Microwave-assisted extraction in closed vessel in food analysis
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Abstract
Microwave-assisted extraction (MAE) is an important technique in analytical chemistry. It offers several advantages over traditional extraction methods, such as improved extraction efficiency, shorter extraction times, reduced solvent consumption, and enhanced analyte recovery. Using microwaves, heat is directly applied to the sample, leading to rapid and efficient extraction of target compounds by enhancing the solubility and diffusion of the target compounds, thus requiring lower solvent volume. Therefore, MAE can be considered a more environmentally friendly and cost-effective option facilitating the transition toward greener and more sustainable analytical chemistry workflows. This contribution systematically reviews the application of MAE to a selection of target compounds/compounds classes of relevance for food quality and safety assessment. As inclusion criteria, MAE active temperature control and molecularly-resolved characterization of the extracts were considered. Contents include a brief introduction of the principles of operation, available systems characteristics, and key parameters influencing extraction efficiency and selectivity. The application section covers functional food components (e.g., phenols, diterpenes, and carotenoids), lipids, contaminants (e.g., polycyclic aromatic hydrocarbons and mineral oil hydrocarbons),
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pesticides, veterinary drug residues, and a selection of process contaminants and xenobiotics of relevance for food safety.

Introduction

The discovery of microwave (MW) radiation occurred in 1945, during World War II. A Raytheon engineer, Percy Spencer, was working with a magnetron to be used in combat radar equipment when he noticed the melting of the chocolate bar in his pocket. The potentialities were promptly understood and covered by a patent for its use in the cooking process. In 1947 the first commercial MW oven was sold, but the high costs and the power requirement limited its diffusion. 
Following the expiration of the patent Japanese scientists re-engineered the MW generator in the 1970s, leading to a cheaper domestic MW oven, allowing for easier food heating and mass processing [1]. The era of the use of MWs in chemical laboratories started in 1975 when Samra et al. [2] exploited the heat generated by an MW oven for the analysis of metals in biological samples, thus performing the first MW-assisted digestion, which has become the main application field of MW. In 1986, the first MW-assisted organic synthesis was presented, proving enhanced reaction rates, reaction kinetics, and leading to cleaner reaction products and higher yields [4, 5]. In the same year, Ganzler et al. [3] presented the first extraction of organic compounds from soils, seeds, foods, and feed using a domestic MW oven, technique then named MW-assisted extraction (MAE). 
Since then, several laboratories have investigated the analytical capabilities of MW in the sample preparation step, mainly using domestic MW ovens. Initially, MAE was mainly proposed for the extraction of organic contaminants, such as polycyclic aromatic hydrocarbons (PAHs), polychlorobiphenyls, pesticides, herbicides, phenols, neutral and basic priority pollutants from various matrices such as sediments, soils, or atmospheric particles [6]. In 1993, Streinheimer [7] described a method for the quantitative estimation of atrazine and its principal degradation products in agricultural soils and groundwater using a laboratory MAE system, and in 1994 Lopez et al. [8] used a laboratory MW oven dedicated to digestion for extracting organic contaminants using a closed-vessel MAE approach for PAHs extraction from soils and sediments, indicating MAE as a valuable alternative to the traditional Soxhlet and sonication methods. 
Although these early works showed the potentiality of the technology in chemical laboratories, many limitations were evident. Using a domestic MW oven there was no control of temperature and pressure, and the use of flammable solvent was not possible unless to risk for the operators. It appeared clear, though, that a specific system for laboratory applications was necessary to fully exploit the technique’s potential avoiding any risk. Initially, systems designed for digestion started to be applied for extraction but without a fine control of the temperature (a time-power program was settable, and no temperature control was possible). In the ’90s, thermocouples and optic fibers started to appear to record process temperature, but active control of the temperature was still no implemented. Starting from the mid-90s the back regulation of the power based on the actual temperature was introduced, thus allowing for a fine regulation. 
Despite being longly investigated, the use of MW for analytes extraction has never spread as much as for mineralization/digestion and synthesis. However, more recently, MAE has gained more attention among greener and more sustainable analytical sample preparation techniques as will be explained in more detailed later [9–11]. 
Several reviews have been published focusing on the use of MAE for the large-scale extraction of active compounds [12, 13], while much less is available on the use of this technology at the lab scale along with analytical workflows. Most of the reviews are very specific [14, 15] and deal with pharmaceutical and personal care products applications [16], and environmental and biological samples [17, 18]. Only a few reviews have been found on the use of MAE in food-related analytical determinations. Of those available, the focus is only on contaminants [19, 20]. 
This review aims to fill this gap by providing an almost comprehensive overview of the use of MAE in food analysis, starting from the theoretical basis and then covering different fields of application. The discussion will be limited to those applications describing commercially available closed vessel systems for MAE as a crucial yet preliminary step before the analytical determination of target molecules by suitable chromatographic techniques.

THEORETICAL CONSIDERATIONS ON THE MICROWAVE TECHNOLOGY

	MW radiation refers to the electromagnetic radiation spanning the 300 MHz–300 GHz frequency range. The energy provided by this radiation causes dielectric polarization, which is composed of four components: i) electronic polarization; ii) atomic polarization; iii) dipolar polarization; and iv) interfacial polarization. However, electronic and atomic polarization are neglectable at the frequency applied for MW, while interfacial polarization is strongly dependent on the frequency, thus, the dipolar polarization is the most relevant component generating heat in the microwave. Typically, molecules in a sample with permanent or induced dipole moments are randomly oriented. When microwave energy is applied, the electric field causes oscillation of the electric dipoles to orient themselves in phase with the electric field that oscillates at a very high frequency. This phenomenon causes heat production through frictional force. Similarly, the ions in the samples move following the electric field oscillation (i.e., ionic conduction) [21, 22]. For both mechanisms producing heat, that is, ionic conduction and dipole rotation, the extent strongly depends on the nature of the extraction solvent and the sample. The ability of a material to transform microwave energy into heat is given by the dissipation factor (or loss tangent, tan δ = ε″/ε′); where, ε″ is the dielectric loss factor, which represents the ability of the material to dissipate the absorbed electromagnetic energy, converting it into heat; and ε′ is the dielectric constant, which represents a measure of the ability of a material to be polarized by an external electric field. Table 1 [23] reports the tan δ values of a series of common solvents. A solvent with a high tan δ value is highly adsorptive to MW, while those with lower tan δ value tend to be transparent to MW (meaning that they are less/not affected by the energy transmitted) [5]. The tan δ of most solvents decreases at higher temperatures making it more challenging to heat hot solvents than cold solvents. When exploiting MWs for chemical applications, the behaviour of the extraction solvent can be tuned using a mixture of solvents.
Table 1	
Physical constants and dissipation factors for some solvents commonly used in Microwave-assisted extraction (MAE). Table adapted [23].
	
Solvents
	Boiling Point (◦C)
	Dielectric Constanta, ε′ 
	Dissipation factorb, tan δ
	Closed-vessel 
temperature c(◦C)

	Acetone
	56
	20.7
	0.054
	164

	Acetonitrile
	82
	37.5
	0.062
	194

	Ethanol
	78
	24.3
	0.941
	164

	Hexane
	69
	1.89
	0.020
	–

	Methanol
	65
	32.6
	0.659
	151

	Water
	100
	78.3
	0.123
	–

	Hexane-acetone (1:1)
	52
	–
	–
	156

	[bookmark: _bookmark5]2-Propanol
	82
	19.9
	0.799
	145


[bookmark: _bookmark7]a Determined at 20◦C.
b Determined at 20◦C and 2.45 GHz.
c Determined at 1207 kPa.

From a simplistic viewpoint, the main difference between MW and conduction heating is related to efficiency. In conductive heating, the heat is generated by an isomantle or hotplate, transmitted to the vessel before being transferred to the solution, where a temperature gradient is established through convection current (Figure 1A).
Therefore, the internal temperature is lower than the external one, and the thermic equilibrium may require a long time to be reached. Stirring may improve the process, but the overall control is weak, with risks of overheating the external surfaces before reaching the required temperature. Contrarily, in microwave heating (Figure 1B), the reaction vessels are transparent to MWs (they are usually made of Teflon, tan δ = 1.5 × 10−4), so the heating occurs directly within the sample while the vessels remain cold. Therefore, the targeted temperature is reached more efficiently and in a significantly shorter time [24]. However, we will discuss later that heating with MW also has other advantages in the extraction efficiency besides the rapidity.
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Figure 1: Scheme of the heating principle by conduction (A) and by microwave irradiation (B).



MICROWAVE INSTRUMENT FOR LABORATORY APPLICATIONS

	An MW instrument is composed of an MW generator (a “magnetron”), the waveguide, the applicator or the resonance cavity, and the circulator.
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Figure 2: Scheme of the different microwave (MW) designs, namely (A) multi-mode cavity or (B) focused or single-mode. Reproduce with permission from [19].

	Among different MW sources, the magnetron is the one that has found the most significant applicability in industrial, defense, and space applications due to its efficient and compact size. The magnetron uses the interaction of electron flow, driven by a magnetic field, with cavities to produce MW radiation. It consists of an anode with a series of cavities that open into a central vacuum chamber containing a metal cathode. A permanent magnet provides a magnetic field that runs parallel to the cylinder axis. The cathode is heated by a high voltage direct current, producing electrons that flow toward the cylinder wall at 90◦ angles to the magnetic field. The electrons are deflected by the field in curved paths, causing the creation of circular currents within the cavities. These currents produce MW radiation at frequencies related to the size of the cavities. Therefore, the MWs must be directed to where they are needed. This is achieved by a metal structure known as a waveguide, along which the MWs travel. The propagation unit is a rectangular or, less often, circular channel of reflective material. To focus MW radiation on the sample, the applicator, which is the device used to insert the sample, can either be a multimode cavity (Figure 2A) where MWs are spread randomly, or it can be the waveguide itself (Figure 2B). If the cavity is a multimode type, to achieve uniform distribution of MW radiation is necessary to use a stirrer mode, which is a fan-shaped blade used to reflect and mix the energy entering the microwave cavity from the waveguide. In this way, the sample heating will be more position-independent, and multiple samples can be treated at the same time. This system is used for performing pressurized MAE (PMAE). The single-mode instrument guarantees stronger and homogenous irradiation, but generally, it processes a sample at the time, and it is mainly used for atmospheric pressure systems, called focused MAE or atmospheric pressure MAE (Figure 2B).
	An important distinction of the commercially available instruments is between open or closed vessels, with the latter being the most suitable from an analytical viewpoint. In the closed vessel system, temperature and pressure are the two essential parameters to keep under control. The most used temperature sensor is the thermocouple; however, its use has been debated as the metallic nature of the thermocouple can disturb the MW or even cause the concentration of heat at its tip. Metallic components are indeed generally not recommended in the MW. An alternative is using optical fibers, which can also be coated with polytetrafluoroethylene to operate in the most severe environments. Optical fibers provide a more accurate measurement than metal thermocouples, which can self-heat in MW and thus give inaccurate readings. The downside of the optical fiber is that they are expensive. These two con- tact temperature sensors have been generally replaced by non-contact methods, such as optical pyrometers and the infrared sensor [22, 25].
	When operating in a closed vessel, the control of the operative pressure is crucial. The generation of overpressure within the vessel is beneficial as it increases the solvent’s boiling point, but, if out of control, it can be dangerous for the equipment and the operator. The pressure measurements are performed with classical pressure sensors (such as piezoelectric, membranes, and load cells), but some devices have been devised specifically for use in the presence of high-strength electromagnetic fields. An example of this is the use of a glass ring that changes the color of the transmitted polarized lights according to the pressure at which it is exposed in the reaction chamber [22]. Fiber optics can also be used to measure pressure [22]. In modern systems, the closure of the vessel is studied with a calibrated spring that opens to release the overpressure and then quickly reseal the vessel.

MAE: OPTIMIZATION OF THE ANALYTICAL CONDITIONS

As for all the extraction techniques, the optimal conditions depend highly on the matrix characteristics and the targeted analytes to extract. The samples should be as homogenous as possible to guarantee the repeatability of the procedure. This means that when dealing with solid samples, it is important to finely ground the samples in order also to maximize the surface/volume exposure, which in turn maximizes the extraction yield.
The water content of the sample represents a key parameter to be optimized. Indeed, water has a very high dielectric constant, which means that it heats up very efficiently. This, on the one side, guarantees rapid heating of the overall sample-extraction solvent system; on the other side, the evaporation of the matrix-related water causes dilatation and expansion of internal pores, thus facilitating the contact with the extraction solvent and favoring the analyte-matrix interactions, and thus the release of the analyte(s) into the extraction solvent. On the contrary, excessive water content can negatively impact the extraction, forming a protecting layer and/or creating solubility issues, especially when apolar solvents are used for extracting apolar substances. For instance, it was shown an increment in the extraction yield of PAHs in dichloromethane when the water content was increased from 0% to 30%, while over this percentage, the recovery decreased [26]. Therefore, drying or lyophilizing the sample may be beneficial. The water content is, therefore, a crucial parameter to test during method development.
As a general rule, the sample should be completely immersed in the extraction solvent, but thanks to the increased solubility of the analytes, the total amount of solvent is generally significantly lower than the amount needed in traditional extraction [19]. Concerning the nature of the extraction solvent, besides the general consideration regarding the solubility of the targeted analytes, the interaction with the matrix, and the compatibility with the following procedures, the ability of the solvent to absorb the MW should be considered. Different strategies can be exploited. For instance, a polar solvent that intensively absorbs the MW may be preferred to extract polar compounds thanks to the solubility match, but if dealing with thermal-sensible compounds, as for instance essential oils from the water-rich matrix (e.g., leaves or peel), an opposite strategy can be used [17]. The water-rich matrix is easily heated, and the vegetable tissue is disrupted, releasing the analytes of interest. In this case, a solvent with a very low dielectric constant can be used, thus limiting the thermal damage of the extract [17]. A mixture of solvents characterized by different dielectric constants can also be used, but most often, this causes a poor selectivity of the extraction step, requiring a following purification, for instance, in the case of PAHs extracted from smoked meat with a mixture of hexane and acetone [27]. Finally, transparent solvent (e.g., hexane) can also be used, but with the trick of adding a highly absorbent insert (usually made of carbon black material) in the extraction vessel, consequentially the heating transfer to the extraction solvent occurs mainly through conduction and not MW irradiation [27].
Lastly, the extraction time and temperature need to be optimized. These two parameters usually move together as a shorter extraction time is generally required at higher temperatures. Obviously, attention must be paid to the thermal stability of the analytes and the matrix to set the optimal conditions. As aforementioned, when using closed-vessel MW systems, the solvent may increase its boiling point due to the overpressure created by the vapors in the closed-vessel (as in a pressure cooker). Although to a limited extent, this reflects one of the benefits of the pressurized liquid extraction (PLE) system. Under these conditions, the solubility of the analytes is increased, as well as their diffusion rate, while the viscosity of the sol- vent and the superficial tension are decreased, facilitating the penetration of the solvent into the sample matrix and the disruption of the analyte-matrix interactions, overall increasing the mass transfer and thus leading to higher extraction yield [23, 28].

Applications

The main applications herein described are divided into three principal topics: extraction of antioxidant and active compounds, lipids, and contaminants. A table summarizing the main applications is reported in Table S1.
As mentioned in the introduction, this review will focus on the use of PMAE coupled with chromatographic separation for food analysis. In this context, MAE has often been compared to more traditional extraction techniques, such as liquid-liquid, and liquid-solid extraction methods, compared to which it can be considered greener and more sustainable. Indeed, it allows for significantly shortened extraction time, using less solvent and often safer ones, increasing productivity and, at the same time, guaranteeing similar or superior performances [29]. As for pressurized-liquid extraction (PLE), PMAE allows to extract at a higher temperature than the boiling point of the extraction solvent, thus significantly increasing the mass transfer and facilitating the breakage of the matrix-analyte interaction. Generally speaking, PLE and MAE provide similar or higher extraction yields and better repeatability compared to more traditional techniques. Although PLE provides advantages over MAE as it can be considered a semi-dynamic extraction and filtration can be automated within the extraction process step, MAE can process a higher number of samples simultaneously, thus significantly increasing the overall productivity of the laboratory [22].

Antioxidant and active compounds

With the term active compounds, we refer to natural components that play a role in the prevention of various chronic diseases, including cancer, cardiovascular disease, inflammation, and other oxidative stress-related pathologies [30]. Most of these components are antioxidants, and among them, phenolic compounds (which include phenolic acid, flavonoids, and tannins) have received the greatest attention. Indeed, most of the papers referred to the extraction of phenolic compounds, primarily from plants. Many reviews and book chapters have been published on this topic [30–32]. Therefore, herein we discuss mainly the application of MAE to food matrices other than plants. This section will be divided into two main sub-sections, one dealing with phenolic compounds and the other on diterpenes and carotenoids.

Phenolic compounds

Phenolic compounds are specialized metabolites of plants and important constituents of fruits and vegetables. Their relevance in the human diet is related to the proven beneficial effects on health [30]. Recent trends in food functionalization use phenolic compounds, often extracted from waste and by-products of the food industry, to fortify processed foods while improving their stability and healthy profile. Therefore, the detailed characterization of phenolic fractions is necessary, and by utilizing the MAE several benefits are achieved [14, 33].
The total phenolic content is routinely determined with Folin-Ciocâlteu’s method. However, chromatographic techniques are also used for detailed characterization of the phenolic profile, mainly liquid chromatography (LC) coupled to different detectors. The diode array detector (DAD) or a combination of DAD and mass spectrometry (MS) are the configurations most often used to profile phenolic compounds, including anthocyanins and other bio-active phenols [34–36]. Alternatively, LC-MS alone is also used [37, 38]. For example, the determination of phenolic composition from pita fruit by-products and anthocyanins from Ficus carica L. peel was performed by HPLC-DAD-ESI/MS [39, 40]. After MAE, no additional purification was performed, obtaining satisfactory limits of quantification (LOQ) in the 2.17 × 10−7–1.02 × 10−4 mg/mL range.
The main difficulty in the extraction process of phenolic compounds is that they are sensitive to thermal and oxidative degradation, thus, shorter and milder extraction conditions are preferable. In this regard, MAE can play an important role. Moreover, as aforementioned, MAE has been increasingly proposed as a more sustainable alternative to traditional methods, such as liquid-solid or liquid-liquid extraction, Soxhlet extraction, and ultrasound extraction.
Almost all the works herein considered for phenolic compounds compared the efficiency of MAE with one or more traditional extraction techniques. In the work of Liazid et al. [37], recovery comparable to the conventional maceration extraction was obtained for eight phenolic compounds from the grape skin (i.e., 87 %). The extraction was performed with 25 mL of an aqueous methanol solution at 40% (v/v) and the time was significantly shortened from 5 h with the maceration to 5 min with MAE. Moreover, with the latter procedure, three additional compounds were successfully extracted and detected (i.e., malvidin 3-coumaroylglucoside (cis), malvidin 3- caffeoylglucoside and petunidin 3-p-coumaroylglucoside). 
The use of MAE could reduce solvent consumption by up to ten times compared to traditional extraction, as reported by Halil et al. for the extraction with ethanol from Morus nigra L. fruit [36]. Moreover, the same work reported a significantly lower extraction time, that is, 10 min instead of 300 min, thus minimizing the degradation of the most sensitive compounds [36]. Maccelli et al. [34] reported degradation of the (poly)phenols, anthocyanins, flavonoids, phytosterols, carotenoids, and saponins, even with the use of MAE if the extraction times exceeded 15 min and the temperatures were above 60◦C (i.e., 80, 100, and 120◦C). 
Although not using a commercial PMAE, worth mentioning is the approach proposed by Xiaohua et al. for the extraction of labile compounds from different foods [41]. They proposed the use of a lab-made low-temperature vacuum MW system. The MW oven was modified, adding a low-temperature extraction tank, a cooling tube, and a vacuum pump. The system was used to extract Vitamin C, aloin A, and β-carotene from different food samples, obtaining a higher extraction efficiency than conventional MAE and solvent extraction. In fact, the absence of air in the extraction vessel preserved the most oxygen-sensitive compounds. We can assume that the different extraction was carried out with the same conditions, even if not clearly specified. The comparison is shown in Figure 3.
To identify the best extraction conditions, many researchers have employed designs of experiments (DOE), such as factorial, central composite, and orthogonal array designs [37, 38]. The parameters evaluated were usually the extraction time, temperature (or MW irradiation power for the earliest works), and sample weight. The latter was never reported as a significant parameter affecting the recovery, except for Ballard et al. [42]. In contrast, the correlation between time and temperature was always significant and further investigated by a full experimental design. In the case of degradation-prone compounds, such as phenolic compounds, the use of DOE is highly beneficial as the delicate equilibrium between extraction efficiency and degradation can be more easily identified by a DOE. Indeed, generally higher temperature and longer time increase the extraction yield, but at the same time, increasing the temperature may permit the reduction of the extraction time, also limiting degradation. In the case of MAE, it has been shown that the extraction time can be reduced from hours to min. For example, Liazid et al. studied the recovery of eleven anthocyanins from grape skin. Extraction times between 2.5 and 30 min were tested. After 5 min, no benefit on the yields was observed, while further extending the extraction above 15 min negatively impacted the recoveries [37].
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Figure 3: Comparison of the extraction yield obtained applying low-temperature-vacuum MAE (red), classical MAE (blue), and solvent extraction (SE, yellow). Reproduced with permission from [41].

Another important factor is the amount and the type of solvent to improve both the extraction efficiency and the greenness of the method. The most used solvent for the extraction of phenolic compounds is a mixture of water and ethanol, with different percentages of ethanol ranging from 30 to 80%. The amount depends mainly on the original water content of the matrix. For instance, 80% of ethanol was used for the extraction of astragalosides (triterpenoid saponins that possess antioxidant activities) in Radix Astragali [Astragalus membranaceus var. mongholicus (Bunge)] [43]. In contrast, for the extraction from fruit samples, a lower percentage of ethanol is used, such as 56% for papaya leaves [44] and 36% for mango seeds [45]. To improve further the greenness of the extraction, Bubalo et al. [46] considered deep eutectic solvents (DES) as a green alternative to conventional solvents to isolate phenolic compounds from the grape skin. A comparison of the extraction performance was conducted among five different DES Choline chloride-based, and with a series of conventional solvents, such as water, aqueous methanol (MeOH; 70:30 v/v), and acidified aqueous solution of methanol (methanol/water/ 12 M HCl, 70:29:1, v/v/v; with pH = 1.25). The comparison of the extraction yields of two flavonoids chosen as representatives is shown in Figure 4. For the extraction of quercitin-3-O-glucoside, DES Choline chloride-based containing glycerol showed very good extraction efficiency, while for the (+)-catechin, the best performing mixture was that with DES Chlorine chloride-based containing oxalic acid. In general, also for the eight anthocyanins analyzed, the most promising one was chloride-based DES containing oxalic acid as a hydrogen bond donor with 25% water. This can be attributed to the fact that anthocyanins are polar compounds, and therefore the polar organic acid-based DES (more polar than those based on sugars and polyalcohols), showed better performances.
Bonacci et al. [47] and Bener et al. [48] used natural- based DES for the MAE of bioactive compounds from olive oil production wastes and by-products, and from Turkish hazelnut. According to them, the extraction with natural- based DES resulted in a higher polyphenolic content from food by-products (i.e., 60.88 mg/kg-dry sample) than the traditional extraction method utilizing ethanol as a solvent (i.e., 52.97 mg/kg-dry sample).

Diterpenes and Carotenoids

Diterpenes have been successfully determined from green coffee oil using MW-assisted methanolysis. The comparison with the traditional heating technique showed clear improvements. An observed yield of 99% was obtained with MW, compared to 25.9% obtained with conventional heating [49].
Tsukui et al. developed a fast method using MW irradiation for the oil extraction from coffee beans, obtaining advantages over the Soxhlet extraction. In terms of results, the MAE led to a space-time yield of 0.07572 g/h compared to the space-time yield of 0.01270 g/h obtained with Soxhlet extraction [50]. In addition to this, they also used MW irradiation for methanolysis to quantify two diterpenes (cafestol and kahweol) in coffee oil according to Oigman et al. protocol [49].
MAE technology was also successfully applied to extract carotenoids from foods and marine organisms [51]. Nevertheless, if not properly optimized, the extraction yield can be lower compared to classical methods (e.g., Soxhlet). Extending the extraction time in MAE is not recommended since studies have shown that carotenoids are easily degraded during the extraction process due to oxidation and isomerization [52]. Pre-treatments of the sample before MAE, such as water and citric acid blanching, were found to be beneficial in improving the yield [51, 53]. In general, when MAE technology is applied in carotenoid extraction, it is important to define the highest temperature for rapid extraction without damaging the thermo-labile carotenoids. For the extraction of carotenoids from paprika powder, Kiss et al. [54] determined the best conditions as 120 s at 60◦C. Furthermore, they proved that the efficiency and the selectivity of MAE depend on the dielectric constant of the solvent. They considered different solvent mixtures (water with different percent of organic modifier), showing that the selectivity is influenced by the percent of organic modifier more than the type, as shown in the two-dimensional non-linear selectivity map reported in Figure 5.
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Figure 4: (+)-Catechin and quercetin-3-O-glucoside content in grape skin extracted with different DES Chlorine Cloride-based containing ChGyl (Glycerol), ChOa (Oxalic acid), ChSor (Sorbose), ChMa (Malic acid), ChProMa (Proline and Malic acid), water (H2O), aqueous methanol (MeOH) and acidified aqueous solution of methanol. The number in the graph (0–50) indicates water content in DES (%). Reproduce with permission [46].
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Figure 5: Two-dimensional non-linear selectivity map of solvent mixture. Numbers refer to the solvent mixture in the table. Reproduce with permission [54].

Lipids

Several methods have been developed for total lipid extraction over the years [55]. However, the Soxhlet one, introduced in 1879 by Franz von Soxhlet for milk fat determination [56], remains the reference method [57]. The Soxhlet generally provides a high extraction yield; however, it has limitations for samples containing a high amount of water [55], it requires a very long extraction time (several hours), and continuous heating at the boiling temperature may lead to lipid oxidation and degradation of heat-labile compounds [58]. Besides Soxhlet, Folch, and Bligh and Dyer methods, which use different ratios of chloroform/methanol/water, are considered gold standards for lipid extraction [59, 60]. The former is generally preferred to extract lipids from solid tissue, whereas the latter is more suitable for biological fluids [61]. Although these not energy-based methodologies have been improved and modified over the years, these conventional sample preparation methods may still require large solvent volumes involving intensive sample manipulation [19]. To overcome these disadvantages, developing energy-based methodologies such as MAE can lead to rapid and environmentally friendly extraction methods, minimizing solvent consumption and time. The procedure for extraction and derivatization of lipid samples using microwaves is generally composed of a three-step process: cell-wall disruption, lipid extraction, and derivatization (e.g., transesterification for fatty acid analysis). Compared to other extraction methods, such as Soxhlet and Bligh and Dyer [60], under optimal conditions, MW can effectively break the cell wall thanks to the expansion of the intra-cellular water [62, 63]. 
Lipid extraction efficiency depends on factors such as the MW power applied, solvent types, and mixing sol- vent ratios [64]. Extraction time may remain critical as thermo-oxidative degradation can occur, but generally, using MW, the time is significantly reduced [65]. Considering the clear advantages in terms of time and throughput, MAE is already considered an established methodology in total lipid extraction and with this aim, it has already been described elsewhere [66, 67]. Therefore, the focus of this section is mainly on the use of MW in one-step extraction/derivatization (MAED), the extraction of tar- get lipid classes, and/or the improvement of derivatization procedures.
MAED methodology has been widely applied in oleaginous biomasses from marine resources [70–73] but, to date, only a few contributions have been published in food domains. Khoomrung et al. used the MW energy to break the rigid cell wall structure of yeasts (Saccharomyces cerevisiae) and simultaneously derivatize the bonded/no- bonded fatty acids (FAs) in a single step, modifying a derivatization method (using BF3 in MeOH) previously proposed by Abdulkadir and Tsuchiya [68]. The preparation of the fatty acid methyl esters (FAMEs) was reduced from 120 to 11 min. The MW temperature was ramped to 120◦C within 6 min and maintained for 5 min. After cooling at room temperature, 2 mL of water was added to the sample. After centrifugation, the upper organic phase containing FAMEs was directly analyzed by GC-MS [69].
In 2015, González-Arrojo et al., developed a one-step extraction/transmethylation based on MW-assisted methodology using hexane with methanolic chlorhydric acid followed by GC-MS analysis for the FA investigation in milk and dairy products [70]. The authors compared the results to the reference ISO method, involving a first extraction with hexane followed by esterification with methyl acetate and sodium methylate [71]. In the same year, Brunton et al. used the MAED approach to investigate FA composition in different foods (milk, butter, infant formula, cooked chicken breast slices, cooked ham slices, uncooked sausages, spaghetti bolognese, lasagne, and chicken). A 10 mm stir bar inside the MW vessel was added to facilitate homogenization. A solution containing potassium hydroxide and methanol was used and the reaction vessel was heated to 90◦C in 4 min and held at this temperature for 10 min. The vessel was ice-cooled at room temperature, and methylation was performed by adding 15 mL of 5% acetyl chloride in MeOH solution, heating to 120◦C in 4 min, and holding for 2 min. FAMEs were analyzed by GC-FID and identified by comparing their linear retention indices with those of authentic standards [72]. The authors compared their MAED methodology with the respective standard methods for FAMEs preparation [73–76] obtaining comparable results [79–82].
Liu et al. investigated FA in raw nuts and seeds using a MW–ultrasonic synergistic in situ extraction– derivatization followed by GC-MS analysis. The response surface methodology was used to optimize parameters such as reaction temperature, microwave power, amounts of catalyst, and derivatization reagent [77]. Gravador et al., applied MAED followed by GC-FID analysis to investigate three branched chain FAs: 4-methyloctanoic acid, 4-ethyloctanoic acid, and 4-methylnonanoic acid from subcutaneous adipose tissue of lamb using a methodology based on the method previously developed by Brunton et al. [72]. The method was validated in terms of linearity, limit of detection (LOD), LOQ, and accuracy.
Fina et al. [78] recently developed a one-step microwave- assisted lipid extraction/methyl ester derivatization process in food samples. The authors used an acidic methanolic solution for transesterification and cyclohexane as extraction solvent, applying a temperature of 120◦C per 15 min. Several foods and ready-to-eat products were investigated to verify broad applicability. The method was optimized and validated by comparing it to different reference methods from the literature [59, 60, 79, 80], particularly with the official American Oil Chemistry Society method for FAMEs analysis in food [81]. The proposed MAED procedure provided a greener and faster alternative to the reference ones when evaluated based on the AGREEprep metrics [82]. Moreover, a fast comprehensive two-dimensional GC (GC×GC) methodology using a reversed-fill/flush flow modulator and flame ionization detector (FID) was developed for FAMEs analysis allowing their complete profiling in a short time (∼30 min). The authors claimed that due to the separation power of GC×GC, there was no need for MS hyphenation during FAMEs identification, making the analytical technique even greener and less costly, simplifying the method even further and contributing to the acceptance of this technology for routine applications. Figure 6 reports the FAMEs % comparison in cow milk using the proposed MAED methodology and a reference one for milk samples [79], with no significant differences observed [78].
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Figure 6: Comparison of the fatty acid methyl esters (FAMEs) percentage profile of milk analyzed using the reference method (grey bars) [79] and the microwave-assisted extraction and derivatization (MAED) at 120◦C for 30 min [blue bars] and 15 min [orange bars]). Error bars indicate the standard deviation of three replicates. Reproduce with permission [78].

The same research group developed a microwave-assisted saponification (MAS) method followed by solid-phase extraction (SPE) to characterize sterols and dialkyl ketones (DAK) in fats. After the MAS, the unsaponifiable fraction was extracted using diethyl ether, and DAK and sterol fractions were both isolated using a single lab-made SPE. GC-FID was used for quantification and GC-MS for confirming the identification of the different targeted compounds. The proposed method showed good recoveries (> 80%) and LOQ (0.04−0.07 μg/g for the 4 DAK and 0.07 μg/g calculated on the internal standard α- cholestanol), with repeatability below 15% for DAKs and generally lower than 6% for sterols. Different lipid samples were investigated, namely palm oil, rapeseed oil (raw and hydrogenated), shea butter, and a mixture of the formers after chemical interesterification (responsible for DAK formation) [83].
Souza et al. [84] developed a MAS methodology for the investigation of cholesterol and cholesterol oxide products (COPs) in shrimps (raw, salted, and dried-salted). The optimization of the MAS conditions was carried out using dried salted shrimps and a central composite rotational design (three variables and two levels). After saponification, samples were extracted with hexane. The extract, containing cholesterols and COPs, was dried and derivatized to form the trimethylsilyl ether-derivatives, then analyzed by GC-MS. To monitor artifact formation due to cholesterol oxidation during saponification, 1 mg of cholesterol-D6 was added to 500 mg of dried salted shrimps. The method was validated in terms of LOD, LOQ, recovery, repeatability, and intermediate precision.

Contaminants in food

The use of MAE for the analysis of contaminants is probably the most explored use of MW technology in the extraction field. A few recent reviews deal with the topic [19, 20]. This review will give a general overview, dividing the broad topic into the main groups of contaminants, namely hydrocarbons, pesticides, and antibiotics, and grouping the remaining into a section defined as various.

Hydrocarbon contamination: polycyclic aromatic and mineral oil hydrocarbons

Although chemically very similar, when referring to PAHs or to mineral oil hydrocarbons (MOHs, which are divided into saturated mineral oil saturated hydrocarbon [MOSH] and aromatic mineral oil aromatic hydrocarbons [MOAH]), the sources of contamination in food are very different. Indeed, PAHs originate mainly from pyrogenic origin, while MOHs are of petrogenic origin and contain a minimal amount of PAHs. Therefore, even if the analytical procedure, especially from the sample preparation view-point, is very similar, no papers deal with them together. On the other hand, some reviews have been published, merging their discussion [19, 85].
When dealing with hydrocarbon determination, the basic extraction procedure generally follows the lipid extraction protocol as this class of contaminants is highly lipophilic [27, 86]. This means that a purification step is necessary to isolate the hydrocarbons from the bulk of the triglycerides (TAGs), which is often performed using a silica-based SPE cartridge, which easily allows for retaining the TAGs and elutes the hydrocarbons. Nevertheless, an important development that has significantly simplified the extraction procedure is the use of a simultaneous hydrolysis/saponification and extraction step to get rid of the bulk of the TAGs and easily retain in the supernatant organic phase only the less polar compounds, among which the hydrocarbons. This procedure was optimized by Pena et al. in 2009 for the analysis of PAHs from fish tissue [87] and extended to grilled meat shortly after [88]. The main advantage is that this procedure minimizes the need for the following purification step. For instance, in meat samples, the SPE purification was performed using a 500 mg SPE cartridge rather than a 5 g, significantly reducing the amount of solvent needed [27, 88, 89]. Obtaining cleaner extract also allowed the miniaturization of the purification step by performing a selective dispersive liquid-liquid microextraction [90–93] using 100 μL of tetra- chloroethylene and 500 μL of acetone into 10 mL of sample solution and obtaining recoveries above 80% and LOQ generally lower than 0.9 μg/kg, except for fluoranthene, dibenzo[a,h]anthracene, and naphthalene for grilled meat [91]. In contrast, higher recovery and lower LOQ were obtained using the same approach for smoked rice [92] and toasted bread [93]. No additional purification was used for the determination of PAHs from propolis and propolis- based supplements after alkali hydrolysis and using LC separation coupled with a fluorescence detector (FLD), obtaining recoveries in the 77–102% range and LOQ lower than 0.3 μg/kg [89].
When dealing with MOHs of petrogenic origin, i.e., MOSH and MOAH, MAE is mainly used as a combined extraction and enrichment step. In fact, the content of fats in the extract is the main limiting factor for attaining the required LOQ. The routine method for MOSH and MOAH determination uses a hyphenated LC-GC-FID system, where the LC separation is exploited for retaining the triglycerides coextracted with the MOHs and to further separate the MOSH from the MOAH. Nevertheless, the LC silica column’s maximum load ability is 20 mg. Therefore, an enrichment step is necessary to improve the LOQ when dealing with high-fat-content food. This step can be done by employing a higher capacity separation column before using the analytical one, but a saponification step is usually preferred to eliminate most of the triglyceride fraction [94, 95]. Performing simultaneously saponification and extraction in the same closed vessel has been largely reported [96–104]. In fact, compared to traditional extraction, it not only allowed for an efficient pre-concentration before the LC-GC-FID analysis, as shown in Figure 7A, but also allowed for quantitative extraction of the external contamination originating from the food packaging along with the pre-existing contamination tightly tangled with the matrix (Figure 7B).
Nevertheless, the optimization of the saponification conditions is highly sample-dependent. In the case of high- fat products, such as biscuits or fish feed, a saturated KOH solution in methanol was always used, but when applied directly to edible oil, particularly olive oil [100], it was necessary to reduce the concentration of KOH to 1.5 N and to add an additional washing step to avoid the formation of solid soap and emulsion. The modified procedure resulted in recovery higher than 90% and a 5-fold enrichment compared to the direct injection of the oil into the LC-GC-FID system.

Pesticides

Pesticides refer to a vast class of compounds widely used to prevent the loss of crops due to weeds and pests. Their determination is mainly performed with chromatographic techniques, either GC and LC, coupled with highly selective and sensitive detectors, such as the triple-quadrupole MS. Nevertheless, even if powerful and advanced detectors are used, the sample preparation step, beyond extraction of the targeted analytes, remains vital to ensure the required sensitivity and avoid overloading the analytical instruments with a high level of interferents that can cause extensive matrix effects and shorten the life of the system itself [105, 106]. Among the alternatives to the traditional solid-liquid or liquid-liquid extraction procedures, MAE has an important place in guaranteeing an efficient extraction, reducing time and solvent consumption [20].
For the extraction of different classes of pesticides in vegetable products, the high presence of water in the matrix (over 80%) assures an efficient heating of the system; meanwhile, the local expansion of water disrupts the inter- action of pesticides with the matrix increasing the overall extraction yield [107]. Nevertheless, attention must be paid to the applied temperature when thermolabile pesticides are extracted. Also, the selection of the proper solvent or solvent mixture is important for the selectivity of extraction and thus to target multi-classes residues.
Several solvents and mixtures have been tested, such as hexane and acetone [108, 109], acetonitrile [110–112], and acetonitrile/acetone [107]. In particular, the latter (1/1 v/v) succeeded in the efficient extraction of 72 pesticides from 35 different matrices [107], while acetonitrile alone was proven suitable for the combined extraction of pesticides and mycotoxins (total of 46 analytes) in a single procedure from apple [111] providing comparable performances with the quick, easy, cheap, effective, rugged, and safe procedure but is a simpler workflow.
The presence of water in the matrix was also beneficial in extracting pesticides from animal tissues. Zhang et al.[113] compared the extraction efficiency of organochloride pesticides from fish muscle tissue fresh or freeze-dried, showing a significant recovery loss when the sample was freeze-dried (Figure 8).
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Figure 7: (A) Comparison between mineral oil saturated hydrocarbon (MOSH) traces of a biscuit sample, containing 25% fat, analyzed after overnight extraction (injecting into the LC column an amount of extract corresponding to 50 mg of the sample) or after MAS and a 5-fold concentration (injecting an amount of extract corresponding to 250 mg of the sample containing more than 70 mg of fat). (B) Comparison between MAS and overnight extraction. The figure displays MOSH traces of a sample prepared with unspiked extra virgin olive oil (control bread) and a sample prepared with the same extra virgin olive oil spiked with printing ink solvent. Reproduce with permission [96].
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Figure 8: Comparison of the extracted concentrations of organochlorine pesticides in fresh and freeze-dried fish muscle tissue. The results were converted to ng per gram of freeze-dried weight. Both means (bars) and standard deviations (sticks) are shown. Reproduce with permission [113].

	MAE using a mixture of methanol/water was used for the extraction of eight selected pesticides from infant milk formula and compared with Soxhlet extraction followed by the same purification method (i.e., SPE) and analytical determination (i.e., LC-MS/MS). Significantly higher recoveries were obtained using MAE, ranging between 87% and 98%, compared to Soxhlet, for which recoveries in the 35%–75% range were obtained at the same spiked con- centration [114]. Gfrerer et al.[115] compared MAE with Soxhlet extraction, dive-in Soxhlet extraction, fluidized-bed extraction, and PLE, for the analysis of chlorinated pesticides in animal feed using a certified reference material (i.e., BCR-115). Pressurized liquid extraction gave the highest recoveries, as for its nature, it is a dynamic extraction, but MAE gave comparable results with superior repeatability, that is, relative standard deviations in the 0.4%–2.8% range.
Antibiotics and steroids

Guedes-Alonso et al. optimized a MAE protocol to analyze fifteen hormones and glucocorticoids in fish tissue [116]. They studied the impact of different conditions, namely sample weight, extraction solvent volume, extraction time, and microwave power, using a 24 factorial design and thus narrowing down to two main variables significantly impacting the extraction yield: extraction time and MW power. These two parameters were further optimized, exploiting a 32 factorial experimental design, defining an optimal at 7 min and 450 W using methanol as extraction solvent. Unfortunately, no mention of the corresponding extraction temperature was reported. A similar study was performed by Aufartova et al. [117] to analyze fluoroquinolones from fish. The authors compared methanol and acetonitrile, selecting the former for easier compatibility with the eluent of the following LC-FLD determination. Three variables were preliminarily studied with a 23 facto- rial design, namely extraction solvent volume, extraction time, and MW power. And then narrowed down to the latter two to perform a 32 factorial design, setting the final conditions to 8 min and 150 W, which allowed to reach a temperature closer to the solvent boiling point.
The efficiency of MAE for the analysis of steroids from infant formula was investigated by studying the temperature-time profile of extraction using acetonitrile as solvent. The highest recoveries (95%–97%) were obtained using 10 mL of acetonitrile at 60◦C for 6 min. Then the extract was cleaned in gel permeation chromatography and derivatized prior to the measurements in GC-MS/MS, reaching LOQ in the range of 0.094–0.265 μg/kg [118].

Various

MAE was successfully used to extract heterocyclic aromatic amines from beefburgers and fried chicken nuggets [119, 120]. Agudelo Mesa et al. [119] presented an interesting approach by using MAE for a “pre-cleaning” of the samples from lipids before the actual extraction of the heterocyclic aromatic amines. The samples were defat- ted by adding three times 3 mL of heptane at 90, 100, and 110◦C. The heating was possible thanks to the natural water present in the sample. The lipids were extracted in heptane in only 3 min, while it was evaluated (although unclear how) that otherwise, 42 mL and 42 min would have been necessary to reach the same results without using the MAE.
A sensitive and alternative method to the official Association of Official Agricultural Chemists was developed by Huang et al. [121] to analyze N-nitrosamines in pork samples. The extraction was followed by a dispersive µ-SPE and GC-chemical ionization-MS analysis, reaching LOQs in the 0.03–0.36 ng/g range.
MAE was also successfully applied for the analysis of contaminants migrating from food contact materials, such as bisphenol A, but also novolac glycidyl ethers, bisphenol A diglycidyl ether and its derivatives from metal can coatings [122, 123], or phthalate esters [124]. As well as for the analysis of 21 dyes in different food products by extracting 10 g of samples with 15 mL of methanol/water (95/5 v/v) at 80◦C for 5 min, followed by an SPE cleaning and LC-UV detector [125].
Pallaroni et al. thoughtfully studied the effect of different MAE conditions (i.e., time, temperature, and solvent) for the extraction of zearalone from wheat and corn [126] and then compared the optimized method with other traditional and alternative techniques, that is, blending, shaking, ultrasound-assisted extraction, and accelerated solvent extraction showing superior yield using MAE, closely followed by the accelerated solvent extraction technique.
Conclusion

The use of MAE for analytical methods is a powerful alternative to more traditional extraction methods, such as Soxhlet and ultrasound. The efficient heating and the disruption effect on the matrix, which weakens the matrix- analytes interaction and increases the contact surface with the extraction solvent, have been proven beneficial in many fields of application in food analysis. Overall, MAE allows for less time- and solvent-consuming extraction with superior or equal extraction yield compared to the traditional methods. Moreover, commercial closed-vessel systems allow for the simultaneous processing of more samples, significantly increasing the laboratory throughput.
Of particular interest is the possibility of merging multiple steps of the sample preparation procedure with the extraction one, such as simultaneous saponification and extraction (i.e., MAS) or extraction and derivatization (e.g., MAED), thus simplifying the overall procedure.
Together, these benefits lead to a greener and more sustainable sample preparation method. In the authors’ opinion, the MW technology is still under-exploited, both at routine and research levels. More fundamental studies on the advantages of MW in different sample preparation steps should be done to convince that extraction time is not the only benefit of using MAE. The possibility of miniaturizing the sample preparation while still exploiting the MW is the next step that so far has not been explored and will provide an extra impulse toward greener techniques and the diffusion of the MW technology.
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Number and composition of solvent mixtures used for the MAE of
colour pigments of paprika
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