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ABSTRACT 

The liquid electron ionization (LEI) interface is a device that converts a liquid phase to a gas phase in a 

mass spectrometer (MS) equipped with an electron ionization (EI) source. Analytes in the liquid phase 

vaporize at atmospheric pressure inside a specific vaporization microchannel (VMC) before entering the 

ion source where they are ionized under the typical EI conditions, generating library searchable spectra 

with strong matrix effects mitigation, even in complex samples. Because LEI is coupled with a conventional 

EI-based MS, it can operate both in EI and chemical ionization (CI) modes. LEI can be applied in the 

identification of unknown compounds (non-targeted analysis) or for the detection, with and without 

chromatographic separation, of targeted analytes in complex matrices.  

In this study, the first goal was to explore the versatility of LEI, from one side, in direct analysis (without 

chromatography) using EI and CI with low and high-resolution MS and, from the other side, to assess the 

possibility of coupling normal phase liquid chromatography (NPLC) with EI in low and high-resolution MS 

using LEI.  

LEI performances in direct analysis were evaluated by developing a sustainable and rapid method for the 

analysis of complex biological and environmental samples. The system is composed of a microfluidic open 

interface (MOI) for solid phase microextraction (SPME) liquid desorption, connected to LEI. MOI operates 

under the concept of flow isolated desorption and consists of an open to ambient desorption chamber 

(volume ∼2.5 μL). A triple quadrupole tandem MS (QQQ, low-resolution) and a quadrupole time of flight 

MS (QTOF, high-resolution), operating in EI and negative CI (NCI) conditions were used. NCI is indicated 

for electrophilic compounds, increasing specificity, and reducing background noise. Between MOI and LEI, 

a passive flow splitter (PFS) reduces the flow rate (100 µL/min) needed for rapidly emptying the MOI 

chamber to the flow rate (500 nL/min) required for the correct LEI functioning. The MOI-PFS configuration 

was designed to speed up the sample transfer to MS, improving the signal to noise ratio (S/N) and peak 

shape, leading to fast and sensitive results. Fentanyl and 2 halogenated pesticides (dicamba, tefluthrin) 

were chosen as model compounds and extracted respectively from human blood serum and from a 

commercial formulation (CF) using a C18 fiber by direct immersion. Analytes desorption occurs in static 

conditions inside MOI filled with acetonitrile (ACN). Extraction and desorption steps were optimized to 
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increase efficiency and accelerate the process. Because chromatography is not involved, the system fully 

exploits MS/MS selectivity and HRMS accuracy demonstrating good linearity, repeatability, and LODs and 

LOQs in the μg/L range for fentanyl in serum and in the pg/mL range for the 2 pesticides in CF. Although 

complex matrices were used without chromatography, low-resolution experiments show that matrix 

effects (ME) do not affect the results and LEI identification potential is enhanced through the coupling 

with HRMS. The fast workflow makes the system suitable for high throughput analysis observing the 

principles of green analytical chemistry (GAC).  

NPLC coupled to MS is challenging due to the incompatibility of the nonpolar solvents with the main 

ionization techniques. In this study, a new analytical approach based on the coupling of NPLC with EI in 

low and high-resolution MS using LEI is presented. Compounds with relevance in food, forensic, and 

environmental areas (tocopherols, cannabinoids, phenols, phthalates) were used as model analytes. A 

silica column with NPLC typical solvents was used to perform the separations in isocratic mode and the 

VMC temperature together with the mobile phase composition have been optimized. Low and high-

resolution EI spectra of all targets were acquired and compared with the National Institute of Standards 

and Technology (NIST) library obtaining satisfactory match values, demonstrating the applicability of NPLC 

coupled to EI using the LEI interface. With LEI, the advantages of NPLC, such as the separation of nonpolar 

compounds and isomers, can be successfully combined with the generation of EI spectra and the HRMS 

identification power.  

Another part of this work concerned the development of a prototypal device called extractive liquid 

sampling electron ionization mass spectrometry (E-LEI-MS). E-LEI-MS allows the coupling of ambient 

sampling with EI, avoiding sample preparation and providing spectral identification based on the 

comparison with the NIST library. It consists of a dispositive for solvent release and sampling at ambient 

conditions coupled with an EI source of a single quadrupole MS. The system was tested for targeted/non-

targeted analysis and semi quantitative detection. E-LEI-MS was applied with satisfactory results for the 

analysis of active ingredients in pharmaceutical tablets, pesticides on fruit peel, a drug of abuse 

determination in banknotes, and analysis of unknown components on painting surfaces. Both forensic 

and artwork applications allowed the determination of the spatial distribution of the analytes. E-LEI-MS 

is also an environmentally friendly approach, as demonstrated by AGREE evaluation.  
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1. AIMS OF THE STUDY 

In this study, the first goal was to explore the versatility of LEI in direct analysis (without chromatography) 

using EI and CI with low and high-resolution mass spectrometry and to assess the possibility of coupling 

NPLC with EI in low and high-resolution mass spectrometry using LEI. In this context, the more detailed 

aims are the following:  

• Developing a new method for the analysis of complex biological and environmental samples 

(fentanyl in human blood serum and pesticides dicamba and tefluthrin in a CF) based on a 

modified MOI connected to a PFS device for the direct coupling of a C18 SPME fiber to a LEI 

interface in a QQQ-MS (low-resolution) and in a QTOFMS (high-resolution), operating in EI and 

NCI mode.  

• Developing a new approach for the coupling of NPLC with low and high-resolution MS using the 

LEI interface for the separation and analysis of model compounds with relevance in food, 

forensic, and environmental areas (tocopherols, cannabinoids, phenols, phthalates).  

The second goal of this study was to develop a new dispositive called E-LEI-MS that allows the coupling of 

ambient sampling with EI providing identification based on the comparison with NIST library for the 

analysis in pharmaceuticals, forensic and artwork fields and in pesticide analysis and food quality control.  
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2. INTRODUCTION  

2.1. BREAF HISTORY AND PRINCIPLES OF MASS SPECTROMETRY 

According to the 2013 IUPAC recommendations MS is defined as an analytical technique that measures 

matter through the creation of ions in the gas phase that are sought and determined based on their m/z 

ratio [1]. MS has been used for many years in numerous scientific areas, including chemistry, medicine, 

pharmacology, forensic sciences, and food sciences, due to its adaptability. MS began in 1912 when Sir 

Joseph J. Thomson invented the spectrographic dish, the precursor of today's mass spectrometer. 

Thomson's apparatus used gas discharge tubes to produce ions, which were then transported toward 

electric and magnetic fields. When subjected to this setting, the ions followed parabolic paths based on 

their m/z ratio before being detected, by impact, on a photographic plate. The quadrupole analyzer and 

the ion trap analyzer, both described by Paul Wolfgang in 1953 and 1958, are two examples of 

developments that interested MS during that period. During the 1960s, the diffusion of GC coupled to MS 

broadened the field of application of this analytical technology to more complex mixtures. The 

development of MS/MS and CI belong to the same period. The necessity to widen the range of 

applicability to biologically relevant substances with large molecular masses led to the development of 

novel ionization modes such as ESI and MALDI in the 1980s. With the invention of the ESI interface, the 

coupling of HPLC and MS as a tool for evaluating larger and less volatile substances was solidified. Ambient 

ionization techniques have recently been established in the field of MS. Ambient MS allows mass spectra 

to be recorded from untreated samples that are examined in their natural environment [2]. DESI was the 

first ambient ionization approach to be introduced in 2004 [3]. DART was introduced in 2005, after DESI 

[4]. The potential of ambient ionization has paved the way for the development of innovative techniques 

that can be used to meet a variety of analytical needs. 

MS is an analytical technique that uses a molecule's weight to identify a sample to be studied. It is a 

destructive analysis approach since the analytes are subjected to an ionization process that results in the 

development of a molecular ion and fragments derived from it, each with its own m/z ratio. Given that 

the charge is frequently equal to one, the m/z ratio is traditionally equal to the ion's mass. The processes 

involved in MS analysis are illustrated in Figure 1. 
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Figure 1. Processes involved in MS analysis. [5]. 

 

The mass spectrum, which graphically displays the relative abundance of each m/z ratio, is the result of 

the analysis. The "base peak" is the peak that corresponds to the ion with the greatest abundance, which 

can be the molecular ion or any other ion generated during molecule fragmentation. The mass spectrum 

is unique to each substance. As a result, the analyte is identified by comparing the experimental spectrum 

to spectra stored in electronic libraries or by performing a specialized interpretation of the spectrum itself. 

In fact, by observing the fragmentation profile, even unknown compound formulas can be deduced.  

The MS apparatus is generally composed of: 

• A sampling system that collects samples from the outside environment (atmospheric pressure) 

and transfers them inside the ionization source (vacuum condition). 

• The ionization source where the molecules are converted from neutral species to ions in the gas 

phase. 

• The mass analyzer that separates and analyzes ions as they move through a magnetic or electric 

field. 

• The detector that measures and amplifies the ionic current.  

• A computer system that reprocesses the data in the form of a mass spectrum. 

• A vacuum system that maintains the optimal pressure inside the instrument. 

 

2.2. IONIZATION SOURCES AND TECHNIQUES 

The ion source is where neutral analytes are converted into gas phase ions [1]. In some techniques, 

ionization is performed by ejection or capture of an electron by an analyte to produce a radical cation 

[M+•]  or anion [M-•], respectively. In others, a proton is added or subtracted to yield [M + H]+ or [M − H]− 
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ions. In some methods, a molecule can also be ionized by creating adducts with Na+ and K+ ions, forming 

cationic species, or with Cl- ions, forming anionic species. The choice of the ionization technique used is 

determined mostly by the nature of the sample to be studied and the type of information required. 

Ionization techniques can be distinguished based on the approach used to convert neutral analytes into 

ionic species in the gas phase. 

The first distinction is based on the energy used to ionize the molecule, which classifies ionization 

processes as hard or soft. Hard ionization techniques are those in which the ionization energy that strikes 

the molecule inside the ionization chamber is substantially greater than the energy required to lose an 

electron. The surplus energy is distributed throughout the molecule's bonds, resulting in extensive 

fragmentation. EI is the most popular of hard ionization techniques.  

Soft techniques use less energy and are hence less destructive. CI, ESI, APCI, and MALDI are examples of 

this sort of method. It is also possible to distinguish between techniques that operate under vacuum 

conditions and those in which ionization occurs at ambient temperature and pressure. Among the 

techniques that operate under vacuum conditions, EI and CI will be discussed.  

 

2.2.1. ELECTRON IONIZATION 

EI, introduced by Dempster in 1918, is the oldest ionization mechanism used in MS. EI is widely employed 

in the analysis of thermally stable and relatively volatile organic compounds [5]. These properties make 

this type of ionization suitable for coupling with GC. GC-MS has become one of the most popular methods 

for evaluating the presence of target compounds and in non-targeted analysis due to the separation 

capabilities of GC and the identification potential of MS [6]. GC-MS capability to identify a substance is 

also due to the development of electronic libraries containing spectra of already known substances which 

act as a comparison with the spectra obtained experimentally. The applicability of EI to HPLC has also 

been demonstrated via LEI interface which will be discussed more in depth in the next paragraph [7]. In 

the EI process, the vaporized sample molecules are bombarded with a beam of energetic electrons 

(usually generated by a tungsten filament held at an energy of 70 eV). An electron from the target 

molecule is expelled during this collision process to convert the molecule to a positive ion with an odd 

number of electrons. This positive ion, called a molecular ion or radical cation, is represented by the 
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symbol [M+•]. This process occurs in a high vacuum condition and the ionization source is maintained at 

high temperatures to avoid condensation of the sample. In Figure 2, the scheme of an EI ion source is 

presented. The kinetic energy of the bombarding electrons must exceed the ionization energy of the 

sample molecule. The excess energy gained by the ionized molecule causes it to dissociate into structurally 

diagnostic smaller-mass-fragment ions, some of which may still have sufficient energy to fragment further 

into second-generation product ions. The fragmentation pattern thus obtained is diagnostic of the 

structure of the sample molecule. 

 

Figure 2. Scheme of an EI ion source [Herbert, C.G.; Johnstone, R. A. W. Mass Spectrometry Basics. 2002, 

CRC Press.] 

 

2.2.2. CHEMICAL IONIZATION 

CI is a soft technique, with lower ionization energy compared to EI, suitable for the analysis of those 

substances that fail to yield molecular ion signal in EI mode. Basically, CI shares a common ion-source 

assembly with EI, but the CI process is quite distinct from EI. In fact, CI is accomplished through gas-phase 

acid-base reactions between the sample molecules and the reagent gas ions. Ionization of the sample 

occurs via a proton transfer mechanism in which the molecules of the reagent gas behave like Bronsted 

acids, which are chemical species capable of donating H+ ions. The first step of the CI process is based on 

the same mechanism that characterizes EI and involves the ionization of the reagent gas molecules which 
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are bombarded inside the source by a beam of electrons. This interaction determines the loss of an 

electron from a reagent molecule, resulting in the formation of a radical that will interact with another 

neutral reagent molecule. The product of this reaction reacts with the sample molecules through a 

protonation process which favors the molecule with higher proton affinity. When the proton affinity of 

an analyte molecule exceeds that of the reagent gas, ions [M + H]+ are produced (positive CI). When the 

proton affinity of the reagent gas molecule is greater than that of the analyte molecule, [M + H]- ions are 

produced (negative CI). For this reason, reagent gases with different proton affinity can be used. Methane, 

isobutane, and ammonia are the most common reagent gases.  

The mass spectrum acquired with CI is simpler than that obtained via EI analysis. It usually contains the 

signal of the molecular ion and the signal of a few fragment ions in case they are formed. The extent of 

fragmentation can be controlled by a correct choice of reagent gases.  

 

2.3. HISTORY OF THE LC-EI-MS INTERFACES 

Over the years, several attempts have been made to ionize analytes from the liquid phase using EI (Figure 

3). Initially, EI was considered incompatible with LC-MS systems due to the presence of a liquid mobile 

phase and the limitations imposed by the high vacuum and high-temperature conditions required for EI 

operation. The main obstacle was the apparent flow rate incompatibility, in fact, the presence of a liquid 

mobile phase at high flow rates could break the vacuum needed in the EI ion source, and the mobile phase 

transition from the liquid state to the gaseous state inside the ion source mainly induced chemical 

ionization, as a result, clean EI spectra cannot be obtained [8,9]. According to McLafferty [10], LC-MS 

interfaces must overcome the problem of the tremendous disparity in operating pressure between the LC 

exit (³ atmospheric pressure) and the MS ion source (< 10-4 torr for EI-MS).  

The first LC-EI-MS coupling was proposed in 1968 by Tal'roze and coworkers [11]. Through a capillary leak 

system, they succeeded in continuously introducing volatile organic liquids inside a conventional EI ion 

source, however, due to the < 10-4 torr pressure requirements of the ion source, only flow rates of ∼10-6 

ml/min were possible. Furthermore, other problems of the capillary interface system were absorption of 

polar components, cross-contamination of samples, flow rates irreproducibility, and occlusions [12].  
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In the following years, three general types of LC-MS interfaces have been proposed: interfaces that 

introduce part of the effluent directly into the MS ion source, those which employ solvent separation, and 

those which vaporize the total effluent at atmospheric pressure.  

In 1974, Arpino et al. [13] developed an LC-MS interface based on CI called direct liquid introduction (DLI). 

The liquid mobile phase was directly conveyed into the ion source and converted into the gas phase, acting 

as a CI reagent gas. The flow rate was adjusted to the spectrometer operating conditions by introducing 

a splitter and differential pumping systems. DLI encountered various problems related to the non-

formation of EI spectra, low sensitivity due to the high splitting of mobile phase and sample, and frequent 

occlusion of the capillaries.  

One of the most successful systems for solvent separation, called moving belt (MB), was proposed in the 

same period by Scott and coworkers [14]. The LC effluent was sprayed over a moving wire or tape and 

evaporated at atmospheric pressure. Through a series of vacuum chambers, the analytes on the belt were 

carried into the mass spectrometer's ion source where the sample was heated, vaporized, and ionized. 

Either EI or CI spectra can be obtained. Although quite successful for some years, this interface also had 

several limitations due to the complexity and mechanical fragility and the high memory effect, especially 

with low volatile substances.  

Another interface called particle beam (PB), also known as the monodisperse aerosol generator interface 

for chromatography (MAGIC), proposed by Willoughby and Browner in 1984 [15], exploited the same 

principle as MB of separating the mobile phase before the analytes enter the ion source.  With PB, the 

column eluate is first passed to a nebulizer, where the mobile phase is dispersed into a fine mist of 

droplets. The resulting aerosol then passes through a desolvation chamber, kept slightly above ambient 

temperature, where the volatile solvent evaporates, and dissolved analyte condenses to form solid 

particles. The resulting mixture of particles, solvent molecules, and helium atoms is drawn through a small 

nozzle into a pumped chamber causing a rapid expansion to occur. The relatively massive solute particles 

will gain high momentum from the expansion and therefore continue in a linear beam, while the low 

mass, low momentum solvent molecules and helium atoms will undergo rapid radial expansion. 

Separation is achieved by sampling the particle beam through a small opening, or skimmer, leaving the 

other components to be pumped away. The resulting dry, high-velocity particle beam passes through a 
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short transfer line to the mass spectrometer. The heated walls of the ion source provide thermal energy 

for flash volatilization of the particles and ionization of the gas phase analyte can then proceed by EI or 

CI. Since the first introduction, the development of the PB interface has proceeded rapidly and several 

modifications to the basic design have been made in terms of methods for aerosol formation and gas-

solid separation. However, problems with the PB interface were drawbacks related to the transfer and 

loss of analytes while crossing the momentum separators, sensitivity issues, and limitations in 

quantification due to high volumes of solvent in the ion source [16].  

As previously stated, the main reason why LC-MS was difficult to realize was the presence of large 

amounts of liquid solvent that had to be removed by the vacuum system. Typical LC flow rates around 

that time were at least 1 mL/min, which was highly challenging for the MS pumping system [17]. In that 

period, due to the emergence of green chemistry, there was a drive toward the miniaturization of the last 

environmentally friendly instruments. The advent of capillary and nanoscale liquid chromatography has 

made the flow of the mobile phase compatible with the EI vacuum, facilitating LC-MS coupling. A 

consequence of this evolution was the micro flow rate particle beam (micro-PB) developed in 1993 by 

Cappiello and Bruner [18]. It was a modified version of the PB designed to work at a lower flow rate of 

mobile phase (1-5 μL/min). By using a lower flow, the performance of the interface was increased. Micro-

PB was widely studied to try to optimize the parameters involved in the interface and to explore its real 

potential [19,20]. The different experiments carried out using this new interface showed that the impact 

of the mobile phase on the ion source had to be reduced and many applications published from 1994 to 

2001 demonstrated the merits of micro-PB [21-29].  

The Capillary-EI interface (CapEI) represented the evolution of the micro-PB: it guaranteed a lower loss of 

the analytes, thus increasing the sensitivity [30]. 

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 [8]. 

In 2001, Professor Cappiello's research group proposed a new LC-EI-MS interface prototype [31], taking 

into consideration the advantages deriving from LC nano columns. In fact, considering these advantages, 

the nebulization process, solvent evaporation, particle formation and conversion into the gaseous phase 
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all took place within the ion source. The temperature of the ion source (150-350°C) was high enough to 

favor the passage of the analytes from the liquid to the gaseous phase, according to their physical and 

chemical characteristics. This interface was called Direct-EI (DEI) due to the direct introduction of the LC 

eluate into the ion source. The mobile phase flow rate (<1 μL/min) and some modifications of the ion 

source positively contributed to the DEI performance, such as a more efficient pumping system and a new 

vent window in the ionization chamber to facilitate the dispersion of solvent vapors. This configuration 

minimized sample loss and efficiently removed solvent vapors, resulting in more efficient analyte 

ionization. DEI was used for 15 years in various applications, both in association with LC and in direct 

analyses. Indeed, DEI has been used in many research fields, demonstrating the lack of the matrix effect. 

It is unaffected by coelution of analytes or matrix components, making it suitable for direct introduction 

of diluted samples [31-63]. However, DEI also had several disadvantages, which have not yet been 

resolved, such as premature evaporation of the solvent causing subsequent solute precipitation and the 

occasional occlusion of the nebulizer capillary. Another obstacle is associated with the surface of the ion 

source: inside the stainless-steel surface of the ion source, polar, low volatile and thermally unstable 

molecules can undergo either adsorption or thermal degradation, resulting in peak tailing phenomena, 

drastic reduction of sensitivity, poor reproducibility, and anomalies in the EI spectra.  

In 2017, the same research group of Professor Cappiello evaluated the possibility of making the 

conversion from liquid to gas take place outside the ion source. A new interface was developed: the liquid 

electron ionization interface (LEI) [64,65], which will be discussed in the next paragraph.  
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Figure 3. Summary of the development of the major LC-EI-MS interfaces.  

 

2. 4. LIQUID ELECTRON IONIZATION INTERFACE 

LEI was recently developed by Prof. Achille Cappiello and his research group with the aim of solving the 

problems arising in the conversion of the liquid phase into the gaseous phase, preserving the integrity of 

the compounds and the chromatographic information, also allowing to obtain EI spectra that can be 

searched in the libraries [7]. LEI is a novel device that converts a liquid phase to the gas phase in a mass 

spectrometer equipped with an EI source. LEI is completely independent from the rest of the 

instrumentation and can be adapted to any GC-MS system, as an add-on for a rapid LC-MS conversion 

[65]. In the LEI interface, the vaporization of the eluate from the column takes place at atmospheric 

pressure, inside a specific VMC right before reaching the ion source. A stream of inert gas carries 

molecules in the gaseous state in the high vacuum ion source. In this way, solute vaporization takes place 
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just outside the ion source in a space that is most suitable considering the size, pressure, temperature, 

and surface materials and is free of sensitive components and electrical potentials. Once in the ion source, 

the analytes are ionized under the typical EI conditions (70 eV) generating library searchable EI spectra 

with strong matrix effects mitigation and small solvent consumption (LEI works at nano-flow rates). By 

extending the electronic spectra libraries access to LC, LEI can provide a powerful tool in the identification 

of unknown polar and nonpolar compounds (non-targeted analysis), which is of increasing importance in 

food safety, environmental, forensic, and in many other investigation areas [65]. Due to the negligible 

matrix effects, this technique can be used in many different applications, not only in combination with 

chromatography but also in direct analysis for the detection of targeted analytes in complex samples 

without sample preparation steps [66]. LEI offers a reliable and simple solution for small molecule 

applications and, by operating in the nano-field, it accomplishes guidelines and principles of “green 

analytical chemistry” to combine performance and sustainability, limiting reagent consumption and waste 

generation. The processes involved in the functioning of the LEI interface are shown in Figure 4. 

 

 

Figure 4. Processes involved in the functioning of the LEI interface. 

 

As illustrated in Figure 5 and Figure 6, the most updated version of the interface is characterized by three 

fundamental parts [7]: 
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• liquid-gas connector for adding the helium flow: the liquid flow rate exiting from the LC column is 

conveyed inside the inlet capillary and meets the liquid-gas connector. This component ensures 

proper mixing between helium and mobile phase once both merge as gas phase in the vaporization 

microchannel. Helium has multiple functions in this interface: to accelerate the transport of the 

sample into the ion source, to avoid vapor backflow, to promote sample vaporization, and to assist 

the correct ionization and ion ejection from the ion source. The inlet capillary is very thin and carries 

the eluate deriving from the LC column into the vaporization microchannel. It is made of fused silica 

with an external diameter of 150 μm, while the internal diameter can vary from 25-50 μm. The 

vaporization microchannel is considered the heart of the interface: here the conversion from the 

liquid to the gaseous phase takes place. Several attempts have been made to minimize the adverse 

effects of the metal surface by using other materials, such as Teflon or ceramics [67, 68]. Those 

materials allowed to obtain several advantages, allowing new applications, and improving the shape 

of the peaks, especially in the analysis of thermolabile and high molecular weight compounds. 

However, they also had several disadvantages, due to their low thermal resistance, fragility, and cost. 

Then, a fused silica capillary is used as VMC inside the metal transfer line. The fused silica vaporization 

microchannel has an external diameter of 800 μm and an internal diameter of 400 μm, wide enough 

to accommodate the inlet capillary, leaving a ring-shaped space between the two elements of 125 

μm. This space enables the passage of the helium flow. The liquid-gas connector is kept at room 

temperature to avoid premature vaporization of the mobile phase. At the end of the inlet capillary, 

helium combines with liquid vapors in the liquid-to-gas conversion zone and the sample is vaporized. 

Typically, the helium flow is 1 mL/min. 
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Figure 5. Liquid-gas connector [7]. 

 

• Cooling gap to separate the hot vaporization area from the connector: it is an extension of the 

vaporization micro channel consisting in a fused silica capillary that protrudes 5 centimeters from the 

heated transfer block to prevent heat from diffusing back from the hot region of the interface. 
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Figure 6. Cooling gap and vaporization microchannel. (7). 

 

In a previous version of LEI, a Peltier cell kept the liquid-gas connector temperature cool. The Peltier cell, 

shown in Figure 7, subtracted some of the back-diffusing heat from the heated region of the interface. 

When the Peltier was turned off, the mobile phase reached a temperature of 55°C with a microchannel 

temperature set at 350°C. This value was high enough to promote early vaporization of most of the mobile 

phase resulting in solute precipitation and capillary clogging. After the Peltier cell was turned on, the liquid 

temperature was 40°C, 15°C below the boiling point of methanol, which is the most volatile solvent used 

in reverse-phase chromatography [65]. The cooling gap, on the other hand, is more efficient and keeps 

these values limited to ambient temperature, regardless of the vaporization temperature used, 

preventing sample precipitation.  
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Figure 7. Temperature distribution between the vaporization microchannel set at 350 °C and the liquid-

gas connector with the Peltier cell in both ON and OFF positions [65]. 

 

• liquid to gas conversion zone where the liquid is vaporized and mixed with the helium flow: here the 

liquid sample is finally converted to the gas-phase. This process takes place inside the vaporization 

microchannel, at the end of the cooling gap and where the inlet capillary ends, approximately 2 mm 

inside the heated transfer block. At this exact point, the inlet capillary releases the liquid effluent at 

atmospheric pressure inside the tight space of the hot vaporization microchannel, and flash 

vaporization takes place upon liquid contact with the hot internal surface of the microchannel. The 

other end of this narrow channel terminates in the high vacuum region of the EI source. The analytes 

in the gas phase are conveyed by the vacuum gradient and helium flow inside the EI ion source for 

the ionization under typical conditions (70 eV).  
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2.4.1. ROLE OF LEI IN COMBINATION WITH CHROMATOGRAPHIC TECHNIQUES 

The effectiveness of LEI in combination with chromatographic techniques has been demonstrated by the 

excellent results obtained from the analysis of pesticides, PAHs, hormones, and phenols, as demonstrated 

by the experiment, shown in Figure 8, using a mixture of 20 priority organic pollutants (POPs) 

(acetamiprid, bisphenol A, thiram, fludioxonil, phosmet, fenhexamid, imazalil, boscalid, naphthalene, 

chlorfenvinfos, lindane, zoxamide, anthracene,  pyriproxyfen, 4-n-octyl phenol, endosulfan II, chlorpyrifos, 

4-n-nonyl phenol, benzo[k]fluoranthene, benzo[a]pyrene), and 4 internal standards (bisphenol A D16, 

Phosmet D6, Chlorpyrifos-methyl D6, Pyrene D10). They were analyzed both in full scan and MRM and a 

UV profile was detected at the column outlet before the LEI. The compounds belong to different classes 

with different polarities, and they all gave an excellent response both for the S/N and for the shape of the 

peak. The results obtained demonstrated the ability of the mass spectrometer, equipped with an LEI 

interface, to generate high-quality EI mass spectra even if deriving from a liquid phase. Through the 

comparison between the results obtained in MRM with UV, a perfect match is observed in terms of 

chromatographic resolution and peak width [65].  
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Figure 8. Results obtained from the separation and analysis of 20 pollutants, including four internal 

standards.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. [65].  

 

Another recent application concerning the development of an LC-LEI-QQQ method using a reversed-phase 

column to detect dicamba and tefluthrin in a commercial formulation (CF), demonstrated that a further 

advantage of LEI is the ability to work in CI mode [69]. CF is a complex matrix due to active ingredients 

and additives, reaching LODs and LOQs of 0.08 and 0.3 ng/mL for dicamba and 0.05 and 0.2 ng/mL for 

tefluthrin. The simultaneous analysis of dicamba and tefluthrin, two halogenated pesticides, is challenging 

due to their opposite chemical-physical properties. Indeed, dicamba is a highly polar compound usually 
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analyzed with LC-ESI-MS, whereas a derivatization step is required for GC-MS analysis. Tefluthrin is a 

nonpolar compound, hence hardly ionized with ESI, and is usually detected with GC-MS [69, 70]. NCI is 

typically used in GC-MS for ionizing compounds containing electronegative atoms, increasing signal-to-

noise ratio (S/N), and showing better sensitivity than EI. In NCI, a buffer gas generates low-kinetic energy 

electrons after the impact with the 70 eV electrons coming from the filament. These thermal electrons 

react with the sample molecules to form negative ions [71, 72]. In ref. [69], the analyses were performed 

using chromatographic separations (Figure 9), and the CF, fortified with dicamba and tefluthrin standards, 

was injected after dilution, filtration, and pH adjustment. 

 

Figure 9. MRM profiles of dicamba and tefluthrin two-compound mixture in diluted CF [69]. 

 

These experiments demonstrated that LEI interface efficiently converts liquid eluate into a gas stream 

without loss of chromatographic information and preserving the chemical integrity of the analytes.  

 

When dealing with new mass spectrometric instruments, one of the most important characteristics is the 

mass spectrum quality. With LEI interface, mass spectra comparable to those found in libraries (such as 

NIST) can be obtained, allowing the precise identification of unknown analytes. During the identification, 

the comparison between the experimental spectrum obtained and those present in the libraries can be 

facilitated using deconvolution programs, these programs can separate ions of coeluted compounds, 
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aiding identification. Indeed, a point of strength of LEI is the ability to identify non-targeted compounds. 

This ability was highlighted through an experiment, shown in Figure 10, conducted on the brain tissue of 

a SIDS victim (sudden infant death syndrome), to search for a possible toxic environmental contaminant 

[65]. Several peaks in full scan mode were obtained due to the complexity of the matrix. Considering that 

the LEI can benefit from modern deconvolution programs that help to minimize the background noise and 

to separate each single mass spectrum generated during the sample analysis, it was possible to identify 

the presence of benzo(a)pyrene, under a large peak arising from the matrix. The identification was 

confirmed by MRM analysis and by comparison with a standard solution of benzo(a)pyrene. 

 

Figure 10. Results obtained from the analysis of the brain tissue of a SIDS victim [65].  

2.4.2. ROLE OF LEI IN DIRECT ANALYSIS  

Direct MS can benefit from coupling LEI with specific extraction and preconcentration techniques such as 

membrane introduction mass spectrometry (MIMS). With MIMS, molecules permeate the membrane 

according to their individual permselectivity and are transferred to the mass spectrometer as a mixture 

by a continuous flowing acceptor phase which can be either gaseous or a condensed phase such as a liquid 

suitable for semi to nonvolatile compounds [73]. Co-permeating analytes in the mixture can be resolved 

by the mass spectrometer according to their unique m/z or by using tandem MS/MS techniques. The 

membrane also rejects bulk matrix components, as a result, potential problems from interfering matrix 

components can be mitigated or significantly reduced [74]. An interesting application of CP-MIMS-LEI-MS 

with encouraging results concerned the possibility of monitoring synthetic organic reactions. CP-MIMS-



 30 

LEI-MS was employed to analyze polar and non-polar compounds, using a semipermeable membrane 

immersed directly in the reaction chamber. Changes in the concentrations of reagents and products were 

monitored, while, at the same time, interfering molecules and particles formed during the synthesis 

process were eliminated. As reported in Figure 11, in-situ quantitative continuous monitoring of catalytic 

oxidation and alkylation reactions were investigated [73].  

 

Figure 11. Quantitative online monitoring of an alkyl glycinate synthesis in dry acetonitrile with 

triethylamine catalyst with CP-MIMS-LEI: (A) (R)-a-methyl benzylamine; (B) ethyl bromoacetate; (C) ethyl 

(R)-(1-phenylethyl)glycinate; (D) diethyl (R)-2,20-((1- phenylethyl)-azanediyl)-diacetate. [73].  

Another recent approach involving direct MS was the coupling of LEI with MOI [75]. MOI, developed by 

Pawliszyn et al. [76], is a rapid elution system for solid phase microextraction (SPME) fibers. MOI is based 

on the concept of a flow-isolated desorption chamber of 7 μL connected to an ionization source Analytes, 
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selectively extracted from various matrices, are rapidly eluted into the MOI and introduced directly to the 

MS ion source without chromatographic separation. Recently, a modified MOI configuration in which the 

desorption chamber was reduced at ∼2.5 µL was proposed and coupled with an LEI-MS system. LEI-MOI-

MS system was tested on fentanyl in urine and plasma, used as a model compound showing good results.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 32 

3. MATERIALS AND METHODS 

3.1. SOLVENTS AND REAGENTS, STANDARDS, AND SAMPLES/MATRICES  

LC-MS grade acetonitrile (ACN), dichloromethane (CH2Cl2), ethanol (EtOH), hexane (HEX), isopropanol 

(IPA), and octanol, were purchased from VWR International, part of Avantor (Milan, Italy). Ultrapure water 

was obtained from a Direct-Q3 UV water purification system from Merck Millipore Co. (Milan, Italy). 

Phosphoric acid (PA, 85%) was purchased from Merck (Milan, Italy). Standards of fentanyl (1000 mg/L in 

MeOH), (+)-alpha-tocopherol, (+)-delta-tocopherol (purity ≥ 98%) and caffeine (purity > 99.0%) were 

purchased from Sigma-Aldrich-Cerilliant (Milan, Italy). Standards of chlorpyriphos (purity 99.9%), imazalil 

(purity 99.8%), and benomyl (purity ≥ 98.0%) were supplied by Sigma Aldrich-Pestanal (Milan, Italy). 

Dicamba and tefluthrin (purity >99%) were provided by Syngenta Ltd (Bracknell, UK). Standard of (+)-beta-

tocopherol (purity ≥ 98%) was supplied by Extrasynthese (Genay, France). Solutions of cannabinoids ((-)-

delta9-trans-tetrahydrocannabinol 100 mg/L in MeOH, cannabidiol 1000 mg/L in MeOH) and cocaine 

(1000 mg/L in ACN) were provided by the Toxicology Lab. A.S.T. AV1 (Pesaro, Italy). Phthalates (diisodecyl 

phthalate, diethyl phthalate and dimethyl phthalate, purity ≥ 99%), and phenols (phenol, catechol, 

resorcinol and hydroquinone, purity ≥ 99%), were provided by the Department of Biomolecular Sciences 

(DISB) of Urbino University (Urbino, Italy). All the standards were stored at -20°C. Human blood serum 

was purchased from Sigma Aldrich-Cerilliant (Milan, Italy) and stored at -20°C. Commercial formulation 

(CF) samples were provided by Syngenta Ltd (Bracknell, UK) and stored at -5°C. The anti-inflammatory 

drugs used for the analysis of active ingredients in pharmaceutical tablets with E-LEI-MS were purchased 

at a local pharmacy and were the following: Surgamyl (produced by Scharper S.p.a., Milan, Italy) 

containing tiaprofenic acid (300 mg), Brufen (produced by Mylan S.p.a., Milan, Italy) containing ibuprofen 

lysine salt acid (200 mg), NeoNisidina (produced by Pharmaidea S.r.l., Travagliato, BS, Italy), containing 

acetylsalicylic acid (250 mg), acetaminophen (200 mg), and caffeine (25 mg). Oranges and bananas, for 

the determination of pesticides on fruit peel with E-LEI-MS, were bought at a local market. A 5-euro 

banknote was used for the analysis of drugs of abuse (cocaine) with E-LEI-MS. Paintings used for the 

analysis of unknown components on painting surfaces with E-LEI-MS, were provided by the “Scuola di 

Conservazione e Restauro” laboratories, of the University of Urbino. 
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The solvents and reagents, standards, and samples/matrices used in this study are listed in Table 1−3.  

 

Table 1. List of chemicals: solvents and reagents used in the study.  

 

 

 

 

 

 

 

 

 

Table 2. List of chemicals: standards used in the study.  

Solvent/Reagent Manufacturer/Supplier Publication/Congress 

Acetonitrile (ACN) VWR International-Avantor. Milan, Italy  1, 2, 3, 4, 5, 6, 7 

Dichloromethane (CH2Cl2) VWR International-Avantor. Milan, Italy  3 

Ethanol (EtOH) VWR International-Avantor. Milan, Italy 8 

Hexane (HEX) VWR International-Avantor. Milan, Italy 3, 8 

Isopropanol (IPA) VWR International-Avantor. Milan, Italy 8 

Phosphoric acid (PA) Merck. Milan, Italy 2, 4, 5, 6, 7 

Octanol VWR International-Avantor. Milan, Italy 3 

Water (milli-Q, H2O) Merck Millipore Co. Milan, Italy  1, 2, 3, 4, 5, 6, 7 
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Standard 
Molecular 

weight 

Molecular 

formula 
Manufacturer/Supplier 

Publication/ 

Congress 

Benomyl  290.32 C14H18N4O3 
Sigma Aldrich-Pestanal. Milan, 

Italy 
3 

Caffeine 194.19 C8H10N4O2 
Sigma-Aldrich-Cerilliant. Milan, 

Italy 
3 

Cannabidiol (CBD) 314.5 C21H30O2 
Toxicology Lab. A.S.T. AV1. 

Pesaro, Italy 
8 

Catechol 110.11 C6H6O2 
DISB University of Urbino.  

Italy 
8 

Chlorpyriphos 350.59 C9H11Cl3NO3PS 
Sigma Aldrich-Pestanal. Milan, 

Italy 
3 

Cocaine 303.35 C17H21NO4 
Toxicology Lab. A.S.T. AV1. 

Pesaro, Italy 
3 

Dicamba 221.03 C8H6Cl2O3 Syngenta Ltd. Bracknell, UK 2, 4, 5, 6, 7 

Diethyl phthalate 222.24 C12H14O4 
DISB University of Urbino.  

Italy 
8 

Diisodecyl phthalate 446.7 C28H46O4 
DISB University of Urbino.  

Italy 
8 

Dimethyl phthalate 194.18 C10H10O4 
DISB University of Urbino.  

Italy 
8 

Fentanyl 336.5 C22H28N2O 
Sigma-Aldrich-Cerilliant. Milan, 

Italy  
1, 4, 5, 6 

Hydroquinone 110.11 C6H6O2 
DISB University of Urbino.  

Italy 
8 

Imazalil 297.18 C14H14Cl2N2O 
Sigma Aldrich-Pestanal. Milan, 

Italy 
3 

Phenol 94.11 C6H6O 
DISB University of Urbino.  

Italy 
8 

Resorcinol  110.11 C6H6O2 
DISB University of Urbino.  

Italy 
6 

Tefluthrin 418.7 C17H14ClF7O2 Syngenta Ltd. Bracknell, UK 2, 4, 5, 6, 7 

(+)-alpha-tocopherol 430.7 C29H50O2 
Sigma-Aldrich-Cerilliant. Milan, 

Italy 
8 

(+)-beta-tocopherol 416.7 C28H48O2 Extrasynthese. Genay, France 8 

(+)-delta-tocopherol 402.7 C27H46O2 
Sigma-Aldrich-Cerilliant, Milan, 

Italy 
8 

(-)-delta9-trans-

tetrahydrocannabinol 

(THC) 

314.5 C21H30O2 

Toxicology Lab. A.S.T. AV1. 

Pesaro, Italy 8 
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Table 3. List of chemicals: samples/matrices used in the study. 

 

3.2. STANDARD SOLUTION AND SAMPLE PREPARATION 

Diluted solutions of fentanyl were prepared volumetrically in ACN from the reference standard (1000 

mg/L) at the following concentrations: 0.2, 1, 2, 4, 10, 20, 40, 80, 200, 400 mg/L, and stored in dark vials 

(Agilent Technologies, Santa Clara, CA, USA) at -20°C. Diluted solutions were used to volumetrically 

prepare working standard solutions of fentanyl in ultrapure water and serum, containing ACN 0.25% (v/v) 

and 5.0% (v/v), respectively. These concentrations were: 1000 µg/L for DI-SPME studies, PFS experiments, 

and repeatability tests, and 5, 10, 50, 100, 200, 500, and 1000 µg/L for calibration curves. Each solution 

was injected in triplicate. Serum was not treated nor diluted before use. No filtration of serum samples 

was needed because polyacrylonitrile (PAN) particles, used as precursors for coating the fiber, does not 

bind hydrophobic groups, thus preventing the matrix from sticking onto the coating surface. Stock 

solutions of dicamba and tefluthrin were prepared gravimetrically at a concentration of 2 mg/mL in ACN 

and stored at 4°C. Working standard solutions of the two-pesticide mixture were prepared volumetrically 

at the concentrations of 0.5, 2.5, 5, 25, 50, and 100 µg/mL in ACN. CF stock solution was prepared by 

weighing 150 mg and diluting it in 30 mL of water acidified with 0.2 % PA (pH >2) to obtain a solution of 5 

mg/mL. The diluted CF solution was vortexed for 5 minutes and divided into 1 mL aliquots used for low 

and high-resolution experiments. For calibration experiments and ME evaluation, those aliquots were 

fortified with 1 μL of working standard solutions of dicamba and tefluthrin to obtain the following 

Sample/matrix Manufacturer/Supplier Publication/ Congress 

Human blood serum Sigma-Aldrich-Cerilliant. Milan, Italy 1, 4, 5, 6 

Commercial formulation (CF) Syngenta Ltd. Bracknell, UK 2, 4, 5, 6, 7 

Surgamyl Scharper S.p.a. Milan, Italy 3 

Brufen  Mylan S.p.a. Milan, Italy  3 

NeoNisidina  Pharmaidea S.r.l. Travagliato, BS, Italy  3 

Oranges and bananas  Local market 3 

5-banknote  3 

Paintings  
“Scuola di Conservazione e Restauro” 

laboratories, University of Urbino. Italy 

3 
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concentrations: 0.5, 2.5, 5, 25, 50, and 100 ng/mL. 1 mL aliquots of water acidified with 0.2 % PA, without 

CF, were fortified with 1 μL of working standard solutions for calibration experiments in water. For the DI-

SPME method optimization, repeatability test, and LODs and LOQs evaluation, 1 mL aliquots of diluted CF 

were fortified with the two pesticides at 100 ng/mL.  Stock solutions of tocopherols and phthalates were 

prepared volumetrically at a concentration of 1000 mg/L in HEX and stored in dark vials (VWR 

International, part of Avantor Milan, Italy) at 4°C. Stock solutions of phenols were prepared gravimetrically 

at a concentration of 1000 mg/L in EtOH and stored in dark vials at 4°C. Working standard solutions of 

tocopherols were prepared volumetrically as combined suits (100 µL of α at 1000 mg/L+100 µL of β at 

1000 mg/L+100 µL of δ at 1000 mg/L) at a concentration of 333 mg/L in HEX.  Working standard solutions 

of cannabinoids were prepared volumetrically as combined suits (200 µL of THC at 100 mg/L+100 µL of 

CBD at 1000 mg/L) at a concentration of 66 mg/L for THC and 333 mg/L for CBD in MeOH. Working 

standard solutions of phthalates were prepared volumetrically as combined suits (100 µL of diisodecyl at 

1000 mg/L+100 µL of diethyl at 1000 mg/L+100 µL of dimethyl at 1000 mg/L) at a concentration of 333 

mg/L in HEX. Working standard solutions of phenols were prepared volumetrically as combined suits (100 

µL of phenol at 1000 mg/L+100 µL of catechol at 1000 mg/L+100 µL of resorcinol at 1000 mg/L+100 µL of 

hydroquinone at 1000 mg/L) at a concentration of 250 mg/L in EtOH. For E-LEI-MS experiments, 

chlorpyrifos, imazalil, benomyl, cocaine and caffeine stock solutions were prepared gravimetrically at a 

concentration of 1000 mg/L in ACN. Solutions of chlorpyrifos at 50, 100, and 500 mg/L were prepared by 

diluting the stock solution with ACN. The banana peel was fortified with benomyl (20 μL of a 1000 mg/L 

standard solution). In two different experiments, the orange peel was fortified with 20 μL of chlorpyrifos 

and 20 μL of imazalil, both at a concentration of 1000 mg/L. Chlorpyrifos was added to the orange peel at 

increasing concentrations spanning from 20 to 1000 mg/L. The 5-euro banknote (62 × 120 mm) was signed 

with circles to perform 2D and 3D experiments. Some circles were wetted with ACN and represented the 

negative control, whereas others were spotted with 20 μL of a cocaine solution at 100 mg/L as positive 

controls. Water, ACN, MeOH, CH2Cl2, hexane, and octanol were tested to select the most suitable solvent 

for dissolving the painting sample surface. All measurements were performed in triplicate and the relative 

standard deviation was calculated. LODs and LOQs were calculated as the minimum concentration with a 

S/N ratio equal to or higher than 3 and 10, respectively. 
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3.3. INSTRUMENTATION 

3.3.1. LEI AND DIRECT ANALYSIS: MICROFLUIDIC OPEN INTERFACE AND PASSIVE FLOW SPLITTER 

MOI allows the direct coupling of SPME with LEI-QQQ and LEI-QTOF. The core of this device is represented 

by a desorption chamber with an internal volume of ∼2.5 μL (Figure 12). The MOI chamber dimensions 

must be as small as possible but sufficiently large to allow fiber insertion promoting the desorption of the 

correct analyte. During the desorption step, which occurs in static conditions, the chamber filled with 

organic solvent is isolated and closed with a plug and the analytes partition from the fiber to the solvent.  
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Figure 12. Microfluidic open interface.  

 

PFS reduces the flow rate from 10 μL/min (for fast emptying of MOI) to 500 nL/min (flow rate required 

for the proper LEI functioning), providing a 1:20 mobile phase split ratio. PFS consists of a stainless-steel 

tee junction connected to a fused silica capillary (50 mm length, 40 μm i.d., and 375 μm o.d.) in which part 
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of the flow is conveyed to waste (Figure 13). The length and diameter of the splitter fused silica capillary 

can be adjusted according to the split ratio needed.  

 

Figure 13. Passive flow splitter. 

 

3.3.2. LEI AND DIRECT ANALYSIS: MOI-PFS-LEI-QQQ AND MOI-PFS-LEI-QTOF SYSTEMS 

LEI interface coupled with a conventional EI-based MS can operate in EI and CI modes. An Agilent 1290 

Infinity II binary pump (Agilent Technologies Inc., Santa Clara, CA, USA) was used to deliver 100% ACN 

(acidified with 0.2% PA for dicamba and tefluthrin analysis) through the system, and an Agilent Zorbax 

Eclipse XDB C18 backpressure column (4.6x150 mm, 5 μm particle size) was employed for stabilizing the 

flow rate. As reported in Figure 1, a six-port valve (Agilent G1170A 1290 Infinity valve drive and Agilent 

G4231B ultrahigh-pressure valve head) was used to connect the pump and column (port 4) via a 500 mm 

PEEK-coated fused silica capillary (75 μm i.d., 1.59 mm o.d.). Inlet and outlet MOI flexible stainless-steel 

capillaries (175 μm i.d., 1.59 mm o.d., 300 mm length) were connected to ports 3 and 6, respectively. PFS 

was connected to port 5 and MOI exit via a 200 mm PEEK-coated fused silica capillary (50 μm i.d., 1.59 

mm o.d.) and to the LEI fused silica inlet capillary (300 mm length, 30 μm i.d., 150 μm o.d.). The scheme 

of the MOI-PFS-LEI-QQQ and MOI-PFS-LEI-QTOF systems is reported in Figure 14.  
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Figure 14. Scheme and operation of the MOI-PFS-LEI-QQQ and MOI-PFS-LEI-QTOF systems. Step 1: MOI 

is filled in the standby position. The solvent flows from the pump to port 4 of the valve at 10 μL/min, 

which is in line with port 3 (MOI inlet). Once the MOI chamber is filled, the liquid flows to port 6 (MOI 

outlet) and then to PFS through port 5. The flow is split inside the PFS: part of the flow goes to waste, and 

only 500 nL/min are allowed into the MS via LEI. Step 2: the valve is switched to the desorption position. 

The solvent flows through PFS directly to LEI and MS. The MOI chamber, filled with an organic solvent, is 

isolated and ready for fiber introduction and analyte desorption. Step 3: the valve is switched back to the 

injection position for MOI draining and MS analysis. 

 

As indicated in Table 4, for fentanyl analysis in EI mode, the VMC temperature was set at 350 °C, 

quadrupoles temperature was 150 °C and the EI ion source was kept at 280 °C. Fentanyl data acquisition 

was carried out in MRM using the following transitions and collision energies: Q = 245®189 (10 eV) and 

q = 245®146 (5 eV) (Table 4). For dicamba and tefluthrin analysis in NCI mode, VMC and quadrupole 

temperatures were 260 °C and 150 °C, respectively (Table 5). The NCI ion source temperature was 150 °C 

for providing low-kinetic energy electrons [69]. Methane was introduced into the ion source at ∼2 mL/min 

(40 %) as a reagent gas to promote dicamba and tefluthrin chemical ionization. The percentage of 

methane (40%) was chosen according to previous work, in which it gave the most intense signal for both 
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pesticides [69]. Dicamba and tefluthrin data acquisitions were carried out in MRM using the following 

transitions and collision energies: Q = 149®105 (10 eV) and q = 184®104 (5 eV) for dicamba, Q = 

241®205 (10 eV) and q = 243®205 (10 eV) for tefluthrin (Table 5).  

 

Table 4. Operational parameters for MOI-PFS-LEI-QQQ (low-resolution) analysis of fentanyl in water and 

human blood serum.   

Compound name Mobile phase VMC T °C 
Quadrupoles  

T °C 

Ion source 

 T °C 
MRM transitions and CE 

Fentanyl  100% ACN 350 150 280 245®189 (10 eV)  245®146 (5 eV) 

Flow rate 10 µL/min split at 500 nL/min (1:20 split ratio) 

Backpressure column Eclipse XDB C18 4.6x150 mm, 5 µm particle size 

Ionization mode EI 

 

Table 5. Operational parameters for MOI-PFS-LEI-QQQ (low-resolution) simultaneous analysis of dicamba 

and tefluthrin in water and commercial formulation.  

Compound name Mobile phase VMC T °C 
Quadrupoles  

T °C 

Ion 

source 

 T °C 

MRM transitions and CE 

Dicamba  
100% ACN  

with 0.2% PA 
260 150 150 

149®105 (10 eV) 184®104 (5 eV) 

Tefluthrin  241®205 (10 eV) 243®205 (10 eV) 

Flow rate 10 µL/min split at 500 nL/min (1:20 split ratio) 

Backpressure column Eclipse XDB C18 4.6x150 mm, 5 µm particle size 

Ionization mode NCI 

Reagent gas Methane ∼2 mL/min 

 

The setup described above was also employed for high-resolution analysis of dicamba and tefluthrin in 

NCI mode using a Q-TOF Agilent 7250 MS (Agilent Technologies Inc., Santa Clara, CA, USA). Dicamba and 

tefluthrin data acquisitions were carried out in full scan. Acquisition range and data extraction windows 

were set from m/z 80 to m/z 500 and 25 ppm, respectively (Table 6). Q-TOF mass calibration was 

performed after each analysis. During calibration, no mobile phase was admitted into the ion source. 
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Table 6. Operational parameters for MOI-PFS-LEI-QTOF-MS (high-resolution) simultaneous analysis of 

dicamba and tefluthrin in water and commercial formulation. LEI-QTOF-MS. 

Compound name Mobile phase VMC T °C 
Ion source 

 T °C 

Dicamba  

100% ACN with 0.2% PA 260 150 

Tefluthrin  

Flow rate 10 µL/min split at 500 nL/min (1:20 split ratio) 

Backpressure column Eclipse XDB C18 4.6x150 mm, 5 µm particle size 

Ionization mode NCI 

Reagent gas Methane ∼2 mL/min 

Acquisition mode full scan from m/z 80 to m/z 500  

 

3.3.3. DIRECT IMMERSION-SPME METHOD OPTIMIZATION  

A C18 SPME fiber was used in direct immersion mode (DI-SPME) for fentanyl sampling in human blood 

serum and ultrapure water and for dicamba and tefluthrin sampling in CF and ultrapure water. Several 

parameters were optimized for improving extraction and desorption efficiency and process speeding, 

such as the amount of organic solvent in the sample, sampling and desorption time, and agitation 

methods. Since it is independent of the MS technique, DI-SPME method optimization was carried out with 

the low-resolution instrumentation (MOI-PFS-LEI-QQQ), using 300 μL aliquots of serum and water spiked 

with fentanyl at 1000 µg/L, and 1 mL aliquots of CF and water fortified with 100 ng/mL of dicamba and 

tefluthrin. The optimized parameters were selected considering the highest integrated peak area values 

of the most intense transitions (Q). The DI-SPME optimized procedure was then applied to high-resolution 

analysis of dicamba and tefluthrin. Before use, the SPME fiber was preconditioned in H2O/ACN (50/50, 

v/v) for 10 minutes using a magnetic stir bar. Sampling was conducted by completely immersing the fiber 

in 1 mL of the sample. Before desorption, in the case of dicamba and tefluthrin analysis in CF, a 5-second 

rinsing step in water was performed using a vortex to clean the fiber from any matrix components 

adhering to the coating surface. Desorption was performed by inserting the fiber inside the MOI chamber, 

filled with ACN (acidified with 0.2% PA for dicamba and tefluthrin analysis). 
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3.3.4. LEI AND NORMAL PHASE CHROMATOGRAPHY: LC-LEI-MS/MS AND LC-LEI-QTOF-MS APPARATUS  

LC separations in low and high resolution were performed with an Agilent 1290 Infinity II UHPLC (Agilent 

Technologies, Santa Clara, CA, USA) using an Ascentis silica column (2.1 x 150 mm, 3 µm particle size) 

purchased from Sigma-Aldrich-Supelco (Milan, Italy). The pump flow rate was set at 100 µL/min with a 

passive postcolumn splitter to decrease the flow rate to 500 nL/min (1:200 split ratio). The injection 

volume was 1 µL for cannabinoids and phenols, and 4 µL for tocopherols and phthalates. The analyses 

were carried out in isocratic mode and the composition of the mobile phases was optimized for each class 

of compounds. For tocopherols, HEX (solvent A) and IPA (solvent B) were tested in different percentages 

as follows: A 100%, A:B 99:1 (v:v), A:B 98:2 (v:v), and A:B 97:3 (v:v). For cannabinoids, HEX (solvent A) and 

EtOH (solvent B) were tested as follows: A 100%, A:B 99:1 (v:v), A:B 97:3 (v:v), A:B 95:5 (v:v), and A:B 93:7 

(v:v). For phthalates, HEX (solvent A) and IPA (solvent B) were tested as follows: A 100%, A:B 99:1 (v:v), 

A:B 97:3 (v:v), A:B 95:5 (v:v), A:B 93:7 (v:v), and A:B 90:10 (v:v). For phenols HEX (solvent A) and EtOH 

(solvent B) were tested as follows:  A 100%, A:B 90:10 (v:v), and A:B 80:20 (v:v). As indicated in Table 7, 

the most efficient separations were achieved using HEX:IPA 98:2 (v:v) as mobile phases for tocopherols, 

HEX:EtOH 95:5 (v:v) for cannabinoids, HEX:ISO 90:10 (v:v) for phthalates, and HEX:EtOH 80:20 (v:v) for 

phenols. The Agilent OpenLab CDS ChemStation software was used for HPLC instrument control. For the 

detection of the analytes in low-resolution experiments, an Agilent triple quadrupole 7010 B MS (Agilent 

Technologies, Santa Clara, CA, USA) coupled with an LEI interface was used. The core of the LEI is the 

vaporization microchannel (VMC) where the liquid phase is mixed with the helium flow, heated, and 

converted into the gas phase. Different VMC temperatures, ranging from 250 to 400 °C, were tested to 

ensure rapid and efficient vaporization of the eluate from the LC, avoiding thermal degradation of the 

analytes. The optimal VMC temperature for tocopherols was set at 250 °C, for cannabinoids at 400 °C, and 

at 350 °C for phthalates and phenols (Table 7). The ion source and quadrupoles temperatures were kept 

at 280 °C and 150 °C, respectively, for all low-resolution experiments. For tocopherols, cannabinoids, and 

phthalates, data acquisition was carried out in multiple reaction monitoring (MRM) using the following 

transitions and collision energies (Table 7): Q = 430®165 (15 eV) and q = 430®205 (5 eV) for α 

tocopherol, Q = 416®151 (20 eV) and q = 191®135 (10 eV) for β tocopherol, Q = 402®137 (15 eV) and 

q = 402®177 (10 eV) for δ tocopherol, Q = 314®299 (5 eV) and q = 231®174 (20 eV)  for THC, Q = 
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246®174 (25 eV) and q = 231®174 (20 eV) for CBD, Q = 149®93 (15 eV) and q = 149®121 (10 eV) for 

diisodecyl phthalate, Q = 177®149 (5 eV) and q = 222®149 (5eV) for diethyl phthalate, 163®133 (5 eV) 

for dimethyl phthalate. Phenols data acquisition was carried out in selected ion monitoring (SIM) using 

the following characteristic ions (Table 7): m/z 94 for phenol and m/z 110 for catechol, resorcinol, and 

hydroquinone. Data were acquired with the Agilent Mass Hunter GC/MS acquisition software (Version 

B.07.04.2260) and processed with the Agilent Mass Hunter Qualitative Analysis software (Version 

B.07.00).  

 

Table 7. Operational parameters for NPLC-LEI-QQQ-MS (low-resolution) separations of tocopherols, 

cannabinoids, phthalates, and phenols. 

Compound name Mobile phase 
Injection 

volume 

Acquisition 

mode 

MRM transitions and CE/Selected 

ions 

VMC T 

°C 

α tocopherol 

HEX:IPA 98:2 (v:v) 4 µL MRM 

430®165 (15 eV) 430®205 (5 eV) 

250 β tocopherol 416®151 (20 eV) 191®135 (10 eV) 

δ tocopherol 402®137 (15 eV) 402®177 (10 eV) 

THC 

HEX:EtOH 95:5 (v:v) 1 µL MRM 

314®299 (5 eV) 231®174 (20 eV) 

400 

CBD 246®174 (25 eV) 231®174 (20 eV) 

diisodecyl phthalate 

HEX:IPA 90:10 (v:v) 4 µL MRM 

149®93 (15 eV) 149®121 (10 eV) 

350 diethyl phthalate 177®149 (5 eV) 222®149 (5eV) 

dimethyl phthalate 163®133 (5 eV) 

phenol 

HEX:EtOH 80:20 (v:v) 1 µL SIM 

94 

350 
catechol 110 

resorcinol 110 

hydroquinone 110 

Flow rate 100 µL/min split at 500 nL/min (1:200 split ratio) 

Column Ascentis Si 2.1x150 mm, 3 µm particle size 

Ion source temperature 280 °C 

Quadrupoles temperature 150 °C 

 

An Agilent quadrupole time of flight 7250 MS (Agilent Technologies Inc., Santa Clara, CA, USA) equipped 

with an LEI interface was used for the detection of the analytes in high-resolution experiments. To make 

a comparison with the low-resolution setup, the same conditions in terms of the column, flow rate, 

injection volume, mobile phase composition, and VMC temperature were applied. The ion source 

temperature was kept at 260 °C for all high-resolution experiments. For each class of compounds, data 
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acquisition was carried out in full scan. The acquisition range was set from m/z 90 to m/z 500 to avoid the 

detection of the ions deriving from the hexane (MW 86.18 g/mol) in the mobile phase. The data extraction 

window was set at 25 ppm. The operational parameters used for NPLC-LEI-QTOF-MS (high-resolution) 

experiments are presented in Table 8. After each analysis, Q-TOF mass calibration was performed, during 

this procedure, no mobile phase was admitted into the ion source. Data were acquired with the Agilent 

Mass Hunter GC/MS acquisition software (Version 10.1.49.0) and processed with the Agilent Mass Hunter 

Qualitative Analysis software (Version 10.0).  

 

Table 8 Operational parameters for NPLC-LEI-QTOF-MS (high-resolution) separations of tocopherols, 

cannabinoids, phthalates, and phenols. 

Compound name Mobile phase 
Injection 

volume 
VMC T °C 

α tocopherol 

HEX:IPA 98:2 (v:v) 4 µL 250 β tocopherol 

δ tocopherol 

THC 
HEX:EtOH 95:5 (v:v) 1 µL 400 

CBD 

diisodecyl phthalate 

HEX:IPA 90:10 (v:v) 4 µL 350 diethyl phthalate 

dimethyl phthalate 

phenol 

HEX:EtOH 80:20 (v:v) 1 µL 350 
Catechol 

Resorcinol 

Hydroquinone 

Flow rate 100 µL/min split at 500 nL/min (1:200 split ratio) 

Column Ascentis Si 2.1x150 mm, 3 µm particle size 

Ion source temperature 260 °C 

Acquisition mode full scan from m/z 90 to m/z 500  

 

The scheme of low and high-resolution systems and all tubing dimensions are illustrated in Figure 15.  
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Figure 15. Scheme of the LC-LEI-MS/MS and LC-LEI-QTOF-MS apparatus.  

3.3.5. E-LEI-MS SYSTEM 

The E-LEI-MS apparatus is composed of a single quadrupole mass spectrometer Agilent Technologies 5975 

inert Mass Selective Detector (Agilent Technologies, Santa Clara, CA, USA) equipped with an EI source, a 

sampling tip realized with a fused silica capillary (30 μm i.d., 375 μm o.d), an MV201 manual microfluidic 

3-port valve (LabSmith, Livermore, CA, USA), a tee connector, a peek capillary for solvent delivery (450 

μm i.d., 660 μm o.d., 10 cm length), and a micromanipulator (Standa, Vilnius, Lithuania). The solvent is 

delivered by a KD Scientific syringe pump (KD Scientific Inc., Holliston, MA, USA) equipped with a 1 mL 

syringe (Hamilton, Bonaduz, Switzerland), directly connected to the tee through a Teflon tubing. The flow 

of solvent (ACN) delivered by the syringe pump on the sample surfaces was set at 3 μL/min for all the 

experiments. Figure 16 shows the system configuration.  



 47 

Figure 16. E-LEI-MS apparatus. The sampling tip consists of two coaxial capillaries. The inner capillary 

(orange) is connected to the EI source passing through an on/off valve and crossing a tee up to the 

sampling spot. The outer capillary (red) carries the solvent surrounding the inner tubing from the tee to 

the sampling spot. The syringe pump filled with the solvent is connected to the tee. When the syringe 

pump is turned on, the solvent flows between the two capillaries up to the sampling spot, where it mixes 

with the analytes. The solvent and analytes aspiration is ensured by the instrument’s high vacuum pumps. 

Access to the ion source is controlled by an on/off valve. The sample signal appears approximately 1 

minute after the valve opening. MS acquisition is turned on before valve actuation. The micromanipulator 

can operate on x-y-z axes and angle degrees allowing to adjust the sample and tip relative position with 

an accuracy of 0.1 mm. 

MS tuning was performed daily at an ion source temperature of 280 °C, no mobile phase was admitted 

into the source during this procedure. The ion source can operate up to 350 °C depending on the nature, 

molecular weight, and boiling point of the selected compounds. The single quadrupole mass spectrometer 

was operated at 150 °C. MS data acquisition was carried out in scan and SIM modes. Scan analyses were 

conducted in an m/z range of 60–500, depending on the solvent used, with a sampling rate of 0.43 scan/s, 

and a threshold of 10. Depending on the targeted molecules, SIM analyses were conducted by selecting 

two or three specific ions. Blank analyses were performed after each acquisition. Enhanced ChemStation 

MSD E.02.00.493 (Agilent Technologies) software was used for data acquisition and processing. 
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4. RESULTS AND DISCUSSION 

4.1. LEI AND DIRECT ANALYSIS: SAMPLING AND DESORPTION STEPS  

Extraction and desorption efficiency can be affected by several factors. In this work, four parameters that 

play a significant role in DI-SPME were optimized in CF and water: percentage of organic modifier in the 

sample, extraction and desorption time, and agitation method. According to the literature [77], when the 

concentration of organic solvent in water exceeds 1% of the total sample volume, it can change water 

properties and distribution constant (K). The amount of organic solvent should be kept at the lowest 

possible because it may alter DI-SPME extraction efficiency due to the decrease of the analytes partition 

coefficient between fiber coating and sample matrix (KFS). However, standard solutions were prepared in 

ACN; hence, using an organic solvent is inevitable. In addition, K is also affected by the nature of the SPME 

fiber, and in some cases, a higher percentage of organic modifiers can positively affect the extraction yield 

[77-80]. ACN was selected because it is the best-performing solvent used with LEI. The percentages of 

ACN in the sample tested were: 0.1, 0.25, 1.25, 2.25, 5, and 10%. Using a C18 fiber, in the case of fentanyl, 

it was observed that extraction efficiency was higher at high percentages (5%) of ACN in serum and at low 

percentages (0.25%) of ACN in water, as shown in the graphics in Figure 17 A, B. For dicamba and 

tefluthrin, it was observed that extraction efficiencies were higher at low percentages (0.1%) of ACN for 

both compounds and matrices, as shown in the graphics in Figure 18 A–D. 
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Figure 17 A, B. Peak area values at different percentages of ACN in (A) fentanyl in serum, (B) fentanyl in 

H2O. Analyte concentration: 1000 µg/L.  

 

Figure 18 A–D. Peak area values at different percentages of ACN in (A) dicamba in CF, (B) dicamba in H2O, 

(C) tefluthrin in CF, (D) tefluthrin in H2O. Analytes concentration: 100 ng/mL.  
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Concerning extraction time, several factors, such as molecular size, coating thickness, distribution 

constant (K), and boundary layer thickness can affect the time required to reach equilibrium [81]. Different 

extraction times (15, 20, 25, and 30 minutes) using a magnetic stir bar as an agitation method were initially 

considered. The differences in area values for fentanyl in water, dicamba and tefluthrin in CF and water 

are reported in Figure 19 and Figure 20 A, B which shows that the highest response was obtained at 25 

and 30 minutes.  

 

Figure 19. Effects of different extraction times on the integrated peaks area values of fentanyl in water at 

1000 µg/L using magnetic stir bar as agitation method.  
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Figure 20 A,B. Effects of different extraction times on the integrated peaks area values of dicamba and 

tefluthrin at 100 ng/mL using magnetic stir bar as agitation method in (A) CF and (B) H2O. 

 

The use of vortex was also tested as an alternative to magnetic stir bar agitation to reduce the extraction 

time, maintaining the same efficiency. According to Pawliszyn and co-workers [82], vibration reduces 

sampling time, ensuring the same extraction efficiency and good repeatability. Different extraction times 

were evaluated: 1, 2, 3, and 4 minutes. As demonstrated in Figure 21 and Figure 22 A–D, the equilibrium 

for tefluthrin in water and dicamba and tefluthrin in CF and water was achieved after 3 minutes, after 

which the signal remained constant with area values comparable to the ones obtained with the magnetic 

stir bar. Hence, 3 minutes of vortex agitation was chosen as the extraction time step. 
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Figure 21. Effects of different extraction times on the integrated peaks area values of fentanyl in water 

using vortex as agitation method compared with magnetic stir bar. Analyte concentration: 1000 µg/L.  

 

Figure 22 A–D. Effects of different extraction times on the integrated peaks area values of dicamba in (A) 

CF and (B) H2O and tefluthrin in (C) CF and (D) H2O using vortex as agitation method compared with 

magnetic stir bar. Analytes concentration: 100 ng/mL.  
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Desorption occurs in static conditions by inserting the SPME fiber inside the MOI chamber filled with ACN 

(acidified with 0.2% PA for dicamba and tefluthrin analysis). The static desorption efficiency is determined 

by desorption time and desorption solvent. 30 seconds, 1, 2, and 3 minutes were considered as the 

desorption times. Figure 23 and Figure 24 A,B show the effects of different desorption times on peak 

areas for fentanyl in water and dicamba and tefluthrin in both matrices; 1 minute was selected as the 

proper desorption time.  

 

Figure 23. Effects of different desorption times on the integrated peaks area values of fentanyl and 

tefluthrin at 1000 1000 µg/L using magnetic stir bar as agitation method in water H2O. 
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Figure 24 A, B. Effects of different desorption times on the integrated peaks area values of dicamba and 

tefluthrin at 100 ng/mL using magnetic stir bar as agitation method in (A) CF and (B) H2O. 

 

To summarize, the optimized DI-SPME method consists of stirring the fiber for 3 minutes with vortex, 

using a sample solution with 5% and 0.25% ACN for fentanyl in serum and water respectively, and 0.1% 

ACN for dicamba and tefluthrin in CF and water, and desorbing the fiber for 1 minute in the MOI chamber 

filled with ACN (acidified with 0.2% PA for dicamba and tefluthrin analysis). As an example, the DI-SPME 

workflow for dicamba and tefluthrin analysis is shown in Figure 25. 
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Figure 25. DI-SPME optimized workflow for dicamba and tefluthrin analysis. The procedure consists of (1) 

extraction, (2) rinsing, and (3) desorption. The C18 fiber was preconditioned before use.  

 

4.2. LEI AND DIRECT ANALYSIS: METHOD VALIDATION  

4.2.1. LOW-RESOLUTION EXPERIMENTS: MOI-PFS-LEI-QQQ  

Method validation was performed by evaluating the intraday and interday repeatability, limits of 

detection (LOD) and quantification (LOQ), and linearity range of fentanyl in serum and water and dicamba 

and tefluthrin in CF, as reported in Table 9 and 10. The integrated peak area values of the more intense 

transitions (Q) were considered for repeatability tests and calibration curves. The least intense transitions 

were used (q) for LODs and LOQs calculations. Ten consecutive analyses of 300 µL of serum and water 

fortified with fentanyl at 1000 µg/L and 10 consecutive analysis of 1 mL of CF fortified with dicamba and 

tefluthrin at 100 ng/mL were performed to establish the intraday precision, whereas the interday 

repeatability was assessed by performing 5 analyses for 5 consecutive days. Regarding intraday and 

interday measurements, without internal standard correction, good repeatability was obtained in all the 

experiments with RSD values lower than 25%. For fentanyl, LODs were 1.5 μg/L1 in water and 2.5 μg/L in 

serum, and LOQs were 5 μg/L in water and 10 μg/L in serum. For dicamba and tefluthrin, LODs and LOQs 

were calculated in CF: both dicamba and tefluthrin showed LODs of 0.05 ng/mL and LOQs of 0.5 ng/mL.  
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For fentanyl, linearity was satisfactory in both matrices, with a determination coefficient (R2) of 0.9995 in 

water and 0.9981 in serum. Dicamba and tefluthrin calibration curves showed good linearity in CF with an 

R2 of 0.9925 and 0.9958, respectively. 

 

Table 9. Calibration data, LODs, and LOQs for fentanyl in water and serum obtained with the MOI-PFS-

LEI-QQQ system. 

 

 

 

 

Table 10. Method validation data for dicamba and tefluthrin in CF obtained with the MOI-PFS-LEI-QQQ 

system. 

 

Ion suppression and signal enhancement are the major drawbacks affecting the analytical performance 

when matrix components compete with the analytes of interest. Different methods can be exploited to 

calculate MEs [83-85]. MEs evaluation was performed by comparing the slopes of calibration curves for 

fentanyl analyzed in serum and water and for dicamba and tefluthrin analyzed in CF and water (Figure 26 

A-B and Figure 27 A-B) using the following formula: 

𝑀𝐸	(%) =
𝑆𝑙𝑜𝑝𝑒	𝐶𝐹

𝑆𝑙𝑜𝑝𝑒	𝐻 𝑂
× 100 

A result of 100% indicates no MEs. The results were 84.0% dicamba and tefluthrin were 76.80% and 

79.09%, for fentanyl, dicamba and tefluthrin, respectively (with a variance of 16%, 23.2% and 20.91%), 

demonstrating the system's suitability for trace-level analysis in a complex matrix.  

 

Matrix 
Linearity range  

(μg/L) 
R2 

LOQ 

(μg/L) 

LOD 

 (μg/L) 

Intraday 

RSD% at 1000 μg/L 

Interday 

RSD% at 1000 μg/L 

Water 5-1000 0.9995 5 1.5 15 16 

Serum 10-1000 0.9981 10 2.5 18 24 

Compound Matrix 

Linearity 

range 

(ng/mL) 

R2 

LOD  

(ng/mL) 

LOQ  

(ng/mL) 

Intraday 

RSD% at  

100 ng/mL 

Interday 

RSD% at  

100 ng/mL 

Dicamba CF 0.5-100 0.9925 0.05 0.5 20 21% 

Tefluthrin CF 0.5-100 0.9958 0.05 0.5 8 12% 
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Figure 26 A-B. Calibration curves (5, 10, 50, 100, 200, 500, 1000 μg/L) of (A) fentanyl in water and (B) 

fentanyl in serum.  
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Figure 27 A-B. Calibration curves (0.5, 2.5, 5, 25, 50, and 100 ng/mL) of (A) dicamba and (B) tefluthrin in 

CF and H2O. 

 

4.2.2. HIGH-RESOLUTION EXPERIMENTS: MOI-PFS-LEI-QTOF 

An additional novel aspect of this work is based on coupling MOI-PFS-LEI with a QTOF-MS/MS system 

using NCI. Preliminary experiments were dedicated to acquiring the high-resolution mass spectra of 

dicamba and tefluthrin using the optimized DI-SPME procedure on different solutions of the two 

compounds at 100 ng/mL in water. The mass spectra and NCI fragmentation pathways are shown in Figure 

28 A,B. The results follow those reported in the literature [69], demonstrating the applicability of the 

system and the potential advantages of using HRMS, which gives accurate masses in complex matrices 

combined with NCI, which ionize exclusively electrophilic compounds, reducing the background noise.  
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Figure 28 A,B. High-resolution mass spectra and NCI fragmentation pathways of (A) dicamba and (B) 

tefluthrin at 100 ng/mL in H2O recorded with the MOI-PFS-LEI-QTOF-MS/MS system.  

 

The performances of the system were evaluated considering intraday repeatability, performing ten 

consecutive analyses of 1 mL aliquots of CF fortified with dicamba and tefluthrin at 100 ng/mL, LODs, 

LOQs, and linearity of dicamba and tefluthrin in CF. The integrated peak area values of the most intense 

extracted ions (EIC) were considered for repeatability and calibration curves, (m/z 149.0255 for dicamba 

and m/z 241.0252 for tefluthrin). Considering the sample complexity and the absence of chromatographic 

separation, two exact masses for each compound have been considered: the least intense ions were used 

for LODs and LOQs calculations (m/z 183.9960 for dicamba; m/z 205.0481 for tefluthrin) (Figure 29 A,B).  
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Figure 29 A, B.  EIC chromatogram of dicamba (A) and tefluthrin (B) at 100 ng/mL in CF obtained with the 

MOI-PFS-LEI-QTOF system in NCI. Dicamba peaks: m/z 149.0255 (red), m/z 183.9960 (green). Tefluthrin 
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peaks: m/z 241.0252 (blue), m/z 205.0481 (orange).  Since chromatography has not been used, the signal 

obtained consists of a single peak from which the ions of the two compounds with accurate mass can be 

extracted and distinguished.  

 

As shown in Table 11, the RSD% values of intraday precision for dicamba and tefluthrin in CF were 26% 

and 24%, respectively, slightly higher than the results obtained with low-resolution experiments. LODs 

and LOQs were 0.05 ng/mL and 0.5 ng/mL for both compounds, equal to the limits obtained in full scan 

mode with MOI-PFS-QQQ. Dicamba and tefluthrin showed sufficient linearity in CF, with an R2 of 0.9752 

for dicamba and an R2 of 0.9397 for tefluthrin. R2 values are slightly worse than those obtained in low-

resolution. However, it must be considered that no chromatographic separation was involved, and, unlike 

from low-resolution, the analyses were performed in scan mode.  

 

Table 11. Method validation data for dicamba and tefluthrin in CF obtained with the MOI-PFS-LEI-QTOF 

system.  

 

 4.3. GREENNESS EVALUATION  

According to Sajid and Płotka-Wasylka [86], different methods such as Analytical GREEnness Metric 

Approach (AGREE) [87], Green Analytical Procedure Index (GAPI) [88], and Analytical Eco-Scale [89] can 

be used to evaluate the greenness of analytical procedures. In this work, AGREE was selected because of 

its effectiveness and simplicity. AGREE consists in free downloadable software that offers instant visual 

feedback on the eco-sustainability of the method, evaluating the 12 fundamental principles of GAC. The 

result is a circular pictogram with an outer crown of 12 areas colored in a range between green and red 

according to the given answers. The final score can vary between 0 and 1 (1 corresponds to a high 

ecological method footprint), and the sustainability of the overall method can be deduced from the color 

Compound Matrix Linearity range (ng/mL) R2 LOD (ng/mL) LOQ (ng/mL) 

RSD% intraday at 

100 ng/mL 

Dicamba CF 0.5-100 0.9752 0.05 0.5 26% 

Tefluthrin CF 0.5-100 0.9397 0.05 0.5 24% 
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of the circle and the number reported within it. Figure 30 A, B shows the AGREE comparison between the 

LC-LEI-QQQ method (score 0.49) for the simultaneous detection of dicamba and tefluthrin in CF presented 

in our previous work [69] and the MOI-PFS-LEI-QQQ procedure (score 0.67) herein proposed. Both 

methods have two limitations: they do not provide the possibility of performing in situ analyses (principle 

3) and do not use reagents from renewable sources (point 10). 

The method involving chromatographic separation and sample pretreatment showed a lower score. 

Regarding principle 1, using MOI and SPME allowed sampling and sample preparation to integrate 

efficiently with the direct introduction to MS. A higher score is attributed to using SPME, which reduces 

toxic solvents, reagents, and energy consumption (principle 5). According to principle 8, another drawback 

of the previous method lies in the low sample throughput with two analytes determined in a single 

chromatographic analysis of 20 minutes and three analyses/hour). The proposed approach allows a higher 

sample throughput avoiding chromatographic separations and fully exploiting MS/MS selectivity. The 

procedure takes approximately 5 minutes, two compounds are detected in a single analysis, and sample 

throughput is twelve analyses/hour. The LC-MS method is penalized by the total power consumption 

(kWh), which is high considering 20 minutes of analysis. This work significantly reduced energy 

consumption due to the overall procedure speed (principle 9). Concerning principle 11, in both methods, 

toxic reagents were employed, but in the LC-MS one, the amount is higher considering that the HPLC flow 

rate was set at 100 μL/min (2 mL of organic solvent/analysis), whereas in the proposed method, minimal 

solvent quantities are employed (the flow rate 10 μL/min and only 0.05 mL in 5 minutes were used).  
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Figure 30 A, B. AGREE comparison between LC-LEI-QQQ (A) and MOI-PFS-LEI-QQQ (B) methods for 

detecting dicamba and tefluthrin in CF.  

 

The AGREE evaluation of the MOI-PFS-LEI-Q-TOF gave the same score obtained with the QQQ system 

(0.67), demonstrating once again that the proposed approach is in accordance with the principles of 

green chemistry. 

 

4.4 LEI AND NORMAL PHASE CHROMATOGRAPHY 

The initial experiments were dedicated to acquiring the EI full scan low and high-resolution mass spectra 

of all target analytes. The results were obtained in flow injection analysis (FIA) using an external manual 

injector with an internal loop of 0.1 μL (Vici, Switzerland). Each compound was injected and analyzed 

separately using the following solutions: α, β, and δ tocopherol at 1000 mg/L in HEX; THC and CBD in 

MeOH at 100 mg/L and 1000 mg/L, respectively; diisodecyl, diethyl, and dimethyl phthalate at 1000 mg/L 

in HEX; phenol, catechol, resorcinol, and hydroquinone at 1000 mg/L in EtOH. In both low and high-

resolution experiments, the pump flow rate was set at 100 µL/min split at 500 nL/min (1:200 split ratio), 

100% HEX was used as the mobile phase, the scan range was set from m/z 90 to m/z 500, and the VMC 

temperature was set at 250 °C for tocopherols, 400 °C for cannabinoids, and 350 °C for phthalates and 

phenols. The ion source temperature was kept at 280 °C in low-resolution mode and at 260 °C in high-

resolution. As an example, in Figure 31 A-C and Figure 32 A, B are reported the recorded low-resolution 

full scan spectra of tocopherols and cannabinoids. These spectra were compared with the reference 

spectra present in the NIST library. Regarding tocopherols, the comparison showed that α tocopherol was 

recognized with a matching factor of 74%, a reverse match of 87%, and probability of 63%; β tocopherol 

was identified with a matching factor of 91%, a reverse match of 95%, and probability of 60%; δ tocopherol 

was recognized with a matching factor of 88%, a reverse match of 90%, and probability of 86% (Figure 33 

A-C). For cannabinoids, THC was identified with a matching factor of 79%, a reverse match of 85%, and 

probability of 70%; CBD with a matching factor of 74%, a reverse match of 82%, and probability of 74% 

(Figure 34 A, B). These match values can be considered satisfactory demonstrating a proof of concept on 
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the applicability of the combination of NPLC and EI, made possible thanks to the LEI interface. Concerning 

high-resolution experiments, the coupling of NPLC with QTOF-MS permitted the acquisition of EI-HRMS 

spectra allowing the determination of the exact structure of each fragment by applying the utility Mass 

Spectrum Interpreter developed by NIST which finds possible structural origins of peaks in a mass 

spectrum providing the molecular formula. As an example, the recorded high-resolution mass spectra and 

the assignment of the main fragments, according to MS Interpreter, of tocopherols and cannabinoids are 

reported in Figure 35 A-C and Figure 36 A, B, respectively. These results demonstrate the potential 

advantages of using the system for structural elucidation purposes.  
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Figure 31 A-C. Recorded EI low-resolution full scan spectrum of A) α tocopherol, B) β tocopherol, and C) δ tocopherol. Each compound molecular ion is indicated by the orange 
triangle.  
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δ tocopherol 
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Figure 32 A,B. Recorded EI low-resolution full scan spectrum of A) CBD, and B) THC. Each compound molecular ion is indicated by the pink triangle.  
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Figure 33 A-C. Comparison between the recorded EI low-resolution mass spectrum of A) α tocopherol, B) β tocopherol, and C) δ tocopherol and the reference spectrum of the 

NIST library. Blu trace recorded spectrum, red trace reference spectrum. 
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Figure 34 A, B. Comparison between the recorded EI low-resolution mass spectrum of of A) CBD, B) THC and the reference spectrum of the NIST library. Blu trace recorded 

spectrum, red trace reference spectrum. 
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Figure 35 A−C. Recorded EI high-resolution full scan spectrum of A) α tocopherol, B) β tocopherol, and C) δ tocopherol and the assignment of the main fragments according to 

the MS Interpreter utility developed by NIST. Each compound molecular ion is indicated by the orange triangle.  
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Figure 36 A,B. Recorded EI high-resolution full scan spectrum of A) THC, B) CBD and the assignment of the main fragments according to the MS Interpreter utility developed by 

NIST. Each compound molecular ion is indicated by the pink triangle.  
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4.4.1. MOBILE PHASE COMPOSITION AND VMC TEMPERATURE OPTIMIZATION 

The mobile phase composition and VMC temperature optimization for tocopherols was carried out in 

MRM using a standard mixture of α, β, and δ tocopherol at a concentration of 333 mg/L in HEX. The pump 

flow rate was set at 100 µL/min split at 500 nL/min (1:200 split ratio). The injection volume was 4 µL. The 

ion source and quadrupoles temperatures were kept at 280 °C and 150 °C, respectively. HEX (solvent A) 

and IPA (solvent B) were tested in different percentages as follows: A 100%, A:B 99:1 (v:v), A:B 98:2 (v:v), 

and A:B 97:3 (v:v) (Figure 37 A-D). Tocopherols eluted in the following order: α, β, δ tocopherol. Their 

identification was possible due to the precursor ions and product ions characteristic of each compound 

selected. Using the last composition of MP, the overall duration of the analysis was reduced (about 7.5 

minutes) but an overlap was also observed between the α and β tocopherol peaks. Instead, with 98% of 

hexane and 2% of isopropanol the analysis time was extended by a few minutes (duration of almost 9 

minutes) but there was no overlap, hence, this MF composition was selected.  
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Figure 37 A-D. Results obtained by modifying the % of solvents used as MP for tocopherols. A) 100% HEX, 

B) HEX:ISO 99:1 (v:v), C) HEX:ISO 98:2 (v:v), and C) HEX:ISO 97:3 (v:v).  

 

The results shown in Figure 37 A-D were obtained with a VMC temperature of 250 °C. Different VMC 

temperatures, ranging from 250 to 400 °C, were tested to ensure rapid and efficient vaporization of the 

eluate from the LC, avoiding thermal degradation of the analytes. The influence of the VMC temperature 

was evaluated in terms of the integrated peak area value of each tocopherol and the results (Figure 38) 

demonstrate that the optimal VMC temperature is 250 °C for all three compounds.  
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Figure 38. Effects on the integrated peak area values of different VMC temperatures for α, β, and δ 

tocopherol.  

 

For cannabinoids the mobile phase composition and VMC temperature optimization was carried out in 

MRM using a standard mixture of THC and CBD at a concentration of 66 mg/L for THC and 333 mg/L for 

CBD in MeOH. The pump flow rate was set at 100 µL/min split at 500 nL/min (1:200 split ratio). The 

injection volume was 1 µL. The VMC temperature was set at 400°C. The ion source and quadrupoles 

temperatures were kept at 280 °C and 150 °C, respectively. HEX (solvent A) and EtOH (solvent B) were 

tested as follows: A 100%, A:B 99:1 (v:v), A:B 97:3 (v:v), A:B 95:5 (v:v), and A:B 93:7 (v:v) (Figure 39 A-E).  
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Figure 39 A-E. Results obtained by modifying the % of solvents used as MP for cannabinoids. A) 100% HEX, 

B) HEX:EtOH 99:1 (v:v), C) HEX:EtOH 97:3 (v:v), D) HEX:EtOH 95:5 (v:v), and D) HEX:EtOH 93:7 (v:v). 

 

No separation of the two cannabinoids was obtained using 100% of hexane. the best separation was 

obtained using 95% of hexane and 5% of ethanol, in fact, using 93% hexane and 7% ethanol the peaks are 

slightly overlapping. As demonstrated in Figure 40, It was observed that, in the case of cannabinoids the 

VMC temperature is very significant in terms of integrated peak area values. Using a VMC temperature of 

250°C, THC was detected and the optimal VMC temperature is 400 °C for the two compounds.  
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Figure 40. Effects on the integrated peak area values of different VMC temperatures for THC and CBD.  

 

For phthalates, the mobile phase composition and VMC temperature optimization was carried out in 

MRM using a standard mixture of diisodecyl, diethyl and dimethyl phthalate at 333 mg/L in HEX. The pump 

flow rate was set at 100 µL/min split at 500 nL/min (1:200 split ratio). The injection volume was 4 µL. The 

VMC temperature was set at 350°C. HEX (solvent A) and IPA (solvent B) were tested as follows: A 100%, 

A:B 99:1 (v:v), A:B 97:3 (v:v), A:B 95:5 (v:v), A:B 93:7 (v:v), and A:B 90:10 (v:v) (Figure 41 A-G) and the best 

separation in terms of analysis time was obtained using 90% of hexane and 10% of isopropanol. 
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Figure 41 A-G. Results obtained by modifying the % of solvents used as MP for phthalates. A) 100% HEX, 

B) HEX:ISO 99:1 (v:v), C) HEX:ISO 98:2 (v:v), D) HEX:ISO 97:3 (v:v), E) HEX:ISO 95:5 (v:v), F) HEX:ISO 93:7, 

and G) HEX:ISO 95:5 (v:v).  

 

As demonstrated in Figure 42, It was observed that, in the case of phthalates the VMC temperature is not 

very significant, however integrated peak area values slightly increased using a VMC temperature of 350 

°C for the three compounds.  

 



 77 

 

Figure 42. Effects on the integrated peak area values of different VMC temperatures for diisodecyl, diethyl 

and dimethyl phthalate.  

 

For phenols, the mobile phase composition and VMC temperature optimization was carried out in SIM 

using a standard mixture of phenol, catechol, resorcinol and hydroquinone at a concentration of 250 mg/L 

in EtOH. The pump flow rate was set at 100 µL/min split at 500 nL/min (1:200 split ratio). The injection 

volume was 1 µL. The VMC temperature was set at 350°C. HEX (solvent A) and IPA (solvent B) were tested 

as follows: HEX (solvent A) and EtOH (solvent B) were tested as follows:  A 100%, A:B 90:10 (v:v), and A:B 

80:20 (v:v) (Figure 43 A,B) and the best separation in terms of analysis time was obtained using 80% of 

hexane and 20% of ethanol.  
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Figure 43. Results obtained by modifying the % of solvents used as MF for phenols. A) HEX:EtOH 90:10 

(v:v), B) HEX:EtOH 80:20 (v:v).  

 

As demonstrated in Figure 44, It was observed that, in the case of phenols the VMC temperature is not 

very significant, hence and intermediate VMC temperature of 350 °C for the three compounds was 

selected. 

 

Figure 44. Effects on the integrated peak area values of different VMC temperatures for phenol, catechol, 

resorcinol and hydroquinone.  
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In Figure 45 A-D and Figure 46 A-D are illustrated all the optimized separations obtained in low and high-

resolution experiments.  

 

Figure 45 A-D. Results obtained from NPLC-LEI-QQQ-MS (low-resolution) separations of A) tocopherols 

(MP HEX:IPA 98:2 (v:v), VMC T 250 °C), B) cannabinoids (MP HEX:EtOH 95:5 (v:v), VMC T 400 °C), C) 

phthalates (MP HEX:IPA 90:10 (v:v), VMC T 350 °C), D) phenols (MP HEX:EtOH 80:20 (v:v), VMC T 350 °C).  
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Figure 46 A-D. Results obtained from NPLC-LEI-QTOF-MS (high-resolution) separations of A) phthalates 

(MP HEX:IPA 90:10 (v:v), VMC T 350 °C), B) phenols (MP HEX:EtOH 80:20 (v:v), VMC T 350 °C), C) 

cannabinoids (MP HEX:EtOH 95:5 (v:v), VMC T 400 °C), D) tocopherols (MP HEX:IPA 98:2 (v:v), VMC T 250 

°C).  

 

4.5. E-LEI-MS EXPERIMENTS 

 E-LEI-MS was applied for the identification of the main active ingredients in selected medicinal tablets. 

Tiaprofenic acid contained in Surgamyl tablets was detected and correctly identified by the NIST library in 

scan acquisition mode. Figure 47 A shows the total ion current (TIC) signal acquired during the E-LEI-MS 
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analysis of Surgamyl, showing a signal increase at 3.00 min when the aspirated solution in ACN reached 

the EI source. Tiaprofenic acid identification by the NIST library search, with a spectral match of 93.6%, is 

shown in Figure 47 B.  

 

Figure 47 A, B.  A) Analysis of a Surgamyl tablet: TIC, B) NIST library spectrum matching: red, experimental 

spectrum; blue, library spectrum. The arrow indicates the sampling start.  
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Figure 48 A,B shows a similar experiment carried out using Brufen tablets in which ibuprofen was 

identified using the NIST library.  

 

Figure 48 A, B. A) Analysis of a Brufen tablet: TIC, B) NIST library spectrum matching: red, experimental 

spectrum; blue, library spectrum. The arrow indicates the sampling start. 

 

The analysis of NeoNisidina tablets (Figure 49 A-E), containing acetylsalicylic acid (250 mg), 

acetaminophen (200 mg), and caffeine (25 mg) was carried out in sim acquisition mode, using ACN as 

solvent. Due to the simultaneous presence of three different targeted compounds in the same 

formulation, selected ions were monitored to visualize each specific signal. The selected ions were m/z 

92, 120, and 138 for acetylsalicylic acid; m/z 109 and 151 for acetaminophen; m/z 109 and 194 for 
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caffeine. All fragments were properly detected in SIM, demonstrating E-LEI-MS capability of identifying 

multiple target compounds in the same untreated matrix.  

 

Figure 49 A-E. A) Analysis of a NeoNisidina tablet: TIC, B) EI experimental full spectrum, C) acetaminophen 

selected ions: SIM, D) acetylsalicylic acid selected ions: SIM, E) caffeine selected ions: SIM. The arrow 

indicates the sampling start. 

 

These applications demonstrate E-LEI-MS capability to identify active ingredients in commercial drugs 

without sample preparation underlining its utility in quality control and forensic applications when a rapid 

identification of substances is needed.  

A targeted determination of pesticides in fruit peels was carried out to demonstrate the applicability of 

E-LEI-MS in food and environmental analysis. Pesticides were selected based on their specific use on 
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orange and banana fruits; in particular, chlorpyrifos and imazalil were used to fortify orange peels, and 

benomyl was used on banana peels. An orange peel specimen (3 × 3 cm, 0.5 cm thickness) was fortified 

with 20 μL of chlorpyrifos solution at a concentration of 1000 mg/L. The orange specimen was stored for 

24 h at room temperature to allow the complete standard adsorption on the surface and solvent 

evaporation before analysis. The same procedure was repeated using the same volume of an imazalil 

solution at a concentration of 1000 mg/L. The concentrations of the two pesticide solutions were 

calculated to match approximately those present in common commercial formulations used in 

agriculture. The experimental results are shown in Figure 50 A-D. TIC signals were clearly defined, and 

chlorpyrifos and imazalil EI spectra were correctly identified by the NIST library with a spectral similarity 

of 90.3 and 97.0%, respectively, despite the presence of the matrix. A banana peel specimen (3 × 3 cm, 

0.5 cm thickness) was fortified with 20 μL of a benomyl solution at a concentration of 1000 mg/L. In this 

case, the identification resulted in a match equal to 75.2% 

 

Figure 50 A-D. A) Analysis of an orange peel fortified with chlorpyrifos: TIC, B) analysis of an orange peel 

fortified with imazalil: TIC. NIST library spectra matching: in red experimental spectra for chlorpyrifos C) 

and imazalil D), in blue library spectra. The arrows indicate the sampling start. 
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A quantitative approach was attempted by calculating a calibration curve for chlorpyrifos. Solutions of 

chlorpyrifos at five concentration levels (50, 100, 500, 1000, and 2000 mg/L) were used to fortify orange 

peel specimens. The analyses were carried out by sampling each peel for 1 minute, and the curves were 

plotted based on the concentration levels (x-axis) and the recorded areas of the signals corresponding to 

m/z 314 ion (y-axis). The resulting equation was y = 48,302.6x − 2,371,974.6 with a coefficient of 

determination R2 of 0.9950 and completely satisfactory, considering the wide range of concentrations 

tested, the total absence of sample preparation, and, especially, the prototype stage of E-LEI-MS. 

E-LEI-MS was applied to the analysis of a cocaine-spotted banknote. These experiments aimed to provide 

2-D tests to verify if the system can fast recognize specific substances on selected surface spots, compared 

to controls, thus rendering analytes spatial distribution. The banknote was spotted with the target 

solution, then dried at ambient conditions before analysis. Figure 51 A-C shows the signals corresponding 

to the sampling of three negative control spots (1–3) and one (4) positive control spot corresponding to 

the stain of 20 μL of a cocaine solution at a concentration of 100 mg/L on a 1 cm2 spot. The cocaine EI 

spectrum was unambiguously identified by matching the NIST library with a high spectral similarity score 

(> 90%). In these experiments, E-LEI-MS demonstrated an unparalleled identification power which is 

mandatory in forensic applications and represents the main point of strength of this approach. 

 

Figure 51 A-C. A) Analysis of spots 1–3 (intact) and 4 (cocaine) on a banknote: TIC, B) EI experimental full 
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spectrum of a negative spot (matrix), C) NIST library spectrum matching: red, experimental spectrum; 

blue, library spectrum. The arrow indicates the sampling start. 

 

The potential of E-LEI-MS to identify completely unknown components in a complex matrix was tested in 

artwork analysis, particularly in detecting untargeted compounds in paintings for compounds attributable 

to the type of colors or fixative used, which helps select the proper materials in restoration interventions. 

An accurate understanding of the materials used in a particular painting is also fundamental for attributing 

the artwork to an artist or a historical period. several solvents were tested on small squares of painting 

samples: water, ACN, MeOH, dichloromethane (CH2Cl2), hexane, and octanol. ACN was selected for the 

combination of proper dissolving power and viscosity. This study aimed to also investigate E-LEI-MS’s 

ability to perform unknown and multilayer analyses permitting the sample mapping in three dimensions, 

where the third dimension corresponds to the deeper layers. For this reason, the sample was exposed to 

ACN for a longer time allowing the in-depth extraction of the compounds. Sampling started after 2 min of 

solvent release from the tip. As shown in Figure 52 A-B, the first spectrum at 5.91 min corresponded to 

isopropyl myristate, with a NIST spectral similarity of 93.4%. This result is satisfactory, considering the 

matrix complexity, which could affect the spectrum quality by limiting unknown compounds’ 

identification. The identified compound was concordant with the sample nature; isopropyl myristate is an 

esterified fatty acid, potentially a component of fixative varnish applied on paintings. After another three 

minutes of sampling in the same surface area, another spectrum was acquired corresponding to isopropyl 

palmitate (spectral similarity 43.2%), also used as a fixative component. Isopropyl palmitate was detected 

later than isopropyl myristate, probably because present in a deeper layer of the painting; therefore its 

extraction required a longer time. This application clearly shows the E-LEI-MS identification power of 

unknown compounds since it was conducted using a matrix whose surface components were totally 

unknown. As a micro-invasive technique, E-LEI-MS is particularly suitable for this kind of application when 

preserving prestigious matrices is mandatory. 
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Figure 52 A-B. A) Spectrum for isopropyl myristate obtained from the analysis of the painting surface: TIC. 

B) spectrum isopropyl palmitate obtained from the analysis of the painting deeper layer: TIC. NIST library 

spectra matching: in red experimental spectra in blue library spectra. 
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5 CONCLUSIONS  

The first aim of this research was to explore the versatility of LEI in direct analysis (without 

chromatographic separations) using EI and CI with low and high-resolution mass spectrometry and to 

assess the possibility of coupling normal phase liquid chromatography with electron ionization in low and 

high-resolution mass spectrometry using LEI.  

A new method involving the use of MOI-PFS coupled to a triple quadrupole tandem MS (QQQ, low-

resolution) and a quadrupole time of flight MS (QTOF, high-resolution), operating in EI and NCI was 

proposed for the analysis of complex biological and environmental samples without chromatographic 

separation. The proposed method presents the significant advantage of a fast sample transfer to MS and 

demonstrated to improve the signal-to-noise ratio and peak shape, leading to fast, sustainable and 

sensitive results. Using the LEI interface in NCI mode is a powerful tool to reduce the ME, allowing the 

selective ionization of electrophilic compounds and reaching very low LODs and LOQs.  

MOI allows direct coupling of the SPME fiber with LEI-QQQ and LEI-QTOF systems for a more sustainable 

and reliable alternative for trace levels compound analyses in serum and in a commercial formulation. 

The overall procedure is fast: extraction from the actual sample requires only 3 minutes, and because no 

chromatography is involved, the analysis time is approximately 5 minutes. Although, in MRM mode was 

demonstrated to be a selective detector for this application, halogenated compounds with the same 

nominal mass cannot be distinct. MOI and LEI interface were coupled with Q-TOF for the first time for 

high-resolution experiments, and the results obtained are encouraging for future applications involving 

complex matrices and no chromatographic separation. Future studies will be focused on investigating 

sustainable and non-toxic solvents to enhance the green character of this approach. 

In this work, the possibility of using the LEI interface in combination with NPLC was explored for the first 

time. Some model compounds have been chosen such as tocopherols, cannabinoids, phthalates and 

phenols which benefit from NPLC.  Preliminary experiments were dedicated to the full scan acquisition of 

the spectra of the selected compounds and their MRM transitions. The separations of the compound 

mixtures were performed in MRM using a UHPLC pump and a silica column in isocratic mode. Parameters 

such as the type and percentage of solvents used and the VMC temperature have been optimized. The 
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spectra obtained showed good correspondence with the NIST library demonstrating that this technique 

can represent a valid alternative to reverse phase chromatography combined with EI.  Coupling NPLC with 

QTOF-MS generated EI-HRMS spectra allowing the determination of the structure of each fragment by 

applying specific tools of the software as well as for unknown identification. LEI combined with HRMS 

demonstrated to be a powerful analytical tool for targeted and untargeted component analysis and to 

have great potential in different application fields, to succeed where other analytical strategies have 

failed. Future experiments will include the study of new applications and the evaluation of the 

quantitative aspect. 

Finally, E-LEI-MS, a new system for direct analysis in EI mode, is introduced in this work. E-LEI-MS 

demonstrated to be a novel and competitive real-time technology that uses ambient sampling and EI-MS 

to identify analytes quickly and accurately. The method allowed to perform quick analysis of targeted and 

unknown compounds without the need for sample manipulation or preparation, which is required for 

separation techniques, demonstrating great potential and versatility in several application fields. In 2D 

and multi-layer studies, satisfactory results were achieved with various matrices and samples, 

emphasizing the utility of E-LEI-MS in surface/spatial analysis. E-LEI-MS proved to be also an 

environmentally friendly approach, as indicated by the AGREE evaluation, and future research will focus 

on improving E-LEI-MS performance and making it a portable device, with subsequent gains in 

environmental performance. 
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