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Abstract
Mass spectrometry (MS) is used in several fields, e.g. biology, environmental monitoring, medicine and forensics due to
excellent qualitative and quantitative capabilities. The development of new instrumental setups and ionization sources is
crucial to analyze a variety of compounds at trace levels. The synergy between material science and analytical chemistry
allowed the development of new materials characterized by specific features of polarity, porosity and functionalization,
able to interact with targeted analytes in complex matrices, resulting in high extraction efficiency even in presence of
overwhelming amounts of interfering compounds. New methods based on the use of new materials and MS techniques for
analytes extraction and detection have been proposed, providing fast analysis times, enhanced selectivity and increased
sensitivity.

In this thesis, the development of new materials and setups for mass spectrometric applications is discussed.
In Paper I-III the design, synthesis, characterization and evaluation of the analytical performances of four new

supramolecular receptors for targeted extraction of benzene, toluene, ethylbenzene and xylenes (BTEX) are reported. The
synthesized materials were used as solid-phase microextraction coatings (SPME) for the GC-MS determination of BTEX
at trace levels in urban air. In addition, a portable device for in-situ and real-time monitoring of BTEX using these receptors
in the preconcentration unit is presented.

In Paper IV the development of coated ion sources able to improve the performances of an interface coupling liquid
chromatography (LC) and electron ionization (EI), called Direct-EI LC-MS, is discussed. The coatings, obtained by sol-gel
technique, were deposited onto commercial stainless steel EI sources to increase the inertness of its vaporization surface.

In Paper V, a rapid screening method for the detection of new psychoactive substances (NPS) in oral fluids is presented.
New slides based on polylactide (PLLA), carbon particles and silica were tested as probe materials to promote the ionization
of the analytes in desorption electrospray ionization – high resolution mass spectrometry (DESI-HRMS). Microextraction
by packed sorbent (MEPS) of the analytes from the saliva samples was required due to the high signal suppression. The
developed MEPS-DESI-HRMS method was validated and applied for the determination of NPS in road-collected samples.

In Paper VI the development of a new setup called solvent assisted paper spray ionization (SAPSI) is reported. This
integrated solution allowed the increased data acquisition time and a close control over the ionization conditions. It was
applied for the analysis of biomolecules, namely proteins, lipids, glycans, and amyloid peptides/aggregates, in aqueous
solution as well as in human serum and cerebrospinal fluid. Different oligomeric species of amyloid aggregates were
detected and it was possible to perform real-time monitoring of disaggregation processes. Modified protein species
of physiological relevance such as oxidation, cysteinylation, glycosylation and glycation, and adduct formation were
identified.

In conclusion, the new materials and setups discussed in this thesis allowed the development of selective and sensitive
MS methods for the determination of different target compounds in complex matrices at trace levels with reduced sample
pretreatment.
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Populärvetenskaplig sammanfattning 

Masspektrometri (MS) är en av de viktigaste analysteknikerna för att identifiera och mäta 

låga halter av kemiska ämnen i komplext sammansatta prover. MS används därför inom 

många områden, såsom kemi, biologi, medicin, toxikologi och miljövetenskap. I en 

masspektrometer omvandlas substanserna som ska mätas först till joner och separeras 

sedan med hjälp av elektromagnetiska fält i en massanalysator efter förhållandet mellan 

massa och laddning. Det spektrum av joner som man får ger möjligheter att identifiera 

ämnet. Antalet joner som passerar analysatorn ger en signal vars intensitet är proportionell 

mot mängden substans i provet och därför är MS en utmärkt metod även för kvantifiering. 

Masspektrometern är vanligtvis kopplad till en gaskromatograf (GC) eller 

vätskekromatograf (LC) som separerar föreningarna innan de släpps in i MS-instrumentet. 

Ett vanligt problem med komplext sammansatta prover är att ämnen som man vill mäta 

och som förekommer i spårmängder ger en mycket låg signal. Det medför att en korrekt 

mätning blir svår att genomföra. I avhandlingen har fokus därför varit att utveckla nya 

material och metoder för att på olika sätt förbättra detektionen. 

Bensen, toluen, etylbensen och xylen (BTEX) är flyktiga ämnen som finns i bensin, 

petroleumprodukter och bilavgaser och därför är vanliga luftföroreningar i bl.a starkt 

trafikerade stadsmiljöer. Föreningarna kan vara skadliga att inandas, t.ex. så  är bensen 

bevisat cancerframkallande. Det är därför viktigt att korrekt kunna mäta de halter som 

förekommer i omgivningsluften. I artiklarna I-III i avhandlingen beskrivs nya 

provtagningsmaterial som utvecklats för att effektivt fånga in och anrika låga halter av 

luftburet BTEX. Som ett resultat av arbetet har ett portabelt instrument utvecklats för 

realtidsövervakning av BTEX i stadsluft.  

I arbete IV i avhandlingen har tre olika oorganiska material tagits fram för att förbättra 

joniseringen vid LC-MS. Materialen är baserade på kiseloxid, titanoxid och 

zirkoniumoxid, och har använts för att belägga innerväggarna av jonkällan, dvs i det 

utrymme i masspektrometern där joniseringen sker. Materialen minskar interaktionen 

mellan provet och ytorna i jonkällan och leder till effektivare förångning och jonisering av 

substanserna.  

Nya psykoaktiva substanser (NPS) är en stor grupp av narkotikaliknande preparat, vars 

utbredning växer oroande snabbt, eftersom många av dem är lättåtkomliga och kan köpas 

från olika internetföretag. När NPS dyker upp på marknaden så blir de inte direkt och 

automatiskt narkotikaklassade, trots att de utgör ett lika stort hot mot folkhälsan som 

registrerade narkotikapreparat. I manuskript V presenteras metod baserad på Desorption 

Electrospray Ionization High-Resolution Mass Spectrometry (DESI-HRMS) som snabbt 

kan mäta NPS i saliv. Polylaktid (PLLA), kolpartiklar och kiseldioxid testades som olika 
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beläggningsmaterial i jonkällan för en effektiv jonisering. Före analysen med MS anrikas 

substanserna först från salivproven med en snabb, miniatyriserad metod, Microrextraction 

by packed sorbent (MEPS). Den färdiga MEPS-DESI-HRMS-metoden har använts för 

screening av NPS i saliv från chaufförer. 

I arbete VI presenteras en ny design av Paper Spray Ionization som är är en snabb, direkt 

MS metod för biomolekyler och som inte involverar kromatografisk separation. Den nya 

tekniken Solvent-Assisted Paper Spray Ionization (SAPSI) ger möjlighet till längre tid för 

datainsamling samtidigt som den förbättrar MS-signalens stabilitet och reproducerbarhet. 

Förbättringarna gjorde det möjligt att på ett snabbare sätt kunna studera intakta proteiner, 

glykaner, lipider och amyloidaggregat och även proteinmodifieringar relaterade till ett 

antal olika sjukdomar. 

  



5 

 

Contents 

List of papers: ................................................................................................................... 1 

Papers not included in this thesis ............................................................................... 2 

Populärvetenskaplig sammanfattning ............................................................................ 3 

Abbreviations .................................................................................................................... 7 

Introduction and Aim of the Thesis ................................................................................ 9 

Background ..................................................................................................................... 13 

1. Mass Spectrometry .............................................................................................. 13 

2. Electron Ionization .............................................................................................. 15 

3. Electrospray Ionization ........................................................................................ 16 

4. Desorption Electrospray Ionization ..................................................................... 17 

5. Paper Spray Ionization ......................................................................................... 19 

6. Thermal Desorption - Gas Chromatography - MS .............................................. 21 

7. Liquid Chromatography - MS ............................................................................. 21 

8. Ion Mobility Spectrometry .................................................................................. 23 

9. Solid Phase Microextraction (SPME) .................................................................. 25 

10. MicroExtraction by Packed Sorbent ................................................................ 27 

Supramolecular receptors for BTEX selective detection in air .................................. 28 

1. Introduction ......................................................................................................... 28 

1.1 Air monitoring ............................................................................................ 28 

1.2 BTEX .......................................................................................................... 29 

1.3 Tetraquinoxaline cavitand ........................................................................... 30 

2. Result and Discussion .......................................................................................... 33 

2.1 Design ......................................................................................................... 33 

2.2 Synthesis ..................................................................................................... 34 

2.3 Structural analysis ....................................................................................... 34 

2.4 Material characterization ............................................................................ 36 

2.5 SPME-GC-MS selectivity studies ............................................................... 38 

2.6 Enrichment factors for different fiber coatings ........................................... 39 

2.7 Method Validation ...................................................................................... 40 

2.8 Analysis of urban air samples ..................................................................... 41 

2.9 MEPS-PID prototype for BTEX monitoring .............................................. 42 

3 Conclusions ......................................................................................................... 44 

Sol-gel Coated Ion Sources for Direct EI – LC Coupling ............................................ 45 

1. Introduction ......................................................................................................... 45 

1.1 Coupling Liquid Chromatography with Electron Ionization ...................... 45 

1.2 Direct-EI interface ...................................................................................... 45 



6 

 

1.3 Direct-EI ion source vaporization surface ................................................... 47 

1.4 Coating the EI source via sol-gel technology ............................................. 47 

2. Results and Discussion ........................................................................................ 49 

2.1 Stainless steel chemical etching .................................................................. 49 

2.2 Sol-gel coating procedure ........................................................................... 51 

2.3 Material characterization ............................................................................ 52 

2.4 Direct-EI LC-MS analysis of PAHs and hormones .................................... 54 

3. Conclusions ......................................................................................................... 57 

Novel sampling substrates for the determination of new psychoactive substances in 

oral fluid by         DESI-HRMS ...................................................................................... 58 

1. Introduction ......................................................................................................... 58 

1.1 New Psychoactive Substances: a worldwide issue ..................................... 58 

1.2 Classes of New Psychoactive Substances ................................................... 59 

1.3 The need for a fast screening method ......................................................... 61 

2. Results and Discussion ........................................................................................ 62 

2.1  DESI-HRMS method .................................................................................. 62 

2.2  Optimization of the MEPS Procedure ........................................................ 66 

2.3  Validation of the MEPS-DESI-HRMS Method ......................................... 66 

3. Conclusions ......................................................................................................... 67 

Solvent-Assisted Paper Spray Ionization for the Analysis of Biomolecules and 

Biofluids ........................................................................................................................... 68 

1. Introduction ......................................................................................................... 68 

1.1  Amyloid Peptides ........................................................................................ 68 

1.2 Intact protein analysis ................................................................................. 69 

1.3 Protein Glycosylation.................................................................................. 71 

1.4 Human serum albumin and hemoglobin adducts as biomarkers ................. 72 

2. Results and Discussion ........................................................................................ 74 

2.1 Real-time monitoring of Aβ peptides and its aggregates ............................ 76 

2.2 Analysis of Intact Proteins and Modifications ............................................ 79 

2.3 Analysis of Glycans .................................................................................... 80 

2.4 Biofluids ..................................................................................................... 82 

2.5 Covalent adduct detection of intact proteins in standard solution and in 

human serum ............................................................................................................ 84 

3. Conclusions ......................................................................................................... 85 

Future Perspectives ........................................................................................................ 86 

Acknowledgments ........................................................................................................... 87 

References........................................................................................................................ 89 

 



7 

 

Abbreviations 

ACN Acetonitrile 

AD Alzheimer disease 

ADDL Amyloid-derived diffusible ligands 

AMS Ambient mass spectrometry 

ANOVA Analysis of variance 

APCI Atmospheric pressure chemical ionization 

ApoA1 Apolipoprotein A1 

APPI: Atmospheric pressure photoionization 

Aβ Amyloid-β 

BTEX Benzene, toluene, ethylbenzene and xylenes 

CSF Cerebrospinal fluid 

DESI Desorption electrospray ionization mass spectrometry 

DiTriptyQxCav Quinoxaline cavitand having the upper rim functionalized by two 

triptycene units 

EF Enrichment factor 

ESI Electrospray 

EtQxBox Quinoxaline cavitand having four ethylenoxy bridges between the 

quinoxaline walls 

FFD Full factorial design 

GC Gas chromatography 

HRMS High-resolution mass spectrometry 

HS Head space 

HSA Human serum albumin 

IPA Isopropanol 

IR Infrared spectroscopy 

IMS Ion mobility spectrometry 

LC Liquid chromatography 

MeOH Methanol 

MeQxBox Quinoxaline cavitand having four methylenoxy bridges between 

the quinoxaline walls 

MonoTriptyQxCav Quinoxaline cavitand having the upper rim functionalized by one 

triptycene unit 

MS Mass spectrometry 

NPS New psychoactive substances 

PAH Polycyclic Aromatic Hydrocarbons 
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PSI Paper spray ionization 

QxCav Quinoxaline cavitand 

r.p Resolving power 

RSD Relative standard deviation 

SOD Superoxide dismutase 

SPME Solid-phase microextraction 

SS Stainless steel 

TD-GC-MS Thermal desorption gas chromatography 

TFN Serum transferrin 

TGA Thermogravimetric analysis 

 

The following abbreviations were used in describing the composition of the identified 

glycans in Paper VI: H=Hexose; N=N-Acetyl hexosamine; S=Sialic acid; F=Fucose. The 

Symbol Nomenclature for Graphical Representations of Glycans used is reported in 

literature [1]. 
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Introduction and Aim of the Thesis 

Mass spectrometry is a widely used and powerful technique for the detection and 

identification of both organic and inorganic compounds. Based on the detection of ionized 

analytes, it provides the mass-over-charge ratio of the investigated compounds, as well as 

structural information for instance via tandem MS. Due to the excellent performances in 

both qualitative and quantitative analyses, it is widely used in analytical laboratories for 

academic research, industrial product development, regulatory compliance, for proteomic 

or metabolomic studies, DNA characterization, drug discovery, environmental monitoring, 

food analysis, and forensic science. Research is focused on the development of new 

instrumental setups and ionization sources to enable the determination of heterogeneous 

compounds in different matrices. 

The synergy between material science and analytical chemistry has led to the development 

of new materials characterized by specific features in terms of polarity, porosity and 

functionalization. These materials are able to interact with targeted analytes in different 

matrices, resulting in high extraction efficiency even in presence of overwhelming amounts 

of interfering compounds or harsh conditions. The use of new sorbents has allowed the 

detection of target analytes at trace levels in complex matrices such as wastewater, 

biological fluids and soil. New techniques and materials for analytes extraction and 

detection have resulted in the development of methods characterized by high selectivity 

and sensitivity, fast analysis times and the use of very small volumes of organic solvents.  

Sorbent can be developed for both targeted and untargeted analysis. The formers are 

designed to be selective toward a small class of compounds by adding specific functional 

groups and/or analyte spatial confinement. The latter are characterized by high enrichment 

capabilities toward a broad range of molecules, thus multiple functionalities and use of 

nonspecific interaction are preferred. 

The possibility to perform sample clean-up and analyte-selective preconcentration before 

their detection, has allowed the development of new devices able to perform in-situ and 

real-time analyses through remote control (smartphone interfaces, cloud systems, LAN 

networks...). Continuous and simple monitoring of targets using portable and smart systems 

have been successfully employed in very different fields, such as medicine, environmental 

control, forensic and homeland security. 

Papers I-III report on the design, synthesis, characterization and analytical performance 

evaluation of four new supramolecular receptors based on a common tetraquinoxaline 

scaffold, namely MeQxBox, EtQxBox and Mono- and DiTriptyQxCav for the selective 

enrichment of benzene, toluene, ethylbenzene and xylenes (BTEX) from urban air. The 

supramolecular hosts were rationally designed not only to be selective toward these 
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aromatic compounds, but also to assess enhanced extraction capabilities toward benzene, 

due to its proven carcinogenicity. The materials were used as solid-phase microextraction 

(SPME) coatings and characterized in terms of film thickness, morphology and thermal 

stability. The selectivity of the materials was tested by analyzing mixtures of BTEX and 

aliphatic hydrocarbons. The enrichment capabilities of the materials were then calculated 

and compared to those achieved by using commercially available materials. All the 

developed methods were fully validated and applied for real sample analyses. In Paper III, 

the EtQxBox receptor was embedded in the preconcentration unit of a new simple, stand-

alone, and unsupervised sensing device to be used for BTEX monitoring in air. 

Mass spectrometry is usually coupled with gas or liquid chromatography (GC-MS and LC-

MS) in order to achieve the separation of compounds prior to their detection to analyze 

complex matrices. The ion sources used to couple LC with MS, such as electrospray 

ionization (ESI), Atmospheric Pressure Photoionization (APPI) and Atmospheric Pressure 

Chemical Ionization (APCI), are prone to several limitations in terms of solvent 

composition, analyte polarity and matrix effect. In contrast, electron ionization (EI) is less 

affected by these drawbacks since ionization occurs in the gas phase and ion-ion and ion-

molecule interactions are negligible. Several sources and setups have been proposed to 

allow LC and EI coupling and overcome the incompatibility between the presence of 

solvent and the high vacuum conditions required by EI ionization. Among them, one of the 

simplest, direct and reliable is the Direct-EI LC-MS. 

The improvement of a new prototype for Direct-EI LC-MS analyses based on the 

development of new ion source coatings is discussed in Paper IV. The vaporization surface 

of the ion source is a key issue for ionization of the analytes since it affects both their 

vaporization and desolvation. The normal EI source is made by stainless steel but this 

material strongly interacts with compounds characterized by high-molecular weight and/or 

polarity, thus requiring elevated operating temperatures and causing undesired phenomena 

such as broadening, tailing and thermal decomposition. Therefore, three inorganic 

coatings, based on silica, titania and zirconia were developed in order to increase the 

chemical inertness of the commercial ion sources. The materials, developed by sol-gel 

technique, were characterized in terms of film thickness, morphology and thermal stability. 

Finally, the new coated sources were tested for the Direct-EI LC-MS determination of 

environmental pollutants, i.e. polycyclic aromatic hydrocarbons and hormones.  

Recently a new class of MS sources called Atmospheric Pressure Ionization Techniques or 

simply Ambient Mass Spectrometry (AMS) raised enormous interest since they paved the 

way for the analysis of samples in their native state or with very low sample preparation, 

thus allowing the development of fast, selective and sensitive methods for high throughput 

applications. One of the most used AMS technique is Desorption Electrospray Ionization 

High Resolution Mass Spectrometry (DESI-HRMS). Because the ionization is affected by 
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the interaction between the analytes and the deposition surface, material science is focusing 

on the development of new probes for DESI applications. In Paper V, homemade 

polylactide-based slides were used for the DESI-HRMS detection of new psychoactive 

substances (NPS). NPS are a very large group of drugs of abuse not controlled by 

international conventions and are considered a major threat to public health by the EU. In 

order to take preventive action against their abuse, especially in drivers, the development 

of fast and reliable screening method is required. In this paper, a microextraction by packed 

sorbent DESI-HRMS screening method for the detection of NPS at low concentrations in 

oral fluids is presented and the new probe materials were characterized in terms of 

thickness, hydrophobicity and morphology. The performances of the developed materials 

were compared with those of commercially available polytetrafluoroethylene (PTFE) 

slides. Finally, the MEPS-DESI-HRMS method was optimized and validated following the 

guidelines for bioanalytical methods and was applied for the detection of NPS in road-

collected samples. 

Another AMS technique that is of increasing interest is paper spray ionization (PSI) due to 

its simple setup, versatility and sensitivity. In conventional PSI the liquid sample is loaded 

onto a triangular piece of paper, held by a conductive stainless steel clip. Few microliters 

of solvent are deposited on the paper probe and the potential (in the kV range) is directly 

applied to the clip, thus leading to the formation of a spray between the tip and the MS 

inlet. The ionization of the analytes follows a mechanism of coulombic explosion typical 

of the electrospray. One of the major advantages of this technique is the possibility to 

perform direct analysis of complex samples such as biofluids, wastewater and beverages, 

not requiring any sample pretreatment. PSI is commonly used for the detection of small 

molecules such as drugs, pesticides and metabolites but only few articles are addressed 

toward the detection of large biomolecules, namely intact proteins, lipids and biological 

complexes. Several restrictions affect PSI: i) the setup requires an external power supply 

to generate the potential; ii) analysis time is limited (from few seconds up to several 

minutes) since both the spray and vaporization processes consume the solvent, leading to 

fast drying of the probe; iii) evaporation of the solvent and spray consumption could lead 

to signal instability.  

Paper VI reports on the development of a new PSI setup integrated with the Synapt G-2S 

mass spectrometer: the clip is directly connected to the nano-ESI supply plate, thus the 

potential can be tuned by using MassLynx software. In addition, a peek tube connects the 

system’s fluidic with the PSI source, thus allowing a continuous supply of solvent to the 

paper tip, resulting in increased data acquisition times and possibility to set the solvent 

flow in order to obtain very stable signals up to two 90 minutes. The increase in the data 

acquisition time and the close control over the ionization conditions resulted in enhanced 

sensitivity, repeatability and possibility to perform real-time monitoring. Due to the 
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enhanced signal stability, we were able to detect, resolve and study different classes of 

biomolecules i.e. intact proteins, glycans, lipids and amyloid aggregates. Due to the high 

resolving power, it was possible to detect protein modifications and covalent adducts. 

Tandem-MS and IMS multiple acquisitions from the same sample were obtained without 

any signal loss. Finally, the setup was tested for the analysis of untreated human serum and 

cerebrospinal fluid. 
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Background 

The present thesis covers a wide range of innovations centered on mass spectrometry, 

including new materials for sample pretreatment, use of sol-gel coatings to improve the 

performances of a prototype able to couple liquid chromatography and electron ionization, 

testing of new probe material for DESI analysis and the development of a new setup for 

paper-spray mass spectrometry. Because MS is the focus of the study, the introductory 

background below discusses the different ion sources used, the coupling between MS and 

chromatography and finally, the use of sample pretreatment techniques to boost the 

performances of MS in terms of enhanced sensitivity and selectivity. 

 

1. Mass Spectrometry 

Mass spectrometry is one of the preferred techniques for both quantitative and qualitative 

applications in analytical chemistry: it is widely applied in different fields such as 

environmental monitoring [2–4], food safety quality and traceability [5–10], pharmaceutics 

[11–17], medicine [13,18–24] and forensics [25–27]. MS is also used for proteomics and 

metabolomics applications [28–33], DNA characterization [34] and to determine the 

structure of unknown compounds [35], 

Measuring the mass-to-charge ratio (m/z) of ions, the ionization of the analytes plays a 

major role: the compounds have to be converted into charged species by i) subtracting or 

adding electrons (forming a radical ion (M•)±, ii) subtraction or addition of protons, 

generating either positive (M+H)+ or negative (M–H)– ions, iii) forming adducts (M+X)±, 

or iv) charge transfer. Depending on both the physio-chemical properties and the stability 

of the targeted molecules and of the obtained ions, different forms and/or amount of 

energies have to be applied. Electron ionization (EI), chemical ionization (CI), electrospray 

ionization and photoionization have been successfully applied in MS, leading to the 

development of different ion sources. Analytes ionization can be performed in gas, liquid, 

or solid phases: in EI it occurs in the gas phase, thus the use of this kind of sources is 

normally limited to compounds characterized by high volatility and thermal stability. By 

contrast, electrospray ionization occurs either completely in liquid phase or during transfer 

from droplets to gas phase through low-energy chemical processes: ions are formed by 

solvent removal and electrostatic expulsion. Depending on the properties of the analytes, 

different electrospray-based sources can be used, such as ESI, APPI and APCI. Finally, 

ionization of solid samples or nonvolatile liquid phase can be directly performed via laser 

ablation in MALDI. 

In order to analyze complex matrices, MS instruments have been coupled with separation 

techniques such as gas and liquid chromatography or capillary electrophoresis (CE), thus 
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allowing the separation of the constituent compounds, and their identification and 

quantitation one-at-the-time.  

Mass spectrometer performances are usually evaluated considering their resolving power 

(r.p.), defined either for a single peak of mass (𝑟. 𝑝. =
𝑚

𝑚50%
, where m is the mass of a singly 

charged ion and m50% is the width of the peak at half height) or two equal-magnitude peaks 

(𝑟. 𝑝. =
𝑚𝑥

𝑚𝑥−𝑚𝑥−1
). Following the technology development, new and more sophisticated 

mass spectrometer characterized by higher resolving power become commercially 

available, thus additional information is accessible by MS analysis:  where mass 

spectrometers with a resolving power r.p.<10.000 are capable of obtaining separation of 

peaks with different nominal masses, high resolution mass spectrometers (r.p.>10.000) 

discrimination is based on the exact mass. 

High resolution mass spectrometry strongly contributed to the evolution and the expansion 

of the so-called omics sciences such as petrolomics, proteomics, lipidomics and 

metabolomics, which required enhanced resolution to analyze complex matrices for 

untargeted analysis. 

Today several high resolution analyzer are commercially available, namely time-of-flight 

(TOF), Orbitrap mass spectrometry and Fourier-transform ion cyclotron resonance (FT-

ICR), each characterized by different accuracy and resolving power [36]. 

In the last 15 years, a new generation of MS ion source has attracted great interest since 

they are able to operate at ambient conditions: ambient mass spectrometry (AMS) 

techniques can analyze samples in their native state, thus requiring no or very low sample 

treatment. These techniques are characterized by low sample volume, small or no organic 

solvent usage and direct analysis. Coupled to HRMS, AMS usually does not use any 

chromatographic separation: the analytes detection occurs at the same time at trace levels, 

resulting in the reduction of analysis times. Therefore, these techniques are ideal for 

developing fast and reliable screening methods for high throughput purposes.  

According to Xu et al.[37], a classification of AMS methods can be performed based on 

the different ionization mechanisms and ionization processes: spray-based ionization 

techniques, plasma-based ionization techniques, laser-based desorption or ablation 

ionization techniques, and others. Novel materials and new instrumental configurations are 

under study to enhance the performance of these new ion sources in terms of LODs, 

linearity, range of applicability and possibility of untreated samples analysis. 
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2. Electron Ionization 

Electron Ionization (EI), previously termed as electron impact ionization, was the first 

ionization method applied in MS, developed by Dempster in 1918 [38]. In this ion source 

the ion generation occurs in the gas phase by the impact of high-energy electrons and 

vaporized analytes: the collision leads to the ion formation and the fragmentation of the 

targets; therefore, EI is a hard ionization process, characterized by extensive 

fragmentations. 

In the EI source (schematically depicted in Figure 1), electrons are emitted by heating a 

tungsten or rhenium wire filament under high-vacuum conditions (thermionic emission) 

and accelerated by an electric field towards the anode, reaching a kinetic energy of 70 eV. 

The neutral analytes are introduced in the ion source with a perpendicular orientation with 

respect to the electron beam. The electron current causes distortion and fluctuation in the 

electric field around the neutral molecules in a low pressure environment (10-5-10-6 torr), 

leading to the formation of radical cations, M•+. The presence of an energy surplus in the 

process induces the production of fragments known as second-generation product ions. The 

obtained positive species are directed towards the mass analyzer by a repeller electrode and 

focusing plates. 

 

Figure 1. Schematic representation of the EI source [39] 

 

The probability of a successful ionization event is proportional to the applied electron 

energy up to 70 eV, while over this value, electron–molecule interactions become weaker 

and unproductive. Quantitative measurement is possible since the number of ions generated 

in the source is directly proportional to the amount of the analytes in the injected sample. 

The presence of high vacuum conditions in the source is responsible for the lack of inter-

molecular interactions, thus adduct formation and ion recombination processes are 

avoided: the MS spectrum is very reproducible and depends only on the structure of the 

isolated analyte molecule. The lack of matrix effect, the extended fragmentation pattern 
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and the high reproducibility of the MS spectra are the main advantages of the EI source, 

resulting in the possibility to perform direct comparison between the obtained spectra and 

online libraries to confirm the presence of target analytes in the sample or identify unknown 

compounds. Structure elucidation and deconvolution of unresolved chromatographic peaks 

can also be performed by using proper algorithms and programs. 

Due to the ionization conditions (gas phase, high temperature, low pressure), EI is 

traditionally coupled with gas chromatography, whereas LC coupling is very challenging 

since the presence of solvent molecules was considered incompatible with the high vacuum 

conditions of the EI source. 

 

3. Electrospray Ionization 

In the ESI source (Figure 2), the ionization occurs at atmospheric pressure [40] either 

completely in liquid phase or during transfer from droplet to gas phase: the eluent is 

nebulized by a charged capillary needle, (± 2-5 kV), forming charged droplets. During this 

process, droplet size is reduced, leading to an increment of the inner electric field density: 

this induces an increase in surface tension, until a breakdown limit, known as the Rayleigh 

limit. Over this limit, the droplet is split into smaller units of either positive or negative 

charge, depending on the applied voltage. This cascade process lasts until the charged free 

ions enters in the mass analyzer. Two different mechanisms have been proposed to explain 

ion formation in ESI: the evaporation and the charge residue model. The former involves 

the emission of naked ions from the surface of small droplets, whereas in the latter the 

small droplets shrinks further by solvent evaporation resulting in naked ions. This process 

can repeat until the emitted droplets contain only one analyte molecule. This molecule is 

released as an ion by solvent evaporation and declustering [41]. The charge residue model 

has been proposed in order to explain the ionization of large molecules such as proteins 

and other large biomolecules. Droplet desolvation is facilitated by using a nitrogen flow 

and, if necessary, heating the source. 
 

 

Figure 2. Scheme of ESI ionization [40] 
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Electrospray is considered a soft ionization method, meaning that little or no fragmentation 

of the analytes occurs, thus the protonated molecule is the common base peak. In ESI there 

is also the possibility of multi-charge and adducted ion formation, obtaining charged 

species by the addition of small cations or anions such as metals, ammonium and chloride. 

 

4. Desorption Electrospray Ionization 

DESI is an ambient ionization technique, proposed in 2004 by G. Cook [42], pioneering 

the spray-based ambient ionization mass techniques. Operating at ambient pressure and 

temperature, it is usually coupled with HRMS to be used as a screening technique, being 

able to record the mass spectra in very short times (from a few seconds up to several 

minutes).  

DESI can be considered as a crossover between common electrospray and MALDI, since 

the ionization occurs via coulombic explosion, as in ESI, but the analytes face 

adsorption/desorption processes typical of MALDI. This allow DESI to overcome the 

limitation of the two techniques: the sample can be in different state than liquid (as required 

in ESI), and co-crystallization with a matrix (MALDI) is avoided. In fact, the major feature 

of DESI is the possibility to analyze samples in either solid, liquid or gas phase: solid 

samples can be directly analyzed, whereas liquid samples are usually deposited on a proper 

probe surface and evaporated, and gas samples are adsorbed on solid materials before the 

analysis. This technique is also suitable for direct analysis of the sample, not requiring any 

pretreatment step as in ESI and MALDI, resulting excellent for high throughput and 

screening purposes. 

The DESI source is a high-velocity pneumatically assisted ESI source, generating charged 

micro-droplets by the application of a proper potential on an ESI needle (Figure 3).  
 

 

Figure 3. Schematic representation of a DESI source [43] 
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Directing the aerosol jet onto the probe surface, the primary droplets form a charged 

micrometer-size thin solvent film, in which the sample’s analytes are dissolved. Secondary 

droplets, containing the solubilized analytes, are emitted from the film by the impact of the 

primary droplets via electrostatic repulsions [44].  

The ionization mechanism is comparable with the normal electrospray: after the coulombic 

explosion, the analytes are desolvated and ionized in the gas-phase. Therefore, DESI is 

considered a soft process and its associated spectra are comparable with those of ESI. 

Several studies regarding different aspects of the ionization, i.e. the interactions of the 

spray’s primary droplets and the probe surface; the formation of secondary droplets; the 

generation of the electrostatic field and the ionization mechanism have been published 

[45,46]. By comparing the DESI response of several compounds on different commercially 

available substrates, namely polytetrafluorethylene (PTFE), polymethylmethacrylate and 

porous silica, Takas et al. [47] demonstrated that the dielectric constants of the substrate 

material and the spray have a major influence on the analytes’ ionization. Penna et al. [48] 

demonstrated that the interaction between the analytes and the probe material has also a 

noticeable impact on the ionization process: in this study  different glass substrates properly 

functionalized to have different hydrophobicity and wettability were tested for the 

detection of analytes characterized by different polarity and functional groups. This study 

demonstrated that both hydrophobicity and wettability are able to affect the efficiency of 

the DESI analysis. 

Different probe materials, setups and derived techniques, such as nano-DESI, Easy 

Ambient Sonic-Spray Ionization MS, Laser Ablation Electrospray Ionization, Probe 

Electrospray Ionization, have been developed and tested in the past 10 years and were 

recently reviewed by Bianchi et al [49]. Along with direct analysis in real time (DART) 

[50], DESI-MS nowadays is one of the most popular ambient mass technique and, due to 

its versatility, it is applied in different fields such as pharmaceutical [51], forensics [52–

54] food safety [55–58], archeology [59] and environmental monitoring [3,60–62]. 

Another noticeable feature of DESI-MS is the possibility to perform imaging analysis of 

solid samples, thus allowing targeted analytes mapping as well as the determination and 

distribution of unknown compounds in the sample [63]. The main advantages are the 

possibility to avoid the use of radioactive and radiolabeled compounds, the analysis of 

small samples (<300 µm) and the excellent limits of detection using HRMS. Since it is 

possible to analyze directly the body tissues to assess the presence, distribution and 

targeting of drugs and their metabolites, DESI imaging is widely applied in bioanalysis 

[64–67]. Due to the excellent performance achieved by DESI, other techniques such as 

nano-DESI have been implemented for imaging MS in order to increase the spatial 

resolution and decrease the limits of detection [68].  
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Compared to more established techniques such as GC-MS and LC-MS lower repeatability 

and accuracy have been commonly observed. Not requiring sample pretreatment and due 

to the short analysis times, DESI is mostly employed for screening purposes while GC-MS 

and LC-MS are used as confirmatory techniques. Due to the possibility of analyzing native 

samples, the research is focusing on the development of miniaturized DESI–MS systems 

for in-situ analysis [69,70]. 

 

5. Paper Spray Ionization 

Paper spray ionization (PSI), is an ambient spray-based ionization technique proposed by 

Cooks and Ouyang group in 2009 [71]. It is based on the deposition of a sample solution 

on a triangular paper tip, held by a conductive stainless steel clip. Few microliters of a 

spray solvent are subsequently deposited onto the dried sample spot and a high voltage (in 

the kV range) is applied to the paper probe, leading to the formation between the tip and 

the MS inlet of an electrospray containing the ionized analytes (Figure 4). The ionization 

of the analytes follows a mechanism of coulombic explosion typical of the ESI, therefore 

multi-charged ions and adducts are commonly detected. 
 

 

Figure 4. schematic representation of PSI technique [72] 

 

Several parameters influence the ionization of the analytes as reported by Q. Yang et 

al.[73], i.e. the intensity of the applied voltage, the eluent composition, the geometry of the 

paper and the drying time. The amount of the loaded sample is another important factor to 

be considered in order to obtain stable MS signals and accurate results. This parameter 

depends on the dimensions of the paper tip and vary considering different eluent and 

matrices. 

Even though traditional PSI is performed on filter and chromatographic paper [71,73–76], 

researchers are focusing on the development of new functionalized substrates in order to 

obtain probes selective toward target compounds and/or characterized by enhanced 

sensitivity. P.H. Lai et al. [77] compared the ionization performances of traditional 
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chromatographic paper with different paper-like substrates from natural and synthetic 

fibers, namely Tengujou paper, gampi paper, polylactic acid and polycarbonate. A series 

of tough, thin synthetic fibers, including a microarray membrane (hollow and fibrous) and 

nanofibers, were also tested for the analysis of designer drugs, selected as model 

compounds. The surface characterization showed that the materials presented different 

morphology, thus affecting the PSI capabilities: gampi paper and PLLA nanofibers, 

characterized by a tough and extremely thin structure, promoted signal enhancement 

compared to the other substrates, thus obtaining lower limits of detection. The authors 

considered that the very low thickness of these papers allows sample molecules to be 

translated and evaporated nearly instantly, thus the ionization process occurs within a very 

short period. 

Different modifications of the paper substrate have been also proposed to boost the 

analytical performances of PSI, thus including paraffin barriers [78], silica and carbon 

nanotubes coatings [79,80], urea functionalization [81] and molecular imprinted polymers 

layers [82]. In order to overcome the limited analysis time and increase the spotting 

repeatability, the use of designed cartridge for PSI has been also proposed [83–85]. 

Similar to PSI, the aluminum-foil mass spectrometry (Al-ESI-MS), was developed by B. 

Hu et al. in 2014 [86]. This technique was based on the use of a household aluminum foil 

instead of paper as support to obtain the spray ionization of the analytes. The Al-ESI-MS 

technique was tested toward the direct analysis of several complex matrices, namely 

energetic beverages, urine, skincare and medical creams and herbal medicines. Effective 

on-target extraction and sample work-up were facilitated by the hydrophobic and 

impermeable surface of the aluminum foil. Al-ESI-MS was also proposed for the direct 

monitoring of thermal reactions, such as protein denaturation, since the aluminum foil is 

characterized by high thermal conductivity and the acquisition could be performed real-

time.  

Finally, in 2015, R.G. Cooks’ group developed a new PSI technique called new Zero Volt 

Paper Spray Ionization (ZV-PSI) [87]: this approach is based on the generation of the 

electrospray by the action of the pneumatic force of the vacuum at the MS inlet, thus not 

requiring the application of any voltage. The ZV-PSI analysis was performed over a large 

variety of analytes detected in both positive and negative ion mode. The effects of solvent, 

pH and salt concentration were considered. Signal intensity of ZV-PSI is two order of 

magnitude lower compared to traditional PSI and differences in the mass spectra of 

mixtures have been obtained. The authors proposed that the ionization occurring in this 

new approach is strongly related to the effects of analyte surface activity, due to the 

significantly lower charge, thus enhancing the ionization of more active compounds. 
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6. Thermal Desorption - Gas Chromatography - MS 

Gas chromatography is the standard analytical technique used for volatile and semivolatile 

organic compounds analysis and can be coupled with several detectors, for instance 

electron capture detector (ECD), flame ionization detector (FID) and fluorescence. 

However, mass spectrometry is the preferred detection technique, being very sensitive and 

allowing qualitative analysis in order to identify the analytes over possible interferences. 

Both tandem chemical ionization or high resolution mass spectrometry (GC-MS/MS and 

GC-HRMS) have been proposed in order to improve the performances compared to 

common GC-(EI)MS. 

Direct analysis of air samples is possible but it is limited to the most abundant compounds, 

whereas the analysis of low-concentrated pollutants require a preconcentration step on 

tubes, cartridges and other extractive devices. Compared to the common solvent and 

soxhlet extractions traditionally used for the analyte desorption from the preconcetrator, 

thermal desorption offers several advantages: it is a rapid solvent-free technique, suitable 

for on-line coupling with gas chromatography and characterized by enhanced repeatability. 

Different preconcentration devices are suitable for the TD-GC-MS analysis but the most 

used and commercially available are TD-tubes and SPME. A wide variety of sorbents is 

commercially available: the materials are characterized by different structures, surface 

area, thermal stability, hydrophobicity, chemical functionalization and porosity in order to 

obtain a selective entrapment of different classes of compounds. Multi-bed TD tubes and 

multi-coated SPME have been also proposed for untargeted monitoring, obtained by 

combining different types of adsorbents, usually characterized by increasing polarity or 

decreasing pore diameters. Nowadays, these multi-sorbent tubes are commonly used in 

various official methods to determine VOCs in outdoor and indoor air [88–90]. 

 

7. Liquid Chromatography - MS 

LC-MS is one of the most widely used methods to detect analytes in liquid or solubilized 

samples. It is the separation technique of choice for large and non-volatile molecules such 

as proteins and complex peptides. However, the coupling between LC and MS required 

decades to be effective: many efforts have been devoted to overcome the apparent 

incompatibility between liquid chromatography and mass spectrometry, since high vacuum 

conditions were required before the advent of electrospray. To develop an effective setup 

for LC-MS the following important features have to be considered: 

 Solvent restriction: the mobile phase consists of different components and additives. 

Gradient elution can be performed to provide an exhaustive separation of the analytes.  
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 LC involves high-pressure liquid phase, whereas the MS analyzers operate only under 

high-vacuum conditions, thus only small amounts of solvent in the mass spectrometer 

are allowed.  

 Analytes may vary dramatically in terms of mass, polarity and stability: huge 

variability in terms of response and ionization conditions can occur. Therefore, 

different ion sources could be required for an exhaustive screening of the sample’s 

components. 

The advent of soft ionization techniques moved liquid chromatography closer to mass 

spectrometry, thus allowing the development of LC-MS instrumentations for new and 

challenging analytical applications. Subsequently, atmospheric pressure ionization (API) 

ion sources have been successfully coupled with LC, widening versatility of this technique. 

Traditionally, LC is coupled with ESI. The main advantages of electrospray techniques are 

the applicability for compounds across a wide molecular weight range and the extremely 

high sensitivity, although several restrictions are present: 

 Analytes acidity/basicity is a key factor in order to obtain a satisfactory response: since 

the electrospray ionization is based on coulombic explosion due to the formation of 

local charge density, the use of very apolar and low-volatile mixtures leads to low or 

no responses. 

 Variations in the mobile-phase composition (such as those occurring in gradient 

chromatography) have enormous influence in the obtained MS response, possibly 

causing phenomena such as signal suppression/enhancement or nonlinearity. 

 All the species present in the sample compete for a limited current in the ionization 

process, thus leading to the so-called matrix effect.  

 The ideal conditions for specific analyte ionization could be in conflict with the 

optimal mobile phase composition: post-column adjustment could be necessary, by 

adding a proper phase modifier to improve ionization and enhance signal response or 

by reducing the ionic strength of the eluent. This strongly affect the untargeted analysis 

of complex samples, since the optimization of the ionization conditions cannot be 

performed for all the possible analytes.  

 Common buffers such as phosphate, borate and tris(hydroxymethyl)aminomethane 

cannot be used: even at trace levels they could interfere with the ESI process, thus 

leading to signal depletion in the worst cases. Only volatile buffers are feasible for the 

ESI ionization. The presence of detergents and surfactants usually results in partial or 

complete suppression of the samples’ analytes.  

 Ion source fragmentation is very limited and depends on the LC-MS condition, thus 

not providing sufficient data for an accurate characterization of the analyte: for this 

reason, tandem mass spectrometry is usually performed to investigate the structure of 

unknown compounds. Moreover, MS/MS fragmentation is poorly reproducible 
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operating at different conditions: the creation of MSn reference electronic libraries has 

to face the different ionization when different solvents are used, as well as the 

possibility of matrix effect. Therefore, the matching between the obtained spectra and 

those present in the library is very limited. 

In order to overcome the presented limitations new configuration and interfaces are in 

development. 

 

8. Ion Mobility Spectrometry 

Ion mobility spectrometry (IMS) is a powerful analytical technique able to separate the 

ions according to their mobility in an inert buffer gas by applying an external electric field. 

The separation principle of IMS is close to that of electrophoresis: in the presence of an 

electromagnetic field, the ions move into a medium (either argon, helium or nitrogen) in a 

drift tube and are separated on the basis of their charge, size and shape [91,92]. 

More precisely the ions move in a buffer inert gas under the influence of a low-energy 

electric field and their energy are comparable to the thermal energy of the inert gas 

molecules, in a condition known as direct diffusion. The velocity of an ion is proportional 

to the intensity of the electric field, thus 

𝑣𝑑 = 𝐾 ∙ 𝐸 

where vd is the drift velocity, E is the intensity of the electric filed and k is the ion mobility 

constant, defined as 

𝐾 =
3𝑧

16𝑁
√(

2𝜋

𝑘𝑇
)√(

𝑚 +𝑀

𝑚𝑀
)
1

Ω
 

where z is the charge on the ion, N is the number density of the buffer gas, k is the 

Boltzmann’s constant, T is the 

absolute temperature, m is the mass of the buffer gas, M is the mass of the ion, and Ω is the 

collision cross-section of the ion [92]. The mobility is proportional to the charge of the ion: 

a multi-charged ion is characterized by a higher drift velocity compared to the same singly-

charged specie. By coupling the IMS with MS z can be easily obtained. The cross-section 

of the ion is proportional to its drift time since a higher number of collision with the buffer 

gas molecules occurs. 

Different IMS techniques have been developed, depending on the operating pressure and 

on the intensity of the electric field. The most widespread is Drift Tube IMS (DTIMS, 

depicted in Figure 5), based on the application of a low-energetic electric filed (2.5-20 V) 

in a reduce pressure environment (1-15 mbar). Drift tubes using high-voltage and 

atmospheric pressure conditions are also present [91]. The injection of the ions is pulsed 

and packages of ions are introduced in the drift tube with windows of 100-200 μs (duty 
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cycle cell), thus strongly reducing the sensitivity of the method, with a decrease in the 

response of 2-3 order of magnitude. After the injection, the ions travel in the drift tube 

according to diffusion phenomena and are separated according to their mobility. DTIMS 

is the only technique that allows for the direct measurement of the collision cross-section 

of the ions, not requiring standard calibration. 

 

Figure 5. DTIMS schematic representation and mechanism [91] 

 

Starting from DTIMS, new IMS techniques have been proposed, thus including field-

asymmetric waveform ion mobility spectrometry (FAIMS), Trapped Ion Mobility (TIMS) 

and Travelling Wave IMS (TWIMS). 

Recently, Travelling Wave IMS (TWIMS or T-wave) has been developed by Waters 

Corporation [93]. The drift tube consists of a series of ring electrodes: opposite-phases 

radiofrequency (RF) voltages are applied to consecutive electrodes to radially confine the 

ions inside the tube. The application of a direct current (DC) voltage to a pair of adjacent 

rings create potential barrier that limit the ion movement. The DC current is pulsed and by 

stepping the DC potential to the next set of rings the ion barrier moves forward, pushing 

the trapped ions and creating a ionic travelling wave. Ions characterized by high mobility 

are able to ride over the wave and travel faster along the drift tube, thus obtaining IMS 

separation (Figure 6). Ion transmission is optimized by tuning the wave amplitude, 

velocity and buffer gas pressure [91–94]. Compared to the DTIMS the signal decrease is 

very limited (up to one order of magnitude). 

 

Figure 6. TWIMS drift tube and mechanism schematic representation, modified from [91,93]. 
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Synapt G2-S (Figure 7) combines TWIMS with the single quadrupole time-of-flight mass 

spectrometry (qTOF-MS): the ion obtained from the source (ESI, nanoESI, PSI…) are 

separated by a quadrupole, operating as a mass filter.  Then the separation is achieved by 

using the TWIMS and finally ions are analyzed by the TOF, resulting in an enhanced 

instrumental sensitivity. IMS separation allows to discriminate between ions characterized 

by the same m/z ratio, thus obtaining the separation of otherwise overlapped species. 

 

Figure 7. Synapt G2-S schematic representation 

 

9. Solid Phase Microextraction (SPME) 

SPME is a fast, solventless, low cost and automatable alternative to conventional sample 

extraction devices, proposed by Pawliszyn in 1989 [95,96]. It has been widely used in 

different fields such as environmental analysis [97], food control [98,99], medicine [100–

105] and forensics [106,107] and is ideal for the on-line coupling with mass spectrometry.  

This technique is based on the use of a coated silica or metal capillary mounted on a 

designed syringe (Figure 8). Analyte extraction occurs via gas–liquid, gas–solid or liquid–

liquid partitioning, depending on both the fiber coating material and the sample’s matrix. 

Film thickness, type of coating and pore dimensions affect the kinetic of the 

adsorption/absorption mechanism but the sampling times are usually limited to a few 

minutes, thus shortening the analysis time. After the extraction, the analytes absorbed or 

adsorbed on the fiber are desorbed directly into the inlet of the chromatograph, either GC 

or LC, or in the ion source in case of SPME direct analysis [108,109].  When coupled to 

gas chromatography, the thermal desorption takes place in the hot GC injector, whereas in 

LC the analytes are eluted by exposing the needle to the mobile phase. Two different SPME 

sampling techniques are the most common approaches: headspace (HS) or direct 

immersion (DI). The first is the most commonly applied method for the extraction of 

volatile compounds, whereas DI is used for detecting polar and non-volatile compounds.  



26 

 

 

 

Figure 8. SPME schematic representation: a) syringe and b) cross section of fiber assembly [99] 

 

Different coatings are commercially available and can be classified as non-bonded, bonded 

and cross-linked. Non-bonded phases are stable in water and water solutions (up to 20% 

organic content); bonded phases are compatible with most of the organic solvents except 

with halogenated and very apolar solvents. Cross-linked phases are the most stable 

sorbents. A list of commercially available SPME coatings is illustrated in Table 1. 

Commercial fibers are designed to be capable of extracting a broad range of analytes:  the 

sorbent coatings are non-selective polymers, therefore are not suitable for targeted analysis. 

New coatings based on ionic liquids, nanomaterials, carbon nanotubes, molecular 

imprinted polymers and metalorganic frameworks have been proposed, being characterized 

by enhanced enrichment capabilities and/or high selectivity [100,110–112]. 

 

Table 1: Summary of commercially available SPME fibers 

Fiber coating 
Film thickness 

(µm) 
Polarity Classification 

Operating 

temperature 

(°C) 

PDMS 100, 30 Non-polar Non-bonded 280 

PDMS 7 Non-polar Bonded 340 

PDMS - DVB 60, 65 Both Cross-linked 270 

PA 85 Polar Cross-linked 320 

CAR - PDMS 75, 85 Both Cross-linked 320 

DVB - Carbowax 65, 70 Polar Cross-linked 265 

DVB – CAR - PDMS 50/30 Both Cross-linked 270 
 

 PDMS: Polydimethylsiloxane, DVB: divinylbenzene, PA: poliacrylate, CAR: Carboxen 
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10.  MicroExtraction by Packed Sorbent  

Microextraction by packed sorbent can be considered as a miniaturized form of SPE. The 

sorbent is packed inside a syringe (50–500 µL) or in a small cartridge called barrel insert 

and needle (BIN), as illustrated in Figure 9.  

 

Figure 9. Schematic representation of MEPS [113] 

 

The main advantage of the MEPS procedure is the possibility to perform sample extraction, 

washing, pre-concentration, elution and injection using the same device. Since only small 

amounts of solvent are required, it is considered a green sample pretreatment technology. 

The possibility to perform several loading/discharging cycles during sample loading and 

elution allow to concentrate the analytes onto the sorbent material and increase the recovery 

rates. Sample volume, eluent composition and volume, flow and number of cycles has to 

be optimized in order to obtain the best compromise in terms of analysis time, repeatability 

and extraction recoveries. The composition of the eluent solvent depends on the physico-

chemical properties of the analyte, the types of interactions between the analytes and the 

MEPS material, the compatibility with the LC mobile phase and the volatility (in case of 

GC analysis).  

As in SPE and SPME, the MEPS sorbent material should be selective toward the target 

molecules, not retaining interfering compounds. To obtain the extraction of different 

classes of analytes, different sorbents are commercially available, including unmodified 

silica, alkyl-functionalized silica, polystyrene-divinylbenzene (PS-DVB) and ion-

exchange stationary phases.  

Another noticeable advantage is the low sampling volume required, especially compared 

to SPE, thus making it extremely important for pharmaceutical and biological applications 

[114]. 
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Supramolecular receptors for BTEX selective 

detection in air 

(Papers I-III) 

1. Introduction 

1.1 Air monitoring 

Increased anthropogenic activity and industrialization has resulted in higher air pollution 

levels. Monitoring air pollution requires the design of air quality control systems 

characterized by real-time detection of dangerous pollutants at trace concentration. One of 

the major problems is the determination of toxic compounds in the presence of 

overwhelming amounts of water, carbon oxides, gaseous acids and other possible 

interferences. In order to provide pre-concentration of targeted and untargeted compounds 

from both urban and indoor air, active and passive samplers have been developed.  

Passive devices are based on analyte adsorption or absorption onto a trapping material by 

simple diffusion: the sampler is exposed to the monitored air and the compounds are 

trapped by diffusion. Depending on the analytes and the nature of the sampler, the sampling 

time can vary from 24 h up to a week of exposure. The detection of the analytes is off-line: 

the samplers are desorbed and analyzed by certified laboratories, thus resulting in data 

regarding averaged exposure levels [115,116]. The main advantages rely on the low costs 

and the simplicity of the sampling (stand-alone devices). The major drawbacks are the off-

line analysis, resulting in non-immediate response in case of dangerous compounds or high 

exposure levels, and the extraction commonly performed by using organic solvents or CS2, 

thus resulting in high risks of disposal, safety and of environmental concern. 

In dynamic (or active) sampling, sample enrichment is obtained by forcing a fixed volume 

of air to pass through a suitable trap, i.e. solid sorbents, absorbing solutions, SPME fibers, 

foams or cartridges. After sampling, the devices are sent to the laboratory for the analysis, 

as in the case of passive samplers. However, active sampling can also be performed in real-

time directly in situ by using integrated instruments. In these systems, a preconcentrator 

unit, either fixed or removable, is located just after the inlet. After the sampling stage, the 

trapping material is thermally desorbed leading to a preconcentration and a focusing of the 

compounds at the beginning of the gas-chromatographic column. Different detectors have 

been proposed, such as mass spectrometers, photoionization and flame detectors. The main 

advantage of active sampling is the analysis of a fixed volume of air, thus it is possible to 

determine the real concentration of the analytes at a specific time, whereas in passive 

samplers only average exposure levels can be assessed. Moreover, the possibility of in-

situ, on-line and real-time analyses allows the constant monitoring of air quality levels in 
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strategic locations, such as trafficked roads, industrialized areas, city districts and natural 

reserves. 

Different sorbent materials are commercially available for both active and passive 

samplers, depending on the class of monitored compounds. Ideal sorbent are is 

characterized by several features: 

 In case of targeted analysis, the material has to be selective toward specific chemical 

classes, limiting the adsorption of interfering compounds that can decrease its 

absorption capacity and give rise to the possibility of signal suppression, enhancement 

or non-linearity. Selectivity is achieved by designing sorbents able to establish specific 

interactions (such as hydrogen bond, π-π and CH-π interactions) with the targets and/or 

by controlling the pore diameters. Selective adsorption allows to bypass long and 

complex sample treatment procedures and fasten the chromatographic separation. 

 In case of untargeted analysis, the materials have to be characterized by high 

enrichment capabilities toward a broad range of compound classes: different 

functionalities and porosity can be present, as well as the use of multiple sorbent in the 

same sampling device. 

 High sensitivity: the material has to be characterized by high enrichment capabilities, 

thus allowing detection of the analytes at trace levels. 

 Easy desorption: the desorption of the analytes has to be complete in order to avoid any 

carryover effect. Thermal desorption is preferred over solvent extraction since it allows 

the development of integrated, remote and independent systems and remove the need 

for organic solvent. 

 

1.2 BTEX 

BTEX is the acronym of benzene, toluene, ethylbenzene and xylenes. These aromatic 

volatile hydrocarbons are mainly used in petrolchemistry industry and as antiknock in 

fuels, especially after the ban of tetraethyl lead [117]. Benzene presence is limited to small 

impurities in oil derivatives, whereas toluene is used as solvent and as degreasing agent in 

varnishes, detergents and in the pharmaceutical industry. Ethylbenzene and xylenes are 

mainly employed in plastic production and present mixed with toluene at different 

concentrations. The International Agency for Research on Cancer (I.A.R.C.) set benzene 

in group 1 (compounds carcinogenic to humans), ethylbenzene in group 2B (chemicals 

possibly carcinogenic to humans) and toluene and xylenes in group 3 (not classifiable as 

to its carcinogenicity to humans). Due to its demonstrated carcinogenicity, EU set a very 

low threshold limit for benzene concentration in urban air (5 μg/m3) [118]. Regarding TEX, 

the exposure limit values are regulated by the World Health Organization (WHO), based 

on the indication of different organization such as National Institute for Occupational 
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Safety and Health (NIOSH), Occupational Safety and Health Administration (OSHA) and 

Agency for Toxic Substances and Disease Registry (ATSDR).  

High-precision measurement of BTEX concentration in air is challenging since low 

concentrations of these compounds have to be detected in the presence of overwhelming 

amounts of water, aliphatic hydrocarbons and other possible interferences [119]. In 

particular, the detection of benzene exposure levels is crucial and its continuous monitoring 

is required according EU regulations. Real-time benzene monitoring systems for in-field 

environmental applications are usually bulky and/or expensive and require highly trained 

personal to operate [120–122]. To overcome this limitation, simple and low-cost devices 

have been proposed based on metal oxide sensors, quartz microbalances and surface 

acoustic waveguides [123,124]. 

Pre-concentration of BTEX is required to assess low detection limits and high 

measurement accuracy. However, the sorbent materials are either not sufficiently selective 

or require time-consuming procedures for the extraction of the analytes. Graphitized 

carbon and polymers based on divinylbenzene are commonly proposed. However, they 

present high enrichment toward interferences such as polycyclic aromatic hydrocarbons 

(PAHs) and aliphatic hydrocarbons, since the extraction is driven through the formation of 

non-specific interaction, namely van der Waals, dipolar, π-π and CH-π interactions. 

Therefore, the development of new materials specifically designed for BTEX entrapment 

is of great interest.  

 

1.3 Tetraquinoxaline cavitand 

The tetraquinoxaline cavitands (QxCav) are supramolecular receptors consisting of a 

resorcinarene scaffold and four quinoxaline walls, presenting a deep, hydrophobic and 

electron rich cavity (Figure 10). They are obtained by nucleophilic aromatic substitutions, 

bridging the hydroxyl groups of the resorcinarene’s phenols with dichloroquinoxaline 

[125–127]. 
 

 

Figure 10. Structure of QxCav 
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Since the quinoxaline units can move in either axial or equatorial positions, two different 

conformations of the receptor are present: the closed vase conformation, characterized by 

a deep cavity (7 Å wide and 8 Å deep), suitable for guest hosting, and the open kite 

conformation, with a flat extended surface (Figure 11). Reversible switching between the 

two forms and dimerization of the kite conformation have been reported [128]. In solution 

the vase ↔ kite equilibrium is controlled by solvation (influenced by temperature and pH), 

whereas in solid state the vase structure is strongly favored and the conformational changes 

are limited and temperature dependent. 
 

 

Figure 11. Structure of QxCav in vase (left) and kite (right) conformation. 
                

Vibrational measurements and theoretical calculations indicate that hundreds of possible 

conformations exist simultaneously in solid state and interconvert at ambient temperature 

[129,130]: the QxCav cavity is “breathing” (Figure 12). This behavior is amplified by 

increasing the temperature. “Breathing” phenomenon decreases the selectivity of the 

receptor, since it weakens the host-guest interactions and reduces the steric confinement of 

the trapped molecule. 
 

 

Figure 12. QxCav “breathing” in solid state [129]. 
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QxCav has proved to be an excellent adsorbent material for the selective sampling of 

benzene and monoaromatic hydrocarbons, from both air and water [131–134], resulting in 

increased selectivity and enhancement factors and lower detection limits. The complexes 

are stabilized by π- π and CH-π interactions between the host and the guest and two near-

hydrogen bonds between guest and the π orbital of resorcinarene scaffold (highlighted in 

Figure 13). Water molecules and aliphatic interferences cannot be hosted inside the cavity 

and are adsorbed outside the receptor, thus allowing their removal by low-desorption 

temperature prior to the extraction of the aromatic compounds. Computational studies 

demonstrated that the binding energies for benzene (-6.85 kJ/mol) and toluene                          

(-6.88 kJ/mol) are extremely close, thus their discrimination is impossible using QxCav. 
 

 

Figure 13. Model of QxCav@benzene and QxCav@toluene complexes, the red dots highlight the 

near-hydrogen bond. 

 

In 2007 a miniaturized system consisting of a QxCav-based preconcentration unit, a micro-

GC column and an integrated MOS sensor was proposed for the detection of BTEX [135]. 

Even though the device was successfully field-tested, the resulting system was quite 

complex and not economically viable. The main reason was that the GC separation 

component was required to separate benzene from the other aromatic compounds. To 

reduce the costs and the analysis time, the use of a new receptor was essential.  

One of the main feature of QxCav is its versatility as a molecular scaffold for designing 

new receptors:  in 2014 a new cavitand (QxCavCOOH) bearing a carboxyl group at the 

upper rim of the quinoxaline walls proved to be suitable for the selective determination of 

nitroaromatic explosives and taggants at trace levels [136]. 

Based on these results, the design and synthesis of new cavitands characterized by 

increased affinity towards BTEX were performed in this thesis, also focusing on the 

discrimination between benzene and TEX. The receptors were used as SPME coatings for 

headspace sampling and the SPME-GC-MS method was validated and tested for the 

analysis of BTEX in urban air. 
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2. Result and Discussion 

2.1 Design 

The design of the new receptors was focused on: i) improvement of the recognition between 

the new receptor and the BTEX; ii) reduction of the complexation or adsorption of 

interfering compounds.  The functionalization of the upper rim of the QxCav allow to 

obtain specific intermolecular interactions with targeted analytes and a controlled cavity 

dimension and engulfment, tuning the electronic and shape complementarity in the host-

guest complex. Two different approaches were tested: 

QxBox cavitands: these receptors were designed to freeze the system in the vase form, 

preventing the conformational switching. The hosts are characterized by methylenoxy 

(MeQxBox) and ethylenoxy (EtQxCav) bridges between the quinoxaline, reducing the 

cavity opening and the potential fitting of interfering compounds (Figure 14).  
 

 

Figure 14. Schematic representation of MeQxBox (left) and EtQxBox (right) 

 

Selectivity toward BTEX would be achieved by host-guest size complementarity and 

presence of strong complexation interactions. The different steric hindrance among BTEX 

and the presence of methyl substituents could be exploited to obtain preferential 

complexation among the targeted compounds. To this purpose, two different QxBox 

cavitands, namely MeQxBox and EtQxBox were designed, synthetized and tested. 

TriptyQxCav cavitands: the upper rim is functionalized by either one or two triptycene 

units, creating a high steric engulfment on the cavity opening. The design of these cavitands 

was based on Diederich’s synthesis of quinone-based cavitands [137–139]. These receptors 

are able to encapsulate the guests in a closed vase conformation, increasing the association 

constant and reducing guest exchange phenomena. However, quinone-based cavitands are 

not stable at ambient conditions due to oxidation processes. 

On the contrary, QxCav is a very stable receptor and the quinoxaline walls are suitable for 

the functionalization with bulky elements. The functionalization with triptycene 

substituents resulted in a tighter cavity opening, thus reducing the number of possible 

guests and strengthening the complexation interaction with targeted compound, acting as 
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a molecular roof. Moreover, the presence of bulky units could lead to sterically-driven 

discrimination in the adsorption or desorption step among the BTEX. Two different 

receptors were synthetized, namely MonoTriptyQxCav and DitriptyQxCav (Figure 15), 

characterized by one or two triptycene molecules, respectively, at the upper rim. 
 

 

Figure 15. Schematic representation of MonotriptyQxCav (left) and DitriptyQxCav (right) 

 

2.2 Synthesis 

The syntheses of the cavitands is discussed in Paper I-III. 

 

2.3 Structural analysis  

The structures of different host-guest complexes BTEX@cavitand were resolved by 

crystallographic studies of samples obtained by dissolving the receptors and the guests in 

a proper solvent and performing a low-evaporation crystallization. Only the 

benzene@MeQxBox complex could be obtained using MeQxBox as receptor (Figure 16). 
 

 

Figure 16. Molecular structure of benzene@MeQxBox complex crystallized from CHCl3 [140]. 

The guest is shown in space filling mode side view (a), top view (b)  
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As shown in Figure 16, MeQxBox is characterized by a closed and rhombohedral cavity. 

This structure is very strained and the quinoxaline walls are blocked in a conformation that 

strongly decrease the hosting space. Benzene fits perfectly into the host cavity and an 

increased selectivity toward this carcinogenic compound is expected. The complexation 

occurs via C−H···π interactions between the electron rich rim of the host and the guest. 

Further van der Waals interactions between the inward facing hydrogen atoms of the 

methylendioxy bridges and the guest contribute to stabilize the complex. 

Crystal structures of EtQxBox complex have been obtained for benzene, toluene and o-

xylene by low-evaporation from a dimethyl sulfoxide solutions (Figure 17). 
 

 

Figure 17. Side and top view of the molecular structures of benzene@EtQxBox (a), 

toluene@EtQxBox (b), and o-xylene@EtQxBox (c) host-guest complexes [141]. 

 

The aromatic guests are deeply included within the rectangular cavity, and stabilized by 

C−H···π and C−H···N interactions. The methyl substituents of toluene and o-xylene 

interact with additional C−H···π interaction with the quinoxaline walls. The substituted 

aromatic guests are oriented differently compared to benzene within the cavity and their 

parallel orientation results in the maximization of the complexation energy by additional 

π-π interactions. 

Benzene@TriptyQxCav structures were obtained by crystallization from chloroform 

solutions. In this case, the cavitand is stable in the vase form in which the guest is 

encapsulated (Figure 18). The presence of two bulky triptycene units in DiTriptyQxCav 

lead to a structure distortion compared to the monosubstituted receptor. Benzene 

orientation within the cavity is also very different: in MonoTriptyQxCav it is hosted in 

front of the pyrazine rings, forming a 45° angle, whereas it perfectly faces the two 

unsubstituted quinoxaline walls in the distorted DiTriptyQxCav, resulting in additional π-
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π interactions. The triptycene units interact via C−H···π interactions with the hydrogens of 

the guest. In addition, they act as a molecular roof, limiting the interaction between the 

cavity and the environment and influencing the adsorption/desorption equilibria. 
 

 

Figure 18. Side (a-d) and top (e-h) views of the crystal structures of complexes 

benzene@MonoTriptyQxCav (a,c,e,g) and benzene@DiTriptyQxCav (b,d,f,h). The volume 

available inside the cavity is depicted in yellow. 

 

2.4 Material characterization 

In order to assess the thermal resistance of the material, thermogravimetric analyses were 

performed. Excellent stabilities were demonstrated for all the cavitands: with respect to the 

parent QxCav, the additional functionalization did not reduce the thermal stability of the 

modified receptors: MeQxBox is stable up to 350°C, EtQxBox up to 300°C and triptycene 

cavitands up to 450°C. 

The thermal stability of the complexes between Mono- and DiTriptyQxCav and benzene, 

obtained in solution, was assessed by TGA and compared with benzene@QxCav (Figure 

19). Two different weight losses are clearly illustrated: the first corresponding to the release 

of benzene from the host cavity and the second to the decomposition of the material. The 

different desorption temperatures can be related to the complexation strength; 

DiTriptyQxCav, characterized by a very tight cavity and strong interaction with benzene, 

releases the guest at a higher temperature compared to both MonoTripyQxCav and QxCav. 

The precursor receptor exhibited release at a lower temperature due to its conformational 

flexibility. 
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Figure 19. TGA analysis of QxCav, MonoTriptyQxCav and DiTriptyQxCav complexes 

with benzene under nitrogen; guest release is highlighted in the insert [142]. 

 

After thermal behavior evaluation, the materials were used as coatings for BTEX extraction 

from air. The coated fibers were obtained by dipping the silica support in Duralco 4460 

epoxy glue and, after 2 min, in the respective cavitands powder. 7.0 ± 0.5 mg of receptor 

were loaded on each fiber. The thermal resistance of the device was evaluated by 

conditioning the coated SPME fibers in the GC injector port at 250°C for 2 min: no 

significant bleeding was observed.  

The morphology of the SPME fibers was investigated by scanning electron microscopy 

(SEM, Figure 20): the coating was  homogeneously distributed along the fiber and average 

thickness of 35 ± 4 µm for MeQxBox, 40 ± 6 μm for EtQxBox, 30 ± 5 μm for 

MonoTriptyQxCav and 37± 7 µm for DiTriptyQxCav were obtained (analysis performed 

on 5 points for each image for 3 different fibers). 
 

 

Figure 20. SEM image of the MeQxBox [140] 
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2.5 SPME-GC-MS selectivity studies 

Extraction time of analytes is a factor that strongly affects the analytical performance. 

Therefore, preliminary investigations were performed by analyzing the responses from 

fibers exposed to airborne BTEX (in the 385−473 ng/m3 range for the QxBox 

cavitands,49–4.74 μg/m3 for the triptycene cavitands) for 5, 10, 15 and 20 minutes 

respectively. The highest GC-MS responses were obtained after sampling up to 15 minutes, 

thereafter no significant increase was observed. Based on these results 15 minutes was 

selected as BTEX extraction time. 

The effect of moisture on the extraction was evaluated by sampling the analytes at two 

different relative humidity levels (30% and 80%). No significant difference (p > 0.05) 

between these conditions was observed for any of the investigated analytes. 

The selectivity of the cavitands toward the BTEX was demonstrated by analyzing air 

mixtures containing aliphatic hydrocarbons (chain length C6-C9) with concentration levels 

up to two orders of magnitude higher than BTEX (38−56 μg/m3 vs 385−473 ng/m3 range 

for the QxBox cavitands, 38–56 μg/m3 vs 3.49–4.74 μg/m3 for the triptycene cavitands). 

These concentration levels were selected based on reported measurements in real urban air. 

The extracting fibers were desorbed in the GC-MS system with consecutive desorption 

from 50 to 250°C with 50-degree increments (Figures 21). 
 

 

Figure 21. a) MeQxBox, b) EtQxBox and c) DiTriptyQxCav SPME-GC-MS consecutive 

desorption. Extraction time: 15 min, RT (n=3). 
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As depicted in Figure 21, the aliphatic hydrocarbons are completely desorbed at 100°C, 

whereas BTEX desorption begins at 200°C and is complete at 250°C. No carryover effect 

was demonstrated after direct desorption of BTEX at 250°C. The different desorption 

temperatures were related to the stability of the complex: aliphatic hydrocarbons can 

interact only by weak and hydrophobic interaction, whereas BTEX are complexed inside 

the cavity via C−H···π, π−π and C−H···N interactions. The wide gap between the 

desorption temperatures could be used to remove from the SPME the aliphatic 

interferences by a low desorption step (100°C) and selectively detect the target compounds 

at 250°C. However, selective desorption of only benzene from either QxBox or 

TripyQxCav cavitands could not be achieved using the proposed technique. 

 

2.6 Enrichment factors for different fiber coatings 

BTEX enrichment factors (EFs) were obtained for each receptor. This factor is closely 

related to the selectivity and the affinity of a material toward a specific compound. It is the 

ratio between the concentration of the analyte in the fiber after the extraction and their 

concentration in the headspace of the gas standard mixture (n=3).  

𝐸𝐹 =
𝐶𝑥(𝑆𝑃𝑀𝐸)

𝐶𝑥(𝐻𝑆)
 

The value is normalized with respect to the length and the thickness of the SPME fiber, 

thus allowing the comparison between different fibers. The calculated enrichment factor 

for the synthetized receptors were compared to those of a commercially available 2-cm 

DVB-CAR-PDMS 50/30 μm fiber, usually used for BTEX sampling (Figure 22). 
 

 

Figure 22. EFs comparison between the cavitand-based and the DVB–CAR–PDMS coatings for 

BTEX extraction. Extraction: 15 min, RT (n=3). 
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As illustrated in Figure 24 the materials are characterized by different enrichment factors: 

 QxBox cavitands were shown to have the best extraction capabilities, with EFs at least 

30 times higher than those of the commercially available coatings. MeQxBox is 

characterized by enhanced affinity toward benzene, whereas EtQxBox demonstrated 

excellent complexation capabilities toward substituted aromatic compounds. The 

MeQxBox preferential complexation toward benzene is the result of its reduced cavity 

dimensions, obtained by bridging the quinoxaline with methylendioxy units. On the 

opposite, the larger rectangular cavity of EtQxBox is suitable for hosting substituted 

compounds, due to additional C−H···π interactions. 

 MonoTriptyQxCav do not present noticeable improvements compared to DVB-CAR-

PDMS fiber. 

 DitriptyQxCav enrichment factors were at least 5 times higher than those achieved 

using the commercial fiber. In particular, benzene EF was 22 times higher compared 

that obtained using the DVB-CAR-PDMS coating and 9 times that of the 

monosubstituted receptor. Entrapment of guests in the receptor’s cavity is limited in 

case of monofunctionalization, whereas the substitution with two trypticene units 

results in the encapsulation of the targeted molecule inside the host via steric 

engulfment of the opening and additional C−H···π interactions. 

 

2.7 Method Validation  

Method validation was performed following Eurachem guidelines [143]. Excellent results 

were obtained in terms of detection limits, in the low ng/m3 level, lower than those of the 

DVB-CAR-PDMS fiber and the Radiello system, the most commonly used passive sampler 

(Table 2). 
 

Table 2: LOD values (ng/m3) of the supramolecular coatings and of commercially available devices 

 MeQxBox EtQxBox DiTriptyQxCav QxCav 
DVB-CAR-

PDMS 
Radiello 

Extraction 

Time (min) 
15 15 15 15 15 1440 

benzene 0.4 0.7 1.7 5.2 17.1 1.6 

toluene 0.6 0.4 3.1 7.2 2.1 1.5 

ethylbenzene 0.5 0.4 1.3 5.7 4.8 1.2 

m-xylene 1.2 0.8 2.0 10.0 6.1 1.3 

p-xylene 0.6 0.3 1.3 9.0 6.1 1.7 

o-xylene 1.0 0.5 2.2 12.5 14.3 2.0 

 

LODs and LOQs for both QxBox and DiTriptyQxCav coatings were in the ng/m3, far lower 

than the commercial materials. The results indicate the suitability of the developed coatings 
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for SPME-GC-MS detection of BTEX at trace levels. In addition, the new sorbents are 

highly selective toward the extraction of the targeted aromatic compounds, whereas DVB-

CAR-PDMS fibers and Radiello are prone to strong interferences by other hydrocarbons. 

In agreement with the EFs data, the lowest detection limit for benzene was obtained by 

using MeQxBox, the material with the highest affinity, whereas EtQxBox exhibited the 

best LODs for the substituted aromatic compounds. By comparing the detection limits of 

the precursor QxCav cavitand with those of the new functionalized cavitands, a general 

decrease of about one order of magnitude could be observed. 

A good linearity was obtained by applying Mandel’s fitting test over a three order of 

magnitude concentration range. Intraday repeatability and intermediate precision were 

characterized by RSD% lower than 10%. ANOVA analysis showed no significant 

differences in the averaged results obtained among the 3 days (p values >0.05, n=5).  

Extraction recoveries were calculated for all the analytes at two concentration levels, 

showing a very good efficiency of the devised method. In particular, recoveries ranging 

from 99 ± 1% to 109 ± 1% were obtained by using MeQxBox, whereas values in the 96±1 

- 108±1% and 97±1 - 107±1% were achieved by the EtQxBox and DitriptyQxCav coatings, 

respectively (n=10). 

 

2.8 Analysis of urban air samples  

SPME-GC-MS analyses of urban air were performed by using MeQxBox and 

DiTriptyQxCav coated fibers. The samples were collected using 1 L Tedlar® sampling bags 

near to a traffic fixed-site air monitoring station in Parma at 9 a.m., 12 p.m. and 16 p.m.   

No significant difference was calculated by comparing the data obtained by the developed 

method and those collected from the on-line measurements performed by the fixed-site 

station (Table 3). This integrated system is based on the pre-concentration of the analytes 

on a Carbotrap B cartridge, followed by thermal desorption and automatic GC-

photoionization detection (GC-PID).  
 

Table 3: BTEX concentration values (µg/m3) obtained by using the SPME-GC-MS developed 

method and the fixed-site station 

 MeQxBox 
Fixed 

Station 
MeQxBox 

Fixed 

Station 
DiTriptyQxCav 

Fixed 

Station 

 9:00 16:00 12.00 

benzene 2.7±0.3 2.9±0.1 2.1±0.1 1.8±0.2 1.8±0.2 1.6±0.1 

toluene 7.7±0.5 7.1±0.3 6.0±0.5 6.7±0.4 5.4±0.4 6.1±0.5 

ethylbenzene 1.5±0.2 1.0±0.4 0.9±0.1 0.7±0.1 1.1±0.1 0.9.±0.2 

xylenes 7.6±0.7 8.2±0.9 4.8±0.4 5.2±0.3 5.2±0.3 5.5±0.4 
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2.9 MEPS-PID prototype for BTEX monitoring  

The prototype of new and simple device for benzene and TEX monitoring was developed 

and tested under laboratory conditions (Figure 23). The system consists of a miniaturized 

photoionization detector and a microelectromechanical sensor (MEMS) using the 

developed cavitand powder as sorbent. 
 

 

Figure 23. Schematic representation (a) and photograph (b) of the device, edited from [141] 

 

The device was simplified compared to the mini-GC system proposed in 2007 [135] and 

BTEX extraction, preconcentration, desorption and separation occur into a single chip, 

packed with 10 mg of the cavitand. In order to develop a stand-alone device, scrubbed air 

obtained by cleaning sampled air with an activated carbon filter was used as carrier gas.  

MeQxBox, EtQxBox and DitriptyQxCav were tested as MEMS sorbents and the best 

performances were obtained by using EtQxBox cavitands. Owning to the receptor’s 

peculiar structural conformation, it was possible to release benzene at lower temperature 

compared to TEX by applying a specific heating program. This allowed the removal of the 

GC minicolumn, thereby shortening the analysis times as well as reducing the costs of both 

device and maintenance. 

BTEX sampling was performed at room temperature, after which the MEMS cartridge was 

heated using a specific temperature ramp. The PID response recorded over time and the 

different temperature steps are depicted in Figure 24. The first desorption step at 90°C 

resulted in the removal of non-specifically adsorbed species. At 150°C preferential release 

of benzene occurred: PID signal at 150°C is mostly related to the benzene concentration 

while only a slight increase is present due to the contribution from toluene in the analyzed 

mixture. On the other hand, the signal acquired from a third desorption step at 220°C is 

dominated by toluene; benzene is totally released only at 220°C but the complete 

desorption of toluene is the dominant component. Benzene concentration was calculated at 
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150°C: by calibrating the system and using a linear combination of the responses at the two 

temperatures (150 and 220 °C), a deconvolution of the signal from the two contributes was 

obtained. Benzene peak area was obtained by subtracting the small signal generated by 

toluene to the peak at 150°C. The developed and calibrated device was able to quantify 

benzene in the 1.25-20 ppbv range, in presence of higher concentrations of toluene and 

xylenes. The main drawback of the proposed device is related to the incomplete separation 

between toluene and benzene and future studies will be devoted to test cartridges 

characterized by different length and geometry. 

 

 

Figure 24. PID response: blank air (cyan), benzene (B, red), toluene (T, green), and mixture of 

benzene and toluene (B+T, purple) [141] 

 

EtQxBox enabled the development of a system not requiring any chromatographic 

separation, owing to its conformational freezing and higher complexation capabilities 

compared to QxCav. QxCav was shown to rapidly decrease the complexation efficiency at 

temperatures higher than 20 °C, whereas EtQxBox maintains the preconcentration 

capabilities up to 60 °C. 
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3 Conclusions 

Four different cavitands were designed, synthesized and tested for the extraction of BTEX 

in air.  

QxBox cavitands present four short bridging units able to freeze the conformation of the 

system and reduce the cavity dimensions: MeQxBox is characterized by a very small 

rhombohedral cavity preferentially fitting benzene, whereas EtQxBox has a rectangular 

cavity able to interact with the methyl substituent of toluene and xylenes via C−H···π, thus 

increasing their complexation energies. 

TriptyQxCav receptors having one or two triptycene substituent at the upper rim were also 

synthetized and characterized. The triptycene units create a high steric engulfment of the 

top of the cavity, acting as a molecular roof and producing a structure distortion in 

DiTripytyQxCav. 

The materials were used as SPME coatings and the analytes were detected by GC-MS. 

High selectivity toward the target compounds was demonstrated for all the materials since 

they are able to complex BTEX in their cavity and stabilize the complex via C−H···π, π−π 

and C−H···N interactions. Aliphatic hydrocarbons are weakly adsorbed onto the material 

and can be removed by a low temperature desorption step, whereas BTEX are detected at 

250°C. 

QxBox and DitriptyQxCav are characterized by higher enrichment factors compare to the 

commercially available sorbent. MeQxBox present an increased affinity for the 

complexation of benzene, thus its EF is the highest and the LOD and LOQ the lowest, 

whereas EtQxBox presented the highest complexation capabilities toward the substituted 

aromatic compounds. The developed SPME-GC-MS method was validated and used for 

urban air analysis. 

Finally, a stand-alone, portable and cheap prototype for BTEX detection in air was 

developed and lab-tested. The system is based on PID detection and the extraction and 

separation of the analytes is achieved on a heated chip using EtQxBox as sorbent material.  

Due to its unique complexation capabilities, it was possible to remove the interfering 

compounds and detect selectively benzene (at ppbv levels), released at different 

temperatures compared to the other aromatic compounds.  

In perspective, the EtQxBox functionalized cavitand has an enormous potential to be used 

as a sorbent material in both active and passive wearable samplers, requiring high 

selectivity and extraction capabilities toward BTEX. 
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Sol-gel Coated Ion Sources for Direct EI – LC 

Coupling 

(Paper IV) 

1. Introduction 

1.1 Coupling Liquid Chromatography with Electron Ionization 

Compared to the soft ionization ion sources usually coupled with LC, EI is characterized 

by several features, such as negligible matrix effect, more extensive fragmentation and high 

reproducibility of the MS spectra. This allows the identification and structure elucidation 

of unknown compounds and the possibility to compare the obtained data against online 

libraries of spectra. EI requires a high temperature and high vacuum conditions in the 

source since the ionization is performed on vaporized analytes, thus it is usually coupled 

with gas chromatography. Since the main challenge to couple EI and LC is related to the 

presence of high amounts of solvent molecules in the ionization chamber, different 

interfaces have been developed with the aim to reduce the eluent volume prior to the 

injection in the ionization chamber and/or obtain spray injection, reaching a compromise 

between ideal LC and EI operational conditions. 

The first on-line combination of LC and EI, called moving belt interface, was proposed in 

1977 [144], but only with the advent of the particle beam interface the coupling became 

efficient [145]. This setup is based on the formation of an aerosol in a separate desolvation 

chamber, in which rapid heating promotes solvent evaporation and elimination, while a 

beam of less diffusive solute particles is subsequently injected into the EI source. 

This interface is however prone to several drawbacks, including solvent limitation (high 

water percentages are not tolerated), low sensitivity, signal instability, and limited linearity. 

Other attempts were performed to develop new interfaces exploiting eluent-jet formation 

[146], chemical ionization (CI) [147], supersonic molecular beams [148] and particle beam 

with high-velocity coaxial gas jet [149]. 

 

1.2 Direct-EI interface 

The improvement and commercial availability of nano-LC systems characterized by 

reduced mobile phase flows (up to hundreds of nL/min) have moved LC closer to EI 

requirements, enabling the development of a new, simple and robust interface called 

Direct-EI [150–152]. Direct-EI (Figure 25) is characterized by simple modification of 

standard EI: the nanoLC column is connected to a cone-shaped tip micro-nebulizer by a 

30-μm i.d. capillary tubing, kept insulated from the heated source in order to avoid 

premature mobile-phase vaporization, pressure imbalance and decomposition phenomena. 
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The tip protrudes 1 mm into the ion source from a 5 μm orifice and eluent is sprayed 

directly into the EI source. At the opposite inner wall of the source, an additional opening 

promotes solvent vapor removal. In this setup the aerosol is generated inside the EI source 

and, due to the high vacuum condition and temperature in the 200-350°C range, the solvent 

molecules are immediately vaporized, leading to a fast desolvation of the analytes. The 

nebulization is the key-process of this interface: the gas-phase conversion is promoted by 

the increased surface-to-mass ratio of the aerosol particles. The gas-phase conversion of 

the investigated compounds is completed upon contact with the hot stainless steel surface. 

The ionization occurs in gas-phase by high-energy electrons as in normal EI. Nano-LC 

flows in Direct-EI are admitted from 100 to 800 nL/min, with an optimal operative range 

between 200 and 400 nL/min. 
 

 

Figure 25. Scheme of a Direct-EI ion source [150] 

 

The main advantages of the Direct-EI LC-MS interface are the extreme compactness (the 

whole process takes place in the ionization chamber), the extended and direct LC 

connection, enhancing both technique sensitivity and repeatability by avoiding sample 

losses. Moreover, this setup is compatible with the use of nonvolatile buffers in the mobile 

phase, even though frequent cleaning is required for high salt concentrations, thus 

extending the range of applications. 

Compared to electrospray, the Direct-EI occurs entirely in the gas phase. Intermolecular 

interactions are avoided during ionization process, thus reducing risks of matrix effect. In 

addition, the spectra obtained by Direct-EI LC-MS match with those obtained by GC-MS 

and references in online libraries (Figure 26). 
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Figure 26. Spectra obtained by the analysis of atrazine in a) GC-MS, b) Direct-EI-MS and c) 

reference from NIST library [153] 

 

1.3 Direct-EI ion source vaporization surface 

In Direct-EI LC-MS the vaporization of the analytes is promoted by the contact between 

the aerosol nanodroplets and the hot metal surface of the ionization chamber. 

Commercially-available EI sources are made of 316 stainless steel (SS) as this material 

proved to be excellent for gas chromatography coupling. However, different studies 

questioned its complete inertness in GC-MS applications [154,155] and several issues in 

the detection of polar and low volatile compounds with Direct-EI LC-MS have been 

described. In fact, these analytes require higher temperatures to be vaporized, resulting in 

prolonged contact and partial adsorption onto the SS surface. Analyte degradation, peak 

broadening, reduced reproducibility and increased detection limits have been reported. 

In order to overcome these limitations, commercially available ceramic materials were 

deposited onto the ion source surface, improving the detection of polar and high-molecular 

weight compounds [156]. Nevertheless, several issues were observed: the coating was very 

thick and polishing occurred after few analyses. 

The synthesis of a more stable and property-tunable coating is therefore required. 

 

1.4 Coating the EI source via sol-gel technology 

Sol-gel technology is a low-temperature chemical process suitable for developing a great 

variety of inorganic and hybrid coatings on different surfaces: different networks based on 

silicon or metal alkoxide precursors M(OR)4 and RnM(OR)4–n can be obtained [157]. 

Excellent protection of the metal substrate and high thermal, chemical and mechanical 

stability of the developed materials are the main features of this technique. Additionally, 

sol-gel is considered environmentally friendly since it has replaced the toxic pretreatments 
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traditionally used for covering stainless steel. The morphology and the chemical 

composition of the synthetized material can be tuned by selecting proper solvents, 

precursors, stabilizers and catalyzers and by optimizing the reaction conditions, such as 

chemical concentrations, deposition method, gelation time, drying and heating 

temperature. 

The procedure can be outlined in 3 main steps (Figure 27): 

1. Alkoxide dissolution: the monomer is dissolved in an alcoholic solution, usually 

carrying the same –R group of the monomer. In case of high reactivity of the precursor, 

the use of a stabilizer can be required to control the reaction rate and prevent 

aggregation hot-spots and side-reactions; 

2. Hydrolysis of the alkoxide: M-OR groups are hydrolyzed to M-OH by addition of 

water. The addition of a catalyzer (acid, base or fluoride) can increase the reaction 

velocity and affect the morphology of the final material; 

3. Polycondensation: formation of M-O-M bonds and release of water and/or alcohol. In 

this stage, the hydroxyl groups of the alkoxide also interact with the hydroxyl groups 

present on the stainless steel substrate, such as Fe-OH, through hydrogen bonding. The 

immobilization of the coating and the formation of strong Fe-O-M bonds occur during 

the gelation process and can be promoted by high temperature heating [158].  
 

 

Figure 27. Schematic representation of reaction in the iron-coating interface 

 

Different inorganic and organometallic coating networks have been developed to protect 

stainless steel from corrosion and chemical reactions. Silica-, titania-, and zirconia-based 

materials are the most widespread since the alkoxide precursors are commercially available 

and different organic substituents can be used to tune the properties of the final material, 

such as coating morphology, polarity and reactivity. 

Silica coatings can be obtained from a wide range of precursors (Si(OR)4 and         

R’nSi(OR)4–n) [159]. R’ is a non-hydrolysable substituent, retained in the final material; it 
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provides additional features to the coating but decreases its thermal stability. 

Homogeneous, high thermal resistant and inert coatings of inorganic silica have been 

successfully deposited on SS, protecting the core material from chemical reactions [160–

163].  

Titania coatings and nanoparticles are widely used for engineering and environmental 

applications due to their long-term stability, photocatalytic activity and thermal resistance. 

Anatase and rutile-based coatings have been successfully applied to shield SS surfaces 

[164]. 

Zirconia is used to increase the lifetime of heated SS substrates. These low-reactive 

coatings can bear strong temperature swings, since the expansion coefficient of the material 

is very close to bulk stainless steel, thus reducing the mechanical stress of the protecting 

material and avoiding the formation of cracks [165,166]. 

Based on these considerations, the aim of Paper V was the development of sol-gel coated 

sources to be used for Direct-EI LC-MS detection of polar and low-volatile compounds, 

namely PAHs and hormones. Three different materials were developed, characterized and 

tested, namely silica, titania and zirconia. Sol composition, gelation and heating conditions 

were optimized to obtain inert coatings presenting enhanced thermal resistance, high 

surface adhesion toward SS and controlled morphology. 

 

 

2. Results and Discussion 

The aim of Paper V was the development of inorganic coatings on 316 stainless steel EI 

sources to increase the chemical inertness of the vaporization surface. The coatings were 

synthesized by sol-gel technology and sprayed onto the inner surface of EI ion sources. 

The obtained covered sources were tested for the Direct-EI LC-MS detection of non-

volatile polycyclic aromatic hydrocarbons and highly polar hormones, since the detection 

of these analytes by using uncoated sources has been affected by several drawbacks, 

including reduced sensitivity, peak broadening and tailing. Peak quality was assessed at 

different source temperatures in terms of peak width, area, delay time and reproducibility. 

Finally, the limits of detection of the investigated compounds were obtained at the best 

detecting conditions. 

 

2.1 Stainless steel chemical etching 

Untreated stainless steel is not feasible for direct covering due to the presence of adsorbed 

compounds, substrate passivation and impurities present on the interface. Therefore, the 

metal surfaces were etched to provide hydroxyl groups suitable for inter-condensation 

reactions with the coating during the gelation step. Different etching mixtures were tested 
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[167,168] and a reference silica sol was sprayed on the etched substrates, which were 

subsequently heated to promote coating hardening. To evaluate the etching performances, 

adhesion of the coating was considered. The etching solutions used in this study are 

reported in Table 4. 
 

Table 4. Etching mixture 

Name Reagent % w/wH2O Solvent Etching Temperature Etching time 

Kellers 

HNO3 

HCl 

HF 

1.6 

0.2 

0.4 

Water 25°C 10 s – 1 min 

Kroll 
HNO3 

HCl 

3.6 

0.7 
Water 25°C 15 s – 2 min 

Nital HNO3 7.6 Ethanol 25°C 1 - 10 min 

Picral 
Picric 

acid 
48 Ethanol 25°C 1 - 10 min 

Piranha 
H2SO4 

H2O2 

70 

9 
- 90°C 30 min 

HF 
HF 

HNO3 

22 

33 

Water 

Water 

50°C 

50°C 

60 min 

30 min 

HCl HCl 18 Water 25°C 10 min 

Alkaline NaOH 10 Water 70°C 30 min 

 

The best results of etching were achieved with HCl and HF. In HCl etching procedure, the 

source is directly immersed at room temperature in HCl solution. After etching, the surface 

was washed with water to remove the excess of acid that can catalyze gel reactions. HF 

etching was performed by immersing the ion source volume in a heated HF solution for 60 

minutes and subsequently in 33% nitric acid. The sources were then washed with water. 

The different etching resulted in different metal substrate morphologies (Figure 28). The 

HCl etched sample was shown to retain the original smooth and reflective features, whereas 

HF-treated samples resulted in a rough and non-reflecting surface. However, the coatings 

deposited on HF-etched samples were characterized by an enhanced adhesion, far higher 

than that present in any other samples. Moving from plane plates to the real SS sources, 

only those etched by HF proved to be suitable for the deposition of homogeneous and 

adherent coatings, whereas the HCl-deposited samples could not bear the high temperature 

mechanical stress, resulting in crack formation and exfoliation. 
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Figure 28. Pictures of coated SS plates and EI ion sources 

 

2.2 Sol-gel coating procedure 

The materials developed in Paper IV were obtained using as reference sol compositions 

reported in literature for silica [169], titania [170,171] and ziroconia [172]. The sol lifetime 

was increased up to 1 month by sonicating the solutions, thus homogenizing the mixtures 

and disrupting condensation hotspots. In order to obtained crack-free and highly adherent 

coatings, the use of a plasticizer was also required. Preliminary tests performed using 

organic-functionalized and unfunctionalized alkoxides (TEOS, methyltriethoxysilane and 

ethyltriethoxysilane) resulted in cracked, unstable and detached coatings. Hydroxy- 

terminated poly(dimethylsiloxane) was selected as plasticizer because of its complete 

integration in the growing inorganic network during the polycondensation reaction (Figure 

28). The long side-chain provide conformational freedom to the network and increase the 

mechanical resistance of the coating, which was shown to result in adherent, smooth, 

homogeneous and crack-free surfaces up to 350°C under high vacuum conditions. 

 

Figure 28. OH-TSO possible reaction with growing silica gel 

 

The use of hybrid coatings from alkoxide monomers presenting an organic substituent to 

shield the steel surface was also tested. Different studies reported in literature have 
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demonstrated the capability of inorganic-organic gels to protect metal from corrosion. In 

addition, they provided additional features, such as enhanced flexibility, tuned 

hydrophobicity and extended network cross-linking [157]. Two different hybrid monomers 

were tested, namely 3-(trimethoxysilyl)propyl methacrylate and phenyltrimethoxysilane, 

based on published literature [161,173–175]. The methacrylate functionalization was 

selected to provide acrylate cross-linking in the gel networks by organic polymerization. 

Even though different sol formulations were tested, no final material was found stable to 

the high source temperatures, resulting in burning and exfoliation. The 

phenyltrimethoxysilane-based coatings were characterized by resistance to high 

temperatures but they were not suitable for Direct-EI LC-MS application due to their 

porous structures and poor adhesion properties. 

Spray deposition was preferred to the more common dip-coating procedure since it was 

possible to limit the coverage to only the surface involved in analyte vaporization (depicted 

in red in Figure 29), thus maintaining the conductivity and electromagnetic properties of 

the ion source. This technique was coupled with spin-coating to increase the homogeneity 

of the layers and their thickness. 
 

 

Figure 29. Schematic representation of EI ion source body. The coated area is depicted in red [176] 

 

2.3 Material characterization 

The materials were characterized by attenuated total reflection (ATR) FT-IR on powder 

samples. Band attribution (Table 5) was performed based on literature (silica 

[160,161,177–180], titania [181] zirconia [165,169,182]).  
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Table 5: vibrations attributed to registered IR bands 

Vibration Silica (M=Si) Titania (M=Ti) Zirconia (M=Zr) 

-CH3 stretching 2966, 2913 cm-1 2965, 2911 cm-1 2966, 2913 cm-1 

-CH3 bending 1411 cm-1 1410 cm-1 1411 cm-1 

Si-CH3 bending (OH-TSO) 1260 cm-1 1265 cm-1 1262 cm-1 

Si-O-Si and Si-O-M asymmetric 

stretching 
1002 cm-1 1003 cm-1 1002 cm-1 

M-O-M and M-O bending 850 - 760 cm-1 800-450 cm-1 Below 720-1 

 

Thermal resistance up to 350°C was demonstrated by TGA for all the developed coatings 

with negligible weight losses under nitrogen. Long-time stability was assessed by analysis 

of the same material both before and after 2 weeks of storage at 300°C under high-vacuum 

conditions. The two profiles were found to be comparable (details are reported in Paper 

IV). The stability of the material was also assessed by demonstrating the lack of bleeding 

in Direct-EI LC-MS. 

Finally, SEM micrographs of the developed coated sources were recorded (Figure 30). 

Homogeneous, crack-free and smooth coatings covering the inner walls of the ion source 

volume were obtained. The average coating thickness were comparable (9 ± 1 µm for silica, 

11 ± 2 µm for titania and 6 ± 1 µm for zirconia, 2 sources 4 measurement per source), 

which was crucial for testing the ionization performances of the different materials. 

Thermal and mechanical stability of the coatings and adhesion toward the metal surface 

were also demonstrated by comparing the morphology of the same source before and after 

Direct-EI LC-MS analysis: no significant difference could be observed (Figure 30 B,C). 
 

 

Figure 30. SEM micrographs: A) SS ion source, B) silica coated ion source pre-analysis C) Silica 

coated ion source after analysis, D) titania coating, E) zirconia-coated ion source [176] 
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2.4 Direct-EI LC-MS analysis of PAHs and hormones 

The performance of coated ion sources for Direct-EI LC-MS applications for 

environmental monitoring were evaluated by analyzing a mixture of two PAHs 

(naphthalene and indeno(1,2,3-cd)pyrene) and a standard solution containing four 

hormones, namely mestranol, diethylstilbestrol, 17-α-ethynylestradiol and 17-β-estradiol. 

Naphthalene was selected as model compound, since its detection can be easily performed 

by using bare stainless steel ion sources due to the low molecular weight and the lack of 

functional groups that can interact with the metal surface. By contrast, indeno(1,2,3-

cd)pyrene is characterized by very low vapor pressure and could be absorbed on the source 

surface. Finally, hormones were tested due to the high polarity and presence of functional 

groups, such as free hydroxyl groups and double bonds, able to interact with the stainless 

steel, possibly resulting in peak broadening and thermal decomposition. 

The analysis was performed in flow-injection mode using a two-way splitter and an inlet 

valve after the UHPLC: 10 nL of the standard solution were injected simultaneously 

bypassing the LC column, thus the peak shape is not influenced by the chromatographic 

separation. 

The quality of the peaks was evaluated in terms of peak width, peak delay RSD% and peak 

area. All these parameters are strongly influenced by the presence of interaction between 

the analytes and the stainless steel surface, resulting in peak broadening and tailing 

(increase of the peak width), delay of the analyte detection (increment in peak delay RSD) 

and adsorption on the metal (decrease of sensitivity and repeatability, high variation in 

terms of integrated area). 

Naphthalene detection using coated sources resulted in no remarkable improvement 

compared to the bare source at 350°C. However, a higher repeatability was highlighted for 

the silica-coated sources that also enabled its detection at lower temperatures (250°C) with 

excellent quality parameters.  

The detection of indeno(1,2,3-cd)pyrene using uncoated SS source proved to be affected 

by signal instability, peak broadening and tailing and low sensitivity, even at the highest 

operative temperature (350°C). No significant improvements were obtained by using 

titania and zirconia protective coatings, whereas very sharp and reproducible peaks were 

recorded by the silica-coated ion source, even operating at lower temperatures. At 300°C 

this ion source was characterized by the best performances but good results were also 

achieved at 250°C. Figure 31 shows the overlays of the response for the two PAHs using 

the coated vs uncoated ion sources at the best operative temperature. 
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Silica vs SS sources (300°C) Titania vs SS sources (350°C) Zirconia vs SS sources (350°C) 

   

Naphtalene 

Silica vs SS sources (300°C) Titania vs SS sources (350°C) Zirconia vs SS sources (350°C) 

   

Indeno(1,2,3-cd)pyrene 

 

Figure 31. PAHs peaks comparison between coated and SS ion sources [176] 

 

Direct-EI LC-MS detection of hormones using uncoated stainless steel ion source resulted 

in data that were unsuitable for quantitative analysis because of the poorly resolved peaks 

and the low repeatability of the measurements. None or very low signals were recorded at 

250°C due to the strong interaction of the analytes with the stainless steel surface. By 

increasing the temperature at 350°C the analyzed hormones can be detected but peak tailing 

and broadening were still very pronounced. In addition, high response variability was 

calculated for all the investigated parameters: peak width was characterized by RSD% 

above 50%, peak area in the 10-36% range and peak delay in the 8.8-37.5% range. 

As for the PAHs, silica-coated ion sources were found to be the best performing for the 

detection of hormones, exhibiting excellent peak quality, with very sharp and symmetric 

peaks, and good precision at 300°C (RSD%<5% for peak width, <10% for peak area and 

<1.2% for peak delay). Detection of hormones could be also performed at 250°C, even 

though a deterioration of peak quality was observed. Finally, no improvement was obtained 

by using titania and zirconia-coated ion sources. The results obtained for hormones are 

depicted in Figure 32. 
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Silica vs SS sources (300°C) Titania vs SS sources (350°C) Zirconia vs SS sources (350°C) 

   

Mestranol 

   

Diethylstilbestrol 

   

17-β-estradiol 

   

17-α-ethynilestradiol 
 

Figure 32. Comparison between coated and uncoated ion sources for the analysis of hormones [176] 
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Finally, the detection limits of the investigated analytes using the three different coated ion 

sources were obtained under the best operative conditions and compared with those from 

uncoated stainless steel (Table 6). The improvement in peak quality achieved using the 

silica-coated ion sources resulted in enhanced signal-to noise ratios, thus a decrease in the 

limit of detection was obtained for all the analytes (except for naphthalene). 

 

Table 6: Analytes LODs of the different ion sources obtained at the best operative conditions. 

LOD (ng/µL) 

 Stainless steel Silica Titania Zirconia 

 (300°C) (350°C) (300°C) (350°C) (350°C) (350°C) 

naphtalene 0.4 0.3 0.3 0.4 0.7 0.3 

indeno(1,2,3-cd)pyrene 1.9 1.1 0.1 0.2 3.0 3.4 

mestranol 2.1 1.6 0.8 1.2 0.5 1.0 

diethylstilbestrol 1.3 0.8 0.4 0.8 0.5 2.1 

17-β-estradiol 3.6 1.3 0.9 1.0 1.4 2.8 

17-α-ethynilestradiol 18 5.3 2.7 4.3 5.0 9.7 

 

 

3. Conclusions 

Based on results previously reported in the literature that demonstrate the enhanced 

inertness of silica-coated stainless steel component in mass spectrometers [154,155], we 

developed new sol-gel coated ion sources to increase the ionization efficiency and the 

performance of Direct-EI LC-MS. The most commonly used EI sources with inner surfaces 

of uncoated stainless steel have shown to not be feasible for the detection of highly polar 

and low volatile compounds. In this study, three different materials (silica-, titania- and 

zirconia-based), characterized by strong adhesion and high thermal and mechanical 

resistance, were deposited onto the stainless steel. The coatings were characterized by a 

homogeneous cover of the source volume, controlled thickness and the lack of cracks and 

pores. 

The coated sources were tested for Direct-EI LC-MS detection of both PAHs and 

hormones. The best performances were achieved using silica-coated sources, yielding 

reduced peak widths, increased peak symmetries, lower LODs and enhanced repeatability 

at a lower operative temperature compared to the stainless steel (300 instead of 350°C). On 

the other hand, neither titania or zirconia-coatings provided significant improvements 

compared to bare stainless steel. The ion source with the silica-based material prove to be 

more inert and less adsorptive compared to the stainless steel surface, resulting suitable for 

the detection of highly polar and low-volatile compounds. 
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Novel sampling substrates for the determination of 

new psychoactive substances in oral fluid by         

DESI-HRMS 

(Paper V) 

1. Introduction 

1.1 New Psychoactive Substances: a worldwide issue 

NPS constitute a very large class of synthetic drugs of abuse designed to mimic the effect 

of common illicit drugs, e.g. cannabis, cocaine and amphetamines. These substances have 

been developed in order to bypass the international bans by having a modified chemical 

structure compared to the regulated congeners, while maintaining or increasing their 

psychoactive effects. The legal control over NPS is very challenging because, when a 

compound becomes illegal, a new version with different substituents replaces the banned 

molecule, therefore they are also referred as designer drugs. These substances are present 

on the market under various names such as legal highs, herbal highs, party pills, bath salts, 

herbal incense, room deodorizers, new and emerging drugs (NEDs), and research 

chemicals and labeled not for human consumption to circumvent the state controls. 

Due to their increased psychoactive effect, powerful side-effects, addictive power and the 

difficulties in the international control, the United Nation Office of Drugs and Crimes 

(UNODC) and the European Monitoring Centre for Drugs and Drug Addiction 

(EMCDDA) considers NPS a major threat to public health [183,184]. The number of new 

drugs reported in EU is also dramatic [184] and by the end of 2017, EMCDDA was 

monitoring more than 670 NPS on the European market (Figure 33).  

 

Figure 33. Number and categories of NPS notified to the EU Early Warning System for the first 

time, 2005–17 [184] 
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Almost 70 % of NPS were reported for the first time in the last 5 years, 51 of them (one 

per week) in 2017 alone [184]. A decrease compared to the previous years (especially 

compared to 2014 and 2015, with about 100 new compounds) was evident, probably related 

to the new legal measures and enforced controls in EU. However, with almost 71 000 

seizures reported, the phenomenon is still alarming. 

There are also other threatening aspects of NPS, other than their worldwide diffusion: 

 lack or dearth of information about their chronic effects that include anxiety, paranoia, 

hallucinations, seizures, hyperthermia and cardiotoxicity [185]; 

 increased psychoactive effects compared to the banned drugs, e.g. synthetic 

cannabinoids can be tens or even hundreds of times more powerful than                               

Δ-9-tetrahydrocannabinol (THC); 

 their usual occurrence in mixtures, thus resulting in simultaneous intake of different 

psychoactive substances with possible adverse effects [186]; 

 risk of high concentration variability, thus exposing the consumers to unexpected 

dosages, increasing the possibility of overdose [186]; 

 young consumers: the low costs and the internet availability of these drugs have led to 

broad access among teenagers [184]. 

 

1.2 Classes of New Psychoactive Substances 

Even though they are referred as new psychoactive substances, these compounds were 

mostly synthetized and patented for the first time from pharmaceutical companies between 

the ‘60s and the ‘80s. Several NPS were in fact test-drugs to be used as analgesic, 

painkillers, anti-nausea and antidepressants but were abandoned due to the psychoactive 

and addictive side-effects. 

NPS can be classified in classes to summarize compounds having similar structure, 

properties and effects. In Paper V we analyzed representative compounds of synthetic 

cannabinoids (grouping the most common synthetic drugs present on the market), synthetic 

cathinones (stimulants) and ketamine (dissociative compounds). 

Synthetic cannabinoids are substances bearing structural features able to bind a 

cannabinoid receptor, mimicking the effect of THC, the known psychoactive substance of 

cannabis. The use of synthetic powder mixed with dried plant to create drug mixtures called 

herbal smoking mixtures have been reported since 2008. This class is the broadest (32% of 

the total NPS), including 179 compounds (10 first reported in EU in 2017), characterized 

by different structure and psychoactive power [184]. The reasons behind the large 

distribution of these substances are the low costs, the high availability and the increased 

effect compared to THC. In addition, the bans are present only at national levels and in 
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several countries these compounds are legalized (often just the labelling not for human 

consumption is required) and they can be easily purchased on web markets. 

Data regarding the human toxicity of a specific compound or even of an entire sub-class 

are very limited since cannabinoid substances, as most of the NPS, are consumed as 

mixture, thus their concentration can vary dramatically depending on the producer. 

However, different pathologies have been reported by clinical studies, thus including 

cardiovascular diseases, psychological disorders, suicide tendencies and general toxicity. 

HU compounds are referred as classical cannabinoids since they are synthetic analogues 

of THC with small modification of the side-chain. The modifications however result in 

increased psychoactive effects, about 100 times higher than THC. In Paper V HU-211 was 

used as a model compound since it is one of the most widespread, especially in mixtures 

with other synthetic cannabinoids (Spice Cannabinoid Mix). 

Substances structurally unrelated to THC are also able to bind cannabinoid receptors. These 

compounds are known as non-classical cannabinoids and pose a detection challenge, since 

the lack of a common structure leads to different response sensitivity and to the 

impossibility of creating devices based on molecularly imprinted polymers (MIPs) or 

immunosensors. CP compounds are substances having a common scaffold, initially 

developed as analgesic and characterized by psychoactive activity from 3 to 30 times 

higher than THC. In Paper V we determinated CP-47,497 and CP-47,497-C8 as class 

representatives since their abuse has been reported worldwide [183]. 

Developed by J.W. Huffman during his research on metabolites able to bind cannabinoid 

receptors, JWH compounds are derived from aminoalkylindole or phenylacetylindoles. 

The most common synthetic cannabinoid is JWH-018, capable of binding both CB1 and 

CB2 cannabinoid receptors and resulting three times more potent than THC. The effect of 

the JWH substances is strongly affected by the alkyl-side chain substituent: compared to 

the most potent JWH-018 having a C5 side chain, the hexyl-substituted compound (JWH-

019) is characterized by slightly lower psychoactive power, whereas the butyl- and heptyl-

homologues (JWH-073 and JWH-020 respectively) are far less potent. Since they are very 

common in Spice Cannabinoid Mix products, we tested five different JWH compounds in 

Paper V, namely JWH-019, JWH-081, JWH-122, JWH-200 and JWH-250. 

Synthetic cathinones are compounds structurally related to cathinone, a natural substance 

extracted from Catha edulis. The common structural feature is the presence of a β-keto 

group on the side chain of the phenethylamine scaffold. They are classified as stimulant 

NPS, having effects similar to cocaine and amphetamines (but less potent), and are the 

second largest group of NPS reported in EU [184], accounting for 130 different substances 

(12 reported for the first time in 2017) and about 30% of the total seizures in EU. Synthetic 

cathinones are sold in powder mixtures, pills or capsules with different street names such 

as bath salts, plant food, meow meow or club drugs. The consumption occurs via ingestion 
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(often dissolved in alcoholic beverages that increase the psychoactive effects and the risks) 

or direct injection in the bloodstream. Common abuse symptoms include different 

cardiovascular, neurological and psychiatric diseases. 

Mephedrone was selected as model compound in Paper V since up to 2010 it was 

identified as one of the most widespread drugs within EU, especially in Scandinavia, 

Ireland and United Kingdom. The uptake of this substance gave rise to several 

sympathomimetic effects, including tachycardia and hypertension, and psychosis similar 

to those reported for amphetamine abuse. The most dangerous effects are associated to 

damages of the neuro and cardiovascular system, resulting in several deaths among chronic 

consumers. 

Ketamine was synthesized as an anesthetic to replace phencyclidine and the first reports 

regarding its use as recreational drug dates back to the ‘80s. Ketamine stimulates the 

cardiovascular system and interferes with different central neuronal activities, resulting in 

cardiovascular problems such as hypertension and tachycardia. It also exhibit high 

neurotoxicity, which increases in the presence of other drugs and alcohol. In addition, 

several psychological diseases have been reported, including strong dependence, anxiety, 

cognitive dysfunctions, memory loss, changes of perception and persistent mental and 

physical impairment.  

 

1.3 The need for a fast screening method 

More than 26 400 road fatalities were registered in Europe in 2015 [187] and many of those 

accidents were caused by drivers whose performances were altered by the use of 

psychoactive substances, including alcohol, illicit drugs and psychoactive pharmaceuticals. 

Started in 2006 to study the problem and examine proper countermeasures, the DRUID 

(Driving under the Influence of Drugs, Alcohol and Medicines) project has included the 

prevention of driving under the influence of drugs as one of the key issue for EU [188]. 

In order to comply with these requirements, the development of fast and reliable screening 

methods to assess the presence of drugs in body-fluids of drivers is of paramount 

importance. Among the different matrices, saliva is preferred due to easy, immediate and 

non-invasive sampling. However, it is a complex matrix, constituted by 1% of electrolytes 

(e.g. sodium, potassium, calcium, magnesium, bicarbonate, chloride, and phosphate), 

mucus and different classes of proteins. Native analysis is very challenging and sample 

treatment is usually required [189]. Among the reported extraction techniques [190–195], 

MEPS presents several advantages such as short processing times, possible automation, 

use of small amounts of sample and solvent, high reproducibility and selectivity. 

GC-MS and GC-FID [196–200] have been proposed for the detection of NPS but 

derivatization of the most polar compounds is required [201] and some compounds could 

be thermally degraded [202]. Due to these limitations, LC-MS is preferred using both ESI 
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and APCI ion sources [203–207]. Despite the excellent performances, the proposed 

methods require the chromatographic separation of the analytes, thus the analysis times are 

not suitable for screening purposes; however they can be applied as confirmatory methods. 

MALDI [208], DART [209,210] and PSI [211] have been proposed as screening 

techniques for synthetic cannabinoids and led to the development of methods presenting 

both high accuracy and reduced analysis times. The detection of NPS in body-fluids has 

also been demonstrated by using immunoassay tests [212,213] and portable devices [214–

216]. However, these devices have shown only a limited range of detectable substances 

and only the most common drugs of abuse have been monitored. 

The aim of Paper V was the development and validation of a MEPS-DESI-MS screening 

method for the detection of different classes of NPS in human saliva. New DESI slides 

based on polylactide were synthetized, characterized and tested, and their performances 

were compared with those of commercially available PTFE slides. 

 

 

2. Results and Discussion 

In Paper V we described a new MEPS-DESI-HRMS method for the detection of NPS in 

human saliva, testing new materials as DESI substrates.  

 

2.1  DESI-HRMS method 

Preliminary analyses were performed in order to obtain the accurate m/z ratios by full-scan 

acquisition of mass spectra in the 150–400 m/z range of standard solutions of NPS. HU-

211, CP,47-497 and CP,47-497 C8 were ionized in the negative mode by applying the in-

source fragmentation, whereas all the other NPSs were detected by operating in the positive 

mode. Among the three acquisition modes, namely scanning, point-to-point fixed and 

point-to-point oscillating, the latter resulted in increased sensitivity and repeatability. Only 

1 minute of acquisition per spotted sample was required, thus ensuring very short screening 

times.  

The use of additives to improve ionization of analytes was tested: in positive ion mode, 

NaCl (0.1-50 mM) and HCOOH (0.01-1%) were added to the sample to promote the 

formation of [M+Na]+ and [M+H]+ ions, whereas in negative ion mode the addition of 

NH4OH in the working solutions (10 mM) was tested. No signal improvement was 

observed using formic acid and NaCl. In addition, by increasing the concentration of the 

formic acid within the sample or in the spray solution, a dramatic boost of the noise was 

obtained. On the contrary, the use of NH4OH was able to enhance the ionization efficiency 

of HU-211, CP,47-497 and CP,47-497 C8.  
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Four different spray compositions were tested, namely MeOH:H2O (1:1 and 1:3) and 

ACN:H2O (1:1 and 1:3). This parameter has a major influence on the formation, dimension 

and charge of liquid films, primary and secondary droplets and in the interaction among 

spray, analytes and probe surface. Therefore, it affects the desorption of the analytes from 

the supporting material, the ionization yield and the spray focalization. The best results 

were obtained by using the mixture ACN:H2O 1:1, with a noticeable signal enhancement 

for the analytes present in the Spice Cannabinoid Mix 2 (Figure 34). 

 

Figure 34. Effect of the solvent composition on the DESI-HRMS responses 

 

Different spray flow rates (0.5-2 µL/min) were also tested. The best results were obtained 

at 1 µL/min, while higher flow-rates were shown to decrease the DESI-HRMS responses 

because of a less focused spray. The effect of different spray incidence angles was tested 

in the 60-45° range, with the best results at 50°. The physical and chemical properties of 

the probe material are able to affect the adsorption/solubilization processes of the analytes, 

thus strongly influencing their ionization and the signal repeatability. In Paper V, the 

performances of five different materials were tested, namely commercially available PTFE 

slides, silica-based coating and unfunctionalized PLLA slides, as well as PLLA slides 

containing oxidized (PLLA nGO) or reduced (PLLA r-nGO) carbon nano- and 

microparticles (0.1% w/w). PTFE slides are commonly proposed for DESI applications 

due to the high inertness and hydrophobicity of the fluorinated polymer: only weak solvent-

surface and analyte-surface interactions are present, facilitating the desorption of the 

analytes from the substrate. However, the wettability of the surface using aqueous sprays 
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is very limited, thus the most lipophilic compounds could be retained. Silica coating is 

characterized by an intermediate hydrophilicity and high inertness. However, on this 

surface, hydrogen bonds and dipolar interactions could be established between the analytes 

carrying hydroxyl and carboxyl groups and this substrate decreasing their ionization yield. 

PLLA-based materials were tested given their application surface-assisted laser 

desorption/ionization (SALDI) analysis [217]. In SALDI the embedded carbon 

nanoparticles are required to obtain an effective energy-transfer to the deposited analytes. 

Oxidized graphitized carbon black particles, with carboxylic acid groups on their surface, 

promote the desorption and ionization of hydrophobic drugs [218]. Aminlashgari et al. 

[217] also demonstrated that the surface properties of the final material can be tuned by the 

type and the amount of loaded nanoparticles. 

The hydrophobicity of the different materials was assessed in order to evaluate their affinity 

towards the analytes and the spray solvent. It is also related to the drying time, the liquid 

film formation and the secondary droplets generation. Increasing hydrophobicity was 

obtained by PLLa nGO, PLLA, PLLA r-nGO, silica and PTFE. 

The morphology of the developed material was characterized by atomic force microscopy 

(AFM), SEM and profilometer analyses. PLLA-based films presented an irregular rough 

surface with large granules, whereas a regular distribution of the silica coating was 

obtained with a maximum difference in height of 200 (±1) nm. The substrate thickness was 

obtained by SEM analysis:  PLLA-based materials were characterized by an average 

thickness of 82.4±7.9 µm, whereas very thin coatings (8.0±0.5 µm) were observed for the 

silica-based coating (Figure 35 a,b). Profilometer analysis allowed the determination of 

the mean roughness depth of PLLA (22.8±3.8 µm) and silica-based material (291.3±45.3 

nm) (Figure 35 c,d). 

The materials were then tested for the DESI-HRMS analysis of aqueous solutions of NPS 

at the concentration of 1 mg/L. As depicted in Figure 36, unfunctionalized PLLA showed 

the best performances in terms of both signal intensity and repeatability for ketamine, 

mephedrone, UR-144, JWH-019, JWH-122, AM-2201 and JWH-081, whereas the best 

results for HU-211were obtained using silica-coated slides. 
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Figure 35. SEM micrographies (a,b) and profilometer pictures (c,d) of PLLA (a,c) and silica-based 

(b,d) materials 

 

Figure 36. DESI-HRMS responses of NPSs (1 mg/L) spotted on different sampling substrates. 
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2.2  Optimization of the MEPS Procedure 

Saliva is a very complex matrix, composed of electrolytes, blood and epithelial cells and 

proteins. Data reported in literature proved that NPS analysis in ESI is affected by strong 

matrix effect [195]. Preliminary tests, performed by directly analyzing untreated spiked 

saliva samples, confirmed the presence of strong matrix effect, since no analyte could be 

detected. Therefore, sample pretreatment was required before the DESI-HRMS analysis. 

MEPS extraction was preferred due to the good selectivity and the possibility to perform 

multiple loading/discharging cycles to concentrate the analytes onto the sorbent material 

and increase the recovery rates. In addition, very small volumes of samples are required 

for the extraction, making it relevant for routine controls. In order to obtain high 

repeatability, the extractions were performed by using a semi-automatic commercially 

available eVol® device.  

Preliminary tests were performed according to literature [191,218] to evaluate the effect of 

both MEPS sorbent and eluting solvent. Five analytes were investigated as model 

compounds; aqueous standard solutions were processed by MEPS and the extracts were 

analyzed by GC-MS. The best results were achieved by using C18 as sorbent material and 

dichloromethane:isopropanol:ammonium hydroxide (DCM:IPA:NH4OH (78:20:2) as 

eluting solvent (details are described in Paper V). No washing step could be performed 

due to analyte loss. 

The optimization of MEPS loading and eluting cycles was performed by 22 full factorial 

experimental design, with four replicates at the central domain in order to evaluate the 

experimental error. The experimental domain limits were set considering a minimum of 5 

cycles in order to promote the interaction among the analytes, the sorbent material and the 

solvent. 25 cycles were considered as the maximum value in order to obtain extraction 

times suitable for the screening purposes. The speed of the injection/elution was always set 

at 2 arbitrary unit in order to avoid the presence of bubbles in the syringe. The optimization 

of the MEPS-GC-MS procedure was obtained by using the multicriteria method of the 

desirability functions. The optimal results were obtained by using 5 loading and 25 eluting 

cycles: the analytes were extracted efficiently by the C18 sorbent, while a high number of 

eluting cycles is required in order to obtain good recoveries for the adsorbed compounds. 

 

2.3  Validation of the MEPS-DESI-HRMS Method 

The method was validated by using the guideline for bioanalytical methods by FDA [219], 

analyzing spiked saliva samples under the optimized extraction conditions. The validation 

data are reported in Paper V. LLOQ values in the 0.05-0.25 mg/L range were obtained, 

therefore the developed MEPS-DESI-HRMS method proved to be suitable for the 

screening of NPS at low concentration levels in human saliva. Linearity was assessed by 

applying the Mandel’s fitting test for all the investigated compounds, resulting in a linearity 
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range within one or two orders of magnitude. Method precision was evaluated within-run 

and between-run, obtaining RSD% always lower than 20%, complying with the criteria 

reported in the guidelines. Accuracy was calculated in terms of recovery rate: RR% in the 

89(±6)-115(±5)% range at the LLOQs and in the 83(±8)-120(±2)% range for all the other 

concentration levels were obtained, demonstrating the accuracy of the MEPS-DESI-HRMS 

method. Good selectivity was also observed, since the analysis of blank saliva samples 

obtained from 25 volunteers did not show the presence of interfering compounds. Both 

stock solutions (10 months at -18°C) and saliva spiked samples (15 days at -18°C showed 

long-term stability, while working standard solutions demonstrated both bench-top 

stability (6h at room temperature and freeze-thaw stability (6-h freeze and 2-h thaw).  

Finally, the MEPS-DESI-HRMS method was tested for the screening of anonymously 

collected samples from 50 volunteers during private parties. Only one sample presented 

mephedrone at the concentration of 5.81 ± 0.33 mg/L. In order to verify the screening 

method performances and confirm the achieved results, the samples were also analyzed by 

MEPS-GC-MS (SIM) method and no significant difference in the results was obtained. 

 

3. Conclusions 

The study reported in Paper V addressed the European demand for a screening method 

able to monitor new drugs in drivers. The developed MEPS-DESI-HRMS method is a 

simple and rapid screening method for the detection of NPS at low concentrations in oral 

fluids. New sampling substrates based on PLLA, PLLA functionalized with carbon 

particles and silica were proposed for DESI-HRMS.  

Due to their different structures, NPS were detected in both positive and negative modes. 

The best results were achieved by using unfunctionalized PLLA, except for the detection 

of UH-211, which exhibited enhanced signals using silica-coated slides. The validated 

method showed good performances in terms of detection and quantitation limits as well as 

method selectivity, precision and accuracy. Due to its short analysis times, the proposed 

screening method could be considered as a valid alternative to common forensic 

approaches that requires laborious processing of the saliva samples prior to the 

identification and quantitation of the target compounds. 
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Solvent-Assisted Paper Spray Ionization for the 

Analysis of Biomolecules and Biofluids 

(Paper VI) 

1. Introduction 

Paper spray ionization is one of the most intriguing techniques among the ambient mass 

spectrometry ionization methods, being extremely simple, versatile and characterized by 

high sensitivity. It has been applied for the analysis of complex matrices in different fields 

such as forensic analysis [211,220–223], food safety [76,82,224–227] and clinical 

screening [228–232]. In particular, paper spray showed excellent performances in the 

detection of small molecules such as drugs and metabolites in biofluids. However, only 

few articles [233–235] have been reported for the analysis of large biomolecules such as 

intact proteins and protein complexes.  

Paper VI describes the development and testing of a new PSI setup called SAPSI (Solvent-

Assisted Paper Spray Ionization) able to provide a continuous supply of solvent to the paper 

tip, resulting in increased available time for analysis, possibility to tune and better control 

the ionization conditions in a real-time monitoring. Due to the enhanced signal stability, 

we were able to detect, resolve and study four different classes of biomolecule, namely 

intact proteins, glycans, lipids and amyloid aggregates. 

 

1.1  Amyloid Peptides 

Alzheimer’s disease (AD) is an irreversible, progressive neurodegenerative disorder 

characterized by the presence of brain plaques, loss of synapses and neurons. Amyloid β 

(Aβ) peptides, consisting of 39-42 amino acids, are the major component of the deposits in 

human nervous system (especially Aβ42) and can be detected in in cerebrospinal fluid 

(CSF) and cellular cultures (especially Aβ40) [236]. Deposition of Aβ plaques can cause a 

series of biochemical reactions which result in the generation of neurofibrillary tangles and 

neuron degradation due to apoptosis [237].  

The amyloid cascade hypothesis is the most commonly accepted model of AD 

pathogenesis, which initially considered the time-dependent deposition of amyloid plaques 

in the brain as the major reason for the neurodegeneration. This original hypothesis has 

been revised multiple times to include new experimental evidences. One of the most 

important modifications is the observation that early neurodegenerative symptoms in AD 

patients do not necessarily correlate with the plaque deposition but with the formation of 

amyloid aggregates. In this revised hypothesis the plaques and neurofibrillary tangles are 

considered as reactive products associated with AD rather than its cause, generated by the 
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brain to maintain cell function, neuronal growth, and vital processes, whereas the small 

amyloid aggregates are considered as the trigger of the pathogenic phenomenon [238]. 

Monomeric (Aβ) peptide present a random coil secondary structure, with an amphiphilic 

character due to the presence of a hydrophilic N-terminal and hydrophobic C-terminal 

segments [239]. As aggregates, they rearrange their conformational structure in partially 

ordered β-sheets and assemble into ordered fibrils. The length of the peptide affect its 

aggregation and conformation in water: random coils of Aβ40 can be observed in aqueous 

solution, whereas Aβ42 rapidly rearranges its structure into β-sheets at physiological pH, 

immediately forming oligomers. The most stable monomer is Aβ39 which has the tendency 

to maintain the random coil conformation over long periods prior to self-assembly [236]. 

The small globular oligomers known as amyloid-derived diffusible ligands (ADDLs) are 

considered the main cause of AD pathogenesis, thus being the most studied intermediates 

in Aβ peptides aggregation. These neurotoxic oligomers are composed of peptide subunits 

and present higher cytotoxicity than the other aggregated structures [236]. ADDLs are 

mainly oligomers from trimers to hexamers, but larger species (up to 24 units) have also 

been observed [240]. Supporting the hypothesis that highlight the central role of Aβ 

oligomers in AD disease, several studies reported that ADDL levels in brain tissue and 

CSF are correlated with the cognitive defects in AD patients. Despite the extensive 

research, the Aβ aggregation mechanism and its relation to AD are still not fully 

understood. These peptides and their characteristic aggregation reactions have been 

investigated using a large variety of analytical techniques [238,240,241]. In Paper VI we 

tested the SAPSI setup for the real-time monitoring of aggregation and disaggregation of 

Aβ peptides. 

 

1.2 Intact protein analysis 

The term Proteomics was proposed by P. James in 1997 and refers to the large-scale study 

of the proteome, comprising the entire set of proteins present in an organism [242]. One of 

the aims of this multi-disciplinary subject is the study of protein expression and its changes 

under the influence of biological perturbations [243,244]. Protein expression is in fact 

strictly related to the physiological conditions of an organism [244,245] and both chemical 

and physical modifications of proteins have been reported in relation to diseases, 

inflammation and drug consumption 

Post-translational modifications (PTMs) refer to covalent enzymatic or non-enzymatic 

modification of proteins occurring after their biosynthesis. Glycosylation is one of the most 

common PTM and involves the enzyme-mediated addition of a sugar to either an 

asparagine (N-linked) or serine/threonine (O-linked) residue [246]. The glycans attached 

to a protein are involved in recognition, signaling and interaction processes and contribute 
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to define its conformation and folding. Further insights into glycans and glycosylation are 

discussed in section 1.3. 

Glycation is the non-enzymatic addition of either a glucose or fructose molecule to a 

protein that could further react with different metabolites resulting in the production of 

Amadori derivatives. These species are reported to be involved in pathogenic events in 

several diseases [245]. Another common non-enzymatic modification is carbonylation, 

resulting from oxidative stress that produces a highly reactive carbonyl group (aldehyde, 

ketone or lactam) on the side-chains of the protein. The presence of carbonylated proteins 

is related to several diseases such as arthritis, cystic fibrosis, diabetes, and respiratory, renal 

and neurodegenerative diseases [245]. Other protein modifications/processing includes 

deamidation, aspartate interconversion/isomerization, racemization, proteolysis, β-

elimination, oxidation, disulfide exchange, condensation reactions and hydrolysis.  

Mass spectrometry has proved to be a necessary tool for proteomics since it is able to 

perform the identification and quantitation of hundreds of proteins with a high degree of 

selectivity and sensitivity and provides structural information.  The characterization of the 

different protein species is assessed by MS analysis coupled with LC [30,247–251] and 

capillary electrophoresis [252–255], MALDI-TOF(MS) [256–260] or in direct infusion 

MS [261]. Two main strategies for protein characterization are the bottom-up [262,263] 

and the top-down [263,264] approaches. The former requires the enzymatic digestion of 

the protein and the analysis of the obtained peptide mixture by tandem MS. Peptides 

backtracking is therefore applied to identify the parent protein. Bottom-up approach is 

affected by several limitations: i) protein backtracking could be very challenging in cases 

of complex proteins; ii) low sequence coverage due to the presence of peptides shared by 

different proteins; iii) lack of post-translational information. In the top-down approach, the 

intact protein is detected without any digestion step. In case of complex proteins having 

different subunits non-covalently bound, the MS-analysis could result in the detection of 

their sub-units, rather than the intact complex. This phenomenon is present especially when 

the protein is detected not in the native form but in the unfolded form [265]. The main 

advantage of the top-down strategy is the possibility to cover the whole amino acid 

sequence, including PTMs [263]. 

Protein detection is usually performed using ESI. The generation of multi-charged ions and 

adducts formation in the electrospray process, especially in top-down approach, yield 

highly complex spectra, therefore the use of chromatography to separate the protein species 

is usually required. However, the development of more sensitive and high-resolution MS 

detectors, new software able to perform the deconvolution of overlapped species and new 

AMS sources is moving toward the simultaneous detection of intact proteins in complex 

samples [18,30,266]. 
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1.3 Protein Glycosylation 

Protein glycosylation is one of the most common PTM, responsible for several biological 

processes, thus including ligand binding, transport and clearance, cell adhesion, receptor 

binding and activation as well as signal transduction [267,268]. It involves enzyme- 

mediated covalent addition of one or several oligosaccharide chains (glycans) to the protein 

structure. According to the protein region involved, two different major glycosylation 

processes have been recognized: N- and O-glycosylation. The former is characterized by 

the presence of several reactive steps, taking place in different cellular compartments, and 

results in the attachment of the glycan an asparagine side-chain located at a specific site of 

the protein (Asn-X-Ser or Asn-X-Thr or in rare instances Asn-X-Cys) [269]. In O-

glycosylation, a monosaccharide is added to either a Ser or Thr residue by a specific 

transferase and chain elongation is performed by the sequential addition of saccharide 

units, including fucose, galactose, mannose and sialic acid [269].  

The same protein could present different glycoforms, depending on the glycosylated site 

(macroheterogeneity) or the attached glycan (microheterogeneity), affecting diverse 

properties such as solubility, stability and folding. The sequence of sugar residues and the 

structure of a glycan are determined by several factors, including: i) the specific 

glycosyltransferases, glycosidases and sialyltransferases involved in the glycosylation 

process; ii) the availability of the various sugar nucleotide donor; iii) the  time spent in the 

different cellular compartments, iv) the accessibility of a specific glycosylation site. Age, 

gender, diet and addiction to smoking or alcohol, as well as the presence of a disease or 

inflammation, affect the glycosylation process, thus producing modifications in the glycan 

pattern [267–270].  These modifications involve a different number of antennary branches 

of the glycan, decreased galactosylation, increased sialylation and fucosylation [268]. 

Despite the large number of factors able to influence protein glycosylation, several studies 

have correlated specific changes in glycosylation patterns to the occurrence of 

cardiovascular and neurological diseases, inflammatory states and cancer [246,267–271]. 

In addition, specific glycoforms can be targeted by viruses or bacteria or serve as a pro- or 

anti-inflammatory signals [267].  

In Paper VI we investigated the glycosylation patterns of two different serum proteins 

namely transferrin (TFN) and alpha-1-antitrypsin (AAT). 

TFN is a non-heme iron-transport glycoprotein consisting of 698 amino acids and having 

a molecular mass of 75 kDa (without considering glycosylation and the 19 amino acid 

signal peptide). The protein is structured in two main globular domains covalently 

connected, each containing two different sub-domains. Nominal plasma concentration 

nominal values range between 2 and 3 mg/mL (25-40 μM). TFN presents two main N-

glycosylation sites (Asn432 and Asn630). Asn432 is exposed to the serum environment 

and expresses almost exclusively the H5N4S2 glycan, whereas Asn630 is hindered in the 
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quaternary structure and presents larger variability in terms of expressed glycans, including 

di- and tri-antennary species, as well as different degrees of fucosylation and sialylation 

[267]. Several studies have proved that the TFN glycosylation pattern in both serum and 

CSF is affected by chronic alcoholism, cardiovascular and neurological diseases 

[267,268,270,272]. 

AAT is a protease inhibitor, protecting tissues from enzymatic reactions, with a molecular 

mass of 44 kDa, consisting of 418 amino acids (excluding glycosylation and signaling 

peptide). Plasma concentration is approximately 1.1 mg/mL in healthy adults [267]. AAT 

presents three different glycosylation sites, namely Asn70, Asn107 and Asn271, 

expressing mostly di- and tri-antennary sialylated glycans, with the possibility of 

fucosylation. Changes is glycosylation pattern of AAT have been reported in serum in 

cases of inflammations [270], as well as in CSF of AD-affected patients [271].  

 

1.4 Human serum albumin and hemoglobin adducts as biomarkers 

Oxidation of the amino acid residues of proteins is considered as an excellent biomarker 

for oxidative stress resulting from inflammation and several diseases [273–275]. Processes 

leading to the formation of covalent adducts with small metabolites and endogenous 

substances such as cysteinylation, glutathionylation and aldehydic modifications have also 

been proposed as markers of oxidative stress and abnormal physiological conditions 

[276,277]. Finally, proteins with different reactive sites are excellent targets for highly 

reactive exogenous substances, especially for small electrophiles.  

The adductomic approach requires the simultaneous screening of all the adducts formed 

after the reaction between biomolecules and both endogenous and exogenous substances 

to investigate overall the exposure to toxic compounds, occurrence of pathologic states and 

presence of diseases [278]. Human serum albumin (HSA) and hemoglobin (Hb) are two of 

the most studied proteins for adductomic studies, because of their high abundance in blood, 

long half-life and ability to form stable adducts. Since their adducts are accumulated over 

extended periods, these proteins are also excellent markers for monitoring continuous and 

long-time exposures to toxic compounds and to detect the presence of pathogenic events 

[275,278,279]. 

Human serum albumin is the most abundant protein in blood, accounting for almost 50% 

of the total serum proteins with concentrations ranging between 35 and 50 g/L. It is a 

monomeric multi-domain protein consisting of 585 amino acids, with molecular mass of 

66.4 kDa. This protein acts as a  carrier of both endogenous and exogenous compounds, 

such as long chain fatty acids, hormones and drugs, modulator of capillary permeability 

and free radical scavenger [279].  Among the 35 cysteine (Cys) units present in the 

sequence, 34 form 17 disulfide bridges that stabilize the protein structure and increase HSA 

biological half-life (15–20 days), whereas Cys34 is free. Due to the high concentration of 
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HSA in blood, Cys34 represents the largest pool of free thiols in human plasma, exerting a 

natural function of physiological anti-oxidant and ligand binding site for different 

compounds. In healthy adults, about 70–80% of Cys34 residues present a free sulfydryl 

group whereas the remaining form disulfide bonds with cysteine, homocysteine or 

glutathione. Only a small percentage of Cys34 residues are oxidized to either sulfinic or 

sulfonic acid [275]. However, besides Cys34, other amino acids in HSA structure are prone 

to be attacked by reactive oxidative species, such as histidine, arginine, and lysine. The 

total increase of carbonyl group content is considered a marker of oxidative stress 

associated to different diseases such as liver failure, diabetes mellitus, sepsis, AD, chronic 

renal failure or rheumatoid arthritis [275]. Glycation and glycosylation of HSA are also 

considered as important parameters to be monitored since an increment of glycated proteins 

is often related to diabetes [275,280].  Due to the high concentration in plasma, the presence 

of a binding site (Cys34), as well as the redox activity, HSA is considered an excellent 

blood biomarker for many diseases, such as cancer, rheumatoid arthritis, ischemia, diabetes 

and liver failures [275,279] as well as for exposure studies in adductomics [278].  

Human serum albumin is also present in cerebrospinal fluid (CSF), at lower concentrations 

compared to in blood (3 µM in CSF vs 650 µM in serum). HSA in the CSF is mostly 

derived from blood, transferred by specific glycoproteins [281]. Several studies 

demonstrated that HSA in CSF is a biomarker of neurological diseases and abnormal levels 

of HSA [282–284] and protein oxidation [284,285] have been reported for patients affected 

by Parkinson’s disease, AD, acute ischemic stroke and multiple sclerosis. 

Hemoglobin (Hb, Figure 40) is the most abundant protein in red blood cells, transporting 

oxygen, carbon oxides and nitric oxide between lungs and the different body tissues. It is 

a 64.5 kDa tetrameric metalloprotein, constituted by two α subunits (m.w. 16.5 kDa) and 

two non-α subunits (β, γ or δ, average molecular weight 16.5 kDa); α2β2 is the most 

common hemoglobin form in adults, known as hemoglobin A1 or HbA. Each subunit is 

non–covalently associated with a heme prosthetic group, an iron-protoporphyrin. Iron is 

present mostly in the Fe II form, coordinated by four pyrrole nitrogen atoms in the 

porphyrin plane and by an out-of-plane imidazole nitrogen. The free conjugation site is 

available for the coordination with gaseous compounds, especially oxygen and carbon or 

nitrogen oxides, thus allowing their transport in the blood stream. Common physiological 

modifications in Hb are glycation and adduct formation with glutathione. Levels of 

glycated Hb is a well-established parameter used in diabetes control, and has been proposed 

as a marker for atherosclerosis and other cardiovascular diseases [286]. In addition 

measurements of Hb adducts have been widely reported for risk assessment of exposure to 

mutagenic and carcinogenic compounds, including acrylamide (AA), styrene and ethylene 

oxide [278,287,288].  
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In Paper VI we tested the SAPSI detection capabilities in the identification of adducts 

from acrylamide to standard HSA or Hb in aqueous solutions. Analysis of human serum 

incubated with different concentrations of acrylamide was also performed to assess the 

presence of adducts with HSA and other proteins. 

 

2. Results and Discussion 

In Paper VI it is reported the development of a new PSI setup called Solvent Assisted 

Paper Spray Ionization (SAPSI) and its application for the detection of biomolecules. 

Traditional PSI requires the use of an external power supply to provide the ionization 

potential. The sample is spotted on the paper tip, let dried and then a few microliters of 

solvent are deposited on the paper before applying the potential, resulting in limited data 

acquisition time and less control of the ionization conditions. In SAPSI the conductive clip 

is mounted on a custom holder that can be easily exchanged with the nano-ESI support 

(Figure 37 a,b) resulting in a full integration with the Waters Synapt G-2S system. In 

addition, this interface is associated with the fluidic system by peek tubing, hosted by a 

homemade support that replaced the capillary holder of the NanoLockSpray probe. 

Consequently, the ionization condition can be tuned by using MassLynxTM software. 
 

 

Figure 37. Representation of SAPSI ion source connected to Synapt fluidic system. a) nano-ESI 

source; b) SAPSI custom support integrated with the instrument; c) detail of the SAPSI ion source. 
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In traditional PSI, solvent evaporation and spray-consumption lead to a variation of the 

ionization conditions during the analysis, causing signal instabilities that affect both the 

durability of the analysis and the resolution of the MS peaks. The connection between 

SAPSI and the instrument fluidics allowed having a constant solvent supply on the paper, 

resulting in increased data acquisition time, high repeatability and increased peak 

resolution (Figure 38). Peek tubing having different diameters were tested, since viscous 

mixtures such as isopropanol:water required larger internal diameter to bear the increased 

backpressure.  

 

Figure 38. Effect of the solvent flow in the SAPSI MS spectra of HSA (1 mg/mL): a) 10-70 sec, 

flow 0 µL/min; b) 160-220 sec, flow 0 µL/min; c) 300-360 sec, flow 5 µL/min 

 

Commercially available clips having different shapes and made by different types of 

stainless steel were tested to be used in SAPSI analysis. The conveyed potential to the tip 

was considered as a crucial parameter for the different tweezers. The best results were 

obtained by using precision forceps made in 304 (18/10) stainless steel having a very sharp 

tip since they were able to deliver the set potential without any noticeable decrease. The 

material was also very resistant to corrosion and oxidation despite the harsh working 

conditions (water and organic solvents, very low pH and high voltage, up to 4.5 kV). 

The material used as PSI substrate is also known to strongly affect the ionization of the 

analytes [77,79], with major influence from thickness, morphology and surface 

functionalization. Four different commercially available materials were tested for SAPSI 

detection of biomolecules, namely filter paper, chromatographic paper grade 1, 

chromatographic paper 3MM CHR, and polydivinylidene fluoride (PVDF) membrane. The 

fluoride polymer was tested due to the very weak interaction with the investigated analytes 

but was proven to be too hydrophobic for the proposed applications: the spotting of 
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aqueous samples resulted in drop formation instead of support impregnation and in bending 

of the tip, which cannot bear the weight of the droplet. By applying a potential in the 3-5 

kV range, no signal was obtained since the material was not conductive. Therefore, PVDF 

was dismissed. The use of chromatographic paper in PSI has been widely reported, due to 

the porous morphology, the uniform capillary transfer and the high linear flow rates of 

solvent [77]. Chromatographic paper 3MM CHR was characterized by poor responses due 

to its high thickness (0.34 mm), whereas filter paper resulted in very high background noise 

for all the tested solvent mixtures. The best results were obtained by using chromatographic 

paper grade 1, in agreement with data published in literature [77]. Thin and though types 

of paper are preferred in PSI since they are able to tolerate the mechanical stress, promote 

the mass transfer and offer less resistance to the applied potential. 

Another parameter that has a major impact in PSI ionization is the solvent composition. 

Different parameters influence PSI, including boiling point, viscosity, interaction with 

paper, surface tension and dielectric constant. The best results were achieved by using 

water mixtures with IPA (water:IPA 1:1 + HCOOH 1% v/v and water:IPA 1:1 + HCOOH 

5% v/v) or acetonitrile (ACN) (water:ACN 1:1 + HCOOH 0.1% v/v) for proteins, amyloids 

and glycans respectively. The low amounts of acid required for glycan analysis was 

explained considering their high affinity toward alkaline cations: their ionization is 

promoted by the formation of sodium and potassium adducts since these cations that are 

present at high concentration onto the untreated paper. 

 

2.1 Real-time monitoring of Aβ peptides and its aggregates 

SAPSI was tested for the analysis of amyloid 1-40 peptide and its oligomers. As reported 

in paragraph 1.1, Aβ have the tendency to form aggregates in water solution moving from 

a random coil structure to semi-ordered β-sheets. The study of the aggregation of these 

oligomeric species is of paramount importance to understand the mechanism behind the 

amyloid cascade and the AD disease. 

Preliminary experiments were performed on concentrated standard solution of Aβ 

monomer (250 µg/mL) to assess the durability of the analysis and investigate the best 

solvent mixture. Since high water content resulted in aggregation, difficult declustering 

and strong adsorption/adhesion onto the paper substrate, the use of amphiphilic or apolar 

solvent mixtures was required. Several mixtures were tested and the best results were 

obtained using water:IPA 1:1 with 5% of HCOOH and MeOH:Tol 1:1 with 0.1% of 

HCOOH. Using these solvents the signals were stable and consistent for up to 90 minutes 

using flow rates up to 5 µL/min. 

Subsequently SAPSI was performed to investigate the aggregates of Aβ (1-40). Aqueous 

solutions of the amyloid peptide monomer were incubated at 37°C under stirring to 

promote sample aggregation and thereafter spotted on the paper tip. The best results were 
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obtained by using the water:IPA mixture; due to its amphiphilic nature, this solvent 

improve the solvation of the oligomers, their desorption from the paper substrate and their 

ionization. 

IMS was required to investigate the different amyloid species: the ions generated by the 

different oligomers are often characterized by the same m/z ratio, thus resulting in 

overlapping peaks. By using ion mobility, it was possible to separate the contribution of 

the different oligomeric species based on their different drift time. An example is reported 

in Figure 39: the peak at m/z 2165.95 includes signals derived from 5 different species 

(the first peak is just random noise); by extracting the MS spectrum for each specie it was 

possible to obtain the isotopic pattern of the peaks. By considering the isotopic distance in 

m/z, the oligomer that contributed to the final peak was identified. Compared to the results 

from the  nano-ESI analysis of amyloid aggregates, a different order of the oligomers in 

terms of drift time is present [289]: the trimer and tetramer are characterized by longer drift 

times compared to the dimer, resulting in more elongated conformations compared to those 

reported in the literature. This can be explained by considering the different solvents used 

and the possible structural distortion due to the analyte interaction with the paper substrate. 

 

Figure 39. a) MS spectrum of aggregated Aβ peptide (4 min acquisition), with magnification 

around m/z 2165; b) IMS spectrum extracted from m/z 2165; c) MS spectra extracted at the 

different drift times 

 

The analysis of Aβ aggregated samples allowed the identification of non-covalent 

oligomers ranging from dimer to octamer, even though only one or two ions were detected 

for the heptamer and the octamer respectively. The ions attributed to the different species 

are reported in Table 7.  
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Table 7: m/z values and related charges observed for the detected oligomeric states of Aβ peptide 

Charge Olygomeric State 

 1 2 3 4 5 6 7 8 

1         

2 2165.93        

3 1444.28 2887.62       

4 1083.49 2165.99 3248.41      

5 866.96 1732.93 2598.96      

6  1444.37 2165.91 2887.64     

7  1238.13 1856.69 2475.21 3093.80    

8   1624.69 2165.92 2707.18 3248.40   

9    1925.38 2406.55 2887.61   

10    1732.98 2165.91 2598.92 3031.94 3150.02 

11      2362.76  3464.94 

 

Finally, the aggregation and disaggregation of the incubated samples were investigated for 

one hour by recording 4 minutes-intervals. A disaggregation of the oligomers was observed 

and, after 20 minutes, only monomeric and dimeric Aβ peptides could be identified. Figure 

40 shows the decrease in the dimension of the oligomeric species (e) and the MS spectra 

at minutes 1-4 and 16-20 (c, d). The associated driftscopes are also reported and highlight 

the disappearance of signal having high m/z and drift time after 20 min.  
 

 

Figure 40. a) Driftscope (m/z; drift time) of Aβ 1-40 aggregates after a) 4 min b) 20 min; 

highlighted the m/z 1700 – 4000 range; MS spectra after c) 4 min, and d) 20 min; e) table reporting 

the largest aggregate species observed at each interval 
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The disaggregation of the large species and the sequential decrease in size could be 

explained considering the use of IPA as eluent solvent. Due to its amphiphilic nature it is 

capable of scavenging monomeric units from the bigger aggregates, as reported in literature 

[239]. For the analysis of amyloids and amyloid aggregates SAPSI proved to have a 

performance comparable with more established techniques, such as nano-ESI [289], but 

without problems related to clogging of electrospray needles due to the formation of large 

aggregates [290]. 

 

2.2 Analysis of Intact Proteins and Modifications 

SAPSI was subsequently tested for the analysis of intact proteins. HSA and TFN were used 

as model compounds to tune the ion source conditions and solvent composition, 

considering charge state resolution, signal-to-noise ratio, repeatability of the 

deconvolution, and resolution of the deconvoluted peaks. The solvent played a major role 

for the ionization efficiency of proteins and the best results were achieved by using 

H2O:IPA 1:1, HCOOH 1% v/v.  

Four standard proteins were analyzed, namely HSA, Hb, TFN, and bovine superoxide 

dismutase (SOD) (Figure 41). All the investigated proteins were detected in the denatured 

form, with peaks characterized by very high charge state (+27→ +57 for HSA, +8 → +20 

for Hb, +25 → +48 for TFN and +7 → +15 for SOD). The ionization conditions were not 

suitable for the detection of intact non-covalent complexes, thus the monomeric subunits 

of Hb and SOD were detected. The mass values obtained by deconvolution using 

MaxEnt™ were in agreement with published data and online libraries. 
 

 

Figure 41. MS spectra and MaxEnt™1  deconvolution of a) HSA; b), Hb, c), TFN; d) SOD. 
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The major advantage of SAPSI over PSI is the high resolution of the deconvoluted spectra 

that allowed the identification of different protein species (Figure 42). The base peak of 

HSA was assigned to the cysteinylated form (66557.9 ± 1.0 Da), whereas unmodified HSA 

was characterized by a mass of 66438.6 ± 1.0 Da. Oxidized forms were also detected for 

both cysteinylated and non-cysteinylated HSA. The presence of different protein species 

in a commercially-available standard is in agreement with data reported in literature [291], 

while the presence of sodium and potassium adducts was related to the high abundance of 

these cations on the untreated paper substrate. The identification of different oxidized and 

cysteinylated forms of HSA by using SAPSI is of noticeable importance since these species 

can be considered as biomarkers for oxidative stress derived from different diseases, as 

reported in paragraph 1.4.  As for TFN, it was possible to detect several expressed 

glycans. The main peak was assigned to the presence of two H5N4S2 glycans, as expected. 

However, due to the possible variability of glycans present in site Asn630 different 

sialylated and fucosylated bi- and tri-antennary species were also observed. 
 

 

Figure 42. MaxEnt™1 deconvolution of a) standard TFN and b) standard HSA; the identified 

species and glycoforms are reported 

 

2.3 Analysis of Glycans 

Analysis of glycosylation of intact proteins provides information about the different 

glycoforms present, but the discrimination between positional isomers cannot be obtained. 

The investigation of glycan features such as position of fucose, presence of bisecting 

GlcNAc, position and linkage of sialic acid require MS/MS analysis. Modification in the 

glycan patterns could derive from physiological alteration and are often related a disease 
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state. Several types of cancer have resulted in altered positioning of fucose, with an increase 

of outer-arm and decrease of core fucosylation, as well as alteration in the position and 

linkage of sialic acids [292]. Alteration of fucosylation positioning in CSF and increased 

level of bisecting glycans have been reported in several neurological disorders, such as AD, 

schizophrenia and Attention-Deficit Hyperactivity Disorder [269]. 

SAPSI setup is suitable for performing MS and MS/MS analysis within the same run and 

requires only of small amounts of biological sample. Preliminary experiments were 

performed on a standard solution of the H5N4S2 glycan to tune the source parameters and 

the solvent mixture. Ionization using H2O:ACN 1:1, HCOOH 0.1% v/v resulted in 

predominance of doubly-charged adducts with alkaline cations. The most intense peak at 

1150.331 m/z was attributed to [H5N4S2+2K]2+, which was subsequently fragmented. The 

results are shown in Figure 43: the five obtained fragments show the sequential peeling of 

units from one branch, the full loss of one of the antennae, and the free antenna. 
 

 

Figure 43. a) MS spectrum from the analysis of standard H5N4S2 glycan b), MS/MS 

fragmentation of m/z 1150.3110 and identification of the fragments 

 

Since TFN expresses mostly H5N4S2, enzymatic release of acidic glycans from the protein 

was performed. As reported in Paper VI, both MS and MS/MS spectra were comparable 

and the same fragmentation pattern was observed. In addition, it was possible to detect the 

presence of deglycosylated TFN, even though protein ionization was poor, due to the low 

concentration of HCOOH and the presence of different organic components. 

Neutral glycans were analyzed after enzymatic release and desialylation from AAT. This 

protein was chosen due to its availability and to the variability in the core structures of the 
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expressed glycans. Four different analytes could be identified, namely H5N4, H5N4F, 

H6N5, and H6N5F. In particular, we could observe di- and tri-antennary structures with 

and without fucose. As expected, the most abundant specie was H5N4, with a base peak 

related to [H5N4 + H + K]2+. This was fragmented, resulting in 6 product ions, able to 

provide a good structural coverage. 

 

2.4 Biofluids 

One of the major advantages of AMS is the possibility to analyze complex samples such 

as biofluids with no or very limited sample treatment. PSI has been applied for the analysis 

of blood and urine for the detection of drugs, metabolites and exogenous compounds 

[223,230,231]. In Paper VI, we analyzed human serum and CSF for the detection of intact 

biomolecules without any sample pretreatment other than simple dilution with HCOOH 

1% v/v. Serum samples were characterized by the presence of three different zones in the 

mass spectrum: the first, below m/z 700 was very complex, presenting mostly singly and 

doubly charged ions. The pattern was very complex due to the overlap of several species 

and the presence of background signals related to the untreated paper. The second, around 

m/z 750-850 presented very intense singly charged ions, while between m/z 850 and 2600 

two different envelopes attributable to proteins could be recognized (Figure 44). The signal 

envelope between m/z 1200 and 2600 was comparable with the spectrum of standard HSA 

in aqueous solution. To identify both proteins and minor components, a deconvolution in 

a wide range (between 10 and 80 kDa) was performed in the m/z 800-3000 region. 

 

Figure 44. MS spectrum of 1:30 diluted human serum and related MaxEnt™1 deconvolution in the 

10-80 kDa range. Highlight and identification of HSA and ApoA1 detected protein species 
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Six HSA species were identified: the base peak corresponded to the unmodified protein, 

followed in intensity by the oxidized Cys34 and the cysteinylated Cys34 forms. Sodium 

and potassium adducted forms were also present. The absence of the glycated form 

identified in standard HSA could be explained by considering that this modification is not 

enzyme driven, thus it is sample-dependent. 

The other protein was characterized by an envelope as intense as that of HSA even though 

albumin is the most abundant protein in serum. After deconvolution, a very intense peak 

was present having a mass of 28079.0 ± 0.5 Da. Exact mass database search matched with 

apolipoprotein A1 (ApoA1) with an accuracy of 14 ppm compared to the theoretical mass 

calculated from the amino acid sequence. In addition, it was possible to identify its 

truncated form (ApoA1-Q) with an accuracy of 3.5 ppm (0.1 Da on 27.9 kDa). Even though 

the reference concentration value for ApoA1 (1.4 mg/mL) is ten limes lower compared to 

the concentration of HSA in blood, apolipoporotein presented a major charge density (1 

charge per 8 residues against 1 per 15 for HSA – calculated for the most intense charge 

state), thus resulting in increased ionization. 

The highly intense signals between m/z 758 and 782 were attributed to phosphatidylcholine 

lipids (PC). These compounds, commonly present in blood [293], have a permanent charge 

on the quaternary nitrogen that explains the high ionization yield. Alteration in PC 

metabolism and concentration have been reported in several diseases, including AD [294], 

atherosclerosis [295] and carcinoma [296]. 

Lipid identification was obtained by comparing the MS/MS spectrum of a standard solution 

of PC 16:0-18:1 with that of the ion at m/z 760.7 in serum. By MS/MS analysis it was also 

possible to identify the ion at m/z 758.7. Peaks related to the loss of the unsaturated 

component, do not show a shift in mass, whereas fragments related to the loss of palmitic 

acid shows a -2 Da mass difference. This indicates an additional unsaturation of the 

unsaturated unit, thus linoleic acid replace the oleic acid chain (PC 16:0-18:2). The ions at 

m/z 780.6, 782.6, and 784.6 were assigned to the sodium adducts of PC 16:0-18:2, PC 

16:0-18:1, and PC 16:0-18:0 respectively. Related doubly sodiated adducts were also 

observed at m/z 802.6, 804.6, and 806.6 Da. 

CSF is characterized by lower concentrations of proteins compared to serum, thus these 

samples were diluted only 3 times instead of 30. The same components, namely PC lipids, 

HSA and ApoA1 were identified, even though different relative intensities among the 

species were identified. In particular, HSA base peak was the cysteinylated form and mono- 

and di-glycated species were also detected. Oxidized forms with and without alkali cations 

were present. Unmodified HSA accounted for only 25% of the base peak in the 

deconvoluted spectrum. ApoA1 exhibited as base peak the oxidized Met form and 

glycated, unmodified and sodiated ApoA1 were also detected. The high incidence of 

oxidation in the two observed proteins could be related to oxidative stress while glycation 
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could be a consequence of high glucose levels in the patient. However, the oxidative stress 

could also be related to the age of the samples (almost 10 years). 

 

2.5 Covalent adduct detection of intact proteins in standard solution and in 

human serum 

As reported in paragraph 1.4, proteins are targets for reactive compounds, such as small 

electrophiles, nucleophiles and metal cations. HSA and Hb are studied in order to assess 

the exposure toward exogenous compounds due to their high concentration in plasma 

[278]. For example, alkylated adducts to these proteins are a valuable tool to assess 

exposure to potentially mutagenic compounds [287].  Since SAPSI analysis proved to be 

capable of discriminating among protein species differing by only a few Da, preliminary 

tests were performed regarding the detection of alkylated adducts to HSA and Hb from 

acrylamide (AA), a small electrophile classified as probable carcinogen by IARC. 

Alkylation was performed by incubating overnight standard solutions of HSA and Hb at 

physiological conditions, with AA at 30 µM. and 0.3 µM. As reported in Figure 45, no 

adduct was detected for the lower concentration level of AA, whereas both mono- and di-

alkylated forms of HSA and alkylated monomeric α and β subunits of Hb were identified 

at the higher AA concentration level.  
 

 

Figure 45. MaxEnt™1 deconvolution of standard HSA and Hb after incubation with AA. 

 

To test SAPSI performances for the detection of AA adducts in biofluids, alkylation was 

performed in serum at three different AA concentration levels, from 0.3 to 30 µM. The 

results are displayed in Figure 46. Incubation at the highest AA concentration level 

resulted in multiple alkylation of HSA (from 4 to 15) and ApoA1 (up to 4). At AA 3 µM, 

mono-adducts with both proteins were observed, whereas no alkylated protein could be 
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clearly identified at AA 0.3 µM. The tested acrylamide concentration levels are in the 

mg/kg body weight levels, compatible with the dose used for animal studies [297,298]. 
 

 

Figure 46. MaxEnt™1 deconvolution of serum incubated with AA a) 30 µM, b) 3 µM; c) 0.3 µM 

 

 

3. Conclusions 

In Paper VI we presented a new PSI interface, integrated with the Synapt-G2S power 

supply and fluidic. This coupling allowed a continuous and controlled solvent supply on 

the paper, resulting in increased data acquisition time and signal stability. The major 

features of the proposed setup are the possibility to perform real time monitoring of 

processes taking place on the substrate, such as amyloid aggregation and disaggregation, 

and the enhanced resolution of the deconvoluted spectra. This has allowed the 

identification of protein species having different PTMs and adducts to acrylamide. In 

addition, it was possible to analyze biofluids directly with no sample pretreatment other 

than simple dilution. The present results constitute a first step towards the development of 

fast, reliable, and cost effective screening methods, able to provide a first indication of 

altered physiological states.  
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Future Perspectives 

The aim of this PhD thesis was the development of new materials and setup configurations 

in mass spectrometry. The proposed materials and setups are a first step in order to achieve 

the development of new methods and techniques able to detect target compounds at trace 

levels in complex matrices while requiring no or very limited sample pretreatment. 

Briefly, the first chapter (Papers I-III), was devoted to the discussion of the design, 

synthesis and characterization of new receptors for BTEX selective adsorption. The 

developed materials were used as SPME coatings for SPME-GC-MS analysis and for the 

development of a new portable device characterized by reduced costs, high selectivity and 

sensitivity. However, the device required the use of an algorithm to calculate the 

concentration of benzene due to the partial coelution with toluene. Future studies will be 

addressed toward the optimization of the device using MEMS cartridges having different 

shapes and geometries. In addition, the developed cavitands could be considered as novel 

scaffolds to build new and more complex structures able to bind different target analytes 

or present increased selectivity between benzene and toluene. 

In Paper IV, the development of an inorganic coating to boost the performances of Direct-

EI LC-MS was reported. Despite the good performances obtained by using silica-coated 

ion source, the ionization efficiency in Direct-EI LC-MS interface is related to the 

vaporization of analytes that could interact with the vaporization surface. Recently, the 

research group of A. Cappiello developed a new interface, based on the Direct-EI LC-MS, 

called liquid-EI [299], where the vaporization occurs at atmospheric pressure into a 

specifically designed region, called “vaporization microchannel”, before entering the high-

vacuum ion source. Based on the results of the silica-coated ion source, a fused silica liner 

was used as inert vaporization surface speeding up the gas-phase conversion of low volatile 

molecules. This new setup expand the applicability of LC-(EI)MS and future efforts will 

be devoted to apply this new ionization interface to the analysis of complex samples. 

In Paper V, a new MEPS-DESI-HRMS screening method for the detection of NPS in 

human saliva was presented. New materials were proposed for DESI analysis and future 

studies could be performed to expand the applicability of these substrates and to develop 

new polymeric and hybrid substrates to be used in DESI, SALDI or other AMS techniques.  

Finally, in Paper VI, the development and testing of a SAPSI setup was discussed. Future 

studies will focus on analyzing proteins and non-covalent protein complexes in native-like 

states, expanding the study on different kind of adducts, and screening for the presence of 

adducts in non-incubated human samples. Finally, Aβ peptides and their aggregation 

mechanism, as well as interaction with surfaces, other biomolecules and drugs, will be 

further evaluated by real-time monitoring using SAPSI. 
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