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Abstract
This review article traces the history of the use of liquid chromatography coupled with mass spectrometry (LC-MS) using electron ionization (EI) from the first attempts up to the present day. At the time of the first efforts to couple LC to MS, 70 eV EI was the most common ionization technique, typically used in gas chromatography-mass spectrometry (GC-MS) and providing highly reproducible mass spectra that could be collated in libraries. Therefore, it was obvious to transport this dominant approach to the early LC-MS coupling attempts. The use of LC coupled to EI-MS is challenging mainly due to restrictions related to high-vacuum and high-temperature conditions required for the operation of EI and the need to remove the eluent carrying the analyte before entering the ion source. The authors will take readers through a journey of about 50 years, showing how through the succession of different attempts it has been possible to successfully couple LC with EI-MS, which in principle appear to be incompatible.
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Abbreviations
APCI: atmospheric pressure chemical ionization 
API: atmospheric pressure ionization
APPI: atmospheric pressure photo-ionization
AMDIS: automated MS deconvolution and identification system
Cap-EI: capillary-EI 
CBD: cannabidiol
CBN: cannabinol
CF-FAB: continuous flow-fast atom bombardment 
CI: chemical ionization
DBP: d-n-butyl phthalate
DEHP: di-(2-ethylhexyl) phthalate
DEI: direct electron ionization
DEP: diethyl phthalate 
DLI: direct liquid introduction
EDCs: endocrine disrupting compounds
EI: electron ionization
ESI: electrospray ionization
FAME: fatty acids methyl esters 
FFA: free fatty acid
FIA: flow injection analysis 
GC-MS: gas chromatography-mass spectrometry 
HRMS: high-resolution mass spectrometry
LC-MS: liquid chromatography coupled with mass spectrometry 
LEI: liquid electron ionization
MAGIC: monodisperse aerosol generation interface for chromatography
MB: moving belt
ME: matrix effects
MIMS: membrane introduction mass spectrometry
MOI: microfluidic open interface
MAGIC: monodisperse aerosol generation interface for chromatography
Micro-PB: micro flow rate particle beam interface 
MRM: multiple reaction monitoring
MS/MS: tandem mass spectrometry 
MW: molecular weight 
NIST: National Institute of Standards and Technology
PB: particle beam
PAHs: polycyclic aromatic hydrocarbons
POPs: priority organic pollutants 
REMPI: resonance-enhanced multiphoton ionization
RTI: linear retention index
SBM: supersonic molecular beams
SIDS: sudden infant death syndrome
SIL-ISs: stable isotope-labeled internal standards
SIM: selected ion monitoring 
SPME: solid-phase microextraction
SPI: single-photon ionization
STVN: soft thermal vaporization nozzle
TEA: triethylamine
THC: tetrahydrocannabinol
TIC: total ion current 
TNT: trinitrotoluene 
TOF: time-of-flight
VUV: vacuum ultraviolet 

1. Introduction 
The effectiveness of separative techniques, mainly chromatography, coupled with MS in the analysis of known and unknown compounds, represents a foundation in modern instrumental analytical chemistry. Amongst the available separation techniques, GC became most employed in analytical chemistry laboratories thanks to the pioneering work in 1952 of James and Martin on partition chromatography [1]. The following years were fundamental for the development of a GC-MS-based instrumentation, as well detailed by Gohlke & McLafferty [2]. A quantum leap was achieved in 1959 when MS was employed as a detector for chromatography for the first time [3]. The development of capillary columns facilitated the direct coupling with an EI ion source, further strengthening the compatibility between GC and MS. Low carrier gas flow rates of capillary columns compatible with the high-vacuum requirements inside the ion source and high chromatographic resolution allowed the analytes to enter into the MS well separated, generating interpretable mass spectra, thus laying the foundation for the development and vast expansion of GC-MS in the last 60 years. 
The coupling of LC to MS is more complex, mainly caused by the limitations imposed by the presence of a liquid eluent inside the ion source. Before sketching out the LC-MS history, it is beneficial to provide some basic information on EI. This ionization technique was developed by Dempster between 1918 [4] and 1921 [5], then later improved by Bleakney [6], Winn, and Nier [7]. The ion source is kept under high-vacuum and high-temperature to promote analyte ionization exclusively in the gas-phase. High-energy electrons, generated by a tungsten filament crossed by an electric current, intercept gas-phase molecules, producing an excited, positive radical ion, M•+, called the molecular ion. The energy of the incident electrons (70 eV) can produce not only the molecular ion, but also several characteristic fragments. In many cases, when binding energies are low, the molecular ion may not be present in the mass spectrum. Fragmentation is reproducible and specific to each molecular species, allowing the reconstruction of the structure of unknown analytes and, since it is dependent on the energy and structure only, it can be used as a fingerprint to compare it to reference libraries (Wiley, National Institute of Standards and Technology-NIST). EI can benefit from deconvolution algorithms to extract and separate mass spectra of partially overlapped chromatographic peaks, making identifications reliable in the case of complex mixtures and insufficient chromatographic resolution (AMDIS, Automated MS Deconvolution and Identification System by NIST; Unknowns Analysis by Agilent Tech.). This potentiality is crucial when unknown substances have to be identified, or legal defensibility is required. The mechanism of EI exhibits a considerable advantage over other ionization techniques as a result of ion formation under high-vacuum conditions. After key instrumental parameters, such as source temperature and electron energy are set, EI depends only on intramolecular reactions, and not on chemical interactions. Any molecule present in the gas-phase can be ionized regardless of chemical structure and the co-presence of carrier gas or solvent vapor, which do not take part in the ionization process. These features mitigate EI matrix effects (ME), even in presence of co-eluted substances from complex matrices. Reduced ME allow a correct quantitative analysis of untreated real samples or possible addiction of mobile phase modifiers to improve chromatography. 
Comparing GC and LC, Snyder et al. [8] estimated that only about 20% of organic molecules are GC-amenable, plus a limited number of molecules that can be volatilized with time-consuming, expensive, and often irreproducible derivatization processes. The remaining part can be separated with LC, without restrictions due to volatility or thermal stability.
At first, LC-MS was considered as an extension of GC-MS, and EI was the most popular ionization technique on the market. Therefore, its use was extended to the early LC-MS attempts [9]. Limitations linked to the presence of liquid mobile phase, high operating pressures, and low operating temperatures seemed to be incompatible with EI. Considerable attempts were made to develop efficient EI-based LC-MS interfaces, many of which were commercialized [9-11]. These attempts were constrained mainly by high mobile phase flow rates and limited molecular weight range. New approaches were then developed, each one with its own specification and fields of application. [12-18]. 
In the early 1980s new ionization techniques were introduced, increasing options for LC-MS [19-21]. These techniques were based on ion or atom bombardment and required analytes’ mixing with non-volatile matrices, ionizing molecules of molecular weights up to 10 kDa. Time-of-flight (TOF) or magnetic double sector were typical analyzers. These new ionization techniques were utilized in LC-MS, such as in continuous flow-fast atom bombardment (CF-FAB) [22]; nevertheless, the turning point in the world of LC-MS arrived with the development of electrospray ionization (ESI) [23-27]. ESI rapidly became one of the most widely used ionization techniques in MS thanks to its versatility, sensitivity, and ability to ionize even high-molecular weight, non-volatile, and thermolabile analytes, through the formation of multiply-charged ions. ESI produces stable molecular ions directly from the liquid phase, perfectly compatible with LC. It is particularly efficient for high-polarity molecules and strongly dependent on the mobile phase composition. Mass spectra, dominated by cationated, deprotonated and anion adduct molecules depending on solvent conditions and analyte type, are poorly informative about analyte structure, requiring the use of tandem mass spectrometry (MS/MS) or high resolution-MS (HRMS) systems to obtain reliable qualitative data. Suppression or enhancement phenomena of the ionic current due to the co-presence of matrix interferences or co-eluted compounds are very common, affecting quantitative data and hindering the development of universal mass spectral databases. Other atmospheric pressure approaches were presented in the following years. Atmospheric pressure chemical ionization (APCI) [28-30] and atmospheric pressure photo-ionization (APPI) [31] were developed to extend LC-MS applicability to lower polarity and non-polar analytes. 
No LC-MS interface can claim to be universal; those present in the market have distinctive specifications and fields of application. In this multifaceted perspective, the characteristics of EI have inspired some research groups to continue the development of new LC-EI-MS interfaces, confident of the important role that this technique can play in quali-quantitative analysis. The purpose of this review article is to retrace the steps on the progress of LC-EI-MS from the first instruments to modern solutions, describing fields of application and differences from API techniques.

2. The history of LC-EI-MS
2.1 From Moving Belt to Capillary-EI
Following the rapid growth of LC-based applications, numerous interfaces were designed to couple LC with EI-MS . The major obstacle was the presence of the liquid mobile phase at flow rates high enough to break the vacuum needed in the EI ion source: the mobile phase transition from liquid to gas inside the ion source mainly induced chemical ionization (CI). In this way, it was impossible to obtain clean EI spectra. In the late 1960s, Tal’roze et al. proposed the first LC-EI-MS direct coupling [32]. Their results did not lead to any successful prototype, and it was soon concluded that coupling LC with EI-MS was not a practicable approach. In 1974, Arpino et al., achieved direct introduction studies, developing an LC-MS interface that exploited CI, which they termed direct liquid introduction (DLI) [33, 34]. They conceived an interface adaptable to any unmodified MS instrument where the liquid mobile phase, converted in the gas phase, acted as a CI reactant gas. Despite moderate success in the 70s, DLI was soon turned down for various reasons: no EI spectra formation; low sensitivity due to high splitting of mobile phase and sample; and frequent capillary blockages. 
During the same period, a different concept to transfer sample molecules from the liquid mobile phase to the EI-MS ion source was designed.  The idea consisted in separating the analytes from the mobile phase as they eluted from the LC column before entering the EI ion source. This offline approach was automated to make it viable for routine use, leading to the first LC-MS interface called moving belt (MB) [35, 36]. In Figure 1, a scheme of MB is illustrated. In MB, the eluent from the chromatographic column was sprayed onto the surface of a belt or tape and subsequently evaporated at atmospheric pressure. The analytes remained on the belt and were transported from atmospheric pressure into the ion source through a series of vacuum chambers. Once in the source, the samples were heated and vaporized allowing for subsequent ionization. The interface was recommended for samples with boiling points above 300 C to avoid significant loss of volatile components during the transport stages; however, less volatile molecules such as nucleosides and nucleotides were analyzed using this system [37]. MB was commercialized but it was discontinued in the early ‘80s due to the many limitations: complexity and mechanical fragility, high memory effects, especially with low volatile substances, and, consequently, limited applicability.
In 1984, Willoughby and Browner presented the monodisperse aerosol generation interface for chromatography (MAGIC), also known as particle beam (PB) [38] which exploited the same operating principle as MB: eliminate the mobile phase before the analytes enter the ion source. In PB, the LC eluent was forced through a capillary, which acted as a spray generator assisted by a coaxial He flow. The liquid was sprayed into a desolvation chamber maintained at the solvent boiling point and a slightly sub-ambient pressure. Solute particles were created and conveyed towards a momentum separator, together with solvent vapor and He. Using successive and increasing stages of vacuum, larger particles, consisting mainly of analytes, exploiting their different momentum, were conveyed towards the high vacuum of the EI MS source. Solvent vapor and nebulizing gas were removed by the vacuum system in the various stages of the momentum separator, preventing them from entering the ion source.  The PB interface is schematized in Figure 2. PB did not prove to be the ideal interface for the coupling of LC to EI-MS, due to the setbacks mainly related to transfer and loss of analytes while crossing the momentum separator. Four years later, the same research group modified the PB to address those drawbacks to such an extent that several companies started marketing it. [39]. PB was used until the late 1990s, demonstrating its potential for coupling LC to EI for some non-GC amenable compounds [40-43]. Nonetheless, sensitivity issues and limitations in quantification, due to high volumes of solvent in the ion source, were never completely resolved [44].
These early attempts using both DLI to PB, demonstrated the adverse role of the mobile phase on the EI process. If the high vacuum requirements are not fulfilled, low sensitivity, lack of reproducibility and non-linearity can result in making the technique of limited application. 
Cappiello and Bruner in 1993 developed a new interface called micro flow rate particle beam interface (Micro-PB), a modified version of PB designed to work at low mobile phase flow rates (1-5 L/min), an order of magnitude lower than PB [45].  Micro-PB could benefit from the development of micro-LC instruments and columns that work at reduced mobile phase flow rates, maintaining a high separation efficiency. The reduced flow rates were responsible for improving the performance of the new instrumentation. Using PB as a model, the nebulizer of the micro-PB was completely redesigned to work with low mobile phase flow rates. (Figure 3). The micro-nebulizer drastically reduces the consumption of the mobile phase, leading to much more efficient pumping of solvent vapor and therefore fewer interferences in the ionization process. It also adds the possibility of using buffers or modifiers that would otherwise potentially damage the instrument and enhances the overall sensitivity and linearity, even with more aqueous mobile phases. Micro-PB was widely studied to try to optimize the parameters involved in the interface and to explore its real potential [46, 47]. A large number of applications published from 1994 to 2001 demonstrated the merits of micro-PB. Acidic and basic/neutral pesticides [48-51], coumarins [52], aflatoxins [53], explosives [54], drugs and hormones [55, 56], phenols [57] are just a few examples of molecules that have been determined in different matrices using micro-PB. After these results, it was clear that reducing the impact of mobile phase in the ion source was the correct approach [46, 47]. The next evolution of micro-PB, called Capillary-EI (Cap-EI), was designed with the new nebulizer as well as an overall reduction of the internal volumes. The new device could guarantee a lower analyte loss, increasing the overall sensitivity [56]. Despite the good results obtained, the mechanical complexity of all those interfaces exceeded their popularity, resulting in these approaches rapidly disappearing from the LC-MS portfolio. Nevertheless, these milestones indicated the way for more advanced solutions for the application of LC to EI-MS.

2.2 From Direct Electron Ionization to Liquid Electron Ionization 
In 2001, a new and simpler prototype of an LC-EI-MS interface was presented by Cappiello et al. [58]. Exploiting the advantages of nano-LC columns, the entire process of nebulization, solvent evaporation, particle generation, and conversion to the gas-phase, occurred inside the ion source. The ion source temperature (150-350 °C) was high enough to promote analytes transition from liquid- to gas-phase, according to their physical-chemical properties. The hardware, which represented the weakness of PB, micro-PB, and Cap-EI, was reduced to a minimum. The conveyance from nebulizer to ion source was finalized in less than 8 mm. A short transfer step is crucial to avoid sample loss. As shown in Figure 4, the nano-LC column eluent enters directly into the ion source where all ionization steps take place, and this is why the interface was called direct-EI (DEI). Mobile phase flow rates <1 µL/min and certain modifications of the ion source played a fundamental role in DEI performance: a more efficient pumping system; a new nebulizer assembled with a right bent cone-shaped capillary; and an additional vent window in the ionization chamber to facilitate dispersal of solvent vapor. This configuration minimizes sample losses and efficiently eliminates solvent vapor, promoting more efficient analytes ionization. Moreover, no mobile phase-induced CI phenomena were observed. Solvent vapor are eliminated by the vacuum system, meanwhile analyte molecules hit the hot metal walls of the ion source passing into the gas-phase and are ionized and fragmented according to the classic EI scheme. 
All the details regarding DEI can be found in various review articles or book chapters [18, 58-62]. DEI has been used for about 15 years in many different applications, either coupled to LC or in direct analysis with reliable results. Its performance was evaluated, and several modifications of the original design allowed the elimination of a few drawbacks [60, 63-67]. Various interface settings were explored: nebulizer position inside the ion source, temperature, flow rates, mobile phase composition, use of buffers, and different vaporization surface materials. In particular, better results compared to previous interfaces were obtained in pesticide analysis in terms of sensitivity, linearity, and mass spectral quality [68-70]. A relevant example is the simultaneous determination of phenoxyacid (classic LC-amenable) and organochlorine (classic GC-amenable) pesticides [71]. DEI was also applied to the analysis of seawater samples to identify and quantify the presence of endocrine disrupting compounds (EDCs) [72], verify the presence of diethylene glycol in seawater around natural gas extraction platforms [73], characterize aqueous phases from pyrolysis of lignocellulosic biomasses [74], and monitor the free fatty acid (FFA) profile in mussels [75]. Other applications of biological-pharmaceutical interest have been explored, such as the determination of non-esterified fatty acids in plasma [76] and biological tissues [77], dermal adsorption studies of trans-cinnamaldehyde [78] and possible genotoxic alkylation molecules production during drug development [79]. DEI was employed in botanical studies to detect natural pyrethrins from plant extracts [80], and in the characterization of mandarin essential oils based on polymethoxyflavones content [81]. Food security has benefited from the potential of DEI in the identification of milk powder contaminants [82] and benzodiazepines in alcoholic drinks coming from drug-facilitated crime scenes [83]. Another two interesting applications concerned the analysis of common fragrances in personal care products [84] and boronic acids [85] which confirmed the multidisciplinarity of this approach. 
A modified version of DEI, including a medium-low pressure vaporization/desolvation chamber between the liquid inlet and the EI filament, was presented by Mondello’s group in 2019 to minimize capillary clogging and enhance interface robustness [86]. 
The versatility of DEI was also demonstrated by the coupling with another ion source that exploits both electron ionization and single-photon ionization (SPI) [87]. The proof of concept was obtained with four model compounds: hexadecane, propofol, chlorpropham, and eugenol which produced both classic EI and low fragmentation spectra at picomolar detection limits. A standard EI source was adapted to receive the photon beam from a vacuum ultraviolet (VUV) lamp while analyte molecules entered the ion source via DEI, as shown in Figure 5. DEI was employed also in a dual ionization source using a Nd:YAG laser that induced the resonance-enhanced multiphoton ionization (REMPI) [88]. Five polycyclic aromatic hydrocarbons along with complex petroleum samples were analyzed, producing predominantly molecular ions with little evidence of solvent or dopant effects commonly observed with other photoionization techniques. 
DEI was also installed in portable nano-LC-EI-MS instrumentations for the identification of fentanyl and derivatives in unknown seized materials [89]. The authors declared that such equipment could be of great help to police forces for field-confirmation of drugs or explosives.
Although the variety of applications has demonstrated the utility of DEI for more than 15 years, a few limitations are still unresolved. One drawback is the premature solvent evaporation that caused relative solute precipitation, and occasional occlusions of the nebulizer capillary [67]. A rapid increase in the mobile phase temperature in high-vacuum conditions emphasized this phenomenon, especially in the presence of salts with complex real samples. Although infrequent, an instrument vent, replacement and reposition of the capillary were needed in these cases to obtain reproducible data. Another critical drawback was linked to the ion source surface. Inside the stainless-steel surface of the ion source, polar, low-volatile, and thermally unstable molecules, can undergo either adsorption or thermal degradation, with consequent peak tailing, drastic sensitivity reduction, scarce reproducibility, and EI spectra anomalies.
In 2017, the same authors explored the possibility of performing the liquid-to-gas conversion step outside of the ion source. This idea led to the development of the liquid electron ionization (LEI) interface [90, 91]. The vaporization of the LC eluate occurred at atmospheric pressure inside a vaporization micro-channel directly connected to the EI source. A vacuum gradient and inert thrust gas conveyed gas-phase molecules towards the ion source. The vaporization micro-channel represents an ideal space, without either electric or magnetic fields, where temperature, pressure, and surface materials can be adjusted in accordance with the analyte physical-chemical properties. This new concept proved to be more robust than DEI, with excellent sensitivity and linearity. Further in-depth studies and hardware improvements have led to the development of the latest version of LEI. Better temperature control and heat distribution were achieved adding a cooling gap extension to the vaporization micro-channel, thus eliminating the risk of clogging the nebulizer capillary. The nebulizer position, once set, does not need further adjustments and the maintenance is very simple, increasing robustness and ease-of-use [92]. Figure 6 shows a schematic diagram of an LEI prototype. The core of LEI is the vaporization micro-channel, where the liquid-to-gas transition occurs at near atmospheric pressure. Heat transfer has been mediated from PB to LEI either by the ion source surface or the vaporization micro-channel. Some attempts were already made to minimize the adverse effects of the metal surface using alternative materials, such as Teflon or ceramic [93, 94]. Those materials produced evident improvements in terms of extended range of applicability and peak shape, especially with thermolabile and high-molecular weight compounds, but were discontinued because of their low thermal resistance, fragility, and cost. A replaceable fused-silica capillary was then utilized as the vaporization micro-channel inside the metal transfer line. A portion of the vaporization micro-channel (cooling gap) was extended outside the hot zone and, together with the correct positioning of the nebulizer (inlet capillary) at the entrance, contributed to the performance optimization of the new LEI version. Excellent results have been obtained in the analysis of pesticides, polycyclic aromatic hydrocarbons, hormones, and phenols [90, 92]. In Figure 7, the analysis of a mixture of different compounds is reported. 

2.2.1 Role of LEI in direct-MS
In combination with chromatographic techniques, EI has demonstrated the provision of reliable qualitative data with unknown analytes, even using single quadrupoles or ion traps analyzers. Although chromatography is essential in most cases, it may represent a complexity increase and a considerable extension of analysis time, especially when operating in nano-LC. 
Chromatography is fundamental when unknown analysis is the goal, but when the analysis of known compounds is concerned, is it always necessary? The analysis of known molecules, always coupled to a chromatographic separation, is usually performed using selected ion monitoring (SIM) and multiple reaction monitoring (MRM) modes rather than full scan or total ion current (TIC) mode. The lack of ME demonstrated that SIM or MRM could guarantee sufficient specificity for a quali-quantitative determination of several analytes even without chromatography. Two significant examples of flow injection analysis (FIA) using DEI were reported for the determination of diethylene glycol in seawater [73] and LEI for the quantification of benzodiazepines in alcoholic beverages [83]. The simplicity and speed of this approach implies essential conditions to obtain reliable results: the matrix must be analyte-free and the analytes have to generate unequivocal fragment ions. SIM ions or MRM ion transitions have to be carefully selected different from any other signals coming from the sample matrix. In the two examples cited, diethylene glycol is not typically found in seawater, except in the presence of a deep contamination, as well as benzodiazepines can be present in drinks only if they were deliberately added. In both cases, there was no signal overlapping due to common ions. 
Although these examples show the interesting potential of EI-MS in direct analyses, the numerous requirements to which they must comply necessarily limit the number of applications. To overcome these limitations, direct MS can benefit in coupling DEI or LEI with specific extraction and pre-concentration techniques such as membrane introduction mass spectrometry (MIMS). In particular, condensed phase-MIMS (CP-MIMS) was already coupled with excellent results to a DEI-MS/MS system for the determination of polycyclic aromatic hydrocarbons (PAHs) in different water samples [95]. Using CP-MIMS, analytes are selectively extracted from real liquid samples, permeating through a membrane and dissolving in a liquid acceptor phase with a higher degree of affinity, and directed to the ion source. The membrane rejects bulk matrix components, partially circumventing the limitations imposed by FIA. After the first experiments with DEI, CP-MIMS was coupled with LEI to further improve results. PAHs were rapidly determined in water and soil samples at a low ppb level without any preventive cleanup procedure [96]. 
Another interesting application of CP-MIMS-LEI-MS with encouraging results concerned the possibility of monitoring synthetic organic reactions. Chemical reaction monitoring has already been reported using atmospheric pressure ionization (API)-MS techniques. CP-MIMS-LEI-MS was employed to analyze polar and non-polar compounds, using a semipermeable membrane directly immersed in the reaction chamber. It was possible to monitor the changing concentrations of reagents and products and, simultaneously, to exclude interfering molecules and particulates produced during the synthetic process. In this study, in-situ quantitative continuous monitoring of catalytic oxidation and alkylation reactions were investigated [97]. In Figure 8, the quantitative online monitoring of an alkyl glycinate synthesis in dry acetonitrile with trimethylamine catalyst is reported. 
A recently demonstrated further advantage of LEI is the ability to work in CI mode. A properly chosen LC mobile phase, once converted into gas-phase, can act as a proton donor, triggering the typical CI mechanism. In previous versions for the interfacing of LC to EI-MS, this process was considered undesirable. It can now be considered instead be an advantage leading to increased intensity of the molecular ion or more characteristic fragment ion production. This constitutes an interesting alternative able to enhance both sensitivity and specificity of the technique. CI represents a valuable addition, especially when, during EI fragmentation, isomeric species provide indistinguishable mass spectra [98]. In another application, the properties of the analyte and correct mobile phase choice are crucial for CI efficiency, as demonstrated by Vandergrift et al. in detecting phthalates [99]. In Figure 9, EI (NIST) and CI (CP-MIMS-LEI/CI-MS) mass spectra of three phthalates are reported. As it can be seen, CI adds molecular ion information for the undoubted identification of the three compounds.
Another recent approach involving direct MS was the coupling of LEI with a microfluidic open interface (MOI) [100]. MOI, developed by Pawliszyn et al. [101], is a rapid elution system for solid-phase microextraction (SPME) fibers. Analytes, selectively extracted from various matrices, are rapidly eluted into the MOI and introduced directly to the MS ion source without chromatographic separation. LEI-MOI-MS system was tested on fentanyl, used as a model compound showing good results. As for all direct techniques, it is fundamental to operate either in SIM or MRM modes to preserve specificity together with an ME-free signal to guarantee quantitative results. Thanks to the selective extraction capabilities of SPME fibers and to the tested characteristics of the LEI, MOI-LEI-MS/MS significantly reduced the limiting conditions associated with FIA. If this preliminary approach is confirmed, a new simple and quick tool will be available in the near future.

2.3 LC-EI-MS with supersonic molecular beams 
In 2000, Amirav and Granot presented a prototype of an LC-MS interface based on the supersonic molecular beams (SBM) technology [102], already demonstrated with GC-MS some years before [103-106]. This approach was based on a spray formation at high pressure, followed by thermal vaporization of sample molecules and their expansion from a supersonic nozzle; the supersonic jet was collimated and formed a supersonic molecular beam containing vibrationally-cold sample molecules. These molecules entered into a fly-through Brink-type EI source resulting in Cold EI mass spectra, characterized by highly intense molecular ions. Mobile phase solvent vapor acted as SMB carrier gas without any additional thrust. This mechanism, although very efficient with GC-MS, lead to a dangerous rise in the pressure at the nozzle inlet with LC-MS and resulted in cluster formation [107], forcing enlargement of the nozzle diameter and modulation of the temperature. The spray formation mechanism was also responsible for frequent occlusions of the solvent inlet tube, due to precipitation of salts or analyte, especially during investigation of real samples. No splitting mechanism of the original vapor was provided, limiting the liquid flow rate to a maximum of 50 µL/min. Despite these problems, the interface produced excellent results in the analysis of corticosterone [102], hydrocarbons, PAHs, drugs, and pesticides [108, 109]. During the experiments, small modifications of the original design were executed to optimize the vaporization process before the cold supersonic expansion, to improve its performance. Correct heat distribution was ensured by a new soft thermal vaporization nozzle (STVN) with three different heated zones, as shown in Figure 10. 
Although the new interface demonstrated excellent performance in terms of sensitivity (low pg level), linearity, and ability to obtain EI spectra with intense molecular ions, it still lacked robustness and reproducibility, especially with real samples. 
In 2015, Amirav et al. presented a new type of LC-EI-MS interface with supersonic molecular beams (EI-LC-MS with SMB) [110, 111]. The new interface sought solutions for problems related to spray formation and interface assembly, and it was based on a new pneumatic nebulization system. The liquid delivery capillary was connected to a suitable nebulization nozzle (40 °C) placed in the optimal spray position using an adjustable z-axis probe device protruding inside a deactivated glass vaporization chamber (300 °C). Nebulization and vaporization of the analyte were facilitated by helium gas preventing back migration and tailing of analyte components. An electronic helium flow control and a splitting system in the vaporization chamber guaranteed the correct pressure and flow to maintain a stable pneumatic spray with liquid flow rates up to 250 µL/min. Helium gas, liquid phase vapor, and analytes were then directed to a fused silica capillary transfer line connecting low and high-vacuum areas. An SMB nozzle three times larger than the original one was placed at the end of the transfer line (from 0.1 to 0.3 mm ID). The SMB nozzle provided excellent vibrational cooling of the molecules without sample and solvent vapor cluster formation [107]. The new instrumental setup significantly increased the robustness and performance of the interface. The complete scheme of the new LC-EI-MS interface is reported in Figure 11. A benefit of the SMB (Cold-EI) approach is the production of mass spectra with enhanced molecular ions, useful in the analysis of unknowns. Despite this evident advantage, this approach is characterized by a complex instrument configuration. Some examples of Cold-EI spectra are reported in Figure12. 

3. Ionization capabilities and mass spectrum quality
Despite the number of different LC-MS systems on the current market, none of them can be considered the final solution, the universal interface capable of solving all analytical problems. One of the most interesting features of LC-EI-MS is the ability to ionize polar and non-polar compounds, both with uniform and independent responses in a variable range of molecular weights. Because of the gas-phase ionization, the typical analyte molecular weight (MW) is limited to 300-400 u, but, in some cases, excellent responses could be obtained with MW greater than 700 Da [112]. Some examples of these peculiarities using different instrumental solutions are reported below. The versatility of DEI was demonstrated by the simultaneous determination of organochlorine (not ESI-amenable) and phenoxy acidic pesticides (ESI-amenable) [71], and by the analysis of numerous EDCs with different physicochemical characteristics [72]. The potential of LEI in multicomponent analysis is demonstrated by simultaneous detection of 20 priority pollutants and four internal standards of different physicochemical properties, as reported in Figure 7 [90]. Cold-EI-LC-MS with SMB was able to ionize a mixture of antioxidants too heavy for GC-MS analysis, too hydrophobic for ESI or APCI, and that gave no results with APPI [112]. The separation is reported in Figure 13. 
LC-EI-MS proved to be useful for the analysis of compounds that involve a derivatization step prior to GC-MS analysis such as FFAs. Derivatization is mandatory to convert FFAs in their more volatile and less polar methyl esters (fatty acids methyl esters, FAME) prior to GC separation. Unfortunately, derivatization is a time-consuming step that can induce quantitative errors and direct methods are more desirable to reduce the number of processing steps to make quantification methodologies simpler to perform. LC-DEI-MS was successfully employed in FFAs determination and quantification in animal tissues [75, 77] and human plasma [76]. 
When dealing with new mass spectrometric instruments, one of the most important characteristics is the mass spectrum quality. On this aspect, DEI, LEI, and Cold-EI showed spectra comparable with those present in digital libraries (NIST or Wiley), allowing unequivocable identification of unknown analytes. During the identification step, the comparison of the experimental spectra with those of the libraries can be facilitated through the use of deconvolution programs. These programs can separate ions of co-eluted compound, aiding identification. An example of non-targeted analysis is reported in Figure 14. LC-LEI-MS operating in full scan mode and assisted by deconvolution software was able to detect benzo(a)pyrene, a well-known carcinogen, in the brain tissue of a sudden infant death syndrome (SIDS) victim [90]. An additional example of the excellent LC-EI mass spectral quality is reported in Figure 15, where the mass spectra of five different pesticides obtained with LC-LEI-MS were compared with those of the NIST library. All the comparison parameters considered demonstrated a perfect correspondence between experimental and library spectra [92]. 
The identification advantages offered by Cold-EI, which, in addition to classic EI fragmentation, allows the acquisition of abundant molecular ions were demonstrated comparing spectra of terfenadine recorded with GC-MS with Cold-EI, LC-MS with Cold-EI, and ESI-MS [113]. The three spectra showed a high matching quality compared with the NIST ones, despite the enhanced molecular ion, as reported in Figure 16. The benefit of acquiring intense molecular ions compared to the classical EI fragmentation enhances the identification potential of Cold-EI. This is particularly evident in the analysis of the three main ingredients of cannabis: cannabidiol (CBD), cannabinol (CBN), and tetrahydrocannabinol (THC) [110]. In their simultaneous determination using standard EI, it is important to notice that CBD and THC are isomers providing indistinguishable mass spectra. The use of Cold-EI allowing the recording of spectra of the two isomers showed a considerable difference in molecular and fragment ion intensities. These differences allowed their unequivocal identification.
Recently, to increase the identification efficiency when isomers are involved, the use of linear retention index (RTI) combined with recorded MS data has been proposed [114]. Alkyl aryl ketone homolog reference series were proposed as an additional filter for unequivocal identification of isomers with a minimal difference in retention times and the same mass spectra. The new RTI/MS double-filter allowed the determination of coumarins, psoralens, and polymethoxyflavones in essential oils with an increased identification capability.

4. Real samples and matrix effects
A significant advantage of LC-EI-MS interfaces over API techniques, especially in complex sample analysis, is the absence of ME. Ion suppression or enhancement phenomena are frequent and widely documented in API techniques, constituting a significant drawback, both in qualitative and in quantitative investigations [115-121]. Long and tedious sample preparation procedures or the use of expensive stable isotope-labeled internal standards (SIL-ISs) are some of the strategies to overcome ME. Other possibilities include instrumentation improvements: the use of more efficient chromatographic columns to better separate the components of the mixture or the use of ME-free instruments, such as EI-based MS. EI is a physical ionization technique working under high vacuum and in the gas-phase, therefore, less influenced by the presence of the matrix. In contrast to chemical ionization processes in solution, analytes and co-eluted compounds are simultaneously and independently vaporized and ionized, such as single molecule-electron interactions. Under these conditions, the ionic current is an exclusive function of the analyte concentration into the ion source and of the ionization efficiency. Neither interferences nor matrix molecules simultaneously present in the ion source can reduce or enhance the ionic current produced by the analytes. Therefore, reliable and reproducible quantitative data can be achieved with or without chromatography. DEI, LEI, and Cold-EI are all characterized by negligible ME even in presence of biological or environmental samples. In Figure 17, two solutions of diazinon (100 ng/g) analyzed with Cold-EI in a spiked extract of vegetables and fruit and in pure organic solvent are compared. The signal of the no-spiked matrix is also documented. No difference in response was found for the two spiked samples, even without chromatography, thus demonstrating the absence of ME [110]. A correct evaluation of ME can often be carried out by comparing calibration curves of analytes dissolved in matrix and pure solvent. It is considered as the absence of ME when the two curves are perfectly overlapped. In Figure 18, the example of 4,5-dichloroisophthalodinitrile analyzed with LEI is reported. The almost complete overlapping of the two curves revealed the absence of ME, also confirmed by the values of R2 [90]. 
In many complex real samples, the chromatographic separation requires the use of buffers, salts, or some other mobile phase modifiers to be adequately efficient. These substances are not always compatible with API sources giving rise to problems for the analysts. LC-EI-MS demonstrated tolerance to the presence of non-volatile buffers [55, 66] or ion-interaction reagents [50] in the mobile phase.
Pressure in analysts to process an increasing number of real samples in an even shorter time makes the ability of FIA very interesting. The modern EI-based interfaces demonstrated this ability in different applications [73, 83, 110], together with another important capability for environmental monitoring: the possibility to analyze aqueous samples without any pre-treatment [74].

5. Conclusions and perspectives 
The development of API interfaces has changed forever the world of LC-MS, eliminating most of the drawbacks that have initially limited this approach. However, LC-MS is much more complicated than GC-MS, and there is still opportunity for different alternatives, one of them is LC-EI-MS. The aim of this review article is to describe the 50-year history of LC-EI-MS, from the first attempts to current instrumentation.
In this field, current options are LEI and Cold-EI, which, through different mechanisms, share the idea to provide an alternative means of ionization to bridge the gap between GC-MS and API-MS.  
LEI rapidly converts a GC-MS into LC-MS, Cold-EI can easily be switched from LC to GC, combining two instruments with great flexibility and analytical potential.
The advantages of EI in LC-MS can be emphasized as follows: identification of unknown analytes: comparison with library searchable EI mass spectra enables fast, automatic, legally defensible, and reliable molecular identification. Cold-EI provides the unequivocal identification of the analytes by increasing molecular ion abundance. The typical fragmentation induced by EI allows prediction of structural formula of unknown compounds even when not present in databases, thus providing useful information on new substances or metabolites. In addition, the absence of ME represents a considerable advantage in minimizing sample preparation and providing reliable quantitative data. Fast FIA, when possible, can replace chromatographic separations. The physical ionization of all compounds allows quantification without specific calibration standards. Moreover, the possibility of exploiting chemical ionization, through the use of special reagent gases or mobile phases, improves sensitivity towards certain compounds and permits distinguishing different substances with the same isobaric ions, especially in direct MS applications.
On the other hand, LC-EI-MS platforms require further studies to improve sensitivity, which, at present, is at least one order of magnitude lower than that of API instruments. Better sensitivity will expand areas of research and the number of amenable molecules.
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Figure Captions
Figure 1: Moving Belt interface. Reproduced with permission (John Wiley and Sons).

Figure 2: Scheme of the particle beam interface. 

Figure 3: Schematics of nebulizers: (a) micro-PB; (b) standard PB. 

Figure 4: Scheme of the DEI interface. Reproduced with permission of John Wiley and Sons.

Figure 5: Scheme of DEI coupled to EI/SPI sources. Reproduced with permission of Springer Nature.

Figure 6: Schematic comparison of the LC–MS system equipped with former (a), and updated (b) LEI interface. 1: Nanodapter; 2: nano-LC column and online UV–vis detector; 3: cooling gap. 

Figure 7: MRM chromatogram profile of 20 priority organic pollutants (POPs) and 4 internal standards of different physicochemical properties: (1) acetamiprid, (2) BPA D16, (3) BPA, (4) thiram, (5) fludioxonil, (6) phosmet D6, (7) phosmet, (8) fenhexamid, (9) imazalil, (10) boscalid, (11) naphthalene, (12) chlorfenvinfos, (13) lindane, (14) zoxamide, (15) chlorpyrifos-methyl D6, (16) anthracene, (17) pyrene D10, (18) pyriproxyfen, (19) 4-n-octyl phenol, (20) endosulfan II, (21) chlorpyrifos, (22) 4-n-nonyl phenol, (23) benzo[k]fluoranthene, (24) benzo[a]pyrene. Reproduced with permission of the American Chemical Society.

Figure 8: Quantitative online monitoring of an alkyl glycinate synthesis in dry acetonitrile with triethylamine (TEA) catalyst with CP-MIMS-LEI: (A) (R)-α-methyl benzylamine; (B) ethyl bromoacetate; (C) ethyl (R)-(1-phenylethyl)glycinate; (D) diethyl (R)-2,2′-((1-phenylethyl)-azanediyl)-diacetate. Reproduced with permission of the American Chemical Society.

Figure 9: Comparison of full scan MS spectra of diethyl phthalate (DEP), d-n-butyl phthalate (DBP), and di-(2-ethylhexyl) phthalate (DEHP) with CP-MIMS-LEI/CI (acetonitrile reagent) (CI, top three panels) with those in the NIST library (EI, lower three reflected panels). For the spectra shown here, DEP and DBP (6 mg/L each) were measured in deionized water, and DEHP (3000 mg/L) was measured in ACN. Reproduced with permission of the American Chemical Society.

Figure 10: Scheme of the new STVN. Reproduced with permission of Elsevier.

Figure 11: Detailed view of the EI-LC-MS interface, from liquid inlet to skimmer. The adjustable spray nebulizer is located between cooling unit and heater block for maximum axial temperature gradient. The center of the interface is the separately heated sample spray formation and vaporization. The separately heated transfer-line also accommodates the fused silica capillary that serves as a flow restrictor which governs the gas flow rate into the SMB nozzle and vacuum chamber. The supersonic molecular beam nozzle center is adjusted to the skimmer concentrically by the X–Y–Z tune. Reproduced with permission of John Wiley and Sons.

Figure 12: Cold EI mass spectra of trinitrotoluene (TNT), sulfamethoxazole and haloperidol obtained with the EI-LC-MS with SMB system and their comparison with those in the NIST library. Flow injection of these compounds in methanol was performed with a 5-μl loop and 50 μl/min methanol flow rate. Reproduced with permission of John Wiley and Sons.

Figure 13: Analysis of an antioxidants mixture with a representative mass spectrum of Irgafos 168. The separation was done with C18 Phenomenex Luna column with 3 µm particles, 50 mm length and 1.0 mm ID, using 5 µL sample loop. The LC separation was done in gradient mode of 10 min from 25% water to 100% methanol at a flow rate of 50 µL/min. Reproduced with permission of Elsevier.

Figure 14: Analysis of a brain sample extract of a SIDS victim; the signal was acquired in full scan mode to detect possible unknowns. Benzo[a]pyrene was identified, via a deconvolution program, underneath the large matrix peak at acquisition time 16 min, as also confirmed by the high-score NIST matching. Reproduced with permission of the American Chemical Society.

Figure 15: Full scan chromatogram and experimental mass spectra of clomazone, paclobutrazol, fludioxonil, s-metolachlor and pirimiphos-methyl recorded with LEI interface (upper trace) and reference spectra from the NIST library (lower trace). Reproduced with permission of Elsevier. 

Figure 16: Comparison of terfenadine mass spectra obtained with (A) GC–MS with Cold-EI; (B) LC–MS with Cold-EI; (C) NIST library MS; (D) ESI–LC–MS. Reproduced with permission of Elsevier.

Figure 17: Flow injection EI-MS-MS of diazinon in fruit and vegetable matrix is shown without ion suppression or enhancement effects. Signals in the MS/MS analysis of diazinon are the molecular ion at m/z = 304 and a product ion at m/z = 179. The first injection peak shows a fruit matrix spiked with diazinon at 100 ppb (also 100 ng/g) concentration. The second injection peak is of the unspiked matrix, whereas the third injection peak is of pure 100 ppb of diazinon in ACN. The liquid flow rate was ACN at 15 μl/min. The measured signal-to-noise ratio is 80, and the estimate LOD is ~10 ppb, based on the matrix equivalent signal. Reproduced with permission of John Wiley and Sons.

Figure 18: Calibration curves of 4,5-dichloroisophthalodinitrile in pure solvent and in a soil matrix extract. Linear regression concentrations: 1, 10, 50, 75, 100, 200 ng/mL. Reproduced with permission of the American Chemical Society.
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