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Abstract
Mass spectrometry (MS) enables precise identification and quantification of molecules, particularly when combined with chromatography. The advent of atmospheric pressure ionization (API) techniques allowed the efficient coupling of liquid chromatography with MS (LC-MS), extending analyses to non-volatile and thermolabile compounds. API techniques present limitations such as low informative capacity and reproducibility of mass spectra, increasing instrument complexity and costs. Other challenges include analyzing poorly polar molecules and matrix effects (ME), which negatively impact quantitative analyses, necessitating extensive sample purification or using expensive labeled standards.
These limitations prompted the exploration of alternative solutions, leading to the development of the Liquid Electron Ionization (LEI) interface. The system has demonstrated excellent robustness and reproducibility. LEI has been employed to analyze various compounds, including pesticides, drugs of abuse, phenols, polycyclic aromatic hydrocarbons (PAHs), phthalates, and many others. Its versatility has been validated with single quadrupole, triple quadrupole, and QToF detectors, operating in electron ionization (EI) or chemical ionization (CI) modes and with both reverse phase liquid chromatography (RPLC) and normal phase liquid chromatography (NPLC).
LEI has also been successfully integrated with the Microfluidic Open Interface (MOI), Membrane Introduction Mass Spectrometry (MIMS), and Microfluidic Water-Assisted Trap Focusing (M-WATF), broadening its application scope and consistently demonstrating promising results in terms of sensitivity and identification power. The most recent advancement is the development of Extractive-Liquid Sampling Electron Ionization-Mass Spectrometry (E-LEI-MS), a surface sampling and real-time analysis technique based on the LEI concept. This review article offers a comprehensive and up-to-date picture of the potential of LEI.
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I. Introduction
Analytical techniques based on mass spectrometry (MS) are powerful tools that provide accurate compound identification and quantification.[1-4] The mass spectrum generated from compound ionization and fragmentation can give much structural information with a minimum sample. 
Initially, only volatile molecules could be analyzed using MS; indeed, the first ionization techniques developed, electron ionization (EI) and chemical ionization (CI), coupled with gas chromatography (GC), require only gas-phase molecules, excluding the possibility of analyzing non-volatile and thermolabile substances.[1,5] EI became the most used ionization technique due to the possibility of obtaining highly informative and reproducible spectra; working in gas-phase and high vacuum conditions, it provides library searchable spectra from different instruments, making molecule identifications easy.[6] Library-based identification also provides sample names at the isomer level, which cannot be achieved via the elemental formula alone as provided by high-resolution LC-API-MS. Although EI produces unambiguous spectra, the hard ionization and the high molecule fragmentation often do not make it possible to obtain the molecular ions of the compounds. For that reason, CI was developed by Munson and Field[7] as a softer ionization technique coupled with GC. In CI, the electron beam impacts only the reagent gas, and then the gas ions react with the analytes, generating ions while reducing fragmentation.[8,9] Later, to minimize fragmentation and implement molecular ion production, Amirav's group introduced Cold-EI.[10] This ionization technique keeps the EI mass spectrum unchanged, increasing the abundance of the molecular ion and, consequently, facilitating the identification of unknown analytes.
However, GC amenable molecules were estimated to represent just 20% of the organic molecules. Hence, the possibility of coupling liquid chromatography (LC) to MS became the primary goal of extending these analytical tools to a wider variety of molecules.[4,110] The problems of coupling LC with high vacuum ionization techniques rely on the high quantity of gas produced by mobile phase vaporization.[1] With API, unlike EI and CI, compound ionizations occur at atmospheric pressure outside the high-vacuum region of the MS.[121] The API  group includes atmospheric pressure chemical ionization (APCI), atmospheric pressure photoionization (APPI), and electrospray ionization (ESI). Despite APCI being one of the first ionization techniques developed for LC-MS, ESI is the most widely used. Unlike APCI, ESI does not require volatile and thermostable molecules due to its ability to form ions in solution and create multiple charged ions, allowing the analysis of compounds with higher mass concerning the m/z limit of the mass spectrometer.[6,121,132] 
[bookmark: _Hlk170152078]Nevertheless, the excellent capabilities of API techniques can be compromised by matrix effects (ME), leading to signal suppression phenomena. This can occur when an analyte is ionized in the condensed phase during APCI or when the analyte reacts with another compound in the condensed phase to form an ion pair during ESI. Relatedly, ME complicates quantitative analyses in complex samples using API techniques. Hence, reducing the ME using these interfaces requires more accurate sample purification steps, efficient chromatographic separations, or internal standards (IS), leading to more time-consuming and higher costs.[143-198] The lower limit of detection (LOD) and limit of quantification (LOQ) achieved with API techniques make them the preferred choice for quantitative analyses compared to the EI technique.[1920-221] Regarding the identification power of API techniques, different factors, such as mobile phase composition, ambient conditions, type of instruments, kind of ionization techniques, and polarity modes, can compromise the reproducibility of mass spectra, making identification more uncertain.[5,221] Besides being soft ionization techniques, the production of fragments is very limited compared to EI, resulting in less information obtainable from the mass spectra.  Different strategies involving tandem mass spectrometry (MS/MS) and high-resolution mass spectrometry (HRMS)[232] were developed to enhance the identification power, and the number of MS/MS libraries for spectra comparison increased a lot.[243] The spectra are still obtained in various conditions, unlike EI, where the conditions are universal.[254,265] For these reasons, the possibility of coupling the LC with EI is arousing great interest.[6,221,276] Different non-direct and direct LC-EI strategies have been developed to extend EI and CI techniques to low-volatile and thermolabile molecules, developing a universal interface for analyzing a wider variety of compounds.[287-354] The history of EI in LC-MS was carefully described by Famiglini et al.[6] The main problem with this approach relies on the low compatibility of the EI ion source with the liquid stream, which can break the high vacuum, inducing CI. Tal’roze and co-workers first attempted to develop the LC-EI-MS interface in the 1960s;[365] afterward, Arpino and co-workers produced the direct liquid introduction (DLI) in 1974.[376] As a consequence of the various problems experienced in achieving this coupling, in the same period, other LC-MS interfaces were developed trying offline approaches, where the mobile phase was separated from the analytes before entering the EI source: the moving belt (MB),[387] the particle beam (PB),[398] the micro flow rate particle beam (Micro-PB),[321,3940] and the Capillary-EI (Cap-EI).[410] Despite the liquid flow elimination, all these interfaces demonstrated a loss of sensitivity and reproducibility.[387,3940] Hence, with the introduction of the micro-LC instruments, the next attempt was focused on decreasing the solvent involved in the analyses.[321,387,3940] Direct-EI (DEI) was explored for several years, demonstrating remarkable versatility.[298-310,354,421,432] The system involved a nano-LC (nLC) that worked at a low flow rate (<1 µL/min), and the vaporization of the analytes and solvents occurred directly in the EI ion source. However, some limitations were still unsolved, such as the early solvent vaporization, causing capillary clogging with the consequent need to vent the instrument for replacing it, and thermal degradation of thermolabile molecules due to the contact with the hot metal of the ion source surface.[6] Similar systems were also proposed by Rigano et al. in 2016,[343] by Moini and co-workers,[443] and by Lancas et al.[287] Differently from the interface described previously, the LC-EI-MS interface developed by Amirav and co-workers[332] was coupled with a supersonic molecular beam (SBM), and it is based on a stable pneumatic spray formation as in APCI or APPI. The SBM interface and fly-through ion source are the same as those used in GC-MS, demonstrating remarkable versatility, robustness, and high identification power.[10, 454-487] 
Although different groups proposed several solutions for coupling LC with EI, the last configuration proposed by Termopoli and co-workers,[498] called liquid electron ionization (LEI) interface, is the most employed. Different modifications have been made since its first configuration was presented in 2017.[4950,510] In addition, the same group proposed a novel prototype, coupling the ambient sampling with LEI for the first time, called Extractive-liquid sampling electron ionization-mass spectrometry (E-LEI-MS).[521] This review carefully describes both devices and illustrates the latest innovations and applications. LEI and E-LEI-MS systems demonstrated robustness, reproducibility, and high identification power of various analytes in several matrices, enlarging the number of molecules amenable to the EI source.

Interfaces description
In 2017, the LEI interface was presented for the first time.[498] The peculiarity of this new interface is in the vaporization of solvents and analytes at atmospheric pressure into the core of the LEI, the Vaporization Microchannel (VMC). The small diameter of VMC divides the high vacuum zone inside the MS from the atmospheric pressure zone where the vaporization occurs, helping to keep the pressure gradient. Furthermore, the VMC introduction allows for a quick replacement of the inlet capillary in case of clogging, avoiding venting the instrument as with the DEI interface. A tee junction is connected to three different capillaries: (1) VMC, (2) inlet capillary, and (3) He carrier capillary. The VMC consists of a fused silica capillary (800 um O.D. and 400 um I.D.) positioned inside the standard GC metal transfer line that can be heated up to 400°C. The VMC can be easily replaced in case of contamination. In addition, it avoids contact of the analytes with the transfer line walls, preventing the thermal degradation of the analytes. The liquid flow reaches the VMC through the inlet capillary (150 um O.D. and 25 um I.D.). In the VMC, the inlet capillary releases the liquid flow and the analytes, which are vaporized due to the high temperature (Figure 1).  The vaporization inside the bigger capillary solves the problem of inlet clogging caused by the precipitation of analytes when the solvent evaporates too early. In this regard, in the first prototype, a Peltier unit was added before the entrance of the VMC to prevent early solvent vaporization. A 1.2 mL/min helium flow flows from the He carrier capillary to the VMC. Herein is mixed with vaporized solvent and analytes, helping to speed up their transfer to the ion source. An accurate liquid flow study was performed to fully understand the flow rate compatible with the EI ion source, suggesting that the ideal flow rate is between 300 nl/min and 800 nl/min. 
A new version of the LEI interface was presented in 2019 from the same group;[4950] the main difference relies on the replacement of the Peltier unit by the so-called cooling gap. The cooling gap is realized by a longer VMC that protrudes out of the heated zone of ≈ 5 cm, avoiding the early vaporization of the solvent inside the inlet capillary. Other variables studied were the position of the inlet capillary and its dimensions. The results showed a reduction of capillary clogging and an improvement in vaporization efficiency using 25-30 um I.D. as an inlet capillary positioned 2 mm inside the VMC (2). 
More recently, a passive flow splitter (PFS) was introduced to allow higher flow rates and the use of more performing 1.0 or 2.1 i.d. LC columns (Figure 2). PFS consists of a tee junction connecting the capillary, which transports the eluate, the splitter capillary, and the inlet capillary of the LEI interface. The splitter capillary conveys a part of the liquid flow in the waste, and the length and diameter can be changed based on the flow rate used for the analyses. LEI inlet capillary and the capillary which transports eluate have fixed dimensions. The possibility of coupling LC with EI using a higher flow rate allows the expansion of the LEI interface to more applications.[510] 
Recently, a new prototype was proposed to combine EI with ambient sampling for the first time. Arigò and co-workers[521] developed a new system called E-LEI-MS, which can perform targeted and untargeted screening in two-dimensional (2D) and three-dimensional (3D) analyses. In brief, the system’s main components are the sampling tip, the on/off valve, the tee connector, and the micromanipulator. As reported in Figure 3, two coaxial tubes form the sampling tip while the micromanipulator places it onto the sample surface. A syringe pump pushes a liquid solvent into the outside capillary; a solvent drop is deposited on the target surface, starting to extract the analytes; the internal capillary, connected to the under vacuum ion source through an on-off valve, sucks and transfers the solution inside the ion source. The on-off valve is necessary to isolate the source from the outside when sampling is not carried out. The vacuum effect enables the delivery of the extracted analytes from the sample into the ion source, and the MS signal is obtained in approximately 3 minutes. The versatility of this new device is demonstrated by the possibility of using any solvent depending on the type of surface and analytes sought.

II. Applications
Non-direct LC-MS systems coupled with EI 
LEI interface
The possibility to couple LC with EI shows several advantages, such as the possibility to extend this ionization technique to low volatile and thermolabile molecules that usually require derivatization,[532] reducing the time needed for the sample preparation step, and the possibility to analyze simultaneously molecules with different chemical/physical properties, which generally requires different MS-based techniques.[543] Indeed, the fast vaporization and the short-time molecules are exposed to high temperatures using the LEI interface, prevent compound degradation and precipitation.[498] In the first work, Termopoli and co-workers performed the simultaneous analysis of 20 environmental priority pollutants with different polarities; the MS trace was compared with the UV trace, demonstrating the maintenance of a good S/N ratio, peak shape, and chromatographic resolution. In the same work, two compounds with higher molecular weight, deoxycholic acid, a bile acid, and imatinib, a chemotherapy agent not present in NIST (respectively 392.57 g/mol and 493.61 g/mol), were analyzed, demonstrating that LEI is helpful in structural elucidation and identification, of untargeted compounds. 
A significant advantage of EI, already widely demonstrated,[187] is the almost total absence of ME, which allows for a more straightforward and quicker analysis of complex samples. In the work of Cappiello and co-workers,[554] tefluthrin, a pyrethroid pesticide commonly analyzed in GC-MS due to its non-polar nature, and dicamba, a highly polar pesticide usually analyzed with ESI-LC-MS or in GC-MS after derivatization,[565,576] were analyzed simultaneously in a water-based commercial formulation, using LEI interface coupled with Negative Chemical Ionization (NCI). This matrix was very complex due to the presence of several other compounds and interfering additives. In addition, the analysis of dicamba in aqueous matrices using ESI requires accurate extraction procedures, mainly based on SPE, [587,598] to the ME, which can affect ionization.[5960-621] The use of the LEI interface allowed the detection and quantification of the two pesticides only after filtration of the sample, reducing the analysis time and possible loss of sensitivity. Flow Injection Analysis (FIA)-LEI-MS/MS was successfully employed to analyze another very complex sample, olive oil, to detect and quantify Tyrosol (Tyr) and Hydroxytyrosol (Htyr).[635] The work was complex and only possible thanks to the unique characteristics of the LEI since neither the use of chromatography nor complex sample preparation was envisaged, only the dilution of the sample. Usually, this type of analysis is based on liquid-liquid extraction before instrumental detection, increasing time and costs.[642-664] The ME measured was close to zero for both compounds in each sample, confirming the excellent qualitative and quantitative LEI capabilities. 
[bookmark: _Hlk169870573][bookmark: _Hlk168735719]One of the main limitations of the LC-EI-MS interfaces is the limited flow rate that can be employed, between 300 and 800 nL/min, to obtain the best performance. The cap-EI and DEI versions solved the problem using capillary and nanocolumns. Unfortunately, especially in the case of nanocolumns, the small injection volume (<100 nL) leads to a significant loss of sensitivity[676] and chromatographic efficiency concerning larger columns. Different strategies were developed to overcome these limitations, such as sample enrichment using solid phase extraction (SPE)[687] and solid phase microextraction (SPME), [6869] the use of a more sensitive detector, or large volume injection (LVI) strategies.[6970] However, offline sample preparation strategies involve a more extended analysis time and the risk of losing analytes. In the field of LVI strategies, in 2020, Termopoli et al. developed a new device called Microfluidic water-assisted trap focusing (M-WATF), which allows an increment of 400-fold of the sample injection volume in a nano column connected to the LEI interface.[710] This device operates a water dilution of a sample dissolved in a large volume of organic solvent (up to 20 μL) to focalize it onto a reverse phase (RP) trap column before sending it to the analytical one. M-WATF has two configurations: trap loading and elution (Figure 4). An HPLC pumps water at 20 μL/min, and the flow is split using a tee junction (T1) in 18 μL/min and 2 μL/min. A part of the flow (2 μL/min) is directed to a 6-port valve (V1), where the sample, dissolved in RP organic solvent, is loaded in a 20 μL sample loop and pushed by the water flow in a second tee junction (T2). Herein, the sample and the split water flow are mixed with the 18 μL /min of water to re-establish the 20 μL /min flow rate, and they are pushed to a second 6-port valve (V2) connected to the nano-trap column. In the meantime, a second HPLC pumps the two mobile phases required to elute the trap column in back-flushing mode and perform the chromatographic separation.
Five pesticides (Clomazone, paclobutrazol, fludioxonil, metolachlor, and pirimiphos-methyl) were analyzed using the M-WATF system (Figure 5); the LOD and LOQ reached were in the range of ng/L, demonstrating that M-WATF increases significantly the sensitivity of the system using a nano-LC without affect the chromatographic resolution.[710]
More recently, the LEI interface was coupled for the first time with a Microfluidic Open Interface (MOI) (Figure 6), allowing the direct coupling of solid phase micro-extraction (SPME) fibers with the LEI interface and the triple quadrupole MS (QQQ). The MOI-LEI-QQQ allowed direct analysis of extracted analytes without chromatographic separation due to SPME selectivity and MRM detection. This configuration for direct analysis has been tested with and without a passive flow splitter (PFS), which undoubtedly increases the speed of the process and reduces the peak width, allowing it to reach lower LOD and LOQ.[510] As indicated in Figure 6, two steps are involved: A) stand-by – the HPLC pump, through a 6 ports-2 positions valve, pushes a solvent first into the desorption chamber of the MOI, filling it and second to the LEI interface and the MS; B) desorption – the valve is actuated in the second position where the solvent coming from the HPLC goes directly to the waste, and MOI remains full of static solvent. The desorption chamber of the MOI is opened, and SPME fiber is introduced into it to be desorbed for one minute. After desorption, the fiber is taken away, and the chamber closed again; A) injection – the valve is actuated in the original position, and the solvent, coming from HPLC, transfers the content of the MOI to the LEI and the MS.  The entire process takes less than 6 minutes.[510] With this new technology, a well-known analgesic drug, fentanyl, was extracted from plasma and urine samples by the direct immersion (DI) of an SPME fiber and analyzed.[721] Nevertheless, no sample clean-up procedure or chromatographic separation was performed, and a negligible ME was observed without using an internal standard (IS), compared with other in situ drug analyses based on ESI.[732] MOI-LEI-MS/MS was successfully used to simultaneously analyze two common pesticides, dicamba and tefluthrin, into a complex commercial formulation (CF). Specificity and sensitivity were guaranteed by SPME, CI detection, and multiple reaction monitoring (MRM) acquisition mode even without chromatographic separation; in this case, the analyses showed negligible ME, as well.[743] A comparison of the green evaluation was made between the previous work, where dicamba and tefluthrin were analyzed in CF using  LC separation,[576] and the new one based on MOI; the system MOI-LEI-QQQ showed a higher score due to the reduction of toxic solvents and energy consumption involved in the analysis, together with a higher sample throughput.[721,754] 
The versatility of the interface was again demonstrated, coupling normal phase liquid chromatography (NPLC) and MS with the use of the LEI interface. NPLC-MS is still challenging due to the incompatibility of conventional LC-MS interfaces with non-polar mobile phases.[765] At the same time, NPLC shows significant advantages in isomers and highly hydrophobic compound separation.[765,776] Marittimo and co-workers[787] realized the LC-MS separation of different compounds that benefited from NPLC due to their chemical-physical characteristics, such as tocopherols, THC and CBD, phthalates, and phenols (Figure 7). All the chromatographic separations were conducted in isocratic mode, eliminating the conditioning step and reducing the total time needed for the analyses. In addition, the mass spectra of the analytes were not modified by apolar solvents, demonstrating perfect compatibility with the LEI interface. 
NPLC can be very useful when hydrophobic compounds have a too-long retention time using RPLC, and separations are time-consuming and lost in separation power. A comparison between RPLC and NPLC for hydrophobic impurities separation in a complex CF is reported (Figure 8); NPLC reduced the analysis time from 50 min to 13 min, maintaining the compound separations and EI mass spectrometry detection power.

Direct LC-MS systems coupled with EI 
CP-MIMS-LEI-MS
LEI interface has also been used for direct analysis, providing quick results from real samples without chromatographic separation and sample extraction steps. An interesting coupling of the LEI interface was proposed by Vandergreef and co-workers[798] with condensed phase membrane introduction mass spectrometry (CP-MIMS) (Figure 9). CP-MIMS involves a hollow fiber poly-dimethyl siloxane (PDMS) membrane assembled on a direct sampling probe immersed in the stirred sample; inside the membrane, the acceptor phase is pumped by an HPLC pump. The PDMS membrane allows the analytes to transfer from the sample to the acceptor phase, which is then split and vaporized in the VMC of the LEI interface.[798-865]  
Molecules from different complex matrices were analyzed using the CP-MIMS-LEI system without any sample pre-treatment: 1) different polycyclic aromatic hydrocarbons (PAHs) were quantified in soil and water without any sample preparation step (Figure 10). The LOD and LOQ were in the range of ng/L for all compounds, and the R2 was between 0.999 and 0.996.[854] 2) phthalates were analyzed in house dust using a CI source; the authors demonstrated that the acceptor phase (acetonitrile, ACN, in this application), vaporized in the VMC, could act as reagent gas in the CI process, making the addition of a reagent gas unnecessary. Using EI and CI in the same instrument increases the potential to identify and quantify the analytes of interest.[865] 3) benzophenone-3 (BP-3) was detected and quantified in water samples.[798] This compound is present in many sunscreens, and being a confirmed endocrine disruptor, a sensitive method for its quantification/detection is necessary. Different analytical methods were developed to analyze BP-3 and related compounds in water; however, these methods required different purification and extraction techniques, extending the time and cost of analyses. CP-MIMS-LEI/CI requires 6 minutes of PDMS membrane immersion in the sample to have the result.[798] In addition, due to the possibility of registering an online signal, the technique allows to obtain a geospatial assessment to correlate the number of swimmers and the quantity of BP-3 released in the water in real-time.  CP-MIMS-LEI-MS was also employed to monitor organic reactions in real-time[810]. The catalytic oxidation of phenylacetylene to acetophenone (Figure 11) and the synthesis of alkyl glycinates (Figure 12) were observed efficiently and quantitatively following the formation of the products and the consumption of the reagents. In the second example, the simultaneous monitoring of the formation of various alkylation products is of significant synthetic interest. 
Although the usefulness and potential of using CI with LEI interfacing have already been established, both with the use of reagent gases and with the use of the mobile phase alone, no study was performed to evaluate the role of the reagent gas in NCI together with a liquid mobile phase. Recently, a new study involving LEI coupled with NCI was presented to analyze per- and poly-fluoroalkyl substances (PFASs). Because they are persistent compounds in several matrices, PFAS analyses are acquiring much interest.[876-910] The study aimed to find the optimal combination of some parameters that can affect the NCI mechanisms for the future development of a method for PFAS analyses. The evaluated parameters include different reagent gases, water in the mobile phase, and formic acid (FA) as a mobile phase modifier. The study confirmed a better performance of ACN alone, which can act as a reagent gas for CI, without adding other gases: the intensity of the base peak for all PFASs was magnified. At the same time, the addition of water and FA negatively affects the ionization efficiency.[921]

E-LEI-MS
As described in the previous paragraph, the E-LEI-MS is a prototype of a surface analysis instrument that can be used for fast screening and real-time analysis.[521] This technique represents an add-on to a common MS but can evolve into a small and portable instrument for in-site sampling. The present prototype has been coupled with single and triple quadrupoles in different pharmaceutical, food, forensic, and artwork applications with promising results. For targeted and untargeted analyses, full scan, SIM, and MRM acquisition modes were applied to several tablets. Despite excipients or multiple active ingredients simultaneously, the mass spectra allowed the identification of the contained substances, showing satisfactory quality levels for untargeted analyses. In Figure 13, the detection of tiaprofenic acid on the surface of a Surgamyl tablet is reported. The mass spectrum obtained was compared with the NIST library, providing satisfactory probability values. The same good results were obtained for identifying ibuprofen in a Brufen tablet. Single ion monitoring (SIM) mode was employed to detect and separate the signals of three active principles in NeoNisidina tablets: acetylsalicylic acid, acetaminophen, and caffeine. 
E-LEI-MS was involved in pesticide analysis on fruit peels, which is helpful in food quality control applications. In particular, orange peels were fortified with chlorpyrifos and imazalil at compatible concentrations and analyzed. Both compounds were detected and identified by mass spectra similar to those in the NIST library: probabilities were 90.3% and 97.0%, respectively. The same method was applied to analyze benomyl in banana peels, and good results were obtained. Although the E-LEI, like most superficial analysis techniques, is a predominantly qualitative analysis tool, a semi-quantitative approach has also been tested. Orange peels were spiked at five different concentration levels (50,100, 500, 1000, and 2000 mg/L) and analyzed. A calibration curve was produced with an R2 of 0.9950.  The analysis of cocaine residues on banknotes also demonstrated how the E-LEI-MS can be very useful in the forensic field. The surface of the banknote was then analyzed in both the contaminated and clean areas: the signal increased rapidly in the cocaine-spotted areas, and the spectrum of the analyte gave a high match score (>90%) with the NIST library. An interesting application where E-LEI-MS has been successfully employed was on a painting surface. The superficial analysis of a painting is fundamental to understanding how to approach a restoration process, which techniques the author used to confirm the authenticity and the attribution to a historical period. However, these analyses must respect the artwork with zero or almost zero impact. The minimal volume of solvent used by the E-LEI-MS system allows a low impact on the paintings. If the sampling is prolonged over time, results from deeper layers can also be obtained, allowing 3D analysis. In this application, different solvents were tested due to the unknown characteristics of the surface. Acetonitrile was chosen due to its extractive and viscous properties. Two compounds, isopropyl myristate and isopropyl palmitate (Figure 14), were detected and recognized using scan mode analysis in different painting layers.[510] 
Both compounds are based components of binders utilized to fix the pigments on the layer; the first compound was found on the surface of the painting at the beginning of the sampling step; after other 3 minutes of sampling, the signal detected changed, and the spectrum recorded was that of the second compound. The solvent continued to dissolve the surface of the painting, going deeper to where the composition was different from that on the surface. Therefore, by moving the sampling tip in the two dimensions of space, it is possible to get a 2D surface mapping. Still, by staying longer at the same point, it is possible to obtain information on the layers a few millimeters deep, obtaining a 3D mapping. Despite the encouraging results, E-LEI-MS is still a prototype that can be improved. 

III. Novel applications
LEI for non-targeted analyses (NTA) and a case study
The LEI interface represents the point of arrival of a study aimed at making LC compatible with the EI-MS, which has passed through previous projects and configurations. Having been conceived as an add-on to a standard instrument, the LEI has been successfully tested with single and triple quadrupoles using both EI and CI modes. The interface was recently coupled with a high-resolution spectrometer (QToF) to further explore the untargeted analysis capabilities of EI spectra with accurate masses. A tandem instrument, such as QToF, can be helpful for identification purposes and structural elucidation, especially with the EI fragmentation pattern. Usually, the absence of molecular ions in EI spectra can represent the principal limit for identifying unknown compounds.[932] In this case, a low energy‑capable EI source, able to operate with low energy electrons (15 eV; 9 eV), combines the benefit of high informative standard spectra with those obtained with a softer fragmentation, often providing molecular ions information.[943] The analysis at classic 70 eV and low energies can be performed using the same ion source, giving the possibility to switch from the two modes very quickly without turning off the instrument. For this peculiarity, the LEI-QToF was used to develop a workflow for NTA to detect and identify an impurity (called impurity Y) present in a complex CF. Due to the high non-polar nature of impurity Y, its detection with the conventional atmospheric pressure ionization techniques was a challenge. Not knowing the nature of the substances present in the sample and considering the low concentration of impurity Y, compared to the main components of the sample, the CF itself was injected as is, without any preparation step. The LC separation was performed in NPLC using an Ascentis Si (2.1 × 150 mm, 3 µm) column, the pump flow rate was set at 100 µL/min, and the split ratio was set at 1:200 to reach the flow rate of 500 nL/min, which is suitable for an optimal LEI functioning. The separation was optimized in gradient mode using mobile phase A: hexane and phase B: ethyl acetate. The gradient was optimized as follows: 1–40% B in 25 min, 40–90% in 1 min, and 90% held for 10 min. The injection volume was 1 µL, and the analyses were conducted in triplicate. The analyses were performed in standard conditions at 70 eV and lower electron energies (15 eV and 9 eV) to determine the molecular ion (Figure 15). Molecular ions were necessary to reconstruct the molecular formula of the unknown compound. The suspected molecular ion (m/z 362.3940) reached 36.33% at 15 eV and 100% of relative abundance at 9 eV. The progressive increase in the presumed molecular ion’s intensity as the electrons’ energy decreases confirmed the choice. This ion was then fragmented in the collision cell to produce daughter ions. The high-resolution MS/MS fragmentation was used for determining the unknown compound structure using a molecular structure correlation software, which enables the assignment of the formula and structure starting from the molecular ion fragmentation and the exact mass of each fragment, using an approach described by Alastair W. Hill and Russell J. Mortishire.[954] MS/MS spectrum was compared with the structures in ChemSpider and PubChem databases, which assigned possible formulas and structures based on each compound’s molecular ion fragmentation and exact masses. The assigned formula for the impurity Y was C26H50 (Figure 16). 

IV. Conclusions
[bookmark: _Hlk171870095][bookmark: _Hlk171870164]The introduction of new materials and molecules permeates various fields complicating their identification and quantification. Consequently, it is essential to have tools for accurate and precise chemical analysis that can detect analytes with diverse chemical-physical properties, even at very low concentrations. The LEI interface addresses this analytical challenge by offering solutions for analytes that other instrumental techniques fail to adequately detect, positioning itself as a viable, non-competing alternative. This review aimed to collect what has been done in recent years to improve the performance of the LEI interface, the coupling with new and different instruments, and the use of CI. EI can still contribute significantly to chemical analyses due to the possibility of simultaneously detecting polar and non-polar compounds and the unparalleled tool of recognizing unknown substances represented by the mass spectrum. In addition, using low-energy-capable EI ion sources, exact masses, and CI extends the possibility of finding molecular ions, increasing the identification power. The low impact of ME has given a great impulse to use the LEI with direct analysis techniques without chromatographic separation. Therefore, E-LEI-MS and the coupling of LEI with MOI and CP-MIMS were born, opening the way for rapid analysis of superficial and complex samples. They represent the most significant innovations in the field with unpredictable margins for improvement. One of the points that certainly needs improvement is sensitivity. The low ionization efficiency of the EI is known, and it is not easy to act on it, but many technical aspects of the LEI and E-LEI still have a chance to be upgraded. One thing that is undoubtedly interesting about both systems is that they do not require particular modifications of the standard instrumentation, allowing to be installed in any of them and to switch from GC to LC very easily. However, the LEI and all instrumental couplings involving its use operate at low mobile phase flow rates or utilize splitting systems, which can limit its handling and sensitivity, respectively. Numerous substances of interest for various fields of application were already analyzed: pesticides, drugs, PFAS, PAHs, binders, and others, but many are ready to be tested with the hope of broadening the spectrum of use of a technique that is certainly useful and comparable to the others available in LC-MS.
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