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Abstract

Dissolved organic matter (DOM) is the prevalent form of organic carbon in
most aquatic environments. It is an ultra-complex mixture that plays a crucial role in global carbon cycling. Despite its importance it is still poorly
understood due to its extreme heterogeneity and intricacy. Major advances in
chemical characterization of DOM were possible with the introduction of
high-resolution mass spectrometry (HRMS). This technique, in combination
with direct infusion (DI) as sample introduction, is the most powerful tool
for the DOM analysis to date. A compelling alternative to DI is represented
by upfront separation with liquid chromatography (LC); however, current
techniques involve only offline LC-HRMS approaches, which exhibit important logistical drawbacks, making DOM analysis more challenging.
The aim of the presented studies was to develop new methods able to enhance the analysis of the dissolved organic matter and enable a wider range
of researchers to participate in the advancement of this field.
In the first study, the application of the Orbitrap mass spectrometer for resolving complex DOM mixtures was investigated and the results were compared to the more established state-of-the-art technique, Fourier transform
ion cyclotron resonance mass spectrometry (FTICR-MS). The Orbitrap was
capable of excellent reproducibility and detection of the majority of ionizable organic molecules in typical aquatic mixtures. The main disadvantage of
the technique is that fewer molecular formulas can be resolved and detected
because of lower resolution and sensitivity. This means that many sulfur
peaks and all phosphorous containing peaks are not determined. Despite this
drawback, our results suggest that the Orbitrap is an appropriate technique
for the investigation of very subtle biogeochemical processing of bulk DOM.
The lower costs (purchase and maintenance) and wider availability of Orbitrap mass spectrometers allow a greater number of laboratories to participate in the characterization of DOM.
In the second study, the first online method involving reverse phase
chromatography and ultrahigh resolution mass spectrometry for the analysis
of DOM was developed. This method overcomes the disadvantages of typical offline approaches. It enhances enormously the amount of information
achievable in a single run, maintaining high resolution data, reducing analysis time and potential contamination. The introduction of in silico fractionation makes the method extremely flexible, allowing an easy, fast, and detailed comparison of DOM samples from a variety of sources.
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DI
DBE
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ESI
FWHM
FT
H/C
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ICR
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KMD
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MS
m/z
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PCoA
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Direct infusion
Double bond equivalence
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Electrospray ionization
Full width at half maximum
Fourier transform
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Hydrophilic interaction chromatography
Ion cyclotron resonance
International humic substances society
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Liquid chromatography
Mass spectrometry
mass-to-charge ratio
Natural energy laboratory of Hawaii authority
Nuclear magnetic resonance
Oxygen to carbon ratio
Principal coordinated analysis
Reverse osmosis
Reversed phase (chromatography)
Size exclusion chromatography
Solid phase extraction
Suwannee river fulvic acid
Ultraviolet

Introduction

Dissolved organic matter: an analytical challenge
Dissolved organic matter (DOM) is one of the most heterogeneous and intricate mixtures on Earth. It is generally defined as the organic material fraction that passes through a 0.7 µm filter, with a concentration ranging from
0.1-322 mg C l-1.1 On global scale DOM represents the largest carbon pool in
aquatic systems.2 It originates from a combination of biotic and abiotic processes, governed by the laws of thermodynamics and kinetics, resulting in a
continuum of reactivities towards inorganic ions and organic molecules.3
This material plays a crucial role in biogeochemical processes (ref.4 and
reference therein), it acts as nutrient source,5,6 photo-regulator in the watercolumn7,8 and metal binding site.9 It also affects the transport of pollutants in
the environment 10–12 and operates as an indicator of organic loadings from
land to sea.13,14 This list is far from being exhaustive, but gives an impression
on the importance of this material in the global carbon cycle. DOM also has
an impact on drinking water quality.15–17 It not only affects the organoleptic
characteristics of the water, it is also the main precursor of disinfection byproducts (DBPs) during chlorination processes.18–20
It is evident that the chemical characterization of DOM would improve
our understanding of the global carbon cycle, unveiling biogeochemical processes and transformations in order to better predict the fate of this organic
material in a changing environment (increasing global temperatures, anthropogenic impact, etc.). Similarly, it would help in finding new strategies to
improve drinking water quality. Understanding the controls on DOM transformation is only possible by knowing the molecular composition of start
and end mixtures after processing.
Despite its ubiquity and ecological importance, DOM is still poorly characterized. This is mainly due to its enormous complexity. In fact, due to its
various origins and transformations, DOM consists of a multitude of organic
compounds, from carbohydrates to proteins, from lignin to humic substances
(humic and fulvic acids).4 This yields an incredibly complex mixture characterized by broad molecular range, large amount of functional groups, chemical properties and extremely high abundance of isomeric species (structural
isomers). Due to these aspects DOM characterization represents a phenomenal analytical challenge.
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The DOM mixture consists of thousands of unique molecular formulas,
with various possible isobars at each nominal mass.21 To date, a massive
effort has been made to characterize this gigantic pool of carbon, by applying numerous analytical techniques.
DOM bulk properties (such as aromatic content,22 molecular weight,23 relative abundance of humic against protein like fractions,24 etc.) have been
achieved by optical characterization techniques, mainly UV-absorbance and
fluorescence. However, their application is limited to the presence of lightabsorbing species.
Several extraction and desalting procedures have been applied and are under
constant development in order to pre-concentrate the organic material and
remove the highly abundant inorganic salts from the samples.25–28
Similarly, a wide range of chromatographic techniques have been and currently are employed in order to fractionate and separate the extracted DOM
into several classes of compounds, based on size, charge, volatility, polarity,
etc.(ref.29 and references therein). Despite the simplification of the organic
mixture through chromatography, the extreme DOM complexity strongly
limits the power of the currently available separation techniques.
A better understanding at molecular level of this “organic continuum” was
possible only with the application of nuclear magnetic resonance (NMR)30,31
and high resolution mass spectrometry (HRMS).32–35
HRMS represent the cutting edge technique for the analysis of unknown
complex mixtures.36,37 HRMS techniques are able to discriminate between
species characterized by subtle differences in their elemental composition,
allowing the identification of thousands of molecular formulas in the organic
mixture.36,38,39 Nowadays, the Fourier-transform ion cyclotron resonance
(FTICR) mass spectrometry is the state-of-art technology for the DOM analysis,34,40,41 however its availability is strongly limited by high purchase and
maintenance costs. In recent years, the introduction of Orbitrap technology
enriched the plethora of high resolution instruments 42 making it a good candidate for the analysis complex mixtures. Its lower cost and wider availability allows a larger group of researchers to perform high resolution analysis.
Until now, Orbitrap performances had never been compared to the cuttingedge FTICR-MS with regard to non-targeted DOM analysis. In Paper I we
evaluated the suitability of this mass analyzer for the analysis of complex
environmental mixtures, showing its limitation and advantages. We conclude
that the Orbitrap represents a valid alternative to the FTICR-MS, effective
for the investigation of very subtle biogeochemical changes.
Multivariate statistical analysis and advanced data visualization are essential tools for elaboration and interpretation of the enormous data set deriving
from thousands of molecular formulas in the DOM bulk. However, neither
the most advanced HRMS nor the most innovative algorithm/statistical tool
are able to resolve structural isomers in absence of a separation technique.
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The ability to differentiate between different species characterized by the
same molecular formula is the key to disclose DOM composition. Liquid
chromatography (LC) is a powerful tool in DOM analysis, demonstrating
that the majority of DOM complexity is hidden behind isomeric
averaging.33,43 Major advances in chemical characterization of this “organic
continuum” were possible by the combination of this separation technique
with HRMS.35,44,45 These methods employ chromatography in offline mode,
thus introducing time-consuming fractionation-collection steps and further
sample manipulation (possible contamination), prior to mass spectrometric
analysis. To date, no online technique involving LC and HRMS for the analysis of DOM have been developed. We filled this knowledge gap by developing the first online high resolution method for the characterization of this
complex mixture (Paper II). This method allows fast, easy and detailed
comparison of DOM samples from a variety of sources with a single chromatographic run. The introduction of in silico fractionation makes the method extremely flexible; data processing can be easily changed. Even though
isomeric averaging cannot be resolved by this technique,46 we demonstrated
that a large amount of information can be achieved not greatly exceeding the
time of a conventional direct infusion (DI) analysis.
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Aim of the thesis

Characterization of dissolved organic matter represents a compelling challenge for analytical chemistry. The work presented in this thesis adds a new
chapter to the analysis of DOM.
The comparison between the performance of the Orbitrap and FTICR-MS
for the analysis of the dissolved organic material (Paper I) shows that Orbitrap technology is suitable for the analysis of complex mixtures. Its lower
costs and broader availability allows a larger number of research groups to
investigate the nature of DOM.
Consequently, the online coupling of liquid chromatography to the Orbitrap instrument (Paper II) enhances enormously the amount of information achievable in a single run, maintaining the high resolution data, increasing analytical flexibility and reducing the overall analysis time and cost.
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Materials and methods

Reagents and chemicals
All reagents were of analytical or high-performance liquid chromatographic
grade used in Paper I and II. The Suwannee River Fulvic Acid (SRFA,
2S101F) reference material (Paper II) was purchased from the International
Humic Substance Society (IHSS, Minnesota, United States). The model
compounds employed to test the chromatographic reproducibility and confirm the elution of single species were purchased from Sigma Aldrich and
Toronto Research Chemicals. The three isomers with molecular formula
C16H18O10 and deprotonated mass 369.08272 selected were: 7,8-Dihydroxy6-methoxycoumarin 8-β-D-glucopyranoside, 2-(4-(2,2-Dicarboxy-ethyl)-2,5dimethoxy-benzyl)-malonic acid and Isoferulic Acid 3-O-β-D-Glucuronide.
All the glassware was muffled at 450 °C for at least 4 h prior to use to remove organic contamination.

Sample collection and preparation
A marine and two inland waters (lake and SRFA) samples have been used to
perform the presented studies. All three samples were employed in Paper II,
whereas only the marine and lake material were selected in Paper I.
The river sample (SRFA, 2S101F) was a reference material extracted from
the Suwannee River (Georgia, United States) a black-water river characterized by a high concentration of natural organic matter, low concentration of
inorganic salts, and a minimal input of anthropogenic contaminants, which is
ideal for collecting aquatic humic materials. The collection and manipulation
of the river water are extensively discussed elsewhere.47 The SRFA powder
was weighed and re-suspended in the appropriate solvent at the time of the
analysis.
Marine and lake samples were isolated following similar procedures. The
marine water was collected from the North Pacific Ocean at the Natural Energy Laboratory of Hawaii Authority (NELHA), the samples were acidified
with hydrochloric acid (0.01 M) and then desalted and concentrated by solidphase extraction (SPE) on divinylbenzene adsorber (PPL, Varian) as described elsewhere.48
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The lake sample was taken from a brown water lake (Lake Plåten, Sweden). The organic material was isolated by reverse osmosis (RO) and then
further concentrated on PPL sorbent after acidification, as described for the
marine sample. All samples (except the SRFA powder) were stored at −20
°C until the day of analysis, when they were filtered through a pre-cleaned
0.2 μm pore size syringe filter (PTFE) and diluted in the appropriate solvent
before analysis.

Sample introduction and ionization
Different strategies can be used to introduce the sample prior the mass spectrometric analysis. In this study two approaches were employed: direct infusion (DI) and liquid chromatography (LC).
Independently from the sample introduction approach, the ionization step
prior the mass spectrometer is crucial. In both studies the electrospray ionization in negative mode was selected as ionization source.

Electrospray ionization
Electrospray ionization (ESI) is one of the most widely applied atmospheric
pressure ionization techniques. It is known to be one of the “soft” ionization
sources, since it transfers the ions from solution to gaseous phase inducing
no or very little fragmentation. This is crucial in non-targeted analysis, as
minimal chemical change is made to the compounds analyzed. ESI is popular in the analysis of large biomolecules 49, but it also widely applied for the
study of small polar organic molecules and is the most used ion source in
DOM analysis.50,41,51–53
The ESI source generates gas phase ions from analytes in an aqueous
phase, thus allowing the infusion of aqueous solution and the coupling of
liquid chromatography to mass spectrometry.
The sample solution is introduced into the ion source from a capillary. A
high potential difference (generally 3-4 kV) is applied between the end of
the capillary and the mass spectrometer inlet (Figure 1). The generated electrostatic field induces a charge accumulation at the liquid front on the capillary tip, forming a cone-jet called Taylor cone.54 Under the action of electrostatic repulsion forces the surface tension of the liquid is overcome (coulomb
explosion) and highly charged droplets are released. During the migration
toward the mass spectrometer inlet (counter electrode), the size of the droplets decreases due to solvent evaporation (supported by a nebulizing gas,
usually N2) thus increasing the charge density. This leads to a further coulomb explosion, where smaller surface charged droplets are formed. The
process is repeated until the ions are released into the gas phase.
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Figure 1. Schematic of the electrospray ionization process.

ESI can generate either positive or negative ions, depending on the applied electrical field in the ion source. In positive ion mode (Figure 1) the
generated ions are mostly protonates species, [M+H]+, while in negative-ESI
the deprotonated molecules are the most abundant, [M-H]-. For this reason,
acidic or basic conditions can assist in the ionization of molecules in positive
or negative mode, respectively. It is also possible to form adducts with other
ions present in the liquid effluent, for example sodium, chloride, ammonia,
formate, etc.
The chemical and physical properties of the analytes play an important
role in the ionization efficiency of the ESI source. However, the ionization
process does not involve only the analytes of interest, in particular when
liquid chromatography is applied. The ionization can be influenced by a
multitude of factors mainly related to solvent composition, additives, buffers, and operational parameters.55
Some of the abovementioned parameters have been evaluated for the
analysis of DOM.51,53,56
The first study involving ESI together with low resolution MS, applied
the negative ion mode.57 After this, the first FTICR-MS analysis of natural
organic material (at considerably higher resolution) was conducted with
positive-ESI.56 The latter is characterized by a strong disadvantage related to
the formation of sodium adducts, [M+Na]+, which can cause critical problems in the spectra interpretation of DOM samples, as demonstrated by Koch
et al.40 The mass difference between sodium adduct and non-sodiated species
is only 2.4 mDa (exchange NaH vs C2), hence creating not completely re15

solved peaks even at very high resolving power (> 200.000 at 401 m/z).
However, only few studies applied exclusively positive-ESI for DOM analysis.31,50
Due to the interferences in positive mode and the anionic nature of carboxylic acid functionality on DOM at neutral pH, the negative-ESI is generally now the chosen ionization mode for analysis of this complex mixture.
(ref.58 and references therein). The same ionization mode was selected in
both Paper I and II.
Although many studies have used and currently apply ESI for DOM investigation, several concerns have arisen regarding the ionization of this
complex material such as fragmentation, multiple charging, multimer formation and ion suppression.
ESI mass spectra of humic substances are usually dominated by low molecular weight ions (< 2000 m/z), which diverge from other findings that
extend the humic substances mass range to about 10 kDa. This discrepancy
is often referred to as ESI low-molecular weight bias. Some authors suggest
that this disaccord is due to the presence of aggregates 59 that are “broken” in
the ESI source.50 Others hypothesize the presence of large macromolecules
that are actually fragmented in the ion source, or to the occurrence of multiply charged species which account for the lower masses as the mass spectrometer measures mass to charge ratio.60 These aspects have been tested by
several studies. Stenson et al.51 tested the incidence of fragmentation in humic substances, no evidences of dissociation in the ESI source emerged,
however they suggest that fragmentation cannot be completely excluded.
The dominance of singly charged species over multiple charged ions has
also been demonstrated.51,61 Tandem MS data showed that DOM ions preferentially lose fragments corresponding to the neutral losses expected from
singly charged ions, namely CO2 (44 m/z) and H2O (18 m/z), conversely
doubly charged ions would lose 22 and 9 m/z, respectively.46,61,62
Further evidences of the dominance of singly charged ions emerges from
the spacing between isotopomers.51 By observing the mass difference between a molecular ion (12Cn) and its heavy isotope (13C12Cn-1) the charge state
can be determined. The average mass difference observed is 1.0034 Da
which correspond to singly charged species. Lower and less abundant mass
differences identify multiply charged ions.
The occurrence of unrepresentative ions (as artifact and multimers) have
been investigated as well.53 The conclusions suggest that these species are
present but do not interfere significantly with the final DOM representativeness, and that possibly, the presence of numerous ion in the source increase
the chance of collision removing some dimers before they enter the mass
spectrometer. However, the authors make clear that further investigation is
necessary.
Others important aspects are represented by ion suppression and preferential ionization. The first plays an important role in the DOM analysis, in
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particular if salts are not removed from the original sample before introduction to the ESI source. In fact salts “hide” or “steal” the charge from other
species. This is a general and unavoidable problem in ESI-MS of complex
samples, as the multitude of species present at the same time in the ion
source create a strong effect of preferential ionization hiding many signals,
in particular when a direct infusion approach is applied (without chromatography). It is also true that many species might be simply not susceptible to
this type of ionization; therefore they are “invisible” to the ESI and not detected.63 The resulting spectra show a distribution of intensities that can never be truly representative of the original sample, because the ratios between
peak intensities are unlikely to be exactly proportional to the concentration
ratios. Each peak intensity is essentially the product of the analytes concentration and ionization efficiency within the complex matrix. The data analysis is therefore usually “qualitative”, examining broad statistical differences
between samples. It is quite important that the sample matrix is at least
roughly similar between samples for their comparison.
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Direct infusion versus liquid chromatography
Direct infusion (DI) is one of the easiest methods of sample introduction,
where a liquid sample is continuously delivered into the ion source of the
mass spectrometer using a syringe pump (Paper I). This approach still dominates DOM analysis, in particular in connection to the FTICR-MS instrument.34,38,40,41 This is mainly due to its reduced analysis time and instrumental simplicity. Despite these advantages, there are important drawbacks such
as strong ion suppression, since many species populate the ion source at the
same time, thus strongly competing for the charge. Other critical weaknesses
are represented by the inability to distinguish between isomers and the extensive spectral overlap achieved by this approach. Despite these disadvantages, a great deal of information about the bulk properties of this “organic continuum” has been unveiled and fingerprints from different sources
have been obtained.50,56,64,65
The use of complementary retention mechanisms (SPE, chromatography,
etc.) can greatly enhance the analysis of complex mixtures, by adding another dimension to the mass spectrometric analysis, thus increasing the amount
of information. In particular, the application of liquid chromatography (SEC,
RP, HILIC, etc.) proved to be highly beneficial for a better understanding of
DOM composition.43,44,66,67 Chromatographic separation reduces the sample
complexity in each transient, by sub-setting this gigantic pool of carbon into
different classes based on size, shape, polarity, etc. (ref.29 and references
therein). By decreasing the competition for the electrical charge in the electrospray interface, it improves the ionization of analytes, thus providing a
better coverage of the complex mixture composition. Many studies have
therefore applied this separation technique in conjunction to the DI approach.43,44,66,68,69 In these studies, the separation system is not directly coupled to the mass spectrometer (the chromatography is conducted offline);
instead it is employed only to separate different fractions before the direct
infusion analysis. This inevitably increases the analysis time, the sample
manipulation and reduces the method flexibility. The lack of an online technique is plausibly due to the use of FTICR MS instrument as state-of-art
technology for DOM analysis. Presumably, the high costs and limited instrumental availability have prevented the reasonably time-consuming development of online LC-HRMS methods.
The comparison between FTICR and Orbitrap-MS performances for the
analysis of DOM (Paper I) enabled to fill this gap by developing an online
method for the analysis of this complex mixture (Paper II).
As previously mentioned, DOM components can be divided in several
subgroups. Since this organic material exhibits a broad polarity gradient,
reversed phase chromatography represents one of the best candidates for the
separation based on the material hydrophobicity. This approach was selected
18

in Paper II. The best performance, in terms of sample retention, was
achieved by a polymeric column with the stationary phase identical to the
SPE cartridge-bed used for the DOM extraction (styrene-divinylbenzene
polymer). C18 and phenol columns were also tested, but these results are not
reported here.
In reversed phase chromatography, hydrophilic material (oxygen rich) is
eluted first, while the more hydrophobic (low oxygen content) has a stronger
interaction with the stationary phase, thus a longer retention time (Figure 2).
In order to force the separation of the organic material (Paper II), a three
step elution was applied, by decreasing the initial acidic water (0.1 % formic
acid) percentage in favor of the organic modifier (acetonitrile). Differential
retention leads to decreased complexity in each transient. This means that
the amount of species entering the ion source at the same time is decreased,
leading to lower ion suppression and a better sensitivity (Figure 2). Reversed
phase chromatography further enhances the ionization efficacy by removing
inorganic interferences and contaminants (e.g. plasticizers) from the organic
mixture, but also may cause some weaker ionization due to the presence of
formic acid, which acts against the ionization source by protonating the analytes.

Figure 2. Left: overlapped total ion current (TIC) from DI (black) and LC (grey)
analysis of a lake sample; right: comparison of the m/z distribution and intensities
between DI (black) and LC (early eluting segment in blue, late eluting segment in
orange) in a 0.25 Da window; oxygens rich species decrease along the chromatographic gradient.

The ability of isomer separation was demonstrated by the injection of three
model compounds having the same exact mass but different chemical structure (Figure 3). Isolation of isomers peaks like this is not possible with offline LC collection followed by DI-HRMS. Ions with the same molecular
formula, were found within different chromatographic fractions (Figure 2right panel).
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Figure 3. Extracted ion current (XIC) of mass 369.08 related to the model compounds spiked into SRFA sample (10 ppb in 300 ppm C). Reprinted with permission
from Paper II. Copyright (2018) American Chemical Society.

The coupling to electrospray ionization often disrupts the performance of
reversed phase chromatography. As previously discussed, ESI source is really sensitive to solvent composition and additives. It requires the use of polar
solvents and volatile buffers, as well as low salt content. Therefore, the optimal mobile phase composition has to be selected by compromising between separation efficiency and ionization response.
Current separation techniques are still far from being able to chromatographically resolve single compounds from within the DOM bulk, which
contains too complex a mixture of isomers for this to be a realistic goal in
one-dimensional chromatography. The natural abundance of individual isomers appears to be too low for this, even though the technique is capable of
determining isomers added at higher concentration (Hawkes et al.,46 Figure
3). Usually, chromatograms appear as unresolved humps, dominated by extensive overlap (Figure 2-left panel, chromatographic profile). Nevertheless,
reversed phase chromatography has been extensively demonstrated to be a
valuable tool for the analysis of complex mixtures;46 in particular some molecules were found to be fraction specific, so they can be used as potential
biomarker for DOM.25 Especially, online chromatography represents an important advancement for the fast and easy monitoring of possible biomarkers
in environmental metabolomics research.
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Mass spectrometry
In mass spectrometry ionized chemical species are generated and then discriminated based on their mass-to-charge ratio (m/z).70
The basic components of any mass spectrometer are: ion source, mass analyzer and detector. The function of the ion source is to convert molecules to
gas phase ions, which are then transferred to the mass analyzer. This is the
core of the instrument, which employs a magnetic and/or electric field for
the separation of the charged species based on their m/z. Finally, the detector
generates a signal corresponding to the electrical current of each ion.
With exception of some versions of the first component, a mass spectrometer operates in high vacuum conditions in order to prevent unwanted
collisions between atmosphere and the ions.
Mass spectrometry represents one of the most powerful analytical techniques in virtue of its universality. In fact, it can provide information on any
ionizable compound and therefore represents one of the best choices for the
analysis of a complex mixture and other unknown compounds. Several types
of mass spectrometers, characterized by different performances, are currently available. They can be classified by the ability to distinguish between two
similar m/z values. The smaller is the difference an instrument can discriminate, the better are the performances. Indexes of such ability are resolution
and resolving power.
Resolution (R) is defined as the minimum difference (∆m/z) that can be
separated for a given m/z value (R = m/z/∆m/z = m/∆m). For an isolated
peak, ∆m commonly corresponds to the full width of the peak at half maximum (FWHM). The ability to distinguish between ions differing slightly in
m/z is defined resolving power.70
DOM consists of a multitude of organic compounds covering an extremely broad mass range. In this complex mixture, organic molecules characterized by the same nominal mass but different chemical formula, can be discriminated by their mass defect (difference between exact and nominal
mass). An example is represented by the ability to discriminate between CH4
and O, which exhibit the same nominal mass (16 Da) but different exact
mass (∆m= 36 mDa). In order to achieve such separation, and resolve thousands of different formulas from this organic mixture, instruments characterized by high resolution and resolving power are necessary.
Fourier-transform mass analyzer (FTICR and Orbitrap) 36,71,72,42 used in
this thesis, comply with this requirements. They currently represent the most
powerful technology in term of high resolution (R ≥ 100.000), high mass
accuracy (difference between the exact and the measured m/z; currently < 12 ppm) and sensitivity (sub femtomol).
These two mass spectrometers share several similarities. Both analyzers
trap the charged species in ultrahigh vacuum in order to guarantee a long
mean free path, all ions are detected simultaneously based on their image
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current which is then processed by Fourier transform to generate the conventional mass spectrum, in both instruments the resolution is proportional to
the strength of the applied field (magnetic in the FTICR, electric in the Orbitrap), both devices are pulsed detector, which means that charged species
are externally accumulated (multipole ion trap in FTICR, C-trap in Orbitrap)
during the detection of ions from the previous accumulation period.73
Despite the similarities FTICR instruments are still the most advanced
mass analyzers (R up to 1.000.000) able to detect very subtle variation in the
elemental composition. The main limitations to the Orbitrap consist in collisions with residual gas as well as imperfections of the electrode manufacturing limiting the time a signal can be detected.74

FTICR mass analyzer
The core of the FTICR-MS is the ICR cell, which is placed in a strong magnetic field created by a superconducting magnet. Here the ions are trapped,
analyzed and detected. When charged species enter the cell, they are forced
to move on a circular path (cyclotron motion) under the action of the perpendicular magnetic field. The cyclotron frequency is proportional to the
magnetic field and inversely related to the m/z; therefore ions with low m/z
have elevated rotation frequencies and vice versa. Due to the small orbits the
ions describe in the magnetic field, ion cyclotron motion does not generate
by itself any detectable signal. By providing energy, the orbits radius can be
increased, hence allowing the ions to move closer to the detection plates and
be sensed. The application of an oscillating electric field provides this extra
energy, so that when the cyclotron and the field frequencies correspond, the
ions absorb energy. The coherent motion of the ions between the plates generates an electric current recorded as image current. By applying a wide
range of excitation energies, all ions can be simultaneously exited and detected. A complex signal is registered in time-domain and subjected to Fourier transform to obtain frequency information, which are finally converted
to m/z values.70,75

Orbitrap mass analyzer
Differently from the FTICR, this mass analyzer employs an electrostatic
field for ions discrimination. The heart of the instrument consists of two
outer barrel-like electrodes, coaxial with an inner spindle-like electrode. The
application of a voltage between the two electrodes generates a strictly linear
electric field along the axis. When the ions enter the mass analyzer, they are
trapped in an orbital motion around the inner electrode and confined axially
by the outer electrodes. In addition to this orbital rotation, the ions start to
oscillate harmonically along the spindle. The frequency of this harmonic
oscillation is a function of the mass-to-charge ratio (m/z) of each ion. Simi22

larly to the FTICR, ions with a high m/z value exhibit lower oscillation frequency compared to species with lower mass-to-charge ratio.
Axial oscillations of ions are detected by their transient-image current induced on the outer electrode. Time-dependent data are converted to the frequency-domain by the Fourier transform and eventually the conventional
mass spectrum is generated.70,72,42
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Data analysis
The .raw files in the form of a spectrum list containing the intensity, m/z, and
resolution data for all peaks in the selected time intervals are exported to an
individual mass list into Excel. When chromatography is applied, more subtle analysis can be performed. The chromatogram can be in silico divided
into several segments (in silico fractionation; Paper II) which can be processed and compared as individual samples.
Before detailed sample comparison can be done, the complex data need to
be cleaned up and formulas must be assigned to peaks for any chemical information to be obtained. These processes are not trivial and require great
care; particularly because routines need to be automated (it is not feasible to
manually assign peaks one-by-one in a dataset with tens of thousands of
peaks).

Detection limit
Due to the complexity of the sample they are generated from, the mass spectra contain several thousand peaks. These signals are generated both from
the organic material we are interested in and to some extent from electronic
noise. The very first step of the data analysis is therefore noise removal. In
order to do that a detection limit is applied.

Figure 4. Mass spectrum window of SRFA sample injected by DI. The grey shaded
area identifies the 0.4-0.8 Da region. The red arrows show an example of the signals
responsible for the too conservative noise cut-off (identified by the red line); the
green line displays the final intensity level cut-off applied to the data set.
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The detection limit is generally set as the signal-to-noise ratio (S/N) used to
distinguish between an analyte and the noise. However, this is not always
simple to calculate, in particular in non-targeted analysis. In fact, when at
low abundance an analyte can be considered as noise (false negative) as well
as a noise signal above the cut-off levels can be included in the data set
(false positive). In view of this consideration, how can detection limit be
fixed in order to be able to distinguish between real peaks and noise in complex mixtures for which automated routines generate mass lists?
Riedel and Dittmar 37 addressed this problem and proposed a reliable solution where the noise is directly estimated from each sample. In our studies,
the detection limit was calculated using this approach. This routine was automatically calculated with an Excel Macro for all samples in a dataset. The
detection limit (in units of intensity) was calculated by considering the first
95th percentile (Paper II; 99th percentile applied in Paper I) of peaks with a
mass defect between 0.4 and 0.8 Da. This interval was selected because no
organic formulas (within our mass window and following the assignments
rules described in “Formula assignments” section) can fall in this range
(Figure 4, grey shaded area).
The mass defect associated to each m/z value is the value after the decimal of the calculated mass (for 369.082, the mass defect is 0.082). At this
point, the 95th percentile of the intensities of peaks which fall in the 0.4 - 0.8
Da interval is calculated and set to be the detection limit for this sample.
Crucially, all peaks detected at intensities below this value are removed, at
all mass defects (including 0 - 0.4Da, where the organic peaks fall). By considering only the first 95th percentile of peaks within the 0.4 - 0.8 Da window, we exclude signals (derived from contaminants) which would be incorrectly assigned as noise. These wrong assignments would increase the intensity cut-off level, thus causing the removal of genuine organic peaks.
The purpose of this routine is to separate genuine peaks from the electrical noise. The routine fails when noise signals are included in the data set
(false positives) and actual peaks are considered as noise (false negatives).
An example of this is showed in Figure 4. The peaks with mass defect 0.5
Da (labeled by the red arrows in Figure 4) were incorrectly assigned as noise
by the detection limit routine. These signals were probably of non-organic
contamination origin and were responsible of a too conservative detection
limit (horizontal red line, Figure 4) thus excluding many organic signals
from the data set. The corrected detection limit was lower (horizontal green
line, Figure 4) thus allowing many more signals to be considered. However,
it can be noticed that a conservative cut-off level was maintained, meaning
the removal of false positives as well as the exclusion of many actual peaks
(false negatives). Overall, we consider it worse to have too low a detection
limit and include noise peaks in the data analysis than to exclude some genuine peaks with too conservative a detection limit value. The identification of
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the issue in Figure 4 (observed in one of the direct infused sample in Paper
II) was possible only by comparing the cut-off level of this sample to those
from the rest of the data set, in particular by comparing this result with the
corresponding chromatography cut-off level from the same sample. This
example illustrates clearly how chromatography is a powerful tool to avoid
similar issue in the non-targeted analysis of complex mixture.

Formula assignment
The masses resulting after the application of the detection limit were assigned to formulas with an in-house Matlab routine, where the matches to a
target mass list were evaluated in order to reliably assign the molecular formulas. In Paper I this target mass list was generated from the FTICR-MS
data by the Dittmar laboratory, as this was the standard to which we were
comparing the Orbitrap data.
The target mass list in Paper II was generated entirely theoretically based
on several criteria such as the elemental composition (CHONSP containing
formulas were considered in Paper I; phosphorous containing compounds
were removed in Paper II), the mass window (150-1000 m/z) and the possible molecular combination (up to C40H82O40N4SP in Paper I and
C40H82O40N2S in Paper II). To this last parameter other rules had to be
applied in order to exclude absurd combinations from consideration (e.g.
grey lines in Figure 5). Therefore, only formulas that satisfied the following
conditions were included in the theoretical list: O ≤ C, 0.3C ≤ H ≤ 2C + 2, O
> (2P + S). Each theoretical mass was then associated with its exact mass
and an arbitrary resolution (set to 1.000.000).
The mass list experimentally obtained, complete with the resolution values, was then compared to the theoretically generated target list and the
matches were evaluated according to Equation 1:

Equation 1,
where S is the score, i and j identify the theoretical and the observed peak
respectively, µ represent the m/z center of the peak and σ describes the
standard deviation of the peak. Assuming that each peak is of Gaussian
shape, the σ can be calculated from the full width at half maximum (FWHM)
of each signal according to the following relation (Equation 2):
≅ 2.355
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Equation 2

This value can be obtained directly from the resolution data associated to
each m/z value (m/resolution, see “Mass spectrometry” section).
Matches with a score below 0.97 were not considered reliable, therefore
they were not assigned. Following this criteria only 5% of the formulas
showed a mass inaccuracy larger than 1 ppm. It is more commonplace to
simply allow a 1ppm cutoff (reducing the score to simply the upper part of
the exponential in Equation 1, µi-µj), but we have found this equation to be
much more useful in evaluating data with different resolutions – for example
an Orbitrap compared to an FTICR-MS, as the resolution of each peak is
explicitly taken into account. The overall effect of Equation 1 is to allow
wider peaks to have worse mass accuracy, which is particularly important in
low resolution data which has higher inaccuracy on the m/z measurement
due to the lower transient time.
Some additional restrictions were included at the time of the assignments
in the Matlab routine, i.e. formulas with certain arrangements of heteroatoms
were not considered (Paper I: [CHO]N2−4S, [CHO]N2−4P, [CHO]NSP, and
[CHO]SP, as they are difficult to resolve even by 15 T FTICR-MS), similarly (Paper II) formulas with 2 nitrogen atoms, 1 sulfur atom, DBE-O > 10 or
DBE-O < 10 were removed from consideration if they were within 2σ of a
CHO peak.

Figure 5. A 10 mDa window centered in 369.083 m/z is showed. FTICR profile is
colored in red, while Orbitrap low and high-resolution profiles are represented in
blue and orange, respectively. Green vertical lines identify formulas included in the
theoretical mass list, while grey lines correspond to species not included.
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Figure 5 shows how crucial resolution is in order to obtain a confident assignment. The profiles covering a 0.01 Da window (centered in 369.083 m/z)
are related to the FTICR (in red) and two different Orbitrap resolution settings (high in blue and low in orange). In the same window it is possible to
distinguish several vertical lines, corresponding to different m/z of theoretical formulas. The grey color identifies species not included in the theoretical
list (either because they are absurd or otherwise not allowed by the criteria)
whereas the green correspond to the formulas included in the theoretical
mass list.
It is clear that both FTICR and Orbitrap (in high resolution mode) are able
to identify the peak correspondent to the expected theoretical mass
(C16H18O10) with high mass accuracy (mass error in ppm was 0.13 and 0.4
respectively) and resolve the CHO species from the sulfur containing compounds (C13H22O10S, green line on the right). On the contrary, this would be
more difficult with low resolution data (orange profile, Figure 5) which are
characterized by higher mass inaccuracy (around 1.3 ppm) and are unable to
confidently resolve sulfur containing formulas without prior knowledge of
the sample composition, for example provided by higher resolution data.51,76

Data visualization and statistics
Prior to exporting the data set into the programming software R for the statistical analysis, the data were further enriched with other calculated parameters (e.g. number of C in each formula, H/C, O/C, etc.) and the following
additional procedures were completed. The intensities were normalized
while formulas matching a list of known contaminants as well as unassigned
m/z were removed from the data set. The same strategy was applied to the
formulas which occurred in only one of the replicates.
The complex table was finally exported into R for sample intercomparison and data visualization. The most common tool for intercomparison of environmental data is the Bray-Curtis dissimilarity test, which
is based on the abundances of the same species present in different samples
(Equation 3):

Bray‐Curtis dissimilarity

∑

,

,

∑

,

,

Equation 3,

where the signal intensity (I) is compared between sample p and q for each
molecular mass k (from k1 to kn).
The Bray-Curtis dissimilarity index for each pair of samples can vary between 0 and 1, with 1 representing the highest dissimilarity (completely different) and 0 the highest similarity (identical). Results are collected in the
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dissimilarity matrix and are often expressed as percentage by multiplying the
values by 100 (%Bray-Curtis dissimilarity).
There are different strategies to visualize the dissimilarity matrix, one is
the heatmap, a graphical representation where values from a matrix are represented as colors. An example of heatmap is showed in Figure 6, where the
color scale fades from blue (maximum similarity) to red (maximum dissimilarity).

Figure 6. Heatmap derived from the dissimilarity matrix generated by samples from
three different sources. Letters followed by numbers identify source and segments (S
for SRFA, N for marine and P for lake). Letters followed by LC or DI correspond to
the averaged chromatographic run and direct infusion respectively. The color scale
is proportional to the dissimilarity values.

Another approach is the principal coordinate analysis (PCoA), a type of multidimensional scaling that tries to represent inter-object dissimilarity in a
low-dimensional space. In this space, similar objects (small dissimilarity
value) are grouped closer together, contrary to dissimilar objects which are
ordinated further apart.
The PCoA tries to preserve the original dissimilarity values between the
objects in the limited space defined by the axes. An example is showed in
Figure 7 (from Paper I) where 90% of the dataset is explained by the first
two eigenvectors.
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Figure 7. PCoA of mixed water samples analysed with two different mass spectrometer (FTICR in red; Orbitrap high and low resolution in blue and orange respectively). Labels from 0 to 100 represent the percentage of lake water in the samples.
Reprinted with permission from Paper I. Copyright (2016) American Chemical
Society.

Other important parameters for data interpretation can be plotted in PCoA
space. In Figure 7 it is possible to distinguish two external variables (percentage of lake water and instrumental differences). Their position in the
multidimensional space was evaluated afterwards by calculating the Pearson´s correlation coefficients (ρ) between the environmental parameter values and the scores of each sample on the two PCoA axes.
The Pearson´s correlation coefficient (ρ) is a measure of the linear correlation between two variables X and Y (Equation 4).
,

,

Equation 4,

where cov(X,Y) represents the covariance between two variables (X and Y)
and σ is the standard deviation (of X and Y respectively). It varies between
+1 and −1, where 1 is positive linear correlation, 0 is no linear correlation,
and −1 is total negative linear correlation.
A clear example is represented by the position of the percentage of lake
water (% Lake) in the PCoA diagram. This environmental parameter shows
a strong correlation with the first PCoA axis (ρ ~ 1) but a weak relation with
the second coordinate (ρ ~ - 0.25).
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The tools described so far allow the visualization and comparison of
many different samples and parameters, but in order to properly visualize
thousands of assigned formulas in chemical terms, other graphical representation are needed. As previously discussed, each formula is associated with a
consistent number of parameters (elemental composition, H/C, O/C, molecular mass, signal intensity, etc.) thus any graphical representation requires an
appropriate data selection.
The most common method for presenting the massive number of molecular formulas in complex organic mixtures is the van Krevelen diagram (Figure 8).77–80

Figure 8. van Krevelen diagram from SRFA sample. The different regions,
identified by the H/C and O/C values are marked according to the following
criteria: lipids (O/C = 0−0.2, H/C = 1.7−2.2), proteins (O/C = 0.2 − 0.6, H/C
= 1.5−2.2, N/C ≥ 0.05), lignin (O/C = 0.1− 0.6, H/ C = 0.6−1.7, AImod <
0.67), carbohydrates (O/C = 0.6− 1.2, H/ C = 1.5−2.2), tannins (O/C =
0.6−1.2, H/C = 0.5−1.5, AI mod < 0.67) and unsaturated hydrocarbons (O/C
= 0−0.1, H/C = 0.7−1.5). Carboxylic-rich alicyclic molecules (CRAM) are
identified by the red ellipse.31

In this space thousands of molecular formulas are displayed according to
their O/C and H/C ratios. Each dot represents one peak that may be composed of numerous structural isomers, and dots are also superimposed on
each other, obscuring molecules with different masses but the same O/C and
H/C. Despite these limitations, the diagram is useful in visualizing overall
trends and properties in such complex datasets.80 Different classes of compounds are in fact identifiable in the diagram31,35,81,82 (Figure 8). Obviously,
this partitioning of the van Krevelen space is not a sufficient criterion to
ascribe a molecule to a certain class of compounds. In fact, if a molecule
31

falls into one of these regions due to its O/C and H/C ratios, it does not necessarily belong to that compound class. Therefore, we refer to the different
regions as “–like” (e.g. protein-like).
In order to enhance data interpretation and understanding, other type of
diagrams, complementary to the van Krevelen space, are available. One option is the Kendrick plot (Figure 9), which is better for discriminating molecular formulas according to their masses.
In this diagram the Kendrick mass defect (KMD, Equation 5),
Equation 5
is plotted as a function of the Kendrick mass (Equation 6):
.
.

Equation 6

Homologous series, which differ by a methylene unit (−CH2−) are characterized by the same KMD83; therefore, they are distributed horizontally,
while molecules with different number of double bond equivalents, nitrogens, oxygens or sulfur atoms differ in their KMD values and are separated
on the vertical axes. For example the addition of one O to a molecule increases its KMD by 0.0229, while adding two H decreases the KMD by
0.0134.58

Figure 9. Kendrick plot from SRFA sample. The enlargement on the right shows the
distribution of species over a small KMD window. Homologous series (differing by
−CH2− units) have the same KMD therefore they are distributed along horizontal
lines; vertical separation identifies different KMD values related to the presence of
other heteroatoms or different DBE.
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Another interesting approach is represented by the Intensity plot (Figure 10).
This graph is useful for the comparison of peaks intensities between different
samples or among fractions within the same chromatographic run (Paper
II). Intensities from the assigned formulas (represented by dots) are plotted
on a logarithmic scale. Formulas present only in one of the compared samples lie on the axes, while species detected in both are plotted in the area in
between.

Figure 10. Intensity graph plots for the comparison of peak intensities between (a)
replicates of SRFA extract, (b) marine and SRFA samples and (c) early and late
eluting segments of SRFA. Intensities from the detected formulas (represented by
dots) are plotted in logarithmic scale. Dots on the axes represent formulas only present in one of the compared samples, while formulas detected in both are plotted in
the area defined by the axes.

Figure 10 shows three different scenarios. The comparison between two
replicates is displayed in panel a, the similarity between the two analysis is
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evident (ρ ~ 1) only a small drift towards low intensities values (Log I < 1)
can be noticed. The other two panels (b and c) show different types of correlation. In panel b the intensities from samples having different origins
(SRFA and marine) are plotted. It is possible to notice that many signals lie
on the axes, meaning that many formulas present in one source were absent
in the other. On the other hand the space defined by the axes is densely populated, meaning that the two samples share a large number of formulas.
Nevertheless, the correlation between the SRFA and the marine sample is
only moderate (ρ ~ 0.6). Similar considerations can be done observing panel
c, where two segments extracted from the same sample and characterized by
different polarities are compared. However, differently from the previous
example, a really weak correlation is observed (ρ ~ 0.1).
Similarly to the van Krevelen and Kendrick diagrams, the dots plotted in
the Intensity graph do not necessarily represent a single compound, they
correspond to a certain formula. Each dot can either identify the same molecule or different isomers. Without structural information is not possible to
draw any conclusions; however this kind of approach can help in simplifying
the data interpretation in complex mixture analysis.
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Result and discussion

Paper I
The main goal of the paper was to evaluate the suitability of the Orbitrap
technology for the analysis of dissolved organic material by comparing its
performances to state-of-art technology, FTICR-MS. The latest uses a cryogenic magnet for the separation of the accumulated ions, thus limiting the
availability of this ultrahigh-resolution technique due to the expensive running costs. The Orbitrap, where the separation is performed by an electrostatic field, represents a competitive and broadly available alternative.
In this study, DOM samples (from marine and lake sources) and their
mixtures (5-95% lake water) were analysed by DI-(-)ESI-MS employing
ultrahigh-resolution FTICR-MS and Orbitrap (at two resolution settings:
100.000 and 30.000), and the resulting data were critically compared.
Negative-ESI settings were selected in order to optimize performances
and comparability. Spectra were internally calibrated in both instruments by
using a set of known compounds. External calibration for mass accuracy was
performed on the Orbitrap only. Recorded broad-band mass spectra were
then exported and processed as described in the “Data analysis” section.
Overall, FTICR was able to assign a larger number of formulas compared
to the Orbitrap. This is due to several factors. First, the different apodization
of the FT signal of the two instruments, which led to the detection of a larger
number of small (low abundant) signals by the FTICR compared to the Orbitrap (Figure 11). This obviously had a strong effect on the registered noise
levels, which showed a smaller variation for the Orbitrap compared to the
FTICR.
The second and most important factor in formulas assignments is represented by the resolution. In fact, even if all three settings showed a significant mass accuracy (with respect to the common masses used in the calibration) this alone was not sufficient for formula assignment. Formulas were
allowed only if the mass difference to the nearest large peak was high
enough to be resolved at the instrumental resolution in question, in order to
minimize false assignments. The low resolution data (Orbitrap-30.000) gave
a clear example, where only a limited fraction of the formulas in the whole
data set were reliably assigned. Low resolution was found to reliably identify
the largest peaks, mainly CHO compounds, together with their heavy-isotope
(CHO13C), and abundant, low mass nitrogen containing peaks. Conversely,
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low abundance N-containing signals could not be reliably assigned. In fact,
at this resolution setting, these low-intensity signals cannot be resolved from
the heavy-isotope peaks (8.11 mDa). Obviously, more information was obtained at higher resolving power. Narrower peaks allow the detection of
more signals at each nominal mass, thus increasing the number of assignments. The Orbitrap in high-resolution mode was able to easily resolve the
N-containing peaks, problematic for the low resolution setting (Figure 11),
but showed limitation in the assignments of sulfur and phosphorous containing species. Currently, the information provided by formulas containing
different heteroatoms (N, S, P) and their combinations, can be obtained only
at resolution above 100.000. The lower resolution mode may be useful in
chromatography applications were faster scan speed is desirable.

Figure 11. Comparison of raw mass spectra over a mass window of 0.1 Da. Assigned molecular formulas at the exact (not measured) mass are indicated by fourpointed stars. The data are displayed for an even nominal mass, meaning that Ncontaining formulas need to be resolved from 13C-containing formulas. Note that the
N- containing peak at ∼426.14 is not assigned in the Orbitrap 30.000 data set, as it
was not resolvable from the 13C-containing formula at this resolution. Reprinted
with permission from Paper I. Copyright (2016) American Chemical Society.

Other important aspects to consider in order to carefully compare the performances of the two instruments are the precision and the peak intensity
distribution. We observed a clear difference between the mass spectra obtained by the different technique. A sort of valley could be appreciated in the
m/z distribution of the Orbitrap (around m/z 350), whereas the FTICR profile
did not show anomalies. Since this mass bias was more evident for the lake
extract than for the marine sample, it generated an apparent larger dissimilar36

ity between these two sources. Moreover, it influenced the overall intensity
of certain nominal masses, however it did not have any evident effect on the
intensity distribution within each nominal mass (Figure 11), thus the geochemical results appeared not affected by this artifact (Figure 12).
All settings exhibited the ability to identify slight changes in the organic
mixture as demonstrated by the Bray-Curtis dissimilarity and as showed in
Figure 7. The PCoA plot showed a clear trend, highly reproducible among
different techniques and samples. The data variability was extensively explained by the first principle coordinate, which strongly correlated with the
biogeochemical gradient (Figure 7; % Lake). Conversely, the instrumental
differences were associated with the second axis. We observed that differences between the samples overcome those among the instruments.
The Orbitrap was also was capable of excellent reproducibility, apparently better than FTICR-MS. This suggests the suitability of this technology in
recognizing subtle alteration within the complex mixture.
We showed that Orbitrap technology, even at low-resolution settings,
showed excellent performance and can be a powerful tool for the investigation of biogeochemical gradient. Despite the lower amount of resolved molecular formulas, this instrument represents a very promising alternative to
high-field-strength FTICR-MS for the molecular fingerprinting of DOM in
the environment. Moreover, its lower costs and broader availability allows a
larger number of research groups to investigate on this complex organic
mixture.

Figure 12. Broad-band mass spectrum of FTICR-MS (A) and Orbitrap-100.000 (B)
for a lake sample extract. A broad double hump (with max intenisty at ∼ 311 and
∼425 m/z) was found by Orbitrap, whereas only one maximum (at ∼ 311 m/z) was
found by FTICR-MS. Reprinted with permission from Paper I. Copyright (2016)
American Chemical Society.
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Paper II
The goal of this paper was the development of an online method for the
analysis of DOM, which could integrate the benefits of the chromatographic
analysis with the advantages of the high resolution mass spectrometry by
maintaining the low analysis time of direct infusion approach.
The developed method showed excellent reproducibility and ability to
remove interferences responsible for strong charge subtraction in DI analysis
and consequent lower ionization efficacy of the organic material. The ability
of chromatography to remove these contaminant from the bulk and the reduction of the sample complexity in each transient, led to an increased signal-to-noise ratio (S/N) and to the identification of an overall larger number
of formulas in the mixture.
Samples from three different water sources (marine, lake and river) were
analysed by two approaches: DI-Orbitrap and reversed phase chromatography-Orbitrap, by means of negative electrospray ionization as interface.
A polymeric dyvinylbenzene/polystyrene column was employed for the
separation of the organic material, which was continuously eluted over a ~
30 minutes range. The separation was forced by a three-step gradient consisting of an increasing percentage of organic modifier (acetonitrile) over
acidified water (0.1% formic acid). The organic material was retained on the
column according to its affinity for the stationary phase, thus generating a
broad “humpogram” which could be easily divided in silico at the end of the
analysis. A total of seven time-based segments were collected for each analysed sample. The data related to each time interval were exported and processed as described in the “Data analysis” section of this thesis. The intensities of each molecular mass detected were finally compared between samples and across the polarity gradient, by mean of the statistical package R.
The results obtained from the different methodologies (DI vs LC) were
compared, in order to demonstrate the advantages of the separation approach
over the DI. Overall, the total number of formulas assigned with chromatography was higher than the number of matches in DI analysis. This is due to
(1) the reduction in charge competition at the ESI source and (2) to the
changing ions composition entering the Orbitrap in each transient, thus allowing the ionization and detection of a larger number of species. Even if DI
analysis allows the detailed assessment of overall differences between different DOM samples, we observed that a large portion of the more apolar
material is underestimated when direct infusion is applied.
Subsequently, the polarity segments within the same sample were compared (Figure 13a). We found that isomeric complexity led to broad retention of individual molecular formulas. Moreover, important differences in
molecular diversity were revealed across the chromatographic run, with oxygen-rich compounds eluting first (Figure 13b).
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Finally, samples from different sources were compared. The “humpograms” derived from the LC analysis, showed similar retention times but
different shapes, suggesting that homologous polarity fractions have variable
abundance (Figure 13c). Despite experiencing the same retention time, these
polarity fractions exhibited an extremely variable composition (Figure 13d),
in particular comparing terrigenous and marine DOM; this was further confirmed by multivariate statistical techniques. Our results reveal that the segments characterized by higher polarity are more responsible for the overall
differences observed across the analysed samples.

Figure 13. (a) Chromatogram from SRFA sample. Segment 2 (pink) and 6 (light
blue) are highlighted; (b) van Krevelen plot shows the differences between segments
2 and 6: early eluting DOM is shown in pink (high O/C ratio) and late in light blue
(low O/C ratio); c) Overlapped chromatograms from a SRFA sample (orange) and
marine water (blue). Early eluting material (segment 2, grey) is highlighted; (d) van
Krevelen plot shows the differences between the two homologous segments from the
two sources. Segment 2 from SRFA is showed in orange (high O/C, low H/C ratio),
the same segment from the marine DOM is colored in blue (low O/C, high H/C
ratio). Partial reprint was possible with permission from Paper II. Copyright (2018)
American Chemical Society.

The online coupling of liquid chromatography to the high resolution Orbitrap-MS enhanced enormously the amount of information achievable in a
single run, maintaining high resolution data, reducing analysis time and po39

tential contaminations. Moreover, the introduction of in silico fractionation
makes the method extremely flexible. The developed method allows the easy
and detailed comparison of DOM samples from a variety of sources. Additionally, the wide availability of the employed instruments allows many research groups to perform similar analysis.
The method still presents significant limitations. We found that the extreme isomeric complexity of the natural mixture cannot be resolved into
individual compounds with one-dimensional chromatography. Moreover,
consistent overlap of structural isomers between adjacent segments was observed.
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Conclusions and future aspects

The aim of the presented studies was to develop new methods able to enhance the analysis of the dissolved organic matter and enable a wider range
of researchers to participate in the advancement of this field.
To achieve our goal we first evaluated the suitability of the Orbitrap technology for the analysis of this complex organic mixture, by comparing its
performances to the state-of-art FTICR-MS technology. We found that the
Orbitrap was capable of excellent reproducibility and able to detect the majority of the organic molecules in marine and freshwater samples. Even if
most heteroatoms-containing formulas cannot be reliably detected by this
technique, the Orbitrap was found to be an appropriate technique for biogeochemical studies that aim at molecularly fingerprinting the source of natural
DOM. In addition, the lower running costs and the broad availability of Orbitrap mass spectrometers would allow a greater number of laboratories to
participate in the characterization of DOM.
In the second study, we developed an online method for the analysis of
DOM, by coupling a reversed phase chromatographic system to the Orbitrap.
We introduced an easy, fast, and highly reproducible approach, comparable
with respect to time consumption to the DI analysis, but able to provide a
greater amount of information over the complex mixture. The in silico fractionation overcomes the limitations of the conventional offline technique,
allowing a more flexible and easy comparison of different DOM samples in
a single chromatographic run. Once more, the wide availability of the instrumentation employed for this study allows many research groups to perform complex mixtures analysis without resorting to the high field strength
FTICR-MS.
Despite the ability to separate structural isomers (model compounds
spiked in the mixture, Figure 3) spiked in the mixture at relatively high concentration (10 ppb in 300 ppm of C), the method was not able to resolve
individual compounds present in the natural organic mixture. Extreme isomeric complexity of DOM and low abundance of the individual molecules
are the main reason of such limitation. Sample complexity was also responsible for the extensive overlap of structural isomers that was observed between segments.
Despite its limitation, this method represents a valuable improvement in
the analysis of DOM providing several times more information than DI and
achieving similar findings obtained with more laborious offline methods.
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Moreover, it offers some other interesting application. In fact, since no compounds appear to be present in high abundance, this method can be applied
in incubation studies where the behavior of known compounds, spiked in the
mixture, can be monitored.
Overall, our results helped to broaden the techniques and methods available for the analysis of DOM, allowing a larger number of researchers to investigate this ultra-complex mixture.
In the near future we plan to enhance our current method by improving
the solvent balancing and the introduction pH prior to the mass spectrometric
analysis. Our strategy consists in the introduction of a second binary pump at
the end of the column, able to deliver a complementary gradient in order to
maintain a constant solvent composition and therefore minimize the ionization variability of the eluted species. We will evaluate the efficiency of this
enhancement by infusing a selection of standards (as the model compounds)
and monitor the behavior of their ionization efficiency. Finally the method
will be tested on the same set of samples already analyzed and the results
will be compared.
Another technique I would like to explore is the hydrophilic interaction
chromatography (HILIC) for the analysis of labile DOM. This fraction consists of hydrophilic compounds that require chromatography orthogonal in
selectivity to reverse phase to be efficiently explored. This DOM fraction is
consumed at a really high rate by microorganisms, and for this reason, in the
new experiments freshly generated dissolved organic matter will be employed from leaf exudates. Samples for this study have already been collected and incubated with their native bacteria for several weeks.
The goal of this study is the development of a non-targeted method for the
analysis of the elusive labile fraction of DOM, in order to monitor its depletion and transformation during the incubation period. Moreover, this method
could help find biomarker useful in environmental metabolomics analysis.
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