases the separation speed. of HClO4. Thus, with the selected NACE electrolyte, acrylamide migrates electrophoretically in the capillary as a positively charged molecule. Fig. (1) NACE analysis of acrylamide (A) a French fry extract and (B) a spiked extract with 2 mg/L acrylamide standard. * shows the acrylamide peak. Buffer: 30 mmol/L HClO4 , 218 mmol/L CH3COOH, and 0.129% w/v water. Voltage: 25 kV (injection is from the positive electrode side). Capillary, 75 mm, (52.5 x 44) cm; wavelength: 200 nm; injection: hydrodynamic, 40 mbar, 6 s. Reprinted from [7] with permission.
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Fig. (5))


        NACE analysis of acrylamide (A) a French fry extract and (B) a spiked extract with 2 mg/L acrylamide standard. * shows the acrylamide peak. Buffer: 30 mmol/L HClO4, 218 mmol/L CH3COOH, and 0.129% w/v water. Voltage: 25 kV (injection is from the positive electrode side). Capillary, 75 mm, (52.5 x 44) cm; wavelength: 200 nm; injection: hydrodynamic, 40 mbar, 6 s. Reprinted from [7] with permission.

      




      

        Capillary Gel Electrophoresis (CGE)




        Capillary Gel Electrophoresis (CGE) is a type of CE mostly used to separate proteins and DNA according to their size differences. DNA is negatively charged due to its phosphate groups, whereas proteins gain negative charge by being treated with SDS. Since the sizes of macromolecules such as DNA are huge, their electrophoretic separation based on charge/size differences is not possible. These molecules are separated according to their size differences only in a gel environment [8].




        In CGE, a gel medium exists in the capillary column. The most commonly used gel medium in CGE applications is crosslinked polyacrylamide (PAA). The separation in the CGE method is based on the ability of the molecules to pass through the pores of the gel. Macromolecules having small sizes can easily migrate through the pores of the gel, whereas the bigger molecules look for pores that can pass through, and their migration paths increase. In CGE, the movement of species is either by the combination of electrophoretic mobility and electroosmotic mobility, or by coating the capillary wall with an uncharged polymer, EOF is suppressed, and migration occurs only with electrophoretic mobilities. In capillary gel electrophoresis, the separation medium is not always solid gel. Entangled linear polymer solutions can be used as separation media. The separation mechanism in the non-crosslinked polymer network is identical to that of solid gel.


      




      

        Capillary Electrochromatography (CEC)




        CEC is a relatively newly developed hybrid separation method of CE and liquid chromatography. In this mode, the partition of species is between the fixed stationary phase and solution phase. Here again, the driving force is EOF. CEC can be performed in packed, monolithic, and open-tubular columns. As can be seen in the recent review, the development of new fixed phases in CEC is an evolving field [9].


      




      

        Capillary Isotachophoresis (CITP)




        Two buffer systems are used in CITP. The leader electrolyte (LE) has higher mobility than the terminating electrolyte (TE). With the application of voltage, a non-uniform electric field is formed inside the capillary and the analyte zone stacks between LE and TE. CITP provides concentration and separation of the analyte bands at the same time. The overall progress in CITP has been collected in a recent review article [10].


      




      

        Capillary Isoelectric Focusing (CIEF)




        CIEF is mostly used to separate proteins and peptides based on their isoelectric points (pI) [11]. Ampholyte mixtures establish a pH gradient inside the capillary. The protein migrates until it reaches the pH area corresponding to its pI, where it becomes uncharged and immobilized.


      


    




    

      ON-LINE SENSITIVITY ENHANCEMENT: SAMPLE STACKING




      In CZE, the sample is injected into the capillary column as a short zone. When voltage is applied, analyte zones are separated from each other along the capillary column. Rapid migration time due to the high voltage applied causes the analyte zone to spend less time in the capillaries and less exposure to peak broadening due to the longitudinal diffusion along the capillary. Analyte zones reach the detector as narrow peaks under the influence of the flat character of the EOF. However, if the molar absorptivities of analytes are low in UV detection, their concentrations may be below the LOD of the analysis method. Injecting larger sample zones to increase detection sensitivity causes broad and overload peaks.




      A practical method to increase detection sensitivity in CE includes sample stacking methods where a long sample zone with low conductivity is injected into the capillary column and a high conductivity buffer is selected as the separation buffer. Since the electric field is high in the low conductivity zone, the charged particles move with high mobilities in this zone under the applied voltage. The electric field drops in the high conductivity buffer zone and the analytes slow down at the border of two zones. The analyte molecules are stacked into a narrow zone. This concentrated zone appears in the detector with increased sensitivity.




      Sample stacking is an easily applicable technique and different stacking applications can be developed according to the types of samples. For example, the low conductivity sample region can be discarded through the capillary by changing the polarity for a short period of time, or in electrokinetic injection, a short frontal buffer or acetonitrile zone can be hydrodynamically injected. Different names have been used for stacking procedures in the literature, such as Large-Volume Sample Stacking (LVSS), Field-Amplified Sample Stacking (FASS), Field-Amplified Sample Injection (FASI). However, the method used is generally referred to as sample stacking in recent years. The details of the stacking methods are explained in the articles.




      In Fig. (6A and B), a sample stacking effect is seen for nitrite and nitrate ions for a method that was developed for the simultaneous determination of these ions in canned fish samples [12]. In the method, keeping the pH of the separation electrolyte low, the anions injected from the cathodic side are enabled to move against EOF. The addition of sodium sulfate increases buffer conductivity. The anions moving rapidly in the direction of the anode in the low conductivity large sample zone are slowed down when they reach the high conductivity buffer border. The schematic view of the stacking is given in Fig. (7). In the study, sensitivities are increased by 30 times for both ions due to the sample stacking. Since the EOF is to the cathode direction in the method, the sample zone is discarded from the cathode side during electrophoresis.
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Fig. (6))


      Comparison of the sample stacking experiment and small-volume injection of a standard sample containing 100 μmol/L nitrate and nitrite. A) Injection: 50 mbar, 160 s, Buffer: 30 mmol/L formic acid, 30 mmol/L Na2SO4, pH:4. B) Injection: 50 mbar, 6 s, Buffer: 30 mmol/L formic acid pH:4. Voltage: −25 kV. Peaks: 1:nitrate, 2:nitrite. Reprinted from [12] with permission.
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Fig. (7))


      Schematic illustration of sample stacking method for nitrate and nitrite ions.



      Although the easiest and most applied method of stacking is based on the concentration difference of the sample and buffer zone, pH-mediated stacking techniques can be applied for the pH-dependent analytes, where the pH difference of the sample zone and buffer zone is created. Stacking can be carried out by the sweeping method in EKC, especially in MEKC. In this method, the sample zone does not include the micelle phase. When voltage is applied, micelles in the separation electrolyte enter the sample zone and collect analytes with micelle- analyte interaction. The analytes are concentrated at the front of micelles as a short zone. The sample stacking studies in recent years have been collected in review articles [13, 14].


    




    

      DETECTION METHODS




      

        UV and Indirect UV Detection




        The most widely used CE detectors in CE applications are the variable-wavelength ultraviolet (UV) detectors and diode-array (DAD) detectors. The analytes with UV active functional groups can be detected with these detectors during electrophoretic separation. For species that do not contain chromophore groups, a useful and widely used application in CE is the indirect detection method where a strong chromophore group-containing compound is added into the separation buffer. The detector's wavelength is adjusted to the maximum wavelength of the chromophore. The detector sees the baseline signal of the chromophore. Analyte ions displace chromophore ions, and a decrease in absorbance occurs as the analyte zone passes across the detector. The area of this negative peak depends on the analyte concentration [15]. The formation of indirect detection peaks and their symmetry depend on chromophore concentration and mobility. In indirect detection, analyte mobility and chromophore mobility should be compatible with each other. While negative peaks were given on the electropherogram in the first studies with indirect detection, the display of negative peaks in the form of positive peaks with the adjustment of software has been preferred in the last years. The indirect detection method is widely used for organic acid determinations in food samples. Organic acids are present in many food products in small or large amounts. While it gives a sour taste to the juices, the amounts in the commercial juices are also adulteration markers. Fig. (8) shows the separation of malic acid and citric acid in a commercial pomegranate juice by indirect detection. 2,6-pyridine dicarboxylic acid (PDC) was used as the chromophore. In this study, 7 commercial pomegranate juices were analyzed, and the significantly high value of the malic acid amount of one pomegranate juice was interpreted as a sign of its adulteration with apple juice [16]. With an additional analysis, the significant difference in Fructose/Glucose ratio, total phenolic amount, and ferric reducing antioxidant power (FRAP) value of this specific juice from others supported adulteration.
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Fig. (8))


        Separation and indirect detection of organic acids in a commercial pomegranate juice. Separation buffer: 10 mmol/L of PDC + 0.1 mmol/L CTAB. pH: 5.6. Detection wavelength: 350 nm with a reference at 200 nm. Injection: 50 mbar, 6 s. Voltage: -25 kV. Reprinted from [16] with permission.
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Fig. (9))


        Separation and indirect detection of fatty acids. (A): the standard solutions of C8-C20 fatty acids, (B): Unsaturated fatty acids in an extract of dairy-fresh butter. Background electrolyte: 10 mM SDBS + 50% acetonitrile + 30 mM Brij. Reprinted from [17] with permission.

      




      

        Fluorescent and Laser-Induced Fluorescence Detection




        Fluorescent and Laser-Induced Fluorescence (LIF) detectors are used for analytes that naturally show fluorescent properties or can be derivatized with a fluorescent dye. A fluorescent detector provides a lower detection limit (LOD) than a UV detector. On the other hand, very low LOD values can be reached with LIF detectors. For example, riboflavin (vitamin B2) which is a fluorescent substance and an essential vitamin, cannot be synthesized in the body so it must be taken from food products. However, the content of riboflavin in many foods is too low to allow detection by a UV detector.




        In Fig. (10), an electropherogram showing vitamin B2 separation and LIF detection in a saffron extract is given [18].
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Fig. (10))


        Separation and LIF detection of vitamin B2 in a saffron sample. Buffer: 20 mM borate at pH 9.5. Injection 50 mbar, 6 s; voltage: 25 kV; Detection: excitation at 488 nm and emission at 520 nm. Riboflavin peak is shown with an asterisk. Reprinted from [18] with permission.



        On the other hand, fluorescent detectors are not as easy to handle as UV because some separation medium can result in fluorescent quenching. However, there are cases where fluorescence intensity increases depending on the content of the separation medium. Curcumin is a bioactive substance of turmeric spice that has been very popular in recent years. However, there are two more curcuminoids beside curcumin in turmeric and each has different bioactivities [19].
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Fig. (11))


        Separation of curcuminoids and the effect of 2-HP-β-CD in buffer on fluorescence intensities of curcuminoids. (A) Buffer: 25 mM borate, 35 mM 2-HP-β-CD; (B) Buffer: 25 mM borate. Injection: 50 mbar 6s, Voltage: 25 kV, detection: excitation at 488 nm and emission at 520 nm; 1: BDMC (1.5 µg/mL); 2: DMC (20 µg/mL); 3: Curcumin (20 µg/mL). Reprinted from [20] with permission.



        Similarly, the fluorescence intensities of biogenic amines, which are derivatized by fluorescein isothiocyanate (FITC) in MEKC-LIF analysis, increase to between 4 and 21 folds when Brij 35 is substituted for SDS in the same separation medium as seen in Fig. (12).
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Fig. (12))


        Effect of Brij 35 in buffer on fluorescence intensities of biogenic amines derivatized with FITC.



        (A) Buffer: 75 mM borate, 20 mM SDS, pH 9.7 (B) 75 mM borate, 10 mM Brij, pH 9.7. Voltage: 25 kV, capillary: 50 µm, (63x47) cm; injection: hydrodynamic, 50 mbar, 6s. 1:Trypthophan, 2:Tyrosine, 3:Cadaverine, 4:Spermidine, 5:Histidine, 6:Putrescine. Concentrations: 0.3 µM for each. *:FITC. Reprinted from [21] with permission.


      




      

        MS Detection




        Combining CE with MS allowed many compounds to separate with high separation efficiency and obtain molecular mass information of the separated analytes. Although the most used interface in CE-MS applications until today is Electrospray Ionization Interface (ESI), there are also studies where CE is combined with MALDI-MS and some other ionization techniques. CE-MS combination has been mostly used in proteomics, foodomics, pharmaceutical, and clinical researches. Recent developments and applications in CE-MS have been collected in review articles [22, 23]. Although less common, inductively coupled plasma mass spectrometry coupled with CE (CE-ICP-MS) has also been used for metal- biomolecule relationships [24].


      




      

        Contactless Conductivity Detection




        A Contactless Conductivity Detector (C4D) for capillary electrophoresis was first introduced in 1998 [25]. Since then, this method has been applied for the detection of inorganic and organic ions in electrophoresis [26]. C4D allows simple combination with commercial CE instruments and can be performed in an on- capillary mode. The detector contains two electrodes that are placed around the polyimide coating of the silica capillary column. The electrical conductivity changes of the solution between two electrodes are measured.




        
[image: ]


Fig. (13))


        Separation and CE-C4D detection of biogenic amines. 1:spermidine, 2: putrescine, 3: histamine, 4: cadaverine, 5: tyramine, and ‘*’ represents system peaks. The concentration of each amine is 2 mg/L, except tyramine. Its concentration is 4 mg/L. Separation electrolyte: 500 mM hydroxyisobutyric acid (HIBA), pH 2.05. Separation conditions: 28 kV, 20 °C. injection: hydrodynamic, 60 mbar for 60 s from the anodic side. Reprinted from [27] with permission.

      




      

        Other Detection Methods




        Although they are not routinely used as the above detection methods, different detection systems have been combined with CE such as amperometric detection, especially in research studies. Amperometric detection is particularly suitable for microchip CE.




        2.05. Separation conditions: 28 kV, 20 °C. injection: hydrodynamic, 60 mbar for 60 s from the anodic side. Reprinted from [27] with permission.


      


    




    

      SEPARATION STRATEGIES FOR SOME ANALYTE GROUPS




      CE is a separation method that can be applied to samples in a broad spectrum with different separation modes. It has been used in sample analysis in many different fields due to its high speed, easy method development, and high separation efficiency. In this section, the separation strategies applicable for some special groups will be briefly mentioned.




      

        Small Inorganic Anions and Organic Acids




        As mentioned before, injections are generally performed from the anodic side in CE separations. All the species move towards the cathode direction and reach a detector located near the cathode end of the capillary. The migration behaviors of small inorganic anions and organic acids are exceptions. Due to the high electrophoretic mobility of both groups, EOF can not easily drag them into the cathodic side. Thereby, they cannot reach the detector, or their migration times become very long. Separation options for small negatively charged ions are given schematically in (Fig. 14A-C). In Fig. (14A), a cationic surfactant below its critical micelle concentration (CMC) is added to the separation buffer. The monomers of cationic surfactants are attracted to the negatively charged capillary wall. The hydrophobic tails of surfactant monomers adhering to the wall interact with the tails of the free surfactant molecules in the solution, forming a double layer on the wall. Thus, the capillary inner wall is positively charged. In this case, the direction of the EOF in the capillary is reversed from the cathode to the anode. It is possible to change the polarity of the electrodes in CE devices. Changing the polarity, the injection is made from the cathodic side, and the detector is on the anodic side. When negatively charged small ions are injected from the cathodic side, they migrate to the anodic side due to their electrophoretic mobility. Since the EOF in the capillary is also directed to the anode, a high-speed separation of these ions takes place.




        Cetyltrimethylammonium bromide (CTAB) is the most commonly used surfactant for dynamically coating the capillary wall. Fig. (15) shows the separation of small organic acids in a pollen sample using CTAB in the separation medium [28].
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Fig. (14))


        Electromigration of small negatively charged ion. A) Reversed EOF with a cationic surfactant in buffer, B) Reversed EOF in a coated capillary with a positively charged polymer. C) Reduced EOF.
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Fig. (15))


        Separation of organic acids in a pollen extract (Buckwheat pollen). Conditions: capillary 56.5 cm effective length 50 μm I.D; Separation electrolyte: 5 mmol/L of PDC + 0.1 mmol/L CTAB, pH: 5.6. Detection wavelength: 350 nm with a reference at 200 nm. Voltage: -25 kV. Peaks: 1: Oxalic acid, 2: Tartaric acid, 3: Malic acid, 4: Citric acid, 5: Succinic acid, 6: Acetic acid, 7: Lactic acid, 8: Gluconic acid. The on-set electropherogram shows the analysis of the diluted pollen extract for the quantification of gluconic acid. Reprinted from [28] with permission.



        As shown schematically in Fig. (14B), alternatively, by physically adhering or covalently bonding a positively charged polymer to the wall, the capillary inner wall is positively charged for a long time. (Fig. 16) shows the separation of nitrate and nitrite ions in a physically coated capillary column with high molecular weight PEI. Thiocyanate ion has been used as the internal standard. As can be seen, separation is extremely fast. This method has been used for the quantification of both ions in processed meat products and some vegetables [29].
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Fig. (16))


        Simultaneous separation of nitrate and nitrite ions in PEI coated capillary. Buffer: 20 mmol/L Tris, pH: 7.5. Voltage: -28 kV, Injection: 4.10-3 MPa. Total length 75 cm, effective length 60 cm. i.d. 75 μm. Direct UV detection at 210 nm. Peaks: 1:nitrite, 2:nitrate, 3:thiocyanate (internal standard). Reprinted from [29] with permission.



        Another option is to suppress EOF in the capillaries and allow ions to move against EOF. As the pH of the working buffer decreases, the negative charge density in the capillary wall decreases, as a result of which the speed of the EOF decreases. The pH of the separation buffer is chosen at low values. The sample containing negatively charged small ions is injected from cathodic side. Negatively charged ions move towards the anode side. Meanwhile, although there is an EOF in the direction of the cathode in the capillary, its speed has decreased very much. Small ions with high electrophoretic mobility move rapidly towards the anodic side against EOF. This form of separation is shown schematically in Fig. (14C). Fig. (6) shows the separation of nitrate and nitrite ions in suppressing EOF mode.


      




      

        Metal ions




        The general approach to separating metal ions, whose charge and mass ratios are close together, is to complex them with a suitable ligand. The separation of metal ions is based on the differences in the charge and size ratios of the complexes as a result of the differences in the complex formation constants. If the ligand used is UV active, direct UV detection is possible. Metal complexes can be determined indirectly using a suitable chromophore together with a UV inactive ligand. Two different methods are applied to the separation of metal ions. If the stability constants of the complexes are high, precolumn complexation is preferred, and the metal ion-ligand mixture is injected into the capillary column. In the case of weak complexes, an on-column complexation is preferred. A ligand is added into the buffer solution, and metal ions are injected into this separation medium. More than one ligand can be used if the charges, ionic diameters of metal ions and the formation constants of complexes formed by a ligand are very close to each other. Separation is accomplished by competing ligands for metal ions. Lanthanide group metal ions are one of the examples for this situation, as seen in Fig. (17).
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Fig. (17))


        Electrophoregram of 14 lanthanide group metal ions. Buffer: 15 mmol/L HIBA, 13 mmol/L Tris, 0.1 mmol/L cupferron, pH 4.9. Injection 40 mbar, 0.06 min. Run voltage 28 kV. 1: La, 2: Ce, 3: Pr, 4: Nd, 5: Sm, 6: Eu, 7: Gd, 8: Tb, 9: Dy, 10: Ho, 11: Er, 12: Tm, 13: Yb, 14: Lu. Reprinted from [30] with permission.



        The separation of lanthanide group metal ions is a challenge of chromatographic methods considering their similarity. In this study, 14 lanthanide group metal ions were separated by the addition of two ligands, namely HIBA and cupferron, into the separation buffer [30]. Direct UV detection of lanthanides complexed with cupferron was possible since cupferron is a UV-active ligand. Since the weak complexes are formed, both ligands were added into the separation medium, and lanthanide ions were then injected into the capillary.




        Metal complexes can be determined with conductivity detectors without requiring a UV active ligand or chromophore. Fourteen lanthanide ions, complexed with HIBA and acetic acid, were separated and determined by the CE-C4D system [31].


      




      

        Proteins




        There are many applications in which proteins are separated by different electromigration modes such as CZE, CITP, CIEF, CEKC, CEC collected in a recent review article [32]. As stated in the CGE section, SDS-treated proteins can also be separated by size differences. In protein separation with CE, adsorption of proteins to the negatively charged capillary wall should be prevented. One method is to suppress the positive charges of the proteins using a separation medium having a pH well above the isoelectric points of the proteins. The more effective and widely used method is to coat the capillary inner wall with a suitable polymeric layer according to the type of protein. Dynamic and permanent coating methods for protein separation in CE and new coating materials with nanoparticles were collected in the last review article [33].




        (Fig. 18) shows effective separation of basic proteins in a capillary coated with a positively charged polymer (PEI) [34].
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Fig. (18))


        Separation of five basic proteins in PEl-coated capillary. Total length 63.5 cm, effective length 46.5 cm, I.D. 75 μm. Buffer: 50 mM acetate, pH 5.5. Run voltage -28.8 kV. Injection 10 mbar for 6 s. Sample: 1: trypsinogen 0.32 mg/mL, 2: α-chymotrypsinogen 0.32 mg/mL, 3: ribonuclease A 0.72 mg/mL, 4: cytochrome C 0.32 mg/mL and 5: lysozyme 0.32 mg/mL. UV detection at 214 nm. Reprinted from [34] with permission.

      




      

        Chiral Molecules




        In CE, chiral separation is performed in electrokinetic chromatography mode. A soluble chiral selector in the separation buffer forms a pseudo-stationary phase. During migration, enantiomers are shared between the chiral selector and the solution phase. Interaction differences between the enantiomers and the chiral selector provide the enantioselectivity [35]. Chiral separation with CE is very easy to perform, and high separation efficiencies are achieved. Chiral selective cyclodextrins are the most commonly used in CE separations. Besides numerous commercially available cyclodextrins, research is on the development of new cyclodextrins. However, there are also studies in CE separations where different potential selectors such as ionic liquids are tested [36]. Analytical chiral separation is especially important in the pharmaceutical industry. Therefore, most CE applications in the literature are on chiral drug analysis. In recent years, chiral separations have gained importance also in the field of food [37].




        Fig. (19). shows the separation of four pairs of chiral aminoacid with the addition of 10 mM betacyclodextrin (β-CD) to the separation medium as the chiral selector.
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Fig. (19))


        Electropherogram of amino acids in 50 mM borate buffer at pH 9.6 containing 5 mM SDBS, 10 mM β-CD; Voltage: 25 kV. Temperature: 25 °C. Capillary 50 μm, (60 × 40) cm. Injection: hydrodynamic, 50 mbar, 6 s. 1: D-Arg, 2: L-Arg, 3: L-Pro, 4: D-Pro, 5: D-Ala, 6: L-Ala, 7: D-Asp, 8: L-Asp, ∗: peaks from FITC. Concentrations: 0.6 μM for each, except Asp as 1.2 μM. Reprinted from [38] with permission.

      


    




    

      CONCLUDING REMARKS




      CE is a versatile analytical technique because of its different operation modes and plays a great role in the field of separation science based on its multiple applications. Moreover, some of its advantages such as easy operation modes, different detection techniques, enhanced separation efficiency, and separation speed make CE a sophisticated technique. Our approach in this chapter was to give the basic principles of CE and some separation applications for food samples mostly. It appears that CE continues to be developed and be utilized in all branches of chemistry, to expand its application areas.
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      Abstract




      This chapter introduces sample preparation techniques in Capillary Electrophoresis (CE) for food analysis. Food sample preparation prior to CE analysis aims to transfer target analytes from random statuses in the original food matrix to highly ordered pre-detection statuses, which is an entropy reduction procedure and cannot happen spontaneously. Generally, this is a time-consuming, labor-intensive, and error-prone step in complex sample analysis, especially in food analysis. Nevertheless, to match the fast analysis nature of CE, food samples have to be prepared efficiently in a relatively short time. Therefore, many highly efficient and fast sample preparation techniques were applied in CE for food analysis, including phase separation, field-assisted extraction, membrane separation, chemical conversion, and online coupling of sample preparation/analysis techniques. The principles and operation of each of the above-listed sample preparation techniques and some application examples are shown in different sections.
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      INTRODUCTION




      Sample preparation is a critical step in capillary electrophoresis for food analysis, which affects sensitivity, selectivity, accuracy, and speed of analytical results. From an analytical science viewpoint, foodstuff is a type of sample with wide varieties and high complexity, which contain a large number of target analytes and in a very complex matrix [1]. Moreover, these target analytes may be extremely similar to each other but present a trace amount in the food sample matrix [2-4]. Before injecting foodstuff into capillary, the preparation process can isolate and/or preconcentrate target analytes from food matrix based on their different physical, chemical, and biological properties, making them suitable for




      electrophoretic analysis [5]. Sample preparation is a time-consuming process, since transferring analytes from random status in the original sample matrix to highly ordered pre- detection statuses is an entropy reduction procedure which cannot occur spontaneously [6, 7]. Nevertheless, to match the fast analysis nature of capillary electrophoresis (CE), food samples have to be efficiently prepared in a relatively short time [8]. Therefore, many high efficiency and fast sample preparation methods and techniques were applied in CE for food analysis as shown in Fig. (1), including phase separation, field-assisted extraction, membrane separation, chemical conversion, and online coupling techniques.
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Fig. (1))


      Sample preparation in capillary electrophoresis for food analysis.



      According to the morphology of sample, techniques to pretreat food are divided into solid and liquid sample preparation techniques. Solid sample preparation techniques involve Soxhlet extraction, Supercritical Fluid Extraction (SFE), Accelerated Solvent Extraction (ASE), Ultrasonic-Assisted Extraction (UAE), Microwave-Assisted Extraction (MAE), and so on. Their attributes are shown in Table 1. Soxhlet extraction is a classic solid sample preparation technique. Due to its shortcomings of time-consuming, large solution consumption, low efficiency and reproducibility, this technique is being replaced by SFE, ASE, UAE, and MAE in food analysis.




      

        Table 1 Sample preparation techniques for solid food samples.




        

          

            

              	Method



              	Principle



              	Advantage



              	Disadvantage

            


          



          

            

              	Soxhlet extraction



              	Continuous extraction using solvent reflux and siphon



              	Easy operation, low instrumental cost, deal with a large amount of sample



              	Time-consuming, large solvent consumption, may cause components


              decompose

            




            

              	Supercritical Fluid Extraction (SFE)



              	The supercritical fluid was used as solvent in extraction



              	Fast, low solvent consumption, high throughput, high selectivity, large concentration multiple, relatively low extraction temperature, suitable for


              thermo-sensitive analytes



              	High instrumental cost, complicated operation, may have the risk of sample lost

            




            

              	Accelerated Solvent Extraction


              (ASE)



              	Solid-liquid extraction in high-temperature and high-pressure


              field



              	Fast, low solvent consumption, easy operation, large concentration multiple



              	High instrumental cost, low extraction efficiency, not suit for thermally unstable


              substance

            




            

              	Ultrasonic- Assisted Extraction (UAE)



              	Ultrasonic field effects are used to accelerate extraction, such as cavitation and thermal effects



              	Fast, low cost, easy operation, deal with a large amount of sample



              	Manual operation, require filtration, extraction efficiency is affected by cavitation effect strength, the size and density of solid samples and solvent


              property

            




            

              	Microwave- Assisted Extraction


              (MAE)



              	Microwave field is applied to enhance extraction


              performance



              	Fast, low solvent consumption; homogeneous heating; easy operation



              	Require polar extraction solvent, require filtration and other auxiliary steps

            


          

        




      




      Liquid sample preparation techniques involve Liquid-Liquid Extraction (LLE), Liquid-Phase Microextraction (LPME), Solid-Phase Extraction (SPE), and Solid- Phase Microextraction (SPME). Their attributes are shown in Table 2. LLE and SPE are traditional liquid sample preparation techniques; they are widely used in food sample analysis. By device miniaturization, their mini versions of LPME and SPME prove to provide better sample preparation performances [9].


    




    

      PHASE SEPARATION SAMPLE PREPARATION TECHNIQUES




      Isolating target analytes from sample matrix through the phase separation process, including liquid-phase partition and solid-phase adsorption, is involved in almost all complicated sample pretreatment before instrumental analysis. Beyond eliminating matrix interference, phase separation sample preparation techniques also enable analytes preconcentration and background solution conversion to enhance the feasibility of electrophoretic analysis. LLE, LPME, SPE, and SPME are phase separation techniques frequently used for food sample preparation.




      

        Table 2 Sample preparation techniques for liquid food samples.




        

          

            

              	Method



              	Principle



              	Advantage



              	Disadvantage

            


          



          

            

              	Liquid-Liquid Extraction (LLE)



              	Extraction and cleaning of extracts based on the partition of compounds in two immiscible liquid phases because of their solubility



              	Wide application, high technology maturity, deal with a relatively large amount of


              sample



              	Tedious operation, time- consuming, large solvent consumption, may have emulsification or precipitation issue

            




            

              	Liquid-Phase Microextraction (LPME)



              	Extraction and cleaning of extracts based on the partition of compounds in two immiscible liquid phases


              because of their solubility



              	Easy operation, low solvent consumption, high extraction


              efficiency



              	Long-term stability is not good enough

            




            

              	Solid-Phase Extraction (SPE)



              	Target analytes were selectively adsorbed onto solid adsorbents and then were desorbed from adsorbents through thermal desorption or solvent


              desorption



              	Easy analyte collection, good concentration effect, deal with low volume sample



              	Complex sample matrix may cause adsorbents damage, resulting column capacity and penetration volume decreasing, reducing extraction efficiency, recovery rate, and selectivity

            




            

              	Solid-Phase Microextraction (SPME)



              	Target analytes were selectively adsorbed onto solid adsorbents and then were desorbed from adsorbents through thermal desorption or solvent


              desorption



              	Minimum solvent consumption, easy operation, easy online integration with other technologies



              	Low extraction capacity, expensive, few optional adsorbent coating material, low reproducibility in complex sample matrix application

            


          

        




      




      

        Liquid-phase partition




        Liquid-phase partition sample preparation techniques aim to separate and concentrate target analytes based on the partition of compounds in two immiscible liquid phases. The sample preparation efficiency of these techniques is determined by the partition coefficient of target analytes, volume ratio of two liquid phases, extractant, operation temperature and duration. LLE and its mini version LPME are classical techniques for food sample preparation.




        

          Liquid-liquid extraction




          LLE is a mature extraction technique traditionally fulfilled in separatory funnels. Despite being over criticized for time-consuming, labor-intensive, and large solvent consumption, this conventional extraction technique can provide a more suitable prepared sample for CE analysis. For example, Nicolaou et al. [10] compared different sample preparation methods for polyphenols capillary zone electrophoresis (CZE) analysis from wine sample. A simple LLE was carried out by the authors to extract polyphenols from wine using diethyl ether, and followed by solvent evaporation step for analytes preconcentration. The electropherograms of LLE prepared wine sample is shown in Fig. (2)(1), which reveals overwhelming advantages of less matrix interference, higher signal intensity, and better separation resolution than the direct wine sample injection trial Fig. (2)(2).
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Fig. (2))


          Electropherograms of the wine samples with (1) and without (2) liquid-liquid extraction in sample preparation prior to capillary zone electrophoresis analysis. Reprinted with permission from [10].

        




        

          Liquid-phase microextraction




          To overcome the shortcoming of large organic solvent consumption in LLE, an approach using microscale extractant to accomplish extraction was carried out by Cantwell and Jeannot in 1996 [11]. This original liquid-phase microextraction was implemented in a hollow Teflon probe with a drop of organic solvent inside. The




          extraction principle of LPME is similar to LLE, which is based on the partition of compound in two immiscible liquid phases but employed only micro- or nano-liter organic solvent. Benefiting from solvent volume reduction, LPME can combine cleaning, extraction, and concentration all-in-one, as well as perform high efficiency, time-saving, and easy integration with downstream analysis procedures [12]. Various modes of LPME have been developed so far, including Single Droplet Microextraction (SDME), Hollow Fiber Liquid-Phase Microextraction (HF- LPME), and Dispersive Liquid-Liquid Microextraction (DLLME).




          SDME is usually accomplished by hanging a small droplet organic solvent on the chromatographic injector needle [13, 14]. Once the extraction is completed, the organic droplet is sucked back into the injector for chromatographic injection. To facilitate CE analysis, headspace-single droplet microextraction (HS-SDME) was carried out by hanging a small droplet organic solvent on the inlet of a capillary. For example, Park et al. [15] hanged a drop of acceptor phase at the inlet of capillary 5 mm above the surface of red wine sample for phenolic compounds HS-SDME followed by CE quantitation. A similar sample preparation method was implemented for volatile and semi-volatile organic acids CZE analysis from soy sauce [16] and beverages [17]. The general HS-SDME and CE operation procedures are shown in Fig. (3). In HS-SDME step, volatile target analytes evaporated from sample solution and reached the acceptor phase at the inlet of a capillary. The extraction time of these HS-SDME methods can be reduced by applying a temperature controller, e.g., a jacketed beaker. To improve the stability of hanged droplet, Chung’s group [18] put the acceptor organic droplet inside the capillary. Before electrophoresis, an additional pre-injection step was carried out to prevent concentrated analytes from sample loss, and a 30 s waiting step was implemented to dissolve the acceptor phase. Overall, this sample preparation approach contributed up to 1100-fold sensitivity improvement to chlorophenols CE analysis from red wine, along with other advantages of time-saving and automation.
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Fig. (3))


          General headspace-single droplet microextraction capillary electrophoresis procedures.



          In 1999, Bjergaard et al. [19] completed LPME in a hollow porous fiber on top of the chromatographic injector needle. The introduction of hollow fiber further improves the performance of LPME: hollow fiber can isolate organic phase from the aqueous phase to avoid acceptor loss; porous fiber can help to exclude sample matrix and impurities outside the hollow fiber; the high porosity of porous fiber can increase the contact area between sample and acceptor, resulting in higher extraction efficiency; the disposable hollow porous protects from cross contamination. This HF-LPME sample preparation technique was involved in plasticizers [20] and fungicides [21] electrophoretic analysis in beverages, such as milk, juice, and carbonated drink.




          DLLME is implemented by adding dispersant into LLE system. Numerous extractant microdroplets are formed and distributed in sample solution with the attendance of dispersant. Extraction process can be finished in couple of minutes due to the large contact area between sample and extractant and rapid partition equilibrium in microdroplets. Along with other advantages of easy operation and low organic solvent consumption, DLLME turns out to be an alternative approach for food sample preparation. For example, Shu et al. [22] applied DLLME for vanillin CE determination from milk powder. In other cases, DLLME were reported to prepare herbicides [23], pesticides [24], and mycotoxin [25] from honey, fruits, and beverages.


        




        

          Supercritical Fluid Extraction




          SFE is a special sample preparation technique using supercritical fluid as medium to extract or clean up target analytes. Supercritical carbon dioxide is the major extractant in SFE. Its advantages (time-saving, high recovery, good concentration effect, and eco-friendly) make SFE an alternate approach for heat-sensitive and easily oxidized compounds isolation and preconcentration from complicated foodstuffs. For example, Andrés et al. [26] executed supercritical fluid extraction as the clean-up and extraction for meat sample preparation, and simultaneously detect heterocyclic amines using capillary electrophoresis-fluorimetric detection. In general, SFE is a rapid, automatic, nontoxic, and easy operation liquid-phase partition sample preparation technique.


        


      




      

        Solid-Phase Adsorption




        Solid-phase adsorption sample preparation techniques perform more complete phase separation via solid adsorbents to isolate and concentrate target analytes than liquid-phase partition techniques. Adsorbent material is essential in these techniques and determines selectivity, efficiency, and speed. SPE and SPME are effective solid-phase adsorption sample preparation techniques in CE analysis of foodstuff.




        

          Solid-phase Extraction




          SPE is a classical liquid sample preparation technique, and has been applied in food, environmental, and biological analysis [27]. In SPE, target analytes are selectively adsorbed onto solid adsorbents, and then desorbed from adsorbents through thermal desorption or solvent desorption for downstream analysis. The principle of SPE is the distribution of analytes between solid phase (adsorbent) and liquid phase (solvent). SPE is a kind of preparative chromatographic technique, and its operation process is shown in Fig. (4).




          Typically, SPE includes four steps: preparation of SPE column, loading sample, removing impurities, and elution and collection of analytes.




          
[image: ]


Fig. (4))


          Schematic of solid-phase extraction operation procedures.



          Many SPE modes are working well in food sample preparation, such as Matrix Solid-Phase Dispersion (MSPD), Dispersion Solid-Phase Extraction (DSPE), and Magnetic Solid-Phase Extraction (MSPE). Nevertheless, the adsorbent materials used in SPE is the most significant factor of extraction preference [28-31]. The recently reported adsorbent materials and their SPE modes for food sample preparation before CE analysis are summarized in Table 3. Many commercially available SPE adsorbents were used in food sample preparation before electrophoretic analysis, including poly(benzylpiperidone) polymer based Strata X, poly(divinylbenzene-co-N-vinylpyrrolidone) polymer based Oasis HLB, a hyper cross-linked polystyrene divinylbenzene polymer with a hydroxylated surface based ENV+Isolute, and C18.




          

            Table 3 Adsorbent materials used in SPE for food sample CE analysis.




            

              

                

                  	
SPE


                  Method




                  	Adsorbent



                  	Analyte



                  	Sample



                  	Analysis Method



                  	Ref.

                


              



              

                

                  	SPE



                  	
C18



                  	Tetracycline


                  antibiotics



                  	Milk



                  	CE-


                  DAD



                  	32

                




                

                  	SPE



                  	
C18



                  	Lincosamide


                  antibiotics



                  	Chicken



                  	MEKC-


                  UV



                  	33

                




                

                  	SPE



                  	Oasis HLB



                  	Fluoroquinolones



                  	Milk



                  	CE-UV



                  	34

                




                

                  	SPE



                  	Oasis HLB



                  	Plant hormones



                  	Honey



                  	CZE-


                  MS



                  	35

                




                

                  	SPE



                  	C18, Oasis HLB,


                  Cyanopropylene



                  	Vitamins



                  	Animal feeds



                  	MEKC-


                  UV



                  	36

                




                

                  	SPE



                  	Strata X, Oasis HLB, ENV+Isolute



                  	Quinolones antibiotics



                  	Bovine plasma, porcine plasma



                  	CE- DAD



                  	37

                




                

                  	SPE



                  	Activated carbon



                  	Plant hormones



                  	Bean sprout, tomato, potato, cucumber, grain



                  	MECK- UV



                  	38

                




                

                  	SPE



                  	C18-carbon nanotubes



                  	Sulphonamides



                  	Milk



                  	CE-


                  DAD



                  	39

                




                

                  	SPE



                  	Carboxyled single-walled carbon nanotubes



                  	Amino acids



                  	White tea



                  	CE-


                  ELSD



                  	40

                




                

                  	SPE



                  	Antibodies immobilized silica gel



                  	Citrinin



                  	Red yeast rice, monascus colour



                  	CZE- UV



                  	41

                




                

                  	SPE



                  	Rose bengal imprinted


                  polymer



                  	Rose bengal



                  	Brown sugar



                  	CE-LIF



                  	42

                




                

                  	SPE



                  	Trichlorfon-imprinted polymer



                  	Trichlorfon



                  	Cucumber, lettuce, radish



                  	CE-UV



                  	43

                




                

                  	MSPD



                  	Florisil, silica gel, C18



                  	Tetracycline


                  antibiotics



                  	Milk



                  	CZE-


                  UV



                  	44

                




                

                  	DSPE



                  	Dispersive powder


                  polyamide



                  	Synthetic food


                  colorants



                  	Preserved fruit



                  	CE-C4D



                  	45

                




                

                  	QuEChERS



                  	Primary secondary amine, Graphitized carbon blank



                  	Plant growth regulators



                  	Orange, pear,


                  kiwifruit, Watermelon, grape



                  	CE- DAD



                  	46

                




                

                  	QuEChERS



                  	
C18



                  	Acrylamide



                  	Potato products



                  	CE-C4D



                  	47

                




                

                  	QuEChERS



                  	Primary secondary amine,


                  C18



                  	Isoflavones



                  	Soy biscuits



                  	CE-MS



                  	48

                




                

                  	MSPE



                  	Magnetic molecularly, imprinted polymer



                  	Trichlorfon



                  	Cucumber,


                  cauliflower



                  	CE-


                  DAD



                  	49

                


              

            




          




          MSPD was developed for drug residues analysis from animal tissues by Barker’ group as early as 1989 [50]. More recently, this easy operation sample preparation technique has been applied in many solid sample pretreatments, including vegetables, fruits, and soil [51]. In MSPD, adsorbents are dispersed into solid, semi- solid, or viscous liquid sample and packed into SPE column for further extraction and elution. By completing sample homogenization, cell lysis, extraction, and purification procedures all-in-one, MSPD avoids unwanted sample loss in traditional sample preparation, and comes with other advantages of no extractant, fast and simplified operation. Mu et al. [44] applied MSPD for tetracycline resides CE determination from milk samples. The authors also compared the selectivity of three types of adsorbents in target tetracycline resides isolation, and concluded that C18 was the best absorbent in the particular case.




          Instead of packing in SPE columns, adsorbents in DSPE are dispersed into sample solution directly. After extraction, adsorbent with target analytes are collected by centrifugation or filtration for further elution. With the combination of LLE and DSPE, an advanced quick, easy, cheap, effective, rugged, and safe (QuEChERS) sample preparation technique was developed and became the standard for pesticide residues pretreatment in vegetables and fruits. In QuEChERS, acetonitrile is added into sample directly for extraction, then magnesium sulfate is introduced to dehydration, followed by DSPE using ethylenediamine-n- propylsilane as adsorbents. QuEChERS has been applied for acrylamide [47], isoflavones [48], and plant growth regulators [46] CE analysis from vegetables and fruits.




          By modifying adsorbents onto the surface of magnetic beads, MSPE can accomplish extraction and elution in a short period of time. The good dispersion performance of magnetic adsorbents in sample solution improves the extraction efficiency and speed. The easy magnetic control of adsorbents makes the concentration of analytes convenient. For example, Li and coworkers [49] fabricated magnetic molecularly imprinted polymer adsorbents and implemented MSPE for trace trichlorfon residue CE analysis from vegetables, such as cucumber and cauliflower.


        




        

          Solid-Phase Microextraction




          SPME is a mini version of SPE, using very small amount of solid adsorbent. The very first SPME was carried out by Pawliszyn’s group in 1989 on a fused-silica fiber with adsorption coating [52]. This sample preparation technique is integrating sampling, extraction, preconcentration, and injection together. The SPME device is similar to the chromatographic injector, but has an outside layer of adsorbent coating. To perform extraction, SPME fiber is immersed into the sample solution or exposed in the headspace of sample solution. Ferreira et al. [53] proposed a SPME-CE technique for oxytetracycline determination in milk products of different brands. Zhang et al. [54] applied SPME for residual sulfonamides CE analysis from milk samples. SPME advantages (easy operation, less sample and solvent consumption, and good reproducibility) makes it an optional technique for on-site sample preparation and analysis [55].


        


      


    




    

      FIELD-ASSISTED EXTRACTION




      When dealing with complicated food sample, especially in solid or semi-solid matrices, conventional phase separation techniques are not sufficient. The introduction of external assisted field can accelerate mass and heat transfer in sample preparation, resulting in better preparation efficiency and less time consumption. In food sample preparation for CE analysis, force, thermal, ultrasonic wave, microwave, and electrical fields are commonly used energy field to implement field-assisted extraction [56, 57].




      

        Force/thermal-assisted Extraction




        Force and thermal fields, including gravity, pressure, centrifugal force, and heat, are the most commonly used assisted fields to accelerate extraction. In many sample pretreatments, however, these techniques are routine. For example, centrifuge is involved in almost all food sample preparation before CE analysis. In CE analysis of antibiotic residue in raw bovine milk, Piñero et al. [34] employed centrifugation and SPE for milk sample defatting. The additional centrifuge after extraction also prevent separation capillary of CE from matrix contamination.




        ASE or pressurized liquid extraction is a force- and thermal-assisted extraction technique [58]. By applying high pressure, the boiling point of solvent in ASE can be reduced. Therefore, the ASE can be implemented at a higher temperature than the solvent boiling point. Benefiting from both force field and thermal field, ASE can be accomplished fast, effectively, and with low solvent consumption. The extraction efficiency of ASE is related to pressure, temperature, solvent, and cycle number. Chang et al. [59] compared extraction performance of ASE and Soxhlet extraction for flavonoids pretreatment from plant. The author concluded that ASE not only reduces the time and solvent consumption, but also is highly automatic when coupling to micellar electrokinetic chromatography (MEKC) analysis. ASE was also reported to accelerate preparation process of seafood [60, 61], tea [62], pharmaceutical and beverages [63] samples.




        A thermal field of far infrared irradiation was used by Gan et al. [64] to speed up extraction bioactive constituents from herbal drug prior to CE analysis.






        The Far infrared-assisted extraction performed better extraction efficiency in 6 min, which is 1/30 of time consumption of conventional solvent extraction.


      




      

        Ultrasonic-assisted Extraction




        Applying ultrasonic wave field to liquid can cause the phenomenon of cavitation. Cavitation increases mass transfer and accelerates dissolution of target analytes. Moreover, combined with the accessory effects of ultrasound, such as mechanical vibration, stirring and thermal effects, the extraction efficiency of target analytes can be significantly improved.




        UAE is one of the most frequently used field-assisted sample preparation techniques. The extraction efficiency of UAE is related to the frequency and intensity of applied ultrasonic wave, extraction solvent, sample particle size and extraction time. Compared with conventional phase separation extraction, UAE has the advantages of fast, high efficiency, low temperature, and general applicability. This technique has been reported to accelerate various extractions, including SPE, SPME, LLE, and LLME. By applying ultrasonic field-assisted extraction technique to LLME, Wu et al. [65] reported a two-step ultrasonic-assisted liquid-liquid microextraction to accomplish 5-hydroxymethylfurfural CE analysis from high ionic strength foodstuff sample of vinegar and soy sauce. The authors extracted the target analyte from high ionic strength sample matrix using organic accepted phase in the first extraction step, and then back-extracted the target analyte into aqueous solution for CE analysis. With the assistance of ultrasonic wave, this two-step ultrasonic-assisted liquid-liquid microextraction can be finished in 8 min (4 min for each step), which is comparable to CE analysis time. In many other cases, UAE has become routine preparation procedure in solid food sample, including vegetables [66-68], fruits [70, 71], plants [71-73], fish [74], bread [75], candy [76], milk powder [77, 78], tablets [79, 80], as well as in liquid food samples, such beverages [81, 82], wine [76] and milk [77, 78]. The UAE was usually carried out at a temperature range of 20-30°C for 8-120 min.




        Beyond speeding up extraction, ultrasonic wave field-assisted techniques also can be used to accelerate analyte dissolution [83-86], speed up hydrolysis [87], liquid degassing [88, 89], and sample clean-up [90] in food sample preparation before injecting into CE apparatus.


      




      

        Microwave-assisted Extraction




        Mass transfer and heat exchange of extraction system can be improved by implementing extraction in microwave field. The MAE was introduced into food sample preparation by Ganzler in 1986 [91]. Compared with conventional solvent extraction, reflux extraction, and UAE, MAE has the advantages of being fast, effective, low cost, and eco-friendly. This advanced sample preparation technique can be coupled with various extraction methods, including SPE, SPME, LLE, and LLME, to enhance extraction efficiency. Moreover, extraction efficiency also relates to microwave radiation strength, solvent, temperature, duration, and sample size.




        Zhao and coworkers [92] applied MAE for mercury extraction from dried fish for CE analysis. The mercury extraction was completed in 10 min with a 400 W microwave radiation at 70°C. Li et al. [93] compared several extraction methods, such as MAE, UAE, and reflux extraction, for tobacco residues preparation before CE analysis. In this case, MAE was finished at 400 W microwave radiation only in 4 min. The authors concluded that MAE is preferred as sample preparation technique in tobacco residues CE analysis to UAE and reflux extraction due to its advantages of fast and high efficiency. A similar method comparison was carried out by Li et al. [94] for tea sample preparation. Employing MAE, extraction of catechin and epicatechin from green tea can be accomplished in 1 min. The extraction time was extended to 60 min in UAE.


      




      

        Electrical-assisted Extraction




        Electric field is not only a separation field in CE analysis, but also an energy field, which can be used to accelerate sample preparation. (Fig. 5) represents the schematics of two useful electric-assisted sample preparation techniques, electrical- assisted extraction and electromembrane extraction (EME). A preparative electrophoretic technique was reported by Quirino research group for the simultaneous extraction of anionic and cationic analytes before CE analysis [95, 96]. The schematic for this electrical-assisted extraction technique is shown in Fig. (5). Adopting electric field as the driving force, target analytes can be quickly extracted and concentrated in conductive hydrogel in micropipettes. This electrical assisted extraction technique presents overwhelming advantages in time and solvent consumption over SPE, and has been used in herbicides residue CE analysis from beer [95] and drinking water [96].




        EME is another useful electrical field-assisted extraction technique. Anionic or cationic target analytes can transfer through supporting liquid membrane towards acceptor phased by the electrically driven force. The introduction of supporting liquid membrane in electrical-assisted extraction greatly improves its capability to eliminate matrix interference. Moreover, the method selectivity also close relatives to the supporting liquid membrane.




        
[image: ]


Fig. (5))


        Schematic of electrical-assisted extraction and electromembrane extraction.



        Kubáň et al. [97] employed 1-octanol/bis(2- ethylhexyl) phosphonic acid penetrated polypropylene membrane in EME to selective extraction and concentrate heavy metal cations from powdered milk for CE analysis. This EME was completed in 5 min by applying a voltage of 75 V. This electrical-assisted extraction technique is also used in fungicides [98], plastic restricted substances [99], bromate [100], and perchlorate [101] CE analysis from liquid food samples.


      


    




    

      MEMBRANE SEPARATION




      Membrane separation is a fast, high efficiency, and low-cost separation technique. Filtration, membrane extraction, and dialysis are commonly used membrane separation methods in sample preparation. In food sample preparation, filtration can help eliminate interference from matrix, and membrane extraction can further concentrate target analytes.




      By allowing smaller substances pass through porous material but excluding larger species in sample matrix, filtration is included in almost all sample preparation processes before injection into CE apparatus, especially in solid, turbid, and serous food sample pretreatment. For example, pulp can be removed from tomato juice through filtration in sample preparation of amino acid electrophoretic analysis [102]. On the other hand, clean-up running buffer and sample solution by filtration before injection can help protect separation capillary in CE from damage [103]. Various membrane materials can be used in filtration, including nylon [104-106], polypropylene [77, 107], acetic acid fiber [108], and polyvinylidene fluoride [109]. The standard pore size range of filtration membrane is 0.2-0.45 μm [83, 110]. Beyond membrane material and pore size, filtration efficiency is also affected by sample particle shape and size, pressure gradient, and operation temperature.




      Membrane extraction is applied to isolate target analytes from sample solution by their different solubility and diffusivity in membrane. Liquid membrane separation and gas membrane separation are two useful membrane extraction techniques in food sample preparation. These sample preparation techniques not only provide a cleaned sample, but also preconcentrated target analytes by adjusting the volume of acceptor solution. A gas membrane separation method, gas-diffusion microextraction, was reported by Lima et al. [111] for isolating aldehydes from beverages before CE analysis. In this case, separation, derivatization, and enrichment were accomplished in one-step: volatile aldehydes diffused through the gas membrane (a polytetrafluoroethylene membrane with 0.5 μm pore size) and dissolved in acceptor solution; the acceptor solution of 4-hydrazioinbenzoic acid is the derivatization agent for aldehydes; the derivatization reaction accelerated the aldehydes dissolution resulting in preconcentration of target analytes.


    




    

      CHEMICAL CONVERSION




      Chemical conversion is an important type of sample preparation technique which can transform unstable or nondetectable compounds to more feasible formation for subsequent sample preparation and analysis. In spite of being time-consuming, chemical conversion sample preparation techniques are commonly used in CE analysis. For example, after 12 h derivatization reaction using fluorescein isothiocyanate (FITC) as the derivatization agent, amino acids-FITC derivatives can be sensitively analyzed by CE with laser-induced fluorescence (LIF) detection [112].




      

        Derivatization




        By producing derivates, derivatization is the most commonly used chemical conversion sample preparation technique to improve the feasibility to be detected and quantified. In electrophoretic analysis, derivates are more stable and detectable to boost resolving power. The selection of derivatization reagent is the key of this technique, which is closely related to detector in CE. In food sample CE analysis, various derivatization reagents have been reported using different detectors, e.g. LIF detector, ultraviolet detector, diode array detector (DAD), and capacitively coupled contactless conductivity detector (C4D). The derivatization agents used in food sample CE analysis are summarized in Table 4.




        

          Table 4 Derivatization used in food sample CE analysis.




          

            

              

                	
Derivatization


                Agent




                	
Derivatization


                time




                	Analyte



                	Sample



                	
Analysis


                method




                	
Analysis


                Time




                	Ref.

              


            



            

              

                	FITC



                	4 h



                	Biogenic amines



                	Wines



                	MEKC-


                LIF



                	9 min



                	112

              




              

                	FITC



                	4 h



                	Biogenic amines



                	Salt-dried-


                fish



                	MEKC-


                LIF



                	10 min



                	113

              




              

                	FITC



                	12 h



                	Peptide metabolite



                	Microbial


                fuel cell



                	MEKC-


                LIF



                	2.5 min



                	114

              




              

                	FITC



                	2 h



                	Ephedra alkaloids



                	Tablet


                formulations



                	MEKC-


                LIF



                	40 s



                	115

              




              

                	8-aminopyrene- 1,3,6-trisulfonic acid



                	18 h



                	Oligosaccharides



                	Human milk



                	xCGE- LIF



                	3 h



                	116

              




              

                	Fluorescein 5- thiosemicarbazide



                	3 h



                	Aldehydes



                	Drinking


                waters



                	CZE-LIF



                	16 min



                	117

              




              

                	4-


                hydrazinobenzoic acid



                	1 h



                	Aldehydes



                	Wine



                	CE-DAD



                	12 min



                	111

              




              

                	Cyclohexane-1,3-


                dione



                	1 h



                	Aldehydes



                	Sugar cane


                brandy



                	MEKC- DAD



                	20 min



                	118

              




              

                	9-fluorenylmethyl chloroformate



                	2 h



                	Azodicarbonamide



                	Flour



                	MEKC-


                DAD



                	25 min



                	119

              




              

                	Cysteine



                	10 min



                	Acrylamide



                	Potato



                	CE-C4D



                	2 min



                	47

              


            

          




        




        To accelerate derivatization involved in sample preparation, several strategies were employed. Yang et al. [47] introduce n-butylamine as a catalyst in acrylamide derivatization reaction using cysteine as derivatization agent. The derivatization can be completed in 10 min, and the acrylamide derivate has sensitive C4D response. With the combination of derivatization and QuEChERS, acrylamide in potato products can be analyzed by CE-C4D. Beyond acceleration derivatization reaction, integration of a multiple sample preparation process can also reduce time consumption. For example, Lima and coworkers [111] reported a gas-diffusion microextraction method for low-molecular aldehydes one-step derivatization and extraction from alcoholic beverages before CE-DAD analysis. The total sample preparation can be finished in 60 min.


      




      

        Chemical Labeling




        Through chemical labeling, special signal response of target analytes can be obtained. This technique can be used for labeling a certain atom, group of atoms, and functional groups of target analytes. Unlike derivatization, chemical labeling does not produce new compounds. In food safety testing, Jung and coworkers [120] carried out a useful DNA labeling technique. The DNA fragments were printed onto capsules surface, and can be analyzed using polymerase chain reaction (PCR) coupled with CE for tracking the pharmaceutical supply chain.


      




      

        Other Chemical Conversion Techniques




        Beyond derivatization and chemical labeling, many chemical reactions, e.g., digestion, hydrolysis, saponification, are also useful chemical conversion techniques in food sample preparation. To analyze metal ions in red and rice wines, Zhang and coworkers [121] applied wet digestion in sample preparation prior to CE analysis. Kikonorov and Nikitina [122] used dry ashing and oxidative degradation to pretreat plants for silicon CE determination. The hydrolysis/enzyme hydrolysis was utilized to isolate vitamins from proteins and phosphate groups [123], saccharides and sugar alcohols from fermentation broths [124], four purines from soybean milk [125], as well as amino acids in meat before CE injection. To improve the solubility in CE running buffer, saponification was taken to extract trans fatty acid from cheese [126], cake and biscuit samples [127], as well as omega-3 fatty acids from dietary supplements [128].




        The combination technique of PCR and CE is a significant tool in genomics. In foodomics, PCR also reveals good potential. Gomes and coworkers [129] reported a PCR-CE technique for olive oils varietal identification. A similar PCR-CE method was presented by Chen et al. [130] for fish meat varietal identification. This technique is also applied for trace-level mycotoxin [131, 132] CE analysis.


      


    




    

      ONLINE SAMPLE PREPARATION TECHNIQUES




      The performance of food sample preparation can be further improved by the integration of multiple sample preparation steps and instrumental analysis through simultaneous, hyphenated, and online techniques. This strategy can enhance the automaticity of sample preparation, which consequently cuts down operation time, minimizes manual work, promotes assay accuracy and precision, and reduces solvent consumption. In food CE analysis, online sample preparation techniques perform excellent usability and practicality, mainly including online sample stacking and online SPE-CE techniques.




      

        Online Sample Stacking




        Online sample stacking is a type of electrophoretic preconcentration technique prior to CE analysis. When passing from high electric field to lower one, velocity of ions will significantly decrease, resulting in the ions stacking at the junction of electric field. This stacking phenomenon can be used to concentrate target analyte and shorten the length of the sample zone in CE analysis, consequently improving the sensitivity and electrophoretic separation efficiency. Generally, four approaches are commonly used to induce the nonuniform electric field and implement online sample stacking, including field amplification, sweeping, pH regulation, and isotachophoresis (ITP).




        Field amplification stacking techniques have been reported for the CE analysis of polyphenol [133], insecticide residues [134], vitamin [135], nitrate and nitrite ions [74] from rice [133], fruit juice [134], milk [135], fish [74]. Lin and coworkers [136] applied sweeping to red wine MECK analysis and improve detection sensitivity 1500 times. Dynamic pH junction sample stacking technique was used by Su et al. [137] to rapidly preconcentrate the enzyme cofactor in beer sample and reduce the limit of detection. Online transient-ITP preconcentration technique enabled the drugs [138, 139], bromate residual [140], amines [141], and paralytic toxins [142] electrophoretic analysis from beverages [138], drinking water [140, 141], and seafood [142].




        Without instrument modification, online sample stacking is a type of simple and useful sample preparation technique for CE analysis, which accomplishes 10- to 1000-fold sensitivity enhancement. Further increase in the sample loading volume or employing multiple stacking techniques together [109], can enable to achieve larger concentration factor by online sample stacking techniques. However, when dealing with complex real samples, e.g. food, these techniques may suffer from matrix effect because the matrix is also concentrated.


      




      

        Online SPE-CE




        The online integration of SPE and CE capable of large volume sample loading and target analytes online preconcentrating, not only improve the detection sensitivity but also extend its application in complex real sample analysis. This integration can be realized using one single column or two functional columns (SPE column and CE capillary). As shown in Fig. (6), one column SPE-CE or inline SPE-CE have three fabrication modes: (1) coated open tubular capillary inner surface with SPE sorbent at one end of the CE capillary; (2) packed sorbent or monolithic material at one end of the CE capillary; (3) prepared a short SPE column and inserted into CE capillary. In inline SPE-CE, more than 10 μL sample can be loaded and the complete desorbed volume after SPE can be analyzed by CE. For example, Zhang et al. [143] coated one end of CE separation capillary with molecularly imprinted material to execute online SPE-CE analysis. Compared to directly CE, the 5 cm SPE coating contributed over 100-fold limit of detection improvement in bisphenol A CE analysis from beverage samples.




        
[image: ]


Fig. (6))


        Fabrication modes of one column SPE-CE.



        Despite advantages of inline SPE-CE, using the same column for SPE and CE may induce separation column damage, because sample matrix will pass through column in sample preparation process. Online coupling SPE column and CE capillary through interface by flow injection and valve control, makes online SPE- CE more applicable to real sample analysis. This online technique has been applied to biological and environmental analysis [144, 145], and turns out to be an alternative approach for trace-level target analytes CE analysis from highly complexity food matrix.


      




      

        Combination of Online and Offline Techniques




        To further improve sample preparation performance, online integration strategy can be combined with offline techniques. To accelerate solid food sample preparation prior to CE analysis, Wang and coworkers [60] applied ASE and online sample stacking CE for drug residue analysis from seafood. Benefiting from field-assisted acceleration of ASE and preconcentration effect of online sample stacking, their approach realized rapid and sensitive analysis of residual quinolones and sulfonamides in shrimp and sardine. To minimize sample matrix interference, various SPE modes were offline coupling to online sample stacking CE for plant hormones [38], food additive [45] and drug residue [32] analysis from vegetable [38], grain [38], preserved fruit [45], and milk [32]. For example, Zheng et al. [38] adopted activated carbon as SPE adsorbent for indole-3-acetic acid and indole-3- butyric acid extraction from five vegetable and grain samples before online sample stacking CE.


      


    




    

      CONCLUDING REMARKS




      Foodstuff is a high complexity real sample. The goal of food CE analysis is to obtain more information in a relative short time. Beyond innovation of CE instruments, appropriate sample preparation is an alternative approach to address this goal. For example, phase separation and membrane separation sample preparation techniques can not only eliminate matrix interference, but also selectively isolate and concentrate target analytes; Field-assisted extraction techniques introduce additional energy into system and accelerate the sample preparation procedure; Chemical conversion techniques can transform unstable or nondetectable compounds to more feasible formation for CE analysis; The integration strategy of online coupling techniques allows automation of sample preparation and/or analysis. Various novel sample preparation techniques are continually being developed to improve food CE analysis, which tends to be faster, more efficient, higher throughput, more automated, more eco-friendly, and less costly.
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