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INTRODUCTION

Electrospray ionization (ESI) is a method used to produce gas phase ions in
which high voltage is applied to a liquid. ESI is commonly used to couple liquid
chromatography (LC) and mass spectrometry (MS). LC/ESI/MS enables to
determine trace amounts of compounds and is thus an important tool in various
fields, e.g. environmental analysis, drug discovery, metabolomics, proteomics,
and food safety.

Although ESI/MS is widespread, one major caveat of using the technique is
the need for standard substances because compounds have different ionization
efficiencies (more than six orders of magnitude). lonization efficiency is the
efficiency of conversion of molecules from solution to gas-phase ions. This
means that using solely mass spectrometric signal to quantify the analytes can
lead to misestimating the concentrations millions of times. However, suitable
standard substances are not always available or obtaining them might not be
financially feasible. One solution is using predictions of ionization efficiencies.
Ionization efficiencies depend on the setup (instrument, geometry of the ESI
source), the compound itself (structure and properties such as acidity, hydro-
phobicity, etc.), and its surrounding environment (eluent composition and pH,
other compounds in the droplet).

Ionization efficiencies have been studied by several groups and many
different parameters have been found to influence the ionization efficiency of a
compound. Previous studies have mostly been focusing on small singly charged
analytes. Additionally, the studies so far have in most cases focused on certain
compound classes and are unfortunately not quantitatively comparable. The
conditions can vary a great deal in these studies, such as ESI ionization mode
(positive or negative), instrument (ESI source geometry, ion optics), sur-
rounding matrix (neat solvent vs complex matrices, e.g. blood), used compound
classes and their properties, eluent composition (content of water, pH, buffer
components). Therefore, the conclusions reached are controversial as the ESI
process itself is complex and is shown to depend on all the aforementioned
conditions.

The most significant shortcomings that hinder the universal applicability of
ionization efficiency prediction models are the inability to account for multiply
charged compounds, different matrices, ESI modes, and the possibility to
quantitatively compare the results of different researchers and setups.

Therefore, the main goal of the thesis is to expand and improve ionization
efficiency measurement methodology and applications. To achieve this goal,
firstly, ionization efficiency measurement methodology is expanded to com-
pounds which can obtain multiple charges and to measurements in more
complex media, namely biological matrices. Secondly, the methodology is
improved so that measurements conducted in different ESI modes (positive and
negative) would be quantitatively comparable. Finally, and most importantly, an
approach is developed to transform ionization efficiency values from various
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sources and conditions into a uniform dataset. As a result, all the data measured
from all over the world can be transformed into a quantitatively comparable set,
thus enabling to obtain more quantitative insight into ESI mechanism, opening
new ways to model the ESI process and to predict the ionization efficiencies
more accurately.
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1. REVIEW OF LITERATURE

1.1 ESI/MS analysis

Mass spectrometry (MS) with electrospray ionization (ESI') source is a key
technique in various research fields, ranging from food and environmental ana-
lysis to metabolomics and proteomics.”® Commonly, the ESI source is preceded
by liquid chromatography (LC) to first separate the compounds in a sample. The
ability to analyze samples almost directly with direct infusion® or flow injection
experiments’ coupled with MS has provided a tremendous increase in sample
throughput. This technique has proven useful for the analyses of a wide range of
samples from human blood plasma® to historic wines’ to ecological samples.®

Despite widespread application, current understanding of the ESI process is
still limited.>” Ionization efficiencies for compounds vary in the ESI process,
meaning that for two compounds of equimolar concentrations ESI/MS does not
produce equal signals in the MS, on the contrary, the signals may be vastly
different (more than 6 orders of magnitude). For quantitative analysis, standard
substances are required due to the large differences in ionization efficiencies
observed in ESI/MS.'""" Unfortunately, standard substances are often not
available for metabolites and degradation products; therefore, knowing or
predicting the ionization efficiency of these compounds would be extremely
useful for estimating their concentrations and therefore their relative im-
portance. Positive mode ESI (ESI+) is generally preferred as more compounds
are expected to ionize in this mode.”'* However, the major advantage of
negative ion mode (ESI-) is the lower background noise.*"*

1.2 lonization in the ESI source

ESI is a technique used to produce gas phase ions from solution in mass
spectrometry in which a high voltage is applied to the liquid to create ESI
plume, a spray of small droplets (Figure 1). ESI can be used for the analysis of a
wide range of compound classes, from small molecules to polymers, nucleic
acids, and proteins."*

12
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Figure 1. Schematic representation of electrospray ionization (ESI) process. Reprinted
from ref 2.

1.2.1 lonization mechanism

There are three main ion release mechanisms which have been introduced and
are widely accepted:*">"7 jon evaporation model (IEM) for low molecular
weight species,' charged residue model (CRM)'>" for large globular species
and chain ejection model (CEM) for unfolded proteins and disordered poly-
mers.”*?' However, the borders of these mechanisms based on size, structure,
and polarity of the analyte are unclear and it is highly probable that a molecule
ionizes according to several models, where usually one is more dominant than
the other.”” Recently, Konermann et al.”* showed that polypropylene glycol
can ionize either via IEM or CRM depending on the size of the initial droplet.
Interestingly, also the charge state of the gas phase ions depends on the
ionization model.”

Ton evaporation model'® applies to low molecular mass molecules and small
inorganic ions.'”** This mechanism assumes that the increased charge density
that results from solvent evaporation eventually causes Coulomb repulsion to
overcome the liquid’s surface tension, resulting in a release of ions from the
droplet surface. The formed product is a small gas-phase cluster, consisting of
the ion and a few solvent molecules which are lost by collisions with back-
ground gas molecules as the cluster moves towards mass spectrometer.
Offspring droplets are formed from the outer layer of the parent droplet and thus
the product droplets are enriched in species with the highest surface affinity.
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Charged residue model (CRM), also known as Coulomb fission mechanism,
assumes that the increased charge density due to solvent evaporation causes
large droplets to divide into smaller and smaller droplets, which eventually only
consist of a single ion. As the last solvent shell evaporates the charge of the
droplet is transferred to the analyte. lonization degree in the case of CRM does
not depend on the charge of the analyte in the solution phase. The possible
maximum amount of charges can be calculated from Rayleigh stability limit:*

8m
ZR = ? SoyR3 (1)

where zg is Rayleigh charge or the number of elementary charges at the surface
of the droplets, R is the droplet radius, y is the surface tension, ¢ is the electrical
permeability of vacuum and e is the elementary charge.

The most recently proposed ionization mechanism is chain ejection model
(CEM). Long, unfolded proteins are hydrophobic in nature and are more likely
to reside on the surface of the droplet. One terminus of the chain gets expelled
from the droplet to the gas phase which is followed by a step-wise ejection of
the rest of the chain and results in a separation of the chain from the droplet.
This whole process is referred to as the chain ejection model. CEM has several
similarities with IEM, e.g. the molecules with higher surface affinity are more
likely to be ejected from the surface of the droplet to the gas phase and therefore
have higher ionization efficiency.

1.2.2 Evolution of the ESI plume

In the interpretation of the ESI process, one important factor is the solvent
composition, which is usually described in terms of initial composition since the
actual composition in the plume is difficult to measure. However, it has been
shown that solvent pH,”** organic solvent content,*>* and droplet size****>2°
change along the plume. The complex dynamics of the ESI process make the
transition of ions from solution-phase to gas-phase difficult to model. Atomistic
molecular dynamics methods for such simulations have been used,’” * but are
usually limited to the droplets containing up to a few thousand solvent mole-
cules. Therefore, it is advantageous to directly perform optical spectroscopic
measurements of physicochemical parameters of droplets and their changes in
the electrospray plume in order to correlate the ions observed in the initial
sample solution to those observed in the gas phase by the mass spectrometer.
More recently, several researchers®*’~'3>* have developed laser-induced
fluorescence strategies to probe properties of ESI plume, e.g. solvent fractiona-
tion, pH and temperature. They have correlated these changes with droplet size
evolution along the ESI plume by mimicking electrospray sources (i.e. without
actual MS measurements) and in combination with mass spectrometry. %4644
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Solvent pH change of approximately 0.5 units along the ESI plume was
observed by Girod et al.”® The change is explained by evaporation of the solvent
and thus the increasing concentration of acid (below pH 7) or base (above pH
7). For pH 7, the change in pH is different for positive and negative mode. This
difference in the needle tip was first discussed by Zhou et al.”® who showed that
the pH at the needle tip and prior to spraying varies due to the electrochemical
generation of excess OH™ ions (in negative-ion mode) or H' ions (in positive-ion
mode). They and others have observed this phenomenon later as well.”’ *° Zhou
et al’' studied changes in organic solvent content (acetone, acetonitrile,
ethylene glycol, formic acid) and water binary mixtures and observed solvent
percentage change up to 35% (percentage points, for acetone). Wang and
Zenobi*® and Hopkins et al.**showed that polarity increases with the decreasing
droplet size due to solvent evaporation and water entrainment from the sur-
rounding air. Girod et al.’® and Liigand et al.** established that the biggest
change (in percentage points) was observed at the edges of the spray plume and
for more volatile organic solvents.

ESI+ and ESI- mode have seldom been profiled within the same study,
but even then the ESI spray parameters for positive and negative modes were
different. Zhou et al.***” and Girod et al.*® have studied the pH change in water
droplets and Wortmann et al.** have compared the droplet size for acetonitrile
droplets for ESI+ and ESI-. However, usually, the mobile phase contains both
water and organic solvent and the evolution of several parameters — pH, organic
modifier content, droplet size — occurs simultaneously. Despite the fact that
most ESI studies are carried out with acidic additives in the mobile phase, these
studies have the lowest initial pH of 6.5.%*

26-28,35

1.3 lonization efficiency

Ionization efficiency (IE), the amount of ions generated from a specific com-
pound in the ionization source, may vary from compound to compound by more
than six orders of magnitude.>'*'**** Different authors have used various
terms to denote ionization efficiency such as (relative) response factor, molar
response of the analyte, relative ion response, equimolar response factor. In ESI
only a fraction of the analyte molecules are ionized in the ion source and only a
part of the resulting gas-phase ions are successfully transmitted to the mass
analyzer and are eventually detected.” Ionization efficiency in ESI is highly
dependent on the solvent™'***>* jonization mode™'* as well as properties of the
analyte itself, 101113465556

It has been found that solvent properties such as its surface tension, pH,
additives and organic solvent as well as its percentage influence the ionization
efficiency. Most often aqueous solutions of either acetonitrile or methanol are
used as mobile phase in ESI. It has been shown that in many cases ESI response
is higher in solutions with higher organic modifier percentage.>® This may be
due to more efficient desolvation of the droplets, allowing them to reach
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Rayleigh limit faster and eventually generate smaller droplets more rapidly.”
Tang and Kebarle' found that the signal of the analyte is affected by the sur-
face tension of the solvent. It has been observed that different solvents have
different influence on ionization in electrospray ionization mass spectrometry
(ESI/MS) analysis.*"*

The pH of the mobile phase also influences ionization in the ESI plume.
It has been established that in general basic analytes provide higher sensitivity
with more acidic mobile phase in ESI positive mode (ESI+) and acidic analytes
with more basic mobile phase in ESI negative mode (ESI-).'* It has also been
shown that protonated forms of basic analytes can frequently be observed even
if the pK, (of the protonated analyte) is far below the solution’s pH."****' This
phenomena, called wrong-way-round ionization was first observed by Mansoori
et al.’® and has been described by Zhou and Cook.’' Similarly, deprotonated
forms of analytes can be observed when ESI/MS analysis is performed with
acidic solutions with pH lower than the analyte pK,.”"' Therefore, it can only
be concluded that pH is an important parameter influencing ionization.

54,57

1.3.1 lonization efficiency in ESI positive mode

It has been found that more Aydrophobic compounds tend to have higher
ionization efficiencies. Cech et al."' found that in the case of selected tripeptides
the non-polar surface area is affecting their signal in mass-spectrometer. They
concluded that analytes need to have (1) large enough non-polar surface area to
move to the surface of the droplet and (2) a structural element that allows
charging (protonation, deprotonation, adduct formation, etc.). This tendency
was also confirmed by Leito et al.”> based on a study of esters and aromatic
amines as well as by Cramer et al.” for drug-like molecules. Chalcraft et al.*®
modeled response factors for polar metabolites and found that important
descriptors include molecular volume, octanol-water distribution coefficient and
absolute mobility of the ion. Nguyen et al.® found a positive correlation
between ESI signal and adjusted mass.

Another important factor of the analyte is the acidity of the com-
pound.”******! Ehrmann et al.*® tried to predict analyte signal in ESI/MS and
observed the best predicting power while using the solution phase basicity of
analyte (pK,). The effect of gas phase proton affinities was smaller than
previously stated for the studied compounds.”® Oss et al." calculated six
physicochemical properties and found that ionization efficiency correlates best
with pK, value and molecular volume of the analyte. Hermans et al.”’ also
observed a strong correlation between ESI response and molecular volume.
Tang and Kebarle'® found that the signal of the analyte is affected by the
surface tension of the solvent and ion evaporation rate constant of the analyte.

16



1.3.2 lonization efficiency in ESI negative mode

In negative ionization mode, similar parameters have been found to be
important.***7**%* Hyffman et al.” found that in negative mode compounds
that are more acidic and hydrophobic ionize better. Similar trends were also
observed by Alymatiri et al.®* Henriksen et al.*’ found that for phenols and
phenoxy alkanoic acids ionization depended on which organic solvent was used
as well as on the hydrophobicity of the compound. They concluded that
ionization was more efficient in methanol than in acetonitrile and that octanol-
water partition coefficient of analyte (logP) was in better correlation with
ESI/MS signal than the acidity of the analyte (pK,). Ghosh and Jones® observed
relative response factor increase with increasing acetonitrile content and
increasing nonpolar surface area of the compound. Kruve et al.* discovered in
the negative ionization mode that ionization efficiency can be best predicted by
using a degree of dissociation (o) for the analyte and charge delocalization
(WAPS parameter) which describes the delocalization of the charge in the anion.

1.3.3 Models to predict ionization efficiencies

Attempts have been made to predict ESI response based on the aforementioned
physicochemical properties of the analyte by several groups'®!'!'#6-560061L.6668 ;¢
well as by our own group.'**”>® The types of models have been various from
simpler algorithms like multiple linear regression'***”*****¢7 to more sophis-
ticated algorithms such as random forest’ and artificial neural networks.®®
Several research groups have made significant efforts to quantify the
ionization efficiency and to reveal properties of the analyte, which are crucial in
the ionization process. The correlations between ionization efficiency and
evaporation rate,” logP,’>" hydrophobicity,” retention times of small peptides
in reversed-phase LC,” non-polar surface area,” gas-phase proton affinity,”””
K> and molecular surface area’” have been observed. The obtained
numerical models for predicting ionization efficiencies are vastly different and
this has, until recently,' strongly limited the universal applicability of these
predictions. Although considerable experimental support exists for a positive
correlation between hydrophobicity and ESI ionization efficiency, there have
been a number of studies'>™ where the statistically significant correlation
between the ESI/MS response and logP has not been found. Some of the most
crucial factors likely to contribute to the general confusion are a small number
of compounds and eluent combinations included in the individual studies (up to
186).* However, for a physicochemical parameter to become statistically
significant in the model, the value of the parameter needs to vary in a suffi-
ciently wide range within the dataset. As the individual studies are limited to
specific compound classes, it is highly likely that some parameters (logP, pK,,
gas phase basicity GB, etc.) will not become statistically significant simply

17



because all of the compounds were very similar from the perspective of this one
variable.

One of the most reasonable solutions to overcome the confusion is to pool
together ionization efficiency data from the literature for all available com-
pounds resulting in a dataset of compounds with vastly different physico-
chemical properties. This will allow:

(1) more accurate modeling, and a better understanding of the underlying

processes;

(2) making informed decisions on optimum eluent and ESI polarity in
addition to other possibilities, e.g. best derivatizing reagent choice;

(3) to validate existing ionization efficiency models;

(4) the possibility to study the phenomena of electrospray ionization with
modern machine learning tools for which a large amount of data is
essential to enhance the accuracy of the models.

The ionization efficiency data and findings discussed here have been used to
develop a random forest model.”

1.4 Formation of multiply charged species

Many analytes (e.g. peptides) form multiply charged ions in ESI source. The
multiply charged ions are very beneficial for compounds which form singly
charged ions that have too high m/z values for most mass analyzers. Multiple
charging and its reasons have been studied; however, much is still unclear in
this field.

It has been shown that ionization efficiency of large multiply charged
molecules depends on the distance between chargeable sites® and on the
structure of the molecule (how well is the ionized form stabilized).”
Nevertheless, it is still not fully clear how to predict the charge state and the
jonization efficiency of the molecule in ESI/MS analyses. Wong et al.®
developed a model for predicting the maximum possible number of charges of
polyethylene glycol depending on the number of monomers and their affinity
towards the ion that is merging with it. Later Schnier et al.*® and Smith et al.”’
studied the number of protons that bind to the peptide in the gas-phase and
found that the number of protons is very similar to the number of basic amino
acid residues in the peptide. They also noticed that if another basic center is
protonated in the close proximity of a basic residue, the basicity of that residue
is decreased. The same tendency was also observed by Felitsyn et al.*® who
studied native proteins. Furthermore, the availability of basic sites has been
shown to be important for determining the charge state of the analyte. **7%-%

It has been observed that the charge state of an analyte in solution does not
always correlate with the charge state observed in MS analysis.'* Iavarone et al.
was the pioneer in studies of supercharging.”’ They observed an increase in the
charge state for peptides if additives like diethylamine, 2-methoxyethanol,
ethylene glycol, glycerol or 3-nitrobenzyl alcohol were added to the solution.”"*
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Although the mechanism of supercharging is yet to be fully explained, the
authors related this effect with the additives being less volatile than water and
thus increasing surface tension. It has also been suggested that higher charge
states are achieved by the denaturing effect of supercharging reagents.”*’’
Supercharging has also been observed in negative ion mode’®’’ where organic
bases were used as supercharging reagents and a positive correlation was found
between gas-phase basicities (GB) and charge state distributions. It was observed
that in negative ionization mode the correlation was linear and in positive mode
the correlation had a maximum value at GB of approximately 800 kJ/mol.”

There have been no studies done on ionization efficiency of multiply
charl%red analytes to our knowledge, although its relevance has been pointed
out.

1.5 Applications of ionization efficiency

Currently, the only reasonable way to obtain quantitative information from
ESI/MS is to use internal standards. If internal standards are not available,
sometimes structurally similar compounds are used. In these cases, a set of
compounds is measured and structurally most similar compound is used for
quantification®” despite leading to large errors.'” For example, using 2-
nitrophenol to quantify 4-nitrophenol can cause a serious (ca 40 times)
misestimation of concentrations.* Therefore, it is important to account for the
ionization efficiencies of different compounds.

Ionization efficiency values are useful for obtaining more accurate con-
centration estimations. Being able to predict ionization efficiency values aids in
choosing the most optimal eluent composition, ionization mode, derivatization
reagent and helps to estimates the limits of the used technique. For instance,
knowing the ionization efficiency of a compound beforehand would allow
choosing a solvent where the ionization efficiency is the highest, therefore
allowing lower quantitation and detection limits. It saves time because it is not
necessary to inject calibration graph solutions. Knowledge of ionization
efficiency allows choosing the optimal concentration and would reduce cases,
where the chosen concentration is either too low or the signal is saturated.
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2. EXPERIMENTAL

Different solvents and IE measuring methods and equipment were used. See an
overview of the used experimental setup in Table 1. For more details, please see
the chapter below.

Table 1. Overview of used instruments, ESI polarities, sample introduction type (DIA —
direct infusion, FIA — flow injection analysis) and used eluents. The instrumental setups
are further explained in “Instrumentation” — “lonization efficiency measurements” and
eluent compositions are described in “Chemicals”. In Paper VI data from literature was

pooled and no experiments were carried out.

Paper 1 Paper 11 Paper 111 Paper IV Paper V
Instrument | Agilent XCT Agllent;éCT and Agilent 1Q Thermo LTQ A)%g?pt
ESI polarity ESI- ESI- and ESI+ | ESI+ and ESI— ESI- ESI+
FIA/DIA DIA FIA DIA FIA FIA
80% 80%
%MeCN 80% 80% e 00/‘; 80% ’
0.1% formic | pH 4.00 (formic
Water phase acid, acid); BufoeSrs(gfsl 3§ 0.1% 0.1% formic
additive 0.1% 0.1% formic acid; | *'. 7 =P ammonia acid
ammonia 0.1% ammonia unit increments)
trans-3(3-
pyridyl)acrylic
acid; amino acids, .
Indicators and | substituted benzoic I;I;ii(lj:d_,;(? ,)__ E:Ei— Amino
Compounds | dicarboxylic | acids and phenols, . h}ll ’ pharl ) acids, short
acids oligo-peptides, and dic oro- ceutica peptides
poly-func ti0;1211 fluorescein compounds
aromatic
compounds
Laboratory” UT UT UL JJ UT

“UT — University of Tartu, UL — University Claude Bernard Lyon 1, JJ — Janssen
Pharmaceutica NV.

2.1 lonization efficiency measurement procedures

As it is complicated to measure absolute IE values, the ionization efficiencies
relative to an anchoring compound are measured. All IE values are expressed in
logarithmic form as log/E values to make the data easier to present and to
analyze. In ESI positive mode the log/E of methyl benzoate is taken as 0 value
and in negative mode the log/E of benzoic acid is taken as 0. The log/FE values
of all the other compounds are expressed relative to these compounds. For
measurements, benzoic acid in ESI— mode and tetracthylammonium in ESI+
mode were used as reference compounds, if not stated otherwise. The loga-
rithmic ionization efficiency (log/E) of benzoic acid in 20/80 0.1% ammonia
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solution/acetonitrile in ESI- mode has been previously taken as0.* The
logarithmic ionization efficiency (log/E) of tetracthylammonium in 20/80 0.1%
formic acid solution/acetonitrile in ESI+ mode has been previously measured as
3.95.” Anchoring is used to give comparable values for all compounds.
Ionization efficiencies were measured according to one of the two procedures:
flow injection (FIA) and direct infusion (DIA) analysis.

2.1.1 Flow injection ionization efficiency measurement

This procedure uses autosampler to inject solutions of compounds one-by-one.
The solution of anchor compound is injected at the beginning, middle and end
of the sequence to ensure the repeatability of measurements throughout the
sequence. Calibration graphs are constructed for both anchor compound as well
as all the other compounds. log/E values are obtained from the slope of the
corresponding calibration graphs of compound and reference compound:

slope(A) - IC(A)

logIE(A) =1
0g [E(A) Ogslope(B)-IC(B)

2

where A is the compound for which the log/E is calculated and B is the
reference compound.

The reproducibility of measurements is calculated as a consistency standard
deviation (Sconsistency)-

. — consistency;
Sconsistency = 10 °9,

(ny — s+ (ny — DsZ + -+ (ny, — 1)si 3)
n1+n2+'“+nk—k

consistency,g = \]

where n — number of replicate measurements per compound, s — standard
deviation of log/E measurements for compound, k£ — number of compounds.

2.1.2 Direct infusion ionization efficiency measurements

This procedure uses a “T-piece” and syringe pumps to directly infuse the
mixture of two compounds to MS. The concentration ratio is varied by changing
the infusion rates of two pumps from 1.7 pL/min to 6.7 pL/min so that the sum
of the infusion rates of two pumps would always be 8.4 pulL/min. Using this
procedure first relative ionization efficiency of a pair of compounds is
measured:
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Ay _ 1E(4,) _ R(A;) - C(4,) - IC(A,)

R, = 1E@,) ~ R(A) - C(Ay) -1C(Ay)

“4)

where R; and R, are the responses monoisotopic peak of the compounds and C;
and C, the respective concentrations of the compounds in the spray and /C; and
1C, their corresponding isotope corrections. Only area of monoisotopic peak is
integrated, all other isotopes are taken into account by /C, the isotope correction
factor. For each compound pair, the R/IE is measured on five concentration
ratios and the obtained R/E values are averaged. First, the log/E values are
temporarily assigned to compounds by minimizing the sum of squares (SS) of
differences between measured logRIE values and the assigned log/E values'
within one solvent:

SS = ;{bgRlEk(Ai'Aj) — [log 1E(4)) ~ log IE (4))]} (3)

— min

where 7,, is the number of measurements and logRIE (A, A;) is the result of k-th
measurement which has been conducted between compounds A; and A;. For this
step, the log/E value of the reference compound (e.g. benzoic acid) is taken as
zZero.

Consistency of the scale is expressed as consistency standard deviation:

. — consistency;
Sconsistency = 10 °9,

- SS (6)
consistency,g = |———
Nm — N¢

where 7. is the number of assigned log/E values (i.e. the number of analyzed
substances) and n,, is the overall number of measurements.

2.1.3 Anchoring between media

In order to make log/E measurements in different media (e.g. between solvent
and urine) comparable, it is necessary to measure one compound (anchor) in all
the desired media. This approach was used to anchor the ionization efficiency
values between (1) ESI+ and ESI-, (2) different solvents (Figure 2), and (3)
solvent and biological matrices (Figure 3). The reference medium in ESI+ is
20/80 0.1% formic acid solution/acetonitrile and in ESI— it is 20/80 0.1%
ammonia /acetonitrile. log/E values measured in other media are anchored to
values measured in a reference solvent corresponding to the used ESI mode.
The difference between log/E values of an anchor (B) in different media is
found as:
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R(BinM)-C(BinS)

R(BinS)- C(Bin M) o
slope(B in M)

-8 slope(BinS)

log IE(B in M) = log

where S denotes the reference medium (solvent stated above) and M the
medium of interest. The log/E measurements of anchor in different media
should be carried out as close in time as possible to avoid drifts in instrument
sensitivity. The final difference between media is calculated as an average of
triplicate measurement carried out on different days.

The log/E values for each compound in the specific matrix are, thereafter,
found as:

logIE(A in M) = log RIE(A) + log [E(B in M) ®)

where log/E(A in M) is the log/E value of compound A in medium M (anchored
to reference solvent, numerical comparison between media possible), logRIE(A)
is the log/E value of compound A relative to compound B in medium M (not
anchored, numerical comparison not possible) and log/E(B in M) denotes the
difference between log/E values of the anchor in reference solvent and in
medium M.

Solvent S Matrix M

B Eq.7

- - A Eq.8

Figure 2. Anchoring between solvent (S) and matrix (M) by using compound B, which
is measured in both media.
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Same compound
Various matrices
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Various compounds
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anchor
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Area
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® .
slope(A) . slope(B) .“slope(Bin S) . Slope(B in M)
o. L4 o".
(M) c (M)
c(M) ) X[H]?(’(r\)/(,‘(x\)c C](M[)]: BinM) =1 slope(B in M)
logIE(A) = log 50 By (B) B. 0g[E(BInM) =log-g 0 Bins)

Figure 3. The process of log/E measurements within one medium (A) and the process
of anchoring between different measurement media (B).

2.2 Instrumentation

2.2.1 lonization efficiency measurements

Ionization efficiency measurements were carried out on mass-spectrometric
setups:
(1) Agilent XCT ion trap mass spectrometer. Default settings for ESI source

2)

3)

were used: nebulizer gas pressure 15 psi, drying gas flow rate 7 L/min,
drying gas temperature 300 °C. The capillary voltage between MS and
nebulizer was £3500 V. All remaining ion transport parameters were
determined by the Target Mass (TM) parameter, set by the operator. TM in
the positive mode ESI was found according to ref.” and in the negative
mode, the TM was set as closest value rounded to the nearest 50 of
expected m/z.

Agilent 6496 Triple Quadrupole mass spectrometer with Agilent Jet
Stream source (AJS, Agilent Technologies, Santa Clara, CA, USA). Used
AJS parameters were: nebulizer gas pressure 20 psi, drying gas flow rate
14 L/min, drying gas temperature 250 °C, sheath gas flow 11 L/min, sheath
gas temperature 350 °C. The capillary voltage between MS and nebulizer
was £3000 V and nozzle voltage was 1500 V.

LTQ ion trap (Thermo-Fisher Scientific, San Jose, USA) mass spectro-
meter coupled with an Accela liquid chromatograph (Thermo Fisher
Scientific, San Jose, USA). All measurements were carried out in the ESI
negative MS scan mode. Sheath gas flow rate 35 psi, auxiliary gas flow 10
a.u., sweep gas flow rate 5 a.u., spray voltage -3.5 kV, and capillary
temperature 275 °C were used. The flow rate was 0.2 mL/min.
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2.2.2 Measurement of the degree of ionization using
NMR and UV-Vis

Determination of degrees of ionization for a reference compound trans-3(3-
pyridyl)acrylic acid was performed on 700 MHz NMR Bruker Avance 11 700
NMR spectrometer. 'H NMR spectra of trans-3(3-pyridyl)acrylic acid were
registered in acetonitrile-d;:H,O (80/20 v/v) mixtures at aqueous pH 1.0, 3.0,
4.0 and 10.0. For NMR, the chemical shift of the protons was used to calculate
the degrees of ionization for the reference compound in the solvents (based on
the calibration with solutions with known degrees on ionization, see Appendix
1). Similar approach was used for UV-Vis spectrophotometric titration to verify
the results. Double beam spectrophotometer Thermo Nicolet Evolution 300 was
used. Scan speed was intelliscan mode (from 120 nm/min to 1200 nm/min, scan
speed changes depending on how strongly absorbance depends on the wave-
length), bandwidth was 1.5 nm and data registration interval was 1 nm. Results
of the UV-Vis measurements confirmed the results obtained by 'H NMR
experiment. (See Appendix 1for details).

2.2.3 ESI plume pH, organic solvent and droplet size profiling

The experimental setup profiling the spray plume consists of an excitation laser
and two different optical detection systems mounted on a moving stage (see
Appendix 2 for the scheme). It is coupled with Agilent Single Quad 6100 mass
spectrometer equipped with a modified Agilent Jet Stream ESI source (Agilent
Technologies, Santa Clara, CA, USA) in order to allow the laser injection into
the plume and the epifluorescence measurements. Used ESI parameters were:
capillary voltage 3500/-3500 V, nebulizing gas pressure 15 psi, drying gas flow
rate 7 L/min, drying gas temperature 300 °C, sheath gas flow rate 1 L/min and
temperature 80 °C. Solutions were introduced in the ionization source at 50
pL-min” flow rate with a KDS100 syringe pump (KD Scientific, Holliston,
MA, USA).

A continuous laser (4 = 473 nm) emitting in a single longitudinal mode was
used to profile ESI plume. The output power of the laser was around 500 mW
and its beam diameter is 1.5 mm (divergence 1 mrad). The laser is injected
through the objective using two reflecting protected aluminum flat mirrors (R >
90%). The laser beam is focused into the spray and the fluorescence is collected
via an objective used in an epifluorescence configuration. Fluorescence spectra
from ESI plume were recorded, point by point (pixel size 500 pm), by an ultra-
compact spectrophotometer (B&WTek Inc., Newark, DE, USA). The plume
was profiled for 15 mm starting from ESI needle tip, except for 50% acetonitrile
solution where the plume was profiled for 13 mm due to poor solubility of the
fluorescent probe.

First of all, the chromism of Nile Red (20 uM) was calibrated in
acetonitrile/water binary solvent mixtures. Variation in the acetonitrile/water
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ratio induces a shift of the maximum emission wavelength. The solvent
composition of an unknown solution can be determined based on the Ay, using
the calibration curve. Acetonitrile content was profiled in ESI+ and ESI- for
solutions initially containing 80% and 50% acetonitrile (v/v) from fluorescent
measurements of the solvatochromic dye Nile Red.

For pH measurements, stock solutions containing 0.1 mM of 5(6)-carboxy-
2’,7’-dichlorofluorescein were made in dimethyl sulfoxide. From the initial
solution, 10 pM binary acetonitrile/water solutions were prepared, where the
water phase pH (denoted in the text as pH) varied: 3.50, 4.00, 4.50, 5.03, 5.52,
6.04, and 6.51. Water phase solutions were prepared by first making 0.1%
formic acid solution and then adjusting pH by adding the 25% ammonium
hydroxide solution until the desired pH. Water phase pH values were measured
with Hanna Instruments pH211 Microprocessor pH Meter equipped with a 4
mm-diameter microelectrode (Pt // 3.5 mol/L KCI+AgCl). The obtained water
phase solutions were then mixed in different ratios with acetonitrile so that
acetonitrile content in the calibration solutions was 80%, 75%, 70%, 65%, 60%,
55%, 50%, 45%, 40%. In order to establish calibration curves, fluorescence
spectra of all prepared 63 mixtures were measured and the logarithm of the
ratios of fluorescence emission intensities was calculated. pH was profiled for
mobile phases with initial compositions of acetonitrile/aqueous solution with

pH of 5.03 in the ratio of 80/20 and 50/50, and also for 80/20 mixture with an

aqueous solution with a pH of 4.00. The corresponding pH;ff a changes were

measured by Dr. A. Heering and are listed in Appendix 2.'”" The change of the
droplet size was studied for the same mobile phases.

The obtained fluorescence spectra are an average of droplets present in the
size of the laser beam (~1 mm). So the pH and mobile phase composition
measured correspond to an area of ~0.78 mm? in the ESI plume and not for a
unique droplet.

The obtained raw data was processed using OriginPro 7.0 software. Profiles
of pH and solvent composition in the ESI plume (Figure 13) were determined
from calibrations in different solutions.

The temperature of the droplets was not profiled. However previous studies
performed with methanol droplets have shown either a slight increase of
temperature®® or some decrease'” along the plume. The temperature of the
plume in the referred studies was found to be between 295 K and 307 K.

2.3 Physicochemical parameter calculations

COSMO-RS method'® was used for calculating various parameters: aqueous
pK,, logP (octanol-water), charge delocalization parameters (WAPS/WANS and

# The notion pH;fSO means that pH is expressed on the absolute scale, but values are shifted

by a constant in order to make the pHabs values directly comparable to the conventional
aqueous pH values.
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Klamt parameters). In Paper Il ACE and JChem acidity and basicity calcu-
lator'™ was used to calculate pK, values. Degree of dissociation a of the com-
pounds was calculated from the computed pK, values and the water phase pH.
The calculated physicochemical parameters can be found in Appendices 3-5.
First, full geometry optimization and energy calculation was carried out at
the DFT BP TZVP level with the RI approximation and applying the COSMO
continuum solvation model for all compounds using Turbomole, version 6.4.'%
For most compounds several conformers corresponding to different local energy
minima were found. All of these were taken into account by statistical weighing
inherent in the COSMO-RS procedure. The default convergence criteria of
Turbomole were used: wave function convergence max difference 10 Hartree,
geometry convergence max gradient |dE/dxyz| 10° Hartree/Bohr. This first
computation step yields for every conformer the following data: the geometry of
the conformer, detailed data on the shape of molecular cavity, the polarization
charge densities mapped onto the cavity surface, the total electronic energy of
the species submerged into a virtual conductor (¢ = o), and molecular surface
area and volume. Molecular cavity refers to the cavity constructed for the
particular conformer within the COSMO solvation theory - constructed using
smoothed spheres using atomic radii ~20% larger than van der Waals radii. This
cavity was later used as the molecular volume. The cavity surface refers to the
so-called sigma-surface - polarization charge density on the molecular surface.
For further information about the COSMO-RS theory see reference '®.
Secondly, the COSMO-RS calculation was carried out on all compounds
using the above-listed data as input data with the COSMOtherm, version C3.0,
release 14.01."% COSMO-RS calculations take into account the interactions
between species and the solvent/medium molecules, as well as between the
solvent molecules themselves (implicit solvation model). The solvent com-
position is a required input parameter for COSMO-RS calculations and in these
calculations, water was used as a solvent. Zero concentrations were used for the
studied molecules. This way the interactions between the studied compounds
and the solvent is taken into account but not the interaction between the
molecules of studied compounds themselves. This situation corresponds well to
the reality of very low concentrations used in the experiments and is common
practice for carrying out such calculations. Both van der Waals interactions
(electrostatic interactions: dipole-dipole, ion-dipole, etc. forces as well as
dispersion forces) and hydrogen bonds (implicitly) are taken into account.
These interactions are quantified via statistical counting and averaging of
energies of pairwise interactions of molecular surface segments using polariza-
tion charge density maps of compounds created in the first step, taking into
account the concentrations of the respective species in the solution. Terms
accounting for vibrational contributions to the G, are also added in this step.
This is done implicitly, as these are represented through the experimental data
used for parameterization of the method. The energetics of these interactions are
calculated at the 298 K, using statistical thermodynamics procedure whereby
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also the conformers of all the interacting molecules are taken into account and
statistically weighted based on their relative stabilities. This way, the entropy
effect of the same species present in multiple conformers is also accounted for.
As aresult, Gy, value is found for every compound.

Degree of ionization is calculated from the pK, value of the compound of
interest and pH value of the eluent in ESI+ mode:

1
a=1 P )
10—pKa

Used pH value is that of the water phase and pK, value is calculated with
COSMO-RS in water. As it is difficult to account for processes in the spray that
lead to the change in solvent properties and since the water content of the
droplets in the ESI spray increase during evaporation of a more volatile organic
phase, a simplification is usually done and the properties of analyte in water
phase are used."

And in ESI—- mode:

1

10-PH (10)
1+ Topra

a =

Charge delocalization parameter is calculated as weighted average positive
sigma for anions (WAPS) and as weighted average negative sigma for cations
(WAPS):""

foioa-p(a)da

WAPS = 22=% (11a)
A _,p(0)do
6 -plo)do

WANS = f":"_w& (11b)
Af, _,p(0)do

where o is the polarization charge density on the surface of ion, p(g) is the
probability function of o and A4 is the surface area of the ion. The smaller the
WAPS/WANS absolute value, the more delocalized the charge in the ion. It has
been proposed that values above absolute value of 4.5 indicate ions with
localized charge.'”’
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2.4 Modeling ionization behavior

2.4.1 The model predicting multiple charging (Paper I)

To find out why certain substances give multiply charged species in the mass
spectrum and why others do not, it is necessary to know the physicochemical
properties of all of the substances. In addition to the properties of analytes, also
the properties of the solvent need to be taken into account. It is known that some
processes that lead to ionization of the analyte occur in the solvent phase and
some in the gas phase.” Since it is difficult to account for processes in the spray
that lead to the change in solvent properties a simplification is usually done and
the properties of analyte in water phase are used."”’ In the ESI spray during
droplet evaporation, water content increases as the more volatile organic
component vaporizes. It is also significantly less complicated to measure water
phase pH values. The same assumption is used in the current work. For model
development, physicochemical properties obtained by COSMO-RS calculation
were used. All statistical tests were carried out at 95% confidence level. Linear
discriminant analysis (LDA) was carried out with statistical program R'*® using
the package Mass.'"

2.4.2 lonization efficiency prediction models in matrices
(Paper 1V)

Based on the calculated physiochemical parameters and measured log/FE values
a predictive model was fit in each matrix. Multilinear regression analysis was
used to obtain the model describing the relationship between log/E and physico-
chemical properties. The general form of the equation was:

log IE = coefyyaps - WAPS + coef, - a + intercept (12)

where the coefficients depend on the matrix.
For each model root-mean-square error (s_ ) was found to describe the

110

RMSE
differences between predicted log/E values and measured values.

_ 10RMSE
Srmsg = 10 log,

2
RMSE,,, = \]Z{Ll(log IEpredictea ; log IEexperimental) (13)

Additionally, the goodness-of-fit test was used to estimate the quality of the
developed matrices.
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2
F= Z (log IEpredicted - log IEexperlmental) /(Tl - 1) (14)

2
Z (log IEexperimental - log IEpredicted) /(T - Tl)

Where 7 is the number of compounds and 7 is the number of concentration
levels incorporated into the calibration graph and 10g IEoxperimentar denotes the
mean value of all the measured log/E values. From F-values the p-values were
calculated using the degrees of freedom of the numerator and denominator.
Higher p-values indicate higher explained variation in log/E values by the
model.

In order to validate the obtained results, the cross-validation method ‘leave-
one-out’ (LOO) approach was used. Cross-validation was preferred due to the
need to estimate the applicability of the method over a wide range of log/E
values. LOO approach means that each compound was left out from the model
fitting process once; thereafter, the model was used to predict the log/E value of
the compound not involved in the model development. After this, the process
was repeated for another compound, so that each compound was left out once
from the model development. In the case of conventional validation set
approach, the log/E values could have been predicted only for 2 to 3 com-
pounds, which would provide insufficient information about the model.

2.5 Transferring data from literature to uniform dataset
(Paper 1V)

Ionization efficiencies of all compounds were calculated using Quantem
electrospray ionization efficiency prediction model in corresponding ESI mode
developed by J. Liigand was used.®' This model is based on PaDEL descrip-
tors''! of the compound and empirical eluent descriptors: viscosity,''> surface
tension,'” polarity index'' and water phase pH. For model development
regularized random forest algorithm''®> from RRF: Regularized Random Forest
library in R was used. For data treatment, in-house developed R-script was
used. PaDEL descriptors have been calculated from SMILES notation using
ChemDES online platform.''® The predicted ionization efficiencies cor-
responc%gils to universal ionization efficiency scale comparable to previous
results.”™

2.5.1 Accuracy estimation

The accuracy of prediction is described as a root-mean-square error, s, ...

similarly as stated in Eq. 13, and as a mean absolute error, s, .-

n
1
SMAE — 1OMAE10g,MAElog = Eleog RRFp‘red - logRRFcomparable| (15)
i=1
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This means that if the ionization efficiency of compound A is predicted to be

100-times higher than the ionization efficiency of the methyl benzoate and s,

is 2.2, the actual ionization efficiency of compound A would be 45 (= 100/2.2)
to 220 times (= 100 - 2.2) higher than that of methyl benzoate (log/lE =
2.00 +0.34 =1log 100 £ log 2.2).

2.6 Eluents

As eluent components acetonitrile (J.T.Baker, Deventer, Netherlands, HPLC
grade), MilliQ water (Millipore Advantage A10 MILLIPORE GmbH, Mols-
heim, France), formic acid (Fluka, 98%, Buchs, Switzerland) and ammonium
hydroxide (Lach:Ner, 25%, Czech Republic), buffer pH 7.00 (Fluka, Buchs,
Switzerland) were used. Eluent compositions were described in Table 1.

2.7 Chemicals

Dimethyl sulfoxide (Sigma, Steinheim, Germany) was used to prepare stock
solutions of fluorescent probes: fluorescent pH indicator 5(6)-carboxy-2’,7’-
dichlorofluorescein (Sigma, > 95%) and solvatochromic Nile Red (Invitrogen,
Cergy, Pontoise, France).

Ionization efficiencies were measured for 3-nitrophthalic acid, adipic acid,
eosin B, bromophenol blue, bromothymol blue, phenol-2,4-disulfonic acid,
phenolphthalein, cresol red, m-cresol purple, tiron, thymolphthalein, benzoic
acid, salicylic acid, sorbic acid (Reakhim, Russia), bathocuproinedisulfonic
acid, SPADNS (Chemapol, Czech Republic), bromocresol purple (Schering AG
Berlin, Germany), bromocresol green, eosin Y (Sigma-Aldrich, USA), maleic
acid, thymol blue (E. Merck Darmstadt, Germany), 5-sulfosalicylic acid (Lach-
ner, Czech Republic), glutaric acid, pimelic acid, suberic acid (Aldrich, USA),
phthalic acid, fumaric acid, isophthalic acid, itaconic acid, succinic acid,
mesaconic acid, terephthalic acid (obtained as a kind gift from the Institute of
Pharmacology, Tartu, Estonia), lincomycin hydrochloride, dodecanoic acid,
fumaric acid (Sigma, Steinheim, Germany), warfarin (DuPont Pharma,
Wilmington, DE, USA), naproxen (Synthex Research Center, Edinburgh, UK),
taurocholic acid sodium salt hydrate (Acros Organics, Geel, Belgium), 3-
[(trifluoromethyl)sulphanyl]benzoic acid (3-CF;SO,-benzoic acid, a kind gift
from prof. L. M. Yagupolskii), tetracthylammonium perchlorate (Fluka, Buchs,
Switzerland), frans-3(3-pyridyl)acrylic acid (Aldrich, St. Louis, USA). The
ionization efficiencies of amino acids from the L-amino acid kit (Sigma,
Germany) were measured: o-alanine, glycine, lysine, phenylalanine, proline,
aspartic acid, threonine, asparagine, methionine, glutamic acid, glutamine,
tyrosine, leucine, tryptophan, cysteine, histidine, valine, isoleucine, arginine,
serine. In addition, the ionization efficiencies were measured for [-alanine
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(Fluka, Switzerland) and oligopeptides from American Peptide Company: Asp-
Arg-Val-Tyr-Ile-His-Pro-Phe-His-Leu, Tyr-lIle-His-Pro-Phe, Asn-Arg-Val-Tyr-
Ile-His-Pro-Phe, Arg-Pro-Gly-Phe-Ser-Pro-Phe-Arg, Asp-Arg-Val-Tyr-lle-His-
Pro-Phe, Val-Tyr-Ile-His-Pro-Phe, Ile-His-Pro-Phe, Gln-Gln-Phe-Phe-Gly-Leu-
Met-NH,, Asp-Arg-Val-Tyr-Ile-His-Pro, Cys-Tyr-Phe-Gln-Asn-Cys-Pro-Arg,
Phe-Phe-Gly-Leu-Met-NH,, Arg-Arg-Pro-Tyr-Ile-Leu, Arg-Pro-Lys-Pro-Gln-
GIn-Phe-Phe-Gly, Cys-Tyr-Phe-Gln-Asn-Cys-Pro-Arg-Gly-NH,, Lys-Pro-Gln-
GlIn-Phe-Phe-Gly-Leu-Met-NH,, GlIn-Phe-Phe-Gly-Leu-Met-NH,, Pro-Gln-
GIn-Phe-Phe-Gly-Leu-Met-NH,; from KJ Ross-Petersen Aps, Denmark: Arg-
Pro-Pro, Trp-Ala-Gly-Gly-Asn-Ala-Ser-Gly-Glu, Arg-Pro-Pro-Gly-Phe, Thr-
Arg-Ser-Ala-Trp-NH,, Arg-Pro-Pro-Gly-Phe-Ser-Pro-Leu, Gly-Lys-Pro-lle-
Pro-Asn-Pro-leu-Leu-Gly-Leu-Asp-Ser-Thr, Thr-Arg-Ser-Ala-Trp, Arg-Pro-
Lys-Pro-GIn-GIn-Phe-Phe-Gly-Leu-Met,  Trp-Ala-Gly-Gly-Asp-Ala-Ser-Gly-
Glu, Arg-Arg-leu-lle-Glu-Asp-Ala-Glu-Tyr-Ala-Ala-Arg-Gly, Arg-Pro-Pro-
Gly-Phe-Ser, Cys-Tyr-Phe-Gln-Asn-Cys, Lys-Arg-Pro-Pro-Gly-Phe-Ser-Pro-
Leu, Arg-Pro-Pro-Gly-Phe-Ser-Pro; from Bachem, Germany: Ac-Gly-Lys-
OMe, Gly-BAla-pAla, Phe-Phe-Phe-Phe, Gly-Gly-Asp-Ala, Gly-Pro-Gly-Gly;
and two were synthesized in house (purity confirmed by LC/MS): Gly-Gly-Gly-
Phe-Phe-NH,, Gly-Gly-Gly-NH,.

Biological matrices liver tissue, brain tissue, urine, and blood from a healthy
dog (beagle) were obtained from in-house sources at Janssen Pharmaceutica
(Beerse, Belgium), plasma and cerebrospinal fluid (CSF) of a healthy dog
(beagle) were obtained from Bioreclamation IVT, USA. For brain and liver
tissue, 1 part of tissue was homogenized with 9 parts of MilliQ water to form
tissue homogenates. Biological matrices were stored frozen at -20 °C, except for
blood which was used fresh (within 2 hours). For plasma and blood, K,EDTA
was used as an anticoagulant. A simple standard protein precipitation sample
preparation was carried out: 50 pL. of the stock solution of the compound was
added to a mixture of 400 pL of acetonitrile and 50 pL of biological matrix:
plasma, urine, whole blood, CSF, liver or brain tissue (1 part of tissue homo-
genized with 9 parts of water). This mixture was thoroughly mixed and
centrifuged for 10 min at 13 000 g. The supernatant (injection volume 5 pL)
was used for MS analysis.

In the direct infusion experiments sum of the flow rate was 8.4 puL/min and
in flow injection analysis the flow rate was 0.2 mL/min. Concentrations of each
compound were chosen so, that the signal would be in the linear range. During
every measurement, the linearity of signal to concentration graph was checked
and thereby it was verified that the signal was not saturated in any of the
measurements.
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3. RESULTS AND DISCUSSION

3.1 Incorporating multiply charging compounds
3.1.1 ESI- multiple charging on the example of indicators

As the ionization efficiencies of multiply charged ions have not been studied,
the first aim was to study multiple charging in negative ionization mode in
acidic and basic solvent (80/20 MeCN/0.1% formic acid or 0.1% ammonia,
respectively). In the literature there is much ambiguity of the charge states of
the compounds and, therefore, it is aimed to reveal the factors that affect the
ability to yield multiple charging in ESI/MS based on analysis of small
molecules in negative ESI ionization mode. It is aimed to propose a quantitative
model that can be used to predict the charge state.

The ionization efficiency scale was compiled in both basic and acidic solvent
(Table 1) and for both doubly and singly charged ions. Altogether 29 com-
pounds were studied covering a wide range of acidity (aqueous pK, values from
-3 to 11) and a wide range of hydrophobicity (logP from -0.5 to 7.5). Small
molecules allow determining conditions and parameters affecting multiple
charging based on a relatively simple system. This is a good starting point to
move on to bigger systems such as peptides. 9 of the 29 studied compounds
gave multiply charged ions in addition to singly charged ions in the mass
spectrometer in both solvents (given in Table 2 with the corresponding log/E
values). Additionally, also phenol-2,4-disulfonic acid gave doubly charged ions,
but due to spectral interferences, it was not possible to measure the
corresponding log/E value. Benzoic acid was taken as the reference substance,
meaning that its log/E value was set arbitrarily to be zero in basic solvent as
defined earlier in literature.”” Altogether 23 measurements in basic and 17
measurements in acidic solvent were made. In basic solvent, the ionization
efficiency scale range was about 3 logarithmic units for doubly charged ions
and 4 logarithmic units for singly charged ions. In acidic solvent, the
corresponding values were 4 and 3 logarithmic units. For singly charged ions
the ionization efficiency values did not statistically differ in two solvents
according to the z-test (95% confidence level was used). For doubly charged
ions the log/E difference in two solvents was statistically significant for all
compounds, except for tiron and SPADNS.
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It was observed that analytes with certain functional groups tend to give doubly
charged ions. All substances that gave doubly charged ions had at least one
sulfo group, also in most cases (except bathocuproinedisulfonic acid) one or
several electronegative groups (hydroxyl or bromo) and were aromatic.
Dicarboxylic acids did not give doubly charged species in the MS independent
of the pK, values and distance between carboxyl groups. The maximum distance
between carboxylic groups in the case of dicarboxylic acids was about 10 A in
the case of suberic acid (octanedioic acid). In the case of tiron or sulfosalicylic
acid, for example, which formed doubly charged ions, the distance between
charged groups was about 5 A.

Linear discriminant analysis (LDA) was carried out to find properties to
predict whether an analyte gives or does not give doubly charged ions in
negative ionization mode. LDA model was found using a training set composed
of 18 randomly chosen compounds. The validation set composed of 11
substances.

Among the training set, there were 5 substances that gave doubly charged ions
and 13 that did not give doubly charged ions (see Appenfix 3). Different
combinations of molecular parameters calculated with COSMOtherm were used
(logP, WAPS parameters for anions and dianions, molecular area, pK, values).
Model was chosen so that it would give the highest prediction precision for the
training set. This model was based on pK,, and logP values:

F=-0.48pK ,(4)+0.60-logP (16)

If £ > 0 then analyte A gives doubly charged ions,
If F <0 then analyte A does not give doubly charged ions.

This model has a prediction accuracy of 94%. Only slightly worse prediction
accuracy (89%) was obtained with a model that contained molecular volume or
WAPS instead of logP value. This model applies in acidic solvent as well as in
basic solvent since the same compounds gave doubly charged ions in both
solvents, although with different ionization efficiency. From the LDA model, it
can be seen that main properties that determine multiple charging are acidity
and hydrophobicity. One important parameter is pK,, that describes the
dissociation of the second acidic group. However, several substances that
according to pK, value of the substance and pH of the solvent should be
charged, did not give doubly charged ions (for example eosin B, phthalic acid,
pimelic acid). Only analytes that had substantially lower pK, than solvent pH
gave doubly charged ions. Similar result was also obtained by Felitsyn et al.*
who studied multiple charging of peptides. They showed that obtaining a second
charge in the ESI process is hindered by electrostatic repulsion of charges and
influenced by the hydrophobicity of the compound. Dissociation makes acids
more hydrophilic that in turn makes them stay inside the droplet. This means
that only substances with substantial hydrophobic character can move to the
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surface of the droplet in the ESI process. As a result, only substances with
reasonable acidity (in this study pKa, value below 5.8) combined with re-
markable hydrophobic character can give doubly charged ions in the ESI
process.

This model was tested on a validation set containing 11 substances of which
4 gave doubly charged ions. The prediction precision was 82% for the valida-
tion set. LDA gave incorrect results for three substances (eosin B, bathocuproi-
nedisulfonic acid and bromocresol purple). The false positive result for eosin B
and bromocresol purple could be caused by additives in the substance that could
suppress signal. Therefore, it is possible that eosin B could give doubly charged
ions but its intensity was below the limit of detection. On the other hand, it is
possible that some other parameter is affecting the formation of doubly charged
species that has not been considered in this study. The logP value of
bathocuproinedisulfonic acid is very similar to substances that did not give
doubly charged species and probably this is the main reason the prediction is
false negative. In the calculation of physicochemical properties of
bathocuproinedisulfonic acid zwitterionic conformers were included and
observed to be the most favored conformers in the liquid phase. It has been
shown by Teesch et al.''” that the structure of gas-phase ions and solvent phase
ions are, however, different. Consequently, it can be presumed that logP is not
the best parameter to describe the distribution of zwitterionic compounds such
as bathocuproinedisulfonic acid on the surface of the droplet.

Parameters calculated with COSMO-RS method were correlated with
measured log/E values in a basic solvent. The correlation was poor (R* < 0.55)
with Klamt parameters (polarity, polarizability, hydrogen bond accepting
capability, hydrogen bond donating capability; see Appendix 3 for details). It
was not possible to correlate a, to ionization efficiency values obtained in the
basic solvent because all the analytes were fully deprotonated and degree of
dissociation therefore equal to one for all analytes. With the rest of the para-
meters, the correlation was good. The best correlation was observed between
pK.: and ionization efficiencies corresponding to singly charged analytes (R* =
0.79, the correlation was positive). Good correlation was also obtained with
WAPS and hydrogen bond donating capability (Hgems) for the neutral species (R
is 0.68 and 0.72 accordingly). For doubly charged ions good correlation with
WAPS parameter, molecular volume (MV) and hydrogen bond donating
capability (Hyon3) Was observed. In acidic solvent the correlations were similar;
however, there was no correlation between doubly charged analytes ionization
efficiency and WAPS parameter.

The span of the log/E scale and order of the substances in the scale was
found to depend on solvent pH (see Figure 4). In acidic solvent, the range of the
log/E scale for doubly charged species is one logarithmic unit wider than in
basic solvent. Therefore, the pH is a suitable tool to increase or decrease MS
sensitivity for doubly charged species. Generally, the ionization efficiencies for
doubly charges species are about one logarithmic unit lower in the basic solvent
than for acidic solvent. Also, the order of the log/E values of the substances is
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dependent on solvent pH. The ionization efficiency values for singly charged
species are less influenced by solvent pH.

In basic solvent, more doubly charged species are formed in the solution
phase (pK,, is substantially lower than solvent pH allowing the second
protonation step) and the signal corresponding to doubly charged species and
corresponding log/E values are significantly higher. In acidic solvent, the
formation of doubly charged ions is not favored and more singly charged ions
are formed. As a result, the log/FE values of doubly charged ions are lower than
in basic solvent. Only for SPADNS and tiron the log/E values in basic and
acidic solvent do not change which can be explained by their very low pKj,
values (negative) and degrees of dissociation (a, value) of 1 in both solvents. In
basic solvent, only bromothymol blue and eosin Y give higher log/E values for
singly charged species than for doubly charged species. As mentioned before
the changes between acidic and basic solvent for singly charged species are
statistically insignificant according to ¢-test.

In both solvents, bromothymol blue has the highest log/E value for singly
charged species. This is probably because it has the highest hydrophobicity and
therefore the singly charged species will move to the surface of the droplet
easily, even if not a lot of them are formed in solution. The lowest log/E value
belongs to tiron, which is a relatively small molecule with high hydrophilic
character compared to other studied compounds. Also, another similar small and
hydrophilic molecule, sulfosalicylic acid, has low log/E value.

300 3.00
200 | — 200 | =
e —

- 1.00 3 1.00
o 2
< = D L LT LTI -—
E 0.00 %
> U
2 e _
'8 ' _| ........ —
I~ ) Bromothymol blue

1.00 . VI
EL E 1.00 Bromophenol blue
- —Eosin Y

—Bathocuproinedisulfonic acid
-2.00 -2.00 —Bromocresol green
e —SPADNS
H— —Tiron
3.00 3.00 — Sulphosalicylic acid
Basic Acidic Basic Acidic
pH=10.74 pH=2.68 pH=10.74 pH=2.68

Figure 4. Ionization efficiencies of analytes in acidic and basic solvents, where log/E is
the log/E of the molecule via formation of singly or doubly charged ion.
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In acidic solvent higher log/E, for singly charged species were observed for
analytes that (1) have higher molecular volume and are more hydrophobic
(higher logP value) and (2) give doubly charged species with lower log/E,
(bromothymol blue, bromocresol green and bromophenol blue). Among the
previously mentioned compounds, the highest log/E| value belongs to bromo-
thymol blue, which also has the highest hydrophobicity. Substances with lower
log/E values either give doubly charged ions with high log/FE, value or are
relatively hydrophilic substances such as sulfosalicylic acid and tiron. This
phenomenon can be explained as if the compound forms extensively doubly
charged species; therefore, there is only a limited amount of compound left for
forming singly charged species. Relatively large eosin Y has medium ionization
efficiency and is different from others in respect that it does not contain sulfo
groups.

To formulate a model for predicting log/E, via formation of singly charged
ions, different parameters were tested that had the best correlation with log/E;
(pKa1, WAPS, and hydrogen bonding capacity for neutral substance) and also
their combinations. The best parameter to describe ionization efficiencies
(log/E) was charge delocalization parameter WAPS. It can be concluded that
charge delocalization is the most important parameter.

All in all, it can be seen that log/E, values in basic and acidic solvents differ
for doubly charged species, which shows that log/E values depend on pH.
Solvent pH is, therefore, an important parameter to take into account to form a
universal log/E prediction model and also to reach higher selectivity in the
analysis. It can be seen from the previous discussion that the formation of singly
and doubly charged species are strongly related processes.

It was of interest if a predictive model for log/E values can be obtained
based on physicochemical properties of analyzed substances. Best quantitative
model (both for basic and acidic solvent) for predicting singly charged analytes
ionization efficiency was obtained by using WAPS values for singly charged
ions:

loglE, = (~1.14+0.23)- WAPS +(3.36 £ 0.51) (17)

Prediction precision of this model can be estimated by the root-mean-square
error of 5.1 times (see explanation in 2.4.1 and 2.5.1) and square of correlation
coefficient (R?) of 0.64. Only substance to deviate significantly from the model
was tiron. However, for doubly charged ions, the obtained models for predicting
log/E values quantitatively gave unacceptable results.
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3.1.2 ESI+ multiple charging on the example of
amino acids and small peptides

Ionization efficiencies of 21 amino acids were measured in ESI positive mode
(see Appendix 3). The range of the log/E scale for amino acids was approxi-
mately two orders of magnitude from log/E values 1.24 to 3.15. The ESI/MS
response of amino acids has been also previously studied by Chalcraft et al.*
and by Hermans et al.”’ For the common amino acids our results are in good
correlation with the findings of Chalcraft et al. (R* = 0.50, see Figure 5) and
Hermans et al. (R* = 0.85, see Figure 5). Compounds deviating the most from
the ideal correlation line are Val and Ala, which are some of the most hydro-
philic and smallest amino acids in both studies. Chalcraft et al. also found that
hydrophobicity and molecular volume are influencing the relative response
factors. Hermans et al. found a correlation between response factors of amino
acids and molecular volume.

® Chalcraft et al. ® Hermans et al.

3 y=1.16x-1.16
R>=0.50

logRFF
\)

y=1.18x-1.32
——= R = 0.85
0 °
0 1 2 3 4
loglE

Figure 5. Correlation between log/E values of amino acids and logRFF values.’*%

Previously developed model [Paper II] was used to predict the ionization
efficiency values of the amino acids and to confirm its applicability to amino
acids (Figure 6 and Appendix 3). A good prediction power for predicting log/E

values (root-mean-square error, s, ... = 3.5 times) was observed. Using

physicochemical parameters corresponding to the non-zwitterionic conformers
showed a significantly better fit to the experimental data than using parameters
for zwitterionic conformer. Though zwitterionic conformers are most abundant
in the solvent phase, it is expected that the relevant conformers in analyte-water
clusters and in gas-phase are different (see Figure A3-1).""7'%
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Figure 6. Correlation of measured and predicted log/E values of amino acids (in blue)
calculated by the prediction model from Eq. 22 (log/E = (1.39 + 0.29)-a + (0.36 =
0.05)-WANS + (4.01 £ 0.27), [Paper II]); black line depicts the ideal correlation (slope =
1, intercept = 0).

Ionization efficiencies of 38 oligopeptides with varying length of amino acid
residues (n = 2 — 14) were measured. The log/E values ranged over 4 orders of
magnitude (log/E values from 1.93 to 5.61) and are shown in Table 3. Oligo-
peptides were divided into 7 groups with common amino acid chain. Several
oligopeptides also formed multiply charged ions in ESI/MS (data shown in
Table A3-3, Appendix 3). The extent of multiple charging and the intensity
ratios of multiply charged ions varies between instruments (Figure 7). It was
expected that the charge state distribution depends on the instrumental
conditions used”™ and, therefore, log/E values for all charge states were summed
together:

Zmax

5 loglE = log Z 1010815 (18)

z=1

The values are presented in Table 3. The summed log/E values of oligopeptides
(Z loglE) had an acceptable correlation between different instruments and ESI
sources (R* = 0.44) whereas using, for example, only singly charged ions
yielded in no correlation (R* = 0.001).
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Figure 7. Correlation of log/E values obtained by measurements carried out with
different instrumental setups for different charge states: singly charged (z = +1), doubly
charged (z = +2) oligopeptides and for log/E values obtained by summing up all charge
states (z summed). Instrument one is an ion trap instrument, instrument 1 is a triple
quadrupole MS. The results of Instrument 1 are used in the discussion and in Table 3.

For predicting ionization efficiencies (see below), our hypothesis is that the
log/E of the peptide is proportional to the sum of the measured ionization
efficiencies of all of the amino acids (values Table A3-2, Appendix 3) that the
oligopeptide with the length of » amino acid residues consists of:

n
log IEpeptide ~loglE¢ym = log <2 1098 Eamino acid n) (19)
1

To test this hypothesis the correlation between the measured log/E¢yiqe and the
sum of the ionization efficiencies of amino acids log/E,, can be used. Here,

this approach results in a good correlation between measured and predicted
log/E values of oligopeptides (R = 0.70).
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Table 3. The log/E values of oligopeptides organized in groups with the same or similar amino
acid backbone. Amino acids with high log/E values (log/E > 3; Leu, Phe, His) are marked in
green, with low log/E values (log/E < 2; Gly, Cys) marked in red, and basic amino acids are

marked in bold (Arg, Lys, His).

X loglE | 10gIE, gictea | Group
1 GIn-Phe-Phe-Gly-Leu-Met-NH, 5.34 3.66 A
2 Lys-Pro-Gln-GIn-Phe-Phe-Gly-Leu-Met-NH, 491 3.74 A
3 GIn-GIn-Phe-Phe-Gly-Leu-Met-NH, 4.76 3.68 A
4 | Arg-Pro-Lys-Pro-GIn-Gln-Phe-Phe-Gly 4.69 3.69 A
5 Pro-GIn-Gln-Phe-Phe-Gly-Leu-Met-NH, 4.65 3.71 A
6 | Arg-Pro-Lys-Pro-GIn-Gln-Phe-Phe-Gly-Leu-Met 4.55 3.83 A
7 Phe-Phe-Gly-Leu-Met-NH, 4.38 3.63 A
8 | Asp-Arg-Val-Tyr-Ile-His-Pro-Phe-His-Leu 5.34 3.70 B
9 | Asp-Arg-Val-Tyr-Ile-His-Pro-Phe 5.30 3.70 B
10 | Asn-Arg-Val-Tyr-Ile-His-Pro-Phe 5.25 3.70 B
11 Val-Tyr-Ile-His-Pro-Phe 5.20 3.61 B
12 Tyr-Ile-His-Pro-Phe 4.80 3.55 B
13 | Asp-Arg-Val-Tyr-Ile-His-Pro 4.49 3.58 B
14 Ile-His-Pro-Phe 4.44 3.51 B
15 | Lys-Arg-Pro-Pro-Gly-Phe-Ser-Pro-Leu 542 3.71 C
16 Arg-Pro-Pro-Gly-Phe-Ser-Pro-Leu 5.30 3.68 C
17 Arg-Pro-Gly-Phe-Ser-Pro-Phe-Arg 5.04 3.57 C
18 Arg-Pro-Pro-Gly-Phe-Ser-Pro 4.98 3.53 C
19 Arg-Pro-Pro-Gly-Phe-Ser 4.75 3.47 C
20 Arg-Pro-Pro-Gly-Phe 4.30 3.45 C
21 Arg-Pro-Pro 2.87 3.21 C
22 | Thr-Arg-Ser-Ala-Trp-NH, 4.54 3.23 D
23 | Thr-Arg-Ser-Ala-Trp 4.41 3.23 D
24 | Cys-Tyr-Phe-Gln-Asn-Cys-Pro-Arg 4.70 3.49 E
25 | Cys-Tyr-Phe-Gln-Asn-Cys 4.69 3.28 E
26 | Cys-Tyr-Phe-Gln-Asn-Cys-Pro-Arg-Gly-NH, 4.26 3.49 E
27 | Trp-Ala-Gly-Gly-Asn-Ala-Ser-Gly-Glu 4.96 3.10 F
28 | Trp-Ala-Gly-Gly-Asp-Ala-Ser-Gly-Glu 4.30 3.11 F
29 Gly-Gly-Asp-Ala 2.78 2.54 F
30 | Gly-Gly-Gly-Phe-Phe-NH, 3.85 347 G
31 | Gly-Gly-Gly-NH, 1.93 1.78 G
32 | Gly-Lys-Pro-Ile-Pro-Asn-Pro-Leu-Leu-Gly-Leu-Asp-Ser-Thr 5.61 3.85 -
33 | Arg-Arg-Lecu-lle-Glu-Asp-Ala-Glu-Tyr-Ala-Ala-Arg-Gly 4.70 3.75 -
34 | Phe-Phe-Phe-Phe 4.69 3.67 -
35 | Arg-Arg-Pro-Tyr-Ile-Leu 4.52 3.75 -
36 | Ac-Gly-Lys-OMe 3.79 2.60 -
37 | Gly-Pro-Gly-Gly 3.79 2.69 -
38 | Gly-B-Ala-B-Ala 2.57 2.48 -
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3.1.2.1 Basic amino acids with higher hydrophobicity and larger volume have
higher ionization efficiencies

It was observed that amino acids with higher hydrophobicity and larger volume
(Leu, Phe, His) have higher ionization efficiency values. The same effect has
been previously observed for other small molecules.”** These compounds are
probably closer to the surface in ESI droplets and it is easier for this type of
compounds to enter the gas phase. Also, more basic amino acids (His, Arg, Lys)
had higher log/E values. Basic amino acids are expected to have a net positive
charge in the solution phase and are more easily ionized.** Acidic amino acids
(Asp, Glu), as well as smaller and more hydrophilic amino acids (Gly, Cys,
Ala), had lower ionization efficiencies. Small and hydrophilic amino acids are
most probably situated in the interior of ESI droplets and the transition from the
solvent phase to the gas phase is, therefore, more difficult. The significant
similarities to previously observed trends [Paper II] allowed suggesting that
ionization efficiency can be predicted for the amino acids with a similar model.
In order to test this, the log/E values of all of the amino acids were predicted
using a previously developed model [Paper II]. The correlation between the
predicted and measured values was high (for amino acids R* = 0.61). The
prediction error for ionization efficiencies of amino acids was on average Srwvsg
= 3.6 times which is a great improvement compared to areas assuming equal
ionization efficiencies and using peak areas for quantitation (sgmsg up to 82
times for amino acids). The correlation graph is given in Figure 6, blue dots
represent amino acids and grey points represent the data used for model
development. This is very encouraging, as the training set consisted mostly of
compounds with only one or two basic centers which are not zwitterionic in the
solution phase.

3.1.2.2 Longer oligopeptides have higher ionization efficiencies

In general, oligopeptides, in general, had higher ionization efficiencies than
amino acids and similar trends between IE and influencing parameters were
observed. The analyzed oligopeptides were divided into seven groups, with a
repeating amino acid residue backbone (see Table 3). Longer and bulkier
oligopeptides and oligopeptides consisting of more hydrophobic amino acids
had higher ionization efficiencies. Oligopeptides composing of smaller and
hydrophilic amino acids tended to have lower ionization efficiencies. The
longest oligopeptide had highest ionization efficiency (log/E = 5.61) and one of
the smallest and most hydrophilic oligopeptides (Gly-Gly-Gly-NH,) had the
lowest ionization efficiency (loglE = 1.92). This means that the sensitivity
difference between the best and the worst ionizing compound is ca 5000 times.
It seems that from a length of 5-6 amino acids onwards the ionization efficiency
values level off: the increase in oligopeptide length does not increase ionization
efficiency significantly (see Figure 8). This plateau effect is expected when the
surface activity of the peptide is high enough to cause almost all of the peptide
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molecules to reside in the droplet’s surface. This effect indicates that as the
length of the peptide increases the effect of each added amino acids diminishes
until it can be presumed that the log/E values are equal for longer oligopeptides.
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Figure 8. Ionization efficiencies of oligopeptides versus the number of amino acid
residues they consist of.

3.1.2.3 The amino acid composition is more important than length

In addition to the number of amino acid residues incorporated, the nature of the
oligopeptide, e.g., its hydrophobicity, presence of charged side chains, amino
acid residues with high log/FE values, are influencing the ionization efficiency of
the peptide. For example, the oligopeptide with the smallest number of amino
acid residues (two residues) in the current set was Ac-Gly-Lys-OMe (log/lE =
3.79) which has significantly higher ionization efficiency than oligopeptide
consisting of three Gly residues (log/E = 1.92). This is likely the case as Ac-
Gly-Lys-OMe contains Lys residue which is charged at current pH and is
significantly bulkier than Gly. Similarly, Gly-pAla-BAla (loglE = 2.57) has
higher ionization efficiency than Gly-Gly-Gly-NH, probably due to two extra
methyl groups in the side chains of both B-Ala residues (ionization efficiency is
4.5 times higher). The difference, however, is statistically insignificant.
Additionally, oligopeptide Phe-Phe-Phe-Phe (log/lE = 4.69) is quite short in
comparison with other oligopeptides. However, as it consists of phenylalanine,
which has one of the highest ionization efficiencies, this oligopeptide has a
rather high ionization efficiency.

Oligopeptides Asp-Arg-Val-Tyr-lle-His-Pro-Phe (log/E = 5.30) and Asp-
Arg-Val-Tyr-lle-His-Pro (log/lE = 4.49) differ only by one additional Phe
residue. Phe has high ionization efficiency and thus also increases the ionization
efficiency of the oligopeptide (0.81 Alog/E units). A similar effect of the
importance of amino acid in the oligopeptide with high ionization efficiency
occurs in the group C where oligopeptide Arg-Pro-Pro (log/E = 2.87) has 30

44



times lower ionization efficiency than Arg-Pro-Pro-Gly-Phe (log/E = 4.30).
Also, in group E it can be seen that longer backbone does not necessarily mean
higher log/E value (Cys-Tyr-Phe-Gln-Asn-Cys-Pro-Arg, log/lE = 4.70 vs Cys-
Tyr-Phe-GIn-Asn-Cys-Pro-Arg-Gly-NH,, log/E = 4.26). Based on this example,
it can be proposed that the accessibility (low steric hindrance) of charged amino
acid Arg is more beneficial than having a longer oligopeptide with less
accessible charge center.

3.1.2.4 Carboxylic vs amide group

From group D it can be concluded that amidification of the C-terminus does not
significantly influence the ionization efficiency. For these oligopeptides, there is
a clear basicity center (Arg) and the difference between pK, values and
hydrophilicity for carboxylic acid and amide group is insufficient for having a
significant influence. In addition, group B allows estimating the influence of
Asp (polar acidic side chain) vs Asn (polar uncharged side chain) for
oligopeptides Asp-Arg-Val-Tyr-Ile-His-Pro-Phe (log/E = 5.30) and Asn-Arg-
Val-Tyr-lle-His-Pro-Phe (loglE = 5.25). Again, there is no significant
difference, probably due to the fact that both Asp and Asn are uncharged at this
pH (in 0.1% formic acid, pH = 2.68). Both peptides already contain Arg residue
which is charged; Arg also has high ionization efficiency. The same comparison
can also be done in group F with oligopeptides Trp-Ala-Gly-Gly-Asn-Ala-Ser-
Gly-Glu (loglE = 4.96) and Trp-Ala-Gly-Gly-Asp-Ala-Ser-Gly-Glu (loglE =
4.30) where the difference between Asp and Asn is slightly larger, probably due
to the fact that neither oligopeptide contains charged side chains (no basic charge
centers) nor do they contain amino acids with high ionization efficiencies.

3.1.2.5 Predicting ionization efficiencies of oligopeptides based on loglE values
of amino acids

The similarities observed for the ionization behavior of amino acids and
oligopeptides suggest that similar physicochemical parameters are significant
for describing their ionization efficiencies. However, calculating physico-
chemical parameters for oligopeptides is significantly more time consuming as
both the molecular size and conformational space increase considerably with
each added amino acid residue. Therefore, it was tested whether the ionization
efficiency of an oligopeptide is correlated to the ionization efficiencies of the
amino acids it consists of. As described above, the effect of modified
(amidified) C-terminus is insignificant; therefore, there was no distinction
between peptides with or without modified (amidified) C-terminus. Also, a
single equation (Eq. 18) was applied to all oligopeptides independent of the
number of charge states formed.

The measured log/E values and the sum of log/E values of amino acids were
in a good correlation with the measured values (R* = 0.70, Figure 9). The way
the summarizing (Eq. 18) takes into account that each following amino acid,
independent on its position, has less effect on the overall ionization efficiency
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of the oligopeptide. Still, the slope of the correlation graph is different from one
(0.46 = 0.05). This is expected, as though amino acids influence the ionization
process of the oligopeptide the structure of the units changes as a result of
amide bond formation and simple addition does not account for this. The slope
and intercept values are expected to depend on the solvent and instrument used;
therefore, to apply the summing up approach the slope and intercept of the
correlation graph need to be applied. By doing so it is possible to estimate the
loglE of an oligopeptide from its amino acid composition in our specific
solvent-instrument system with an average error of 3.3 times.

6

5

IOgIE sum
W
[
[ ]
[ ]

0 1 2 3 4 5 6
lOg[ E peptide

Figure 9. Correlation between measured and predicted ionization efficiencies of
oligopeptides (R* = 0.70). Slope = 0.46 + 0.05 and intercept = 1.33 + 0.23; slope and
intercept can be used to normalize predicted ionization efficiency values to a measure-
ment setup.

The order of the amino acids may play a role in charge state distribution of the
ions formed during the ionization process. As the order of the amino acids is
expected to affect the sum of all ion formed less, in the abovementioned model
the signals of all the charge states are summed.

However, as pointed out before (Figure 8) there is a leveling off of ioniza-
tion efficiency values which means that from about a length of 5-6 amino acid
residues the addition of another amino acid residue influences the ionization
efficiency of an oligopeptide very little. It also means that from a certain length
onwards the ionization efficiencies can be assumed to be equal.

3.2 Predicting ionization efficiencies in biological matrices

Based on the previously obtained promising results for ESI negative mode in
various solvents’>'*' and instrumental setups'> it was aimed to go one step
further by predicting the ionization efficiencies for analysis in biological
matrices. Therefore, the aim was to study whether ionization efficiencies in ESI
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negative mode can be predicted in biological matrices (plasma, urine, whole
blood, cerebrospinal fluid (CSF), liver and brain tissue homogenates). For this
purpose, ionization efficiency values of 10 compounds, predominantly
pharmaceuticals, were measured in different biological matrices with flow
injection analyses. The ionization efficiency model was fitted in each matrix as
well as in neat solvent (80/20 MeCN/0.1% ammonia) to compare with. The
worst-case scenario, a simple protein precipitation sample preparation without
any chromatographic separation of the analyte and matrix compounds is used,
as a proof of concept that ionization efficiencies can be predicted under severe
matrix effect conditions. The method is cross-validated by the ‘leave-one-out’
validation method.

The span of the log/E values (Table 4) measured within one biological
matrix varied from 2.40 log/E units in the brain to 4.47 log/E units in blood.
The narrowest span was observed in the neat solvent (ca 1.67 log/E units). The
difference in spans demonstrates the extent of compressing or expanding the
log/E scales by the matrix compounds.

The variation of log/E values of compounds between different matrices was
significant: from 0.98 (warfarin, log/E,y - 10glEyine, 1.07 - 0.09) to 3.09
(fumaric acid, log/Ey - 10glEbi00d, -0.60 - (-3.69)) log/E units. This variation
demonstrates that ionization efficiencies are considerably influenced by the
matrix components. For example, in blood samples, the signal of warfarin is
suppressed by 89.5% relative to the neat solvent. Additionally, it is observed
that the variation in log/E values from one matrix to another was lower for
compounds with higher ionization efficiencies (e.g. warfarin and taurocholic
acid versus fumaric acid and sorbic acid).

In the literature,'”'** it has been shown that matrix effect may vary with
analyte concentration. The concentration dependence of matrix effect is a very
delicate question and it may depend on the way matrix effect is calculated.
Namely, differences are observed if calibration graph slopes or peak areas are
used.'” This is especially important if the matrix alters the linear range of the
method or intercept values.'*'*® Here all measurements are carried out in the
linear range and calibration graph slopes are used to calculate matrix effect. If
the measurements are in the linear range, it does not matter which specific
concentration is used, as the calculated slope is independent of the con-
centrations in this range.

The order of the log/E values of the compounds remained roughly the same
from one matrix to another. This means that compounds with higher log/F
values in the neat solvent are also ionized better in the presence of matrix
components. The same was confirmed by the correlation studies (see Figure
10). The log/E values in different biological matrices were in good correlation
with the log/E values in the neat solvent; see Table 4. The highest correlation
was observed between log/E values measured in urine and brain tissue
homogenate with log/E values measured in the neat solvent (R* = 0.87 for both).
The lowest correlation was observed between log/E values measured in CSF
extract and log/E values measured in the neat solvent (R’ = 0.67). The
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correlation graphs are presented in Figure 10. Additionally, the IE values
measured in the neat solvent are in good correlation with the previous measure-

121 . . . 2
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Figure 10. Correlations of loglE measurements in different biological matrices with
measurements in 80/20 acetonitrile/0.1% ammonia aqueous solution (log/E,).
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For all correlations, the intercept values were negative; this pinpoints that
biological matrices suppress ionization for the studied compounds. For all
biological matrices, the correlation graph slopes were significantly above 1.
These two findings show that in general the signal of compounds with lower
ionization efficiencies is suppressed more than the signal of compounds with
higher ionization efficiencies. This is well in line with the surface excess charge
model proposed by C.G. Enke* According to this model, the ionization
efficiency of a compound depends both on the compounds affinity towards
droplet surface charge and on the co-eluting compounds affinity towards
droplets surface charge. Compounds with lower affinity have lower ionization
efficiencies, and additionally, are more easily outcompeted from the surface of
the droplets by the matrix compounds.

Based on the correlation graphs the most complicated matrices were blood,
plasma, and urine. For these matrices, the intercepts were the lowest and slopes
the highest. Blood and plasma are known to cause severe ionization suppression
even after protein precipitation due to the omnipresence of phospholipids.'?’
Additionally, urine samples are known to have a high salt concentration which
is not completely removed by the sample preparation. For example, Dams et al.
' have observed ionization suppression of 85% even after using protein
precipitation with acetonitrile as a sample preparation method. High salt con-
centrations are known to cause severe ionization suppression'” due to analyte
precipitation in ESL.'*

A good correlation between log/E values measured in matrices and in the
neat solvent hints that ionization efficiencies can be predicted in the matrices
similarly to the already published predictions in the neat solvent.">* In order to
test this further, different physicochemical parameters were used for modeling.
Previously,”'?" it has been shown that log/E values in the neat solvent are best
described by charge delocalization parameter, WAPS, and degree of ionization,
a. WAPS values also had the highest correlation with log/E values measured in
biological matrices (see calculated parameters in Appendix 4). These para-
meters were also used to fit the multilinear models for predicting the log/E
values measured in biological matrices. The obtained models have the general
form as Eq. 20 and the respective constants are described in Table 5. The
obtained models possess good predictive power; the R* values ranged from 0.55
(urine) to 0.81 (liver). The obtained fits are graphically shown in Figure 11
(each color represents one matrix).

log IE = coefyaps - WAPS + coef, - a + intercept (20)
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The coefficients for WAPS in the model fitted for log/E values in urine, liver,
blood and brain matrix are very similar and only in urine matrix, the intercept
value became statistically significant. This can most likely be attributed to the
relatively high salt content in urine as compared to the other matrices.
Obviously, the salts have a much larger effect on the ion suppression than either
the lipids, bile acids or proteins remaining after sample preparation in other
matrices.

loglE predicted

log/E measured
® SOLVENT ®PLASMA ® URINE
®BLOOD LIVER ®BRAIN
OCSF

Figure 11. Correlation of all the measured log/FE values and predicted log/FE values in
different matrices. Each dot represents one compound in one matrix, different colors
indicate different matrices.

The accuracy of the models can also be described with the root-mean-square

error of the models from the LOO validation, SaMsE — 7.2 times. This value

shows that on average the mismatch between the predicted and measured
ionization efficiencies is lower than 8.3 times. Until now, in the absence of
authentic standards, equal ionization efficiencies are assumed in all matrices.
For example, if the ionization efficiencies for all compounds used in this study
are assumed to be equal to the ionization efficiency of benzoic acid and peak
areas are used to describe the abundance of the compounds present in the
sample it would lead to an average error of 660 times. This means, that the
proposed approach improves predicting ionization efficiency by almost two
orders of magnitude.

Moreover, all experiments in this study were carried out in flow injection
mode without any chromatographic separation. Therefore, the ionization
efficiencies of all of the studied compounds are affected by all of the matrix
compounds present after sample preparation. In the case of chromatographic
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separation, all of the analyzed compounds would co-elute only with a fraction
of matrix compounds and it is commonly expected that the matrix effect would
significantly decrease. Nevertheless, each analyte would co-elute with different
matrix compounds and, therefore, much more complicated effect on the
ionization efficiencies could occur. The results obtained with flow injection
analyses serve as a good starting point for developing a universal approach that
would be compatible both with liquid chromatography and flow injection
metabolomics. Additionally, as the push towards high throughput is ever
increasing and this is driving metabolomics studies also towards flow injection
analyses,”"! the current approach already is applicable.

3.3 Combining ESI polarities

Our group has extensively studied both ESI+ and ESI— mode and thousands of
log/E values have been measured in both ESI modes. However, these are still
two separate IE scales and comparison of values measured in can only be
qualitative (order of the compounds, span). The quantitative comparison would
be beneficial to better compare the two modes, but even more importantly it
would allow the user to choose the best ionization mode for a specific com-
pound or a set of compounds. In order to combine the two ionization modes, it
is important to find a compound ionizing to a similar extent in both ESI modes
(see Figure 12 for the outline of the process).

(1) . * Organic content change
Characterize pH change

plume * Droplet size change

Find * Behaves
similarlyin

| E compound
ESI+ and ESI-

scales N~

(3)
Link
scales

* Differentscales
* In different solvents
* ESI+and ESI-

Figure 12. Process of unifying the different IE scales measured in different solvents and
in ESI+ and ESI-.
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3.3.1 Comparison of ESI+ and ESI- plume: pH, organic phase
percentage, and droplet size

For the comparison, it is important to first quantify the changes occurring in the
ESI plume: organic modifier percentage, pH as well as droplet size change of
the "parent" ESI droplets with the diameter range of a few micrometers. For
quantitative comparison of pH changes, the absolute pH is used which enables
comparing different solvents and solvent compositions. Even more so, it will be
estimated, whether or not the ESI polarity affects the magnitude of mobile
phase properties’ change in the ESI plume. This enables for the first time to
compare the processes occurring in ESI source and aids in better understanding
of the differences and similarities of the two modes. This is novel in three
aspects: (1) the most acidic mobile phases are studied, (2) exact same set of ESI
source parameters for both ESI+ and ESI— are used thereby enabling accurate
and direct comparison between the two modes, (3) absolute pH is used, enabling
to accurately compare mobile phases with different organic phase content and
different aqueous pH.

Previous studies have measured either the aqueous phase pH or the pH of the
mobile phase (a mixture of water phase and organic solvent) using calibration in
the water phase. While this approach estimates the pH wit acceptable accuracy
to model the ionization processes, it is expected to be not enough for com-
parison between ESI modes. Depending on the organic modifier, it can
significantly influence the pH of the solvent mixture indicating that the conclu-
sions drawn from the aqueous phase pH might be over-simplified. The
conventional approach is improved upon by for the first time profiling the pH in
the spray according to the absolute pH scale.'” It is expressed as pH;fSO
values,'*® which enables direct comparison of the pH between different solvents
and water (see Appendix 2). The acidity of solvent composition was probed in
the aqueous pH (denoted as pH, refers to the “conventional” pH calibrated and
measured in water) range from 3.21 to 5.16 using pH-chromic fluorescent dye
as the molecular probe.

The results of acetonitrile content and pH?gSO change in the ESI plume for all
studied mobile phases are presented in Table 6. In all cases, the acetonitrile
content decrease across the plume is 5.3 to 7.5% (percentage point), as aceto-
nitrile is more readily vaporized during the evaporation process of the droplets.
These changes in acetonitrile content in the ESI plume have been taken into
account for the determination of the pH. This means for every point in the pH
calibration curve the corresponding acetonitrile content percentage was used.
For all mobile phases, the ESI+ mode has a somewhat smaller change in aceto-
nitrile content, however, the difference is statistically insignificant.
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The pHalbs at the ESI needle tip (x = 0 mm) is different (conﬁrmed by t-test)

from the pHabS of the initial bulk solution (Table 6). The pHabs difference of
0.06 to 0.23 pH units is observed between the bulk mobile phase and mobile

phase in the needle tip. The pH Change along the plume is visualized in

abs
Figure 13b. It can be observed that the pHabs of the solution decreases steadily
along the ESI plume (i.e. becomes more acidic). For 50% acetonitrile content in
the initial solution, the change in the pH is lower than for 80% initial
acetonitrile content. The droplets for 50/50 acetonitrile/pH 5.00 water phase are
more acidic according to pH?éSO than for 80/20 acetonitrile/pH 4.00. This
demonstrates that aqueous pH alone is not suitable for describing the acidity of
the mobile phase. The largest difference of the pHabs for ESI+ and ESI— down
the plume evolution was observed for mobile phase containing 80/20
acetonitrile/pH 4.00 and the change was up to 0.81 pH units.
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Figure 13. Change in (a) acetonitrile content (%MeCN) in the middle of the ESI plume
(y =3 mm), (b) pHabs in the middle of the plume. pH in x = -1 mm is the pH H20 of the

abs
initial mobile phase, (c) average droplet diameter in the spray plume versus the axial

distance x from the emitter tip (the average error is +0.6 um) (d) average droplet

diameter versus the pH in ESI plume. The legend is the same for a, b, ¢ and d.

abs
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The droplet size was determined by Mie scattering measurements (by Dr. M.
Girod in University Claude Bernard Lyon 1). The comparison of the projection
of the signal intensity as a function of the scattering angle with the Mie theory
allows determining the average droplet diameter at each point in the ESI plume,
for the previously determined solvent compositions. The droplets shrink as they
move downstream due to the evaporation process. Note that the reported droplet
size is an average of the size of droplets within a pixel, which is an area of
500 pm x 500 um. Moreover, the droplets constituting the ESI plume are poly-
disperse. The droplet size distribution for each pixel is found to be Gaussian
with a standard deviation ¢ ranging from 1% to 2.5%. The droplet diameter is
decreasing along the plume from 4.5 um to 2 pum for the acetonitrile/water
80/20 solvent mixture. For the 50/50 mixture, the initial droplet diameter is
higher (4.9 um) and the solvent evaporation is less efficient, leading to droplet
diameter of 3.6 um at x = 13 mm from the emitter tip. However, droplet size
measurements demonstrate that droplet diameter change is independent of the
ESI mode.

The droplets profiled in this study are the large parent droplets (in a
micrometer scale) observed in the ESI plume. They are in different stages of
development: (1) approaching Rayleigh limit,”> (2) close to the Rayleigh limit
and (3) already undergone Coulomb explosion and emitted a significant amount
of excess charge via formation of smaller offspring droplets. Therefore, not all
of the droplets are at the same stage and profiling gives us the average of these
droplets.

The mobile phase becomes more acidic (compared to the initial acidity) at
the needle tip (x = 0 mm) in the ESI+ mode, whereas in ESI— it becomes more
basic. The acidities at this point are not yet influenced by the selective
evaporation that occurs in the plume, as the measurements are made directly in
the needle tip. This is also observable on Figure 13a, which shows the
acetonitrile content along the plume starting from the needle tip. The change in
pH;IbZSO is caused by the electrochemical reactions taking place in the very end
on the needle capillary. In ESI+ mode the electrochemical reaction creates an
additional amount of protons from water or additives, while in ESI— hydroxyl
ions are generated or protons are neutralized.®2*!3*!%

The pH;ff change occurring between the bulk phase and droplets in the

needle tip is significant. However the absolute value of pH?bZS change is very

similar for ESI+ (up to 0.23 units) and ESI— (up to 0.17 units). Therefore, the
absolute differences in the changes of pH;fSO occurring in the needle tip for
ESI+ and ESI- are statistically insignificantly different. Based on this, it is
impossible to decide over the efficiency of electrochemical reaction between
ESI modes and mobile phases. Van Berkel et al."** have previously found and
calculated that the change could be in the order of 2 or more pH units. This may
result from the fact, that in their study pure water without any buffering agent
was used.

57



H,0 .
2~ differences are much smaller

It is worth mentioning though that the pH_ ;.
than those predicted by theoretical calculations.*” A probable reason is that
calculations can only be made based on the assumption of reached equilibria.
However, it is important to note that it is not known whether the droplets
formed in ESI are actually in their equilibrium. In previous studies it has been
shown that some compounds may retain their liquid phase structures (charge
location) due to kinetic trapping,"*® meaning that the drying of the droplets in
ESI is too fast for the droplets to reach the actual equilibrium. Therefore, it is
also likely that at least some of the droplets profiled in our work have not
reached the chemical equilibria (including acid-base equilibrium).

For all studied mobile phases and in both modes it was observed that the
solutions become more acidic along the plume. This is caused by more ready
vaporization of acetonitrile and the resulting decrease of the content of
acetonitrile in the droplets along the plume, causing an increase of water
content. Three different factors operate here: (1) increase of formic acid acidity
(decrease of pK,) (the aqueous phase consists of 0.1% formic acid solution
titrated with 25% ammonia solution to the desired pH), (2) increase of formic
acid concentration in solution and (3) further increase of the share of the (more
basic) water in the solvation sphere. While the last factor causes decrease of the
solvated proton activity, the first two outweigh it, causing the droplet to become
more acidic. The influence of solvent composition change on the basicity of
ammonia is less important because (1) basicity of bases is less influenced by
adding organic solvent'*® and (2) the used pH range is far from the pK, of NH,".
The pH change in the plume is in general similar to that expected and also
previously demonstrated.” Therefore indicating that tendencies found pre-
viously for neutral and basic mobile phases are also valid for acidic mobile
phases.

H,0

The decrease of pH_; ;" along the plume is very similar in ESI+ and ESI-
resulting in almost parallel evolution of lines within one mobile phase in Figure

13b. Therefore the pH;{bZSo difference for ESI+ and ESI— generated by the
electrochemical reaction in the needle tip remains essentially the same
throughout the plume despite acetonitrile evaporation. Only in the case of the
aqueous phase with a pH of 4.00, is the change in acidity greater in ESI+ than in
ESI—, causing the pH?tfso difference of 0.53 units at the maximum profiling
length between different modes. If electrochemical reactions would be of the
same efficiency for all mobile phases and the organic solvent evaporation rates
would be indistinguishable, as observed from Figure 13a, it would be expected
that more acidic mobile phase obeys less pH change than the less acidic (also
keeping in mind, that the buffering capacity for this studied mobile phase is
much higher).

Also, it was observed that pH:gSO change is larger for the mobile phase
containing 80% of acetonitrile than for mobile phase containing 50% of
acetonitrile. The probable reasons could be: (1) the profiled length is longer
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(15 mm versus 13 mm in the case of 50% acetonitrile) and (2) the change in the
droplet size is larger (Figure 13c and d). The first possibility may be ruled out,
as the plateau of the pH change has already been achieved at x = 13 mm. The
droplet size change, however, is in almost linear relation with pH?tfso (see
Figure 13d). It is observed, that the droplet size changes more for mobile phase
with 80% of acetonitrile than with 50% of acetonitrile. Acetonitrile evaporates
more readily from solution with higher acetonitrile content:* both 50/50 and
80/20 mobile phases lose about 5% of acetonitrile; therefore, the total
acetonitrile loss (and thereby the increase in water content leading to increased
dissociation of formic acid) for the latter is higher. Solvent fractionation is less
efficient when the initial water content is higher.

The method used allows us to profile the droplets down to 0.5 pm in dia-
meter, therefore, indicating two mechanisms influencing the plume evolution.
First, the drying of the droplets due to heated drying gas. In this process, the
more volatile mobile phase component evaporates faster, but the changes are
expected to be similar for the two ESI modes. Secondly, the fission of the
charged nanodroplets from the parent droplets. This mechanism can have an
effect on the composition of the remaining part of the parent droplet and is
expected to influence ESI+ and ESI— mode differently. In ESI+ and ESI- ions
of different type are removed from the parent droplets during ejection of
nanodroplets, therefore, facilitating pH;{bZSo change in different directions. Each
fission of one nanodroplet removes 10 to 40% of the excess charge (depending
on the solvent) from the parent droplet.'>**"*"'** The general amount of excess
charge can be estimated on the basis of pH change from bulk mobile phase to
the mobile phase in the needle tip. Therefore, if the fission of nanodroplets
would be a dominant process changing the composition of the parent droplets, it
H20 profiles for ESI+ and

abs
H,0
abs

would be expected: (1) a significantly different pH

ESI- along the plume and (2) more significant changes in the droplets pH
along the plume.

These findings are important from two aspects. First, for modeling ESI
process these findings demonstrate that desolvation due to drying dominates
over the fission of nanodroplets in case of pneumatically assisted ESI sources.
This means that similar models for ESI+ and ESI— mode can theoretically be
constructed and this could also serve as a validation criterion for such models.
Secondly, for practitioners, these findings show that qualitative findings related
to the ESI process obtained on the ESI+ mode can almost directly be applied
also in the ESI— mode. However, the importance of desolvation gas is huge and
therefore quantitative findings are transferable only within one set of gas
parameters between ESI+ and ESI-.
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3.3.2 Linking ESI+ and ESI- IE scales

Linking ESI+ and ESI- is accomplished (as depicted in Figure 12) by (1)
characterizing and comparing the ESI plume for ESI+ and ESI- (previous
chapter, Paper III), (2) using a reference compound with both acidic and basic
moieties with similar pK, values, allowing ionization to similar extent in both
modes from the same solution, and (3) measuring the links from ESI+ and ESI—
anchoring compounds to the reference compound (in respective solvents) and
unifying ESI+ and ESI— scales.

To make ESI+ and ESI— scales comparable, it is important to find a system
where ionization efficiency value measured for a compound in ESI+ mode
(loglE®®") and ionization efficiency value measured for a compound in ESI-
mode (loglE™") would become similar (steps (2) and (3)). It has previously
been observed® that among other things, the ionization of compounds in the
solvent and affinity towards droplet surface determines the extent of ionization
in the ESI source. Therefore, it was necessary that basic and acidic groups of the
reference compound would have similar ionization degrees in solution. Since
the physicochemical changes in the ESI plume are similar in ESI+ and ESI-,
the ionization in both modes occurs from fairly similar solutions. [Paper III]
This significantly simplifies choosing a suitable solvent system for anchoring
measurements.

Several compounds were tested and the closest degrees of ionization of the
acidic and basic groups were observed for trans-3(3-pyridyl)acrylic acid (TA)
in 80/20 acetonitrile/pH (aq) 4.00 (v/v) solution. The degree of ionization for
the acidic group was 0.38 and for the basic group, it was 0.19. Since the pH in
the plume region close to the MS entrance is somewhat lower (ca 0.8 for ESI+
and 0.1 units for ESI— [Paper III]) than the initial pH, the degrees of ionization
are in fact even more similar and the ionization of TA in ESI+ and ESI— will
also be similar. Here, focus is on the ionization of a specific group and not on
the ionization of the compound as such, as some of its molecules may be as
zwitterions in the solution. However, the simultaneous ionization of two groups
is expected to affect ionization in both modes in the same way, as statistically
the same fraction of molecules is present in the droplets as zwitterions in both
modes.

The difference between anchor values (AESLHVS ESI=y of EST+ and ESI- can
be derived (Figure 14):

ESI+vs ESI—__ ESI+,0.1% formic ESI+,0.1% formic—pH4 21
A nchors = logIEEt4N+_MB + logIEEt4N+ 21

ESI+pH4 ESI-,pH4
+ log IETA_EWVJr —loglE;_g4

ESI-,0.1%ammonia—pH4
+ log IEg),

where superscript denotes the ESI mode and media that the IE was measured in;
subscript denotes the compounds that were measured.
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The log IE?;I_JE?;IN‘_LF of TA was measured to be -1.11 in ESI+ (anchor
ESI-,pH 4

substance Et;N") and log IE;,_gn  was 0.73 in ESI- (anchor substance
benzoic acid (BA)), both in 80/20 acetonitrile/pH 4.00 (v/v) solution. However,
log/E scales in ESI+ and ESI— have been compiled in different solutions and to
make the scales comparable, an anchor substance, BA in 80/20 acetonitrile/pH
4.00 (v/v) solution and 80/20 acetonitrile/0.1% ammonia (v/v) solution (ESI-),

was infused. A difference (logIEESI /0-1%ammonta-pH 4) of 0.90 logarithmic

units was observed, meaning that the ionization efficiency of BA is 0.90
logarithmic units lower in 80/20 acetonitrile/pH 4.00. In ESI+ Et,N" in 80/20
acetonitrile/0.1% formic acid (v/v) solution has an ionization efficiency of

ESI+,0. 1%form1c
(logl EEt N

previously that the ionization efficiency of tetraethylammonium is not affected
ESI+,0.1%formic—pH 4 =0 34
Et,N* )-

Substituting these values into Eq. 21 gives a difference of 3.95 — 1.11 — 0.73
+ 0.90 = 3.01 logarithmic units between the IEs of anchors between ESI+ and
ESI- (Figure 14). Knowing the difference in anchors allows direct comparison
in log/E values between ESI+ and ESI— mode.

) 3.95 relative to methyl benzoate."* It has been observed

by changes in pH (log IE

0.1% formic pH 4.00 pH 4.00 0.1% ammonia ,, ,o
6.15 :
£ EGN* 0 Et,N* 3
E; “11...%...%...%... o 8o
0.73 BA e A L
MB 3.01
0._. R N 2

log IE™" =(1.3940.23)- r+(0.36+0.05)- WANS+(4.01£0.27)  (22)
logIE™" =(2.2340.34)- ¢ +(~0.51£0.04)- WAPS+(1.04+0.34) (23

Figure 14. Comparison of log/E scales compiled in ESI+ (log/E™"™) and ESI-
(loglE™").

To further verify this difference, the log/E prediction models were compared
(Equations 22 and 23 in Figure 14). Previously developed a model (Eq. 23) for
predicting IEs in ESI- (log/E™") was based on the degree of ionization and the
charge delocalization in anions (WAPS).* In order to make the IE prediction
models comparable, the model for log/E values on the ESI+ scale” was
modified to contain a WANS parameter that describes charge delocalization in
cations (see Figure 15 and Appendix 5,"° and obtained Eq. 22 for finding
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log/E™"™. The ability to predict IEs is similar (s
version" of the model (s = 7.2 times).

avse — -4 times) to the previous
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Figure 15. Predicted log/E™"" values calculated with the modified prediction model
containing WANS plotted against measured log/E™"™ values.

The intercept of such models carries information about the log/E (relative to the
anchoring compound) of a hypothetical compound which is neutral (degree of
ionization, a = 0) but has infinitely delocalized charge (WANS or WAPS = 0).
Such compounds should ionize to the same extent in ESI+ and ESI-. Therefore,
the numerical value of intercept carries information about the anchoring
compound and the difference in intercepts allows comparing the anchoring
values. The difference in the intercepts (2.97) in the log/E prediction models for
ESI+ and ESI- (Figure 14) was statistically insignificantly different (z-test on
95% confidence level) from AESLEVSESI= (3 01). This implies that the difference
is not accidental and has been correctly assigned.

3.3.3 Comparison of ESI+ and ESI- mode for compounds ionizing
in both modes

Now the ESI+ and ESI- have been made quantitatively comparable by the use
of a common anchor. This knowledge was applied to a set of 33 compounds
(Table 7), which ionize in both ESI+ (a range of 3.5 log/E units) and ESI- (a
range of 3 log/E units) and found the difference between loglE™"™ and log/E™"
by taking into account the difference in the anchors (Figure 16).
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Table 7. Compounds used in the quantitative comparison of ESI+ and ESI— mode and
pK., pKy (pK, of conjugated acid of a base), o™, ™", 1oglIE®", 10gIE™", charge
delocalization parameters (WANS and WAPS) values for these compounds.

Name loglE™S"™ loglE™S" | pK, | pKy | o™ | oS" nggS Wﬁ?s
z'py“dffﬁimp‘omc 3.19 204 | 40 | 46 | 05 | 08 | 428 | 575
2-nitrobenzoic acid 1.29 2.43 23 | -33.2 1.0 0.0 5.12 5.81

phthalic acid 1.91 333 | 32 |-323| 09 | 00 | 5.18 | 581

salicylic acid 1.73 337 | 28 | 65| 09 | 00 | 576 | 6.06

2'am“;‘c’i'ifnz°lc 2.69 302 | 47 | 21 | 02 | 00 | 631 | 668

4-aminophenol 2.55 154 | 104 | 54 | 00 | 1.0 | 852 | 867

4'py“d1;‘fipdr°p‘°m° 3.37 2.93 40 | 51 ] 05 | 09 | 469 | 581

2-aminophenol 2.80 2.39 103 | 45 0.0 0.8 8.07 8.27

terephthalic acid 1.87 312 | 36 |-319] 07 | 00 | 509 | 5.63

4'hyd“;’;iy§enz°lc 1.45 3.03 44 | 611 03 | 00 | 593 | 680

4'”‘22}’;“"” 2.61 2.81 47 | 27 1 02 | 00 | 675 | 6.96

2-cyanophenol 1.25 3.29 81 | -6.3 | 0.0 0.0 5.61 6.3
benzoic acid 1.22 3.01 41 | 315] 04 | 00 | 606 | 7.1

Asn 2.12 252 | 40 | 65 | 05 | 1.0 | 796 | 827

Asp 221 252 | 40 | 65 | 05 | 1.0 | 859 | 852

Gln 231 243 | 41 | 73 | 04 | 1.0 | 679 | 7.35

Glu 2.39 2.7 39 | 75 | 06 | 1.0 | 7.46 | 8.66

His 3.04 232 | 38 | 73 | 06 | 1.0 | 739 | 7.23

Tle 275 202 | 48 | 76 | 01 | 1.0 | 554 | 339

Leu 315 289 | 48 | 75 | 01 | 1.0 | 549 | 3.79

Met 2.70 239 | 45 | 75 | 02 | 1.0 | 526 | 6.13

Phe 3.07 37 44 | 75 | 03 | 1.0 | 513 | 5.06

Ser 2.14 252 | 40 | 70 | 05 | 1.0 | 10.09 | 10.77

Thr 2.35 249 | 42 | 71 | 04 | 1.0 | 795 | 890

Trp 2.62 296 | 45 | 74 | 02 | 1.0 | 520 | 5.04

Tyr 2.51 331 40 | 75 | 05 | 1.0 | 626 | 6.00

Val 2.70 285 | 47 | 76 | 02 | 1.0 | 662 | 7.58
Phe-Phe-Phe-Phe 4.69 463 | 36 | 77 | 07 | 10

Gly-Gly-Gly-Phe-

PheNE, 3.85 363 | 124 78 | 00 | 1.0
Gly-Pro-Gly-Gly 3.79 204 | 32 | 78 | 09 | 1.0
Gly-Gly-Asp-Ala 2.78 304 | 32 | 78 | 09 | 1.0
Gly-B-Ala-p-Ala 2.57 265 | 38 | 81 | 06 | 1.0
Gly-Gly-Gly-NH, 1.91 211 | 126 78 | 00 | 1.0

The difference in log/E values (log/E™" - logIE™") was compared against a
constant of 0.3 logarithmic units, which refers to a two times difference in
signal scale. A two-time increase is of significance for practitioners and is also
statistically significant (based on repeatability of the measurements). Out of the
investigated compounds, which all can be ionized in both modes, for six
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compounds ESI+ is preferred (log/E difference > 0.3 log units), and for 15
compounds ESI- is preferred (log/E difference < -0.3). Twelve compounds
ionize to a similar degree in ESI+ and ESI-. Thus, in approximately 46% of
cases a compound is better ionized in ESI—, and indifferent for 36%.

2 ESI- ESI+
preferred No preference : preferred
|
I

[a—

’ LLLLLL L i
| |
- |
! |
|
2 |

logIEES! - logIEES*

Figure 16. The difference in log/E values for compounds ionizing in both ESI+ and
ESI- between the two modes.

Ionization efficiency is considerably enhanced (up to 100 times) in ESI— for
compounds with low logIE™". More precisely, ESI- is preferred by compounds
that are only oxygen bases (e.g. mostly carboxylic acids). Compounds being
simultaneously both oxygen (carboxylic acid) and nitrogen bases fall into all
three categories. For small peptides and amino acids, the differences between
ESI+ and ESI— are mostly very small and either of the modes could be used.
One of the exceptions is histidine, which contains a basic side chain that may
account for a strong preference towards ESI+ mode (0.72 log/E units,
5.3 times). Aspartic acid and glutamic acid, amino acids with acidic side chain,
show a weak preference towards ESI—. When interpreting these results, it is, of
course, important to keep in mind that all the investigated compounds have
acidic groups in their structure.

From previous studies'** it is known that ionization efficiency in both
modes is best described by the degree of ionization in solution (&) and charge
delocalization (WAPS or WANS). For most compounds, the ionization degree in
solution is sufficient to explain the ionization mode preference, including
examples described above. For example, compounds that are oxygen bases
(such as carboxylic acids) tend to be very weak bases but are at the same time
medium strength acids. Therefore, the formation of anions is preferred for these
compounds. For amino acids, both amino and carboxylic acid group are
expected to be charged, and therefore only small differences between ESI+ and
ESI— are expected.

Exceptions to this rule are the amino acids tyrosine and methionine. They are
both fully ionized in ESI+ and ESI— solvent; however, tyrosine is better ionized
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in ESI- and methionine is better ionized in ESI+. To explain this phenomenon,
there is a need to look at the ionization process in more detail. There are two
main requirements for a compound to become ionized: (1) it needs to become
charged, and (2) it needs to partition to the surface of ESI droplet to be ejected
to the gas phase. Previously differences in anion and cation surface affinities
have been studied for protons and hydroxide ions'* and significant differences
have been observed. These differences are largely determined by ion-solvent
interactions, which are different for cations and anions of the same analyte,
arising from differences in charge delocalization, stereochemistry, and solvent
properties. In the case of methionine, the charge in the cation is significantly
better delocalized than in the anion, based on the comparison of WAPS and
WANS (6.1 and 5.3, respectively, lower value means better charge delocaliza-
tion). For tyrosine, the charge is slightly better delocalized in the anion (6.0 and
6.3 respectively). Therefore, the preferred ionization mode for tyrosine is
opposite to methionine due to opposite charge delocalization of cation and
anion. Additionally, tyrosine has an ionizable side-chain in ESI-.'*'

3.4 Mining data from literature and transforming it
to enhance prediction model

As already discussed in the review of literature, there are several groups who
have been involved in researching ionization efficiencies, but the biggest short-
coming of those studies is that they are mostly focused on a small set of com-
pounds (usually structurally similar) and/or limited eluent system. In order to
overcome this, it would be very beneficial if the data already published could be
pooled together and made quantitatively comparable. This would allow for a
large scale and wide chemical space covering analysis of ionization efficiencies
and would allow making more impactful conclusions.

In order to do this (1) an approach to unify literature data to make it nu-
merically comparable is proposed; (2) the consistency of the data presented in
the literature is evaluated, and (3) guidelines for presenting relevant data in the
future will be offered. To do this correlation of data from literature with
Quantem prediction model recently proposed by our group will be used (Figure
17).*" With this, the data from the literature will be unified and, for the first
time, the values obtained from different sources will be compared.
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Figure 17. Comparison of the chemical space coverage based on logP values. a — ESI
positive mode; b — ESI negative mode. The comparison is made with databases of
DrugBank,"*? Human Metabolome Database (HMDB),'** data used in model develop-
ment (Quantem), and data pooled from literature. HMDB also includes compounds that
have not been and cannot be measured with LC/MS.

3.4.1 Transformation of RF values into a uniform dataset

In literature, papers contained information in several forms: (1) relative respon-
se factors (RRF), (2) response factors (RF), (3) slopes of the calibration curve,
and (4) data tables and/or charts with MS signal and concentration of the com-
pound. All of this information was used to obtain logarithmic relative response
factors (logRRF). The reference compound for each set of data was randomly
chosen (if it was not already chosen in the original paper) so that this reference
compound would have been present in all of the studied conditions (eluent, pH,
equipment, etc.). In order to obtain meaningful results, at least 4 compounds per
setup were required. Molar concentrations were used to make the data con-
sistent.

All of the measurements from different publications were carried out relative
to a different reference compound. This causes a systematic shift in the relative
response factor values from the literature data. Additionally, measurements
were carried out on different instruments and with different eluents. It is known
from previous studies that ionization efficiencies measured on different instru-
ments are correlated but may be compressed or expanded (slope values are
significantly different from 1) relative to each other.'* This arises from the
differences in the ionization source, e.g. the heated ESI sources, such as the Jet
Stream, which compress the ionization efficiency scale, thus the ionization effi-
ciency values measured on this source are closer (similar) to oneanother.'**'**

To make all the ionization efficiency values retrieved from the literature
comparable, the values need to be transferred to the same reference system. In
our previous studies, all of the IE values have been measured as relative values;
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the /E of methyl benzoate and benzoic acid have been arbitrarily taken as IE = 1
(loglE = 0) in ESI positive and negative mode, respectively. Here, a trans-
formation of the literature values was carried out using the predicted ionization
efficiency values. For the transformation, half of the points were randomly
selected (logRRF values from literature and corresponding predicted log/E
values) and fitted a linear regression. The slope and intercept of the linear
regression were used to transfer the rest of the logRRF values to the same scale
(logRRF comparavie) With the predicted log/E values.

log RRF — intercept (24)
slope

log RRFcomparable =

The transformation was carried out separately for each literature reference and
setup used (for both different instruments and eluents). The transformation of
the logRRF values is more reliable for datasets containing more compounds;
therefore, papers with less than 4 data points per setup could not be included.
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Figure 18. Process of pooling data from the literature, predicting ionization efficiency
values and transforming literature logRRF values to quantitatively comparable values.

3.4.2 Uniform dataset characterization

The number of papers published in scientific journals is exponentially growing
and so is the amount of data that could be used in interdisciplinary research.
Even though open data is becoming a requirement for most leading scientific
journals and most competitive funding schemes, an important question is if and
how can the data be reused. While combining data for this paper, retrieving data
from literature sources was not a straightforward task. Although FAIR data
principles'* are being acknowledged worldwide, there is a lack of standards on
data presentation, a form of availability, and data curating.

Based on a thorough literature search, 57 papers were analyzed. Only 15
papers for ESI positive mode,!'?0#08283:1477155 7 hapners for ESI negative
mode®” 7761338 and two papers for both ESI positive and ESI negative
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mode’®”® contained information in a format that enabled retrieving and trans-

forming the data as well as subsequent testing of the log/E prediction model. In
the papers studied, most of the data was presented in figures and not in a
tabulated form. This is probably due to the fact that visual data is easier to
grasp. However, retrieving data from graphs is very difficult, if not impossible.
Sometimes the numerical data was given in Supporting Information, but that
was rather exceptional. In some cases, the values could be found, but it was
very difficult to retrieve the metadata (setup, eluent, concentration). Also, the
authors were contacted to clarify experimental details; however, often the
authors did not reply. One clear solution to simplify retrieving data from
literature would be to publish the raw data in a tabulated format: the conditions
used, exact concentrations of the solutions, together with the signals obtained.
From the analyzed papers 634 RF values of 440 unique compounds in 64"
different eluent compositions were collected in ESI positive mode. In ESI
negative mode, 373 RF values for 161 unique compounds in 47" different eluent
compositions were collected (see Appendix 6 and Figure 18). The measure-
ments had been carried out on instruments from 7 different vendors by 22
research groups.

The data collected from the literature supports the assumption that pooling
data together from different literature sources will allow diversification. From
the distribution of logP'” (Appendix 6) values for each set of incorporated
compounds it can be seen, that for both ESI positive and ESI negative mode,
each individual study has focused on a specific set of compounds and, therefore,
covers only a narrow logP range. Additionally, in some studies, only com-
pounds with very narrow pK, range were incorporated, but the distribution of
pK,'**"" values from over all the studies is much more diverse (Figure 19).

a b
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2> 2>
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0 5 10 15 5 0 5 10 15
pKaacid pKjbase

Figure 19. Distribution of aqueous pK, values of studied compounds from literature a -
acidic group pK,,'® b - pK,'® of the conjugate acid of basic group.

® Including eluent differences arising from chromatographic separation.
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3.4.3 Comparing the logRRF values from the literature

Previously, it has been shown that the range of ionization efficiency values for
the same set of compounds varies from instrument to instrument.'” Addi-
tionally, the numerical values depend on the used reference compound. In order
to overcome this variation, the transformation approach (described in the
Experimental section) was used, which transfers the numerical RF values mea-
sured under different conditions to comparable 10gRRF omparable Values (Figure
18). The transformation does not influence the order of compounds within a set
or the relative differences between the compounds therein.

The correlation (Figure 20) between the 10gRRF omparable Values obtained
from publications and the values predicted by the log/E prediction model is high

2 . . . _
(R” = 0.61) for ESI positive mode. The s, is less than 2.0 times (s, . = 2.3

times). For 93% of compounds, the prediction error is less than 5 times. This
accuracy is as good as for the prediction accuracy of the Quantem model
development dataset (2.2 times).*' Overall, the log/E prediction model
correlates well with RF values obtained from literature in ESI positive mode
and the prediction is good over various eluent compositions and different
compound classes.

In ESI negative mode, the correlation between logRRF omparabie Values
obtained from literature and log/FE values predicted by the model is slightly
lower (R* = 0.50, Figure 20). The Syap 18 3-8 times (s, = 5.9 times). Similarly

to positive mode, the model for negative mode was developed by using a broad
set of compounds (logP from -6 to 9.5, molar masses 89 to 675 Da) and eluent
conditions. However, the data retrieved from literature contained conditions not
included in the model development, which is the main reason for the low
correlation in the negative mode.

Based on the good correlation observed in Figure 20, especially for ESI
positive mode, it is obvious that ionization efficiency values are comparable
between publications. Our transformation approach shows good agreement even
where originally contradictory findings have been observed. For example,
Hermans et al.”* observed a weak correlation between ionization efficiency and
logP values. Ehrmann et al.*>, on the other hand, observed no clear relationship
between ionization efficiency and logP values. After transformation, it can be
seen that data from both papers shows good consistency with the ionization
efficiency values predicted with Quantem model (s, . of 1.6 and 2.5 times,

respectively). For the first time, the logRRF comparabie approach allows the com-
parison of ionization efficiency values of amino acids, measured by Hermans et
al..*®® to the nucleobases, measured by Ehrmann at al.} 1t is observed that the
values for nucleobases are very close to the values of the amino acids. For
example, on the transferred 10gRRF comparable SCale tryptophan has only 1.3 times
higher response than cytosine. This is an example of how pooling data together
with the proposed transformation approach allows obtaining a deeper under-
standing than each independent publication can.
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Figure 20. Correlations between predicted log/E and 10gRRFcomparable for a — ESI
positive, b — ESI negative mode.

3.4.3.1 Different compound classes

To understand the scope of the developed model, the performance of the model
in different compound classes needs to be assessed. For comparison in ESI
positive mode, the compounds were divided into three sets: (1) hydrophobic
oxygen bases like steroids, lipids, and fatty acids; (2) small molecules; and (3)
peptides. As most of the studies had focused on the ionization of small
molecules, set number (2) was the largest, containing 530 RF values (of which
353 unique compounds) from 8 studies. The peptide set was the smallest
containing 43 RF values (31 unique compounds) from three studies.
Interestingly, in all of the groups, the accuracy of ionization efficiency
predictions was roughly the same: s, . 2.4,2.4 and 1.6 times; s, 2.0, 2.0 and

1.4 times (Figure 21), respectively. Distinctive sets could not be formed in ESI
negative mode.
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Figure 21. Comparison of predicted and measured values grouped by compound class
in ESI positive mode. Lipids — Cifkova2012,"" Byrdwell2013,"** Alymatiri2015;™®
Peptides — CechEnke2000," Leitner2007,'S' Raji2009,'>* Stavenhagen2013;'S* Small
molecules — Yang2006,"® Ehrmann2008,'  Chalcraft2009,' Bedner2011,"
Mandra2015,* Cramer2017,% Hermans2017,” Kiontke2017.*

3.4.3.2 Eluent pH

In ESI positive mode, data was divided into three groups based on aqueous
phase pH of the eluent: acidic (pH < 5), neutral (5 < pH < 8), and basic (8 <
pH). In all groups, the consistency between predicted and measured results is
good (2.1 to 3.0 times); the points are close to the ideal fit line (Appendix 6).

Comparing the s, . values, slightly higher accuracy is observed for data

measured with eluent containing water phase at acidic pH values (s, . = 2.1

times). For neutral pH values, accuracy (s = 2.3 times) is similar to the

RMSE
acidic subset; in basic pH values, the accuracy is unsurprisingly somewhat
lower (RMSE = 3.0 times) as basic water phase is in general not favorable for
ESI positive mode.’

For ESI negative mode, the obtained accuracies are somewhat lower than in
ESI positive (see Appendix 6). Unsurprisingly, the highest accuracy (s, . =

2.1 times) is observed in basic pH, which is the most favorable for ESI negative

mode.” The lowest accuracy is observed for neutral conditions (Spmse =

6.8 times). In acidic eluent, the predicted log/E values are slightly more

accurate (s, .= 2.8 times).

3.4.3.3 Organic modifier

In ESI positive mode, there were only two organic modifiers used: acetonitrile
(MeCN) and methanol (MeOH). The s . values are 1.8 times (s =22

RMSE

times) and 2.0-times (s = 2.5 times), respectively. This is not surprising as

RMSE
in the model development both organic modifiers were used as well.
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Similarly to ESI positive mode, in ESI negative mode the model does not
seem to have a preference. In addition to MeOH and MeCN, other, less
common eluents were used: (1) acetone, for which the prediction model does
not seem to work at all; (2) chloroform/MeOH mixture, for which there were
very few data points with very similar /E values; (3) MeCN/isopropanol
mixture, for which the model seems to work acceptably well (s, , . = 1.6 times,

Spumse = 1-8 times); and (4) tetrahydrofuran, for which there were too few data

points, all in a very narrow range. Additionally, pure water was used, for which

the prediction model does not work well (s, , . = 5.6 times, s, . = 7.7 times).

Only MeCN and MeOH had been used in model development as organic
modifiers and, therefore, the model is not expected to yield as good predictive
power for eluents mentioned above.

3.4.3.4 Problematic issues

Analysis of the biggest outliers is useful to indicate the limitations of the
approach. It is of interest if some specific groups of compounds are performing
worse than others. Based on the distribution of the log P values (Appendix 6),
the compounds from the study by Stavenhagen et al.'** are the most hydrophilic
ones. Correlating the 10gRRF comparable Values with predicted log/E values, the
accuracy for the aforementioned compounds is good. Surprisingly, compounds
from some publications which are chemically similar to the ones used in
Quantem model development show large deviations. One reason could be that
the similarity among the compounds in particular dataset is high, e.g. in the
studies by Cramer et al.,”” Mandra et al.* and Kiontke et al.*> Even though the
number of compounds is high, the physicochemical properties of the com-
pounds are very similar.

The accuracy of the ionization efficiency transformation in ESI negative
mode is not affected by the differences in the properties of the compounds used
in literature and for Quantem model development. For example, compounds
studied by Koivusalo et al.'® were significantly more hydrophilic (see

Appendix 6 ), but the prediction accuracy for these compounds is high (s . =

1.1 times, s, . = 1.1 times). The set from the study of Huffman et al.”* showed

lower prediction accuracy despite the significant overlap in the properties of the
compounds used in model development. However, the compounds with low
accuracy are measured either in a neat organic solvent or in the neat water
phase. Such eluents, especially without a pH adjusting additive, are not
favorable conditions for electrospray.’”

3.4.3.5 Technical aspects that need to be considered before retrieving data from
the literature

In order to make maximum use of the data collected by the community, it needs
to be clear how data has been obtained. The lack of metadata does not allow
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assessing the quality of the data. Used eluent, elution conditions, additive
concentrations need to be unambiguously known. Furthermore, it has to be clear
whether (1) the measurements have been carried out in the linear range and (2)
the isotope peak distribution is accounted for.

Firstly, measurements are often carried out at the same concentration level
for compounds with different ionization efficiencies without checking if the
concentration is in the linear range. The signal linearity check is very important,
as compounds measured under signal saturation conditions appear to have equal
ionization efficiencies. This makes it impossible to determine causality between
molecular properties and ionization efficiency.

Secondly, MS signal is divided into several peaks; especially for compounds
containing chlorine, bromine, selenium, and sulfur. If the signals of two
compounds with remarkably different isotope distribution are compared, the
result is strongly affected by the isolation width used in measurements and in
the data processing. Often, information about such practices is not available.
Previously, we have used an isolation width of <1 Da and accounted for the
presence of isotope peaks via isotope correction. This approach is recommended
to others, as it is less influenced by the physical and chemical noise than simply
increasing the isolation width.
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SUMMARY

Compounds have several orders of magnitude different ionization efficiencies in
ESI source leading to a misestimation of concentrations up to million times if
just signals are used for quantification. lonization efficiency prediction pos-
sesses high potential to overcome the lack of standard substances in LC/ESI/MS
analysis. The aim of this thesis was to broaden the existing understanding of
ESI in terms of analytes, matrices, instrument and developing a strategy to unify
the vastly different and contradictory ionization efficiency measurements into
one dataset. All of the gained knowledge throughout this work will allow the
development of a universal model for predicting concentrations which is not
limited to specific compound families, matrices or instrumental setups.

Firstly, the ionization efficiency measurement was expanded to multiply
charged analytes on the example of indicator molecules and oligopeptides. It
was shown that the ionization efficiency of a peptide based on the ionization
efficiencies of amino acids it consists of. Also, it was shown that from peptide
length of 5-6 amino acid residues there is a leveling of effect, which indicates
that from that length onwards presuming equal ionization efficiencies does not
produce a great error. For the first time, the gap between ionization efficiencies
of small molecules and larger ones has been closed.

Secondly, as all the ionization efficiency measurements have been pre-
viously carried out in a neat solvent, it was seen that the ionization efficiency
measurement approach can also be applied to more complex matrices. The
ionization efficiencies of pharmaceutical compounds were measured in blood,
plasma, urine, cerebrospinal fluid, and liver and brain tissue homogenates. It
was seen that the overall ionization efficiency prediction error for these matrices
is on average 8 times. This shows that the developed ionization efficiency
approach is universal and can be applied to various matrices.

Thirdly, the two measurement modes, positive and negative ESI were
combined with the help of anchor compound that ionizes to a similar extent in
both modes. By this connection, ionization efficiencies measured on either
mode are directly comparable to values measured in the other mode allowing to
choose the best mode for a specific analyte. Interestingly, it was discovered that
for a set of compounds ionizing in both modes, negative ionization mode seems
to be the preferred one.

Lastly, all the knowledge gathered previously was combined to transform
data from literature into one uniform dataset. This demonstrated that although
contradictory conclusions may have been reached in individual publications, the
overall consistency of data is good. Controversial results were probably reached
due to a limited set of compounds and/or conditions studied in each publication.
The developed transformation approach can be applied to other previous and
future datasets to combine data into a uniform dataset. This will allow for
quantitative comparison of data independent of location, eluent, and the instru-
ment used. It will additionally allow gaining more insight into ESI mechanism
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and developing more comprehensive model do predict ionization efficiencies
more accurately thus enabling quantitation without standard substances.

The results of this thesis enabled to expand ionization efficiency measure-
ment methodology multiply charged analytes and allowed for direct quantitative
comparison of ionization efficiencies measured in different ESI modes, matrices
and even in different labs. The gained knowledge lays a solid foundation to
move forward with a universally applicable ionization efficiency prediction
model that would allow standard substance free quantification as well as
possible deeper understanding of the ESI process.
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SUMMARY IN ESTONIAN

Elektropihustus ionisatsiooniefektiivsuste méétmismetoodika
ja rakenduste laiendamine ja taiustamine

Elektropihustusionisatsioon-vedelikkromatograafia-massispektromeetria  (ESI/
LC/MS) on iiks enim kasutatavaid meetodeid erinevate analiilitide uurimiseks
mitmetes valdkondades keskkonna analiilisidest ravimiarenduseni ja toidu-
ohutuseni. Kuigi ESI/LC/MS vdimaldab méarata viga madalaid ainete sisaldusi,
on tipseteks modStmisteks vajalik standardainete kasutamine. See on tingitud
sellest, et ainete ionisatsiooniefektiivsused erinevad miljoneid kordi, s.t. sama
kontsentratsiooni kuid erineva ionisatsiooniefektiivsusega analiiiidid voivad
anda miljoneid kordi erineva signaali. lonisatsiooniefektiivsus defineeritakse
analiiiidi molekulidest v3i ioonidest genereeritud gaasi faasi ioonide méérana.
Ionisatsiooniefektiivsus soltub aine struktuurist, kasutatavast eluendist, kasu-
tatud ESI allika geomeetriast ning analiilidiga samal ajal elueeruvatest {ihen-
ditest. See tdhendab, et kasutades vaid signaale ainete sisalduse méédramiseks
voime saada suurusjirke valesid tulemusi. Standardainete kasutamine pole alati
voimalik, nditeks kui tehtud avastus on niivord uudne, standardainet pole
voimalik siinteesida voi selle soetamine on voimatu.

Ionisatsiooniefektiivsusi on uuritud mitmete erinevate teadusgruppide poolt
kuid tihti on nendest tehtavad jéreldused vastuolulised. Vastuolude pdhjuseks
voib olla, et tihti on iihe uuringu siseselt kasutatud védga sarnaseid iihendeid,
ithendeid on vidhe ning uuritud tingimused on véga piiratud. Laiema pildi
moistmiseks on vajalik erinevate teadusgruppide andmed iihendada ja uurida
universaalseid trende.

Seega oli doktoritdo eesmarkideks: (1) laiendada ja tdiendada ionisatsiooni-
efektiivsuste modtmise metoodika ka mitmelaengulisi ioone andvatele analiiii-
tidele ning keerulisematele maatriksitele, nditeks bioloogilised vedelikud; (2)
ithendada ESI positiivses ja negatiivses reziimis saadud ionisatsiooniefektiiv-
suste véidrtused numbriliselt vorreldavaks ja (3) arendada vilja meetod, et
koondada erinevad kirjandusandmed ning muuta need numbriliselt virreldavaks
andmekomplektiks.

Esmalt arendati vdikeste indikaatormolekulide ja oligopeptiidide abil vélja
metoodika, et uurida mitmelaengulisi ioone moodustavate {ihendite ionisat-
siooniefektiivsusi. Niidati, et peptiidid ionisatsiooniefektiivsus on vodrdeline
teda moodustuvate aminohapete ionisatsiooniefektiivsuste summaga. Samuti
selgus, et alates 5-6 aminohappe jadki sisaldavast oligopeptiidist toimub
ionisatsiooniefektiivsuste nivelleerumine: sellisest pikkusest alates ei too vord-
sete ionisatsiooniefektiivsuste eeldamine kaasa suuri vigu sisalduse méadramisel.

Samuti laiendati ionisatsiooniefektiivsuste mootmise metoodikat keerulise-
maltele bioloogilistele vedelikele. Ravimilaadsete {ihendite ionisatsiooniefektiiv-
sused moddeti veres, vereplasmas, seljaaju vedelikus, uriinis ning aju- ja maksa-
koe homogenaatides ning tiheldati viga head korelatsiooni solvendis moddetud
ionisatsiooniefektiivsuste vidrtustega. Seetdttu oli voimalik ennustada ka keeru-
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listes bioloogilistes vedelikes iithendite sisaldusi kasutades fiilisikalis-keemilisi
parameetrite kaudu ionisatsiooniefektiivsuste modelleerimist. Mudel vdimaldab
hinnata sisaldusi keskmise kaheksa kordse ennustusveaga.

Seejérel tihendati ionisatsiooniefektiivsuste skaalad ESI positiivses ja nega-
titvses reziimis kasutades ankuriihendit, mis ioniseerub sarnasel méiiral mole-
mas reziimis. Uhendamise tulemusena on mdlemas reziimis mdddetud viir-
tused kvantitatiivselt vOrreldavad ja vdoimaldavad valida konkreetse analiilidi
jaoks sobiva ESI reziimi. Ullatuslikult selgus, et uuritud ainete jaoks, mis ioni-
seeruvad molemas reziimis olid ionisatsiooniefektiivsused kdrgemad negatiiv-
ses reziimis, mis on seni olnud vihem populaarne analiiiisi reziim.

Kasutades kogu eelnevalt kogutud infot, arendati vélja metoodika, et koon-
dada andmeid kirjandusest ja iihendada need itheks andmekomplektiks. Uhen-
damine toi vélja asjaolu, et kuigi iiksikute artiklite jédreldused on vastuolulised,
on andmete omavaheline kooskdla teadusgruppide vahel hea. Ilmselt olid
vastuolulised jareldused tingitud piiratud tingimustest ja/voi ainete omadustest.
Arendatud metoodikat saab rakendada kdigile varasematele aga ka tulevikus
saadavatele andmetele, et saavutada kvantitatiivselt vorreldavad tulemused.

Seega said tiidetud kdik piistitatud eesmérgid ning doktoritdd tulemusena on
voimalik kvantitatiivselt vOrrelda erinevates laborites, erinevatel instrumentidel
ja erinevates maatriksites modddetud ionisatsiooniefektiivsusi. Suuremad ja
usaldusvdirsemad andmehulgad vdimaldavad arendada universaalse mudeli
ionisatsiooniefektiivsuste ennustamiseks, mis omakorda vihendab vajadust
standardainete jarele LC/ESI/MS analiilisil. See omakorda voéimaldab luua
selgust ESI ionisatsioonimehhanismi osas.
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Appendix 1

Determination of ionization degrees of
trans-3(3-pyridyl)acrylic acid

Chemical shift (0) of protons is determined by the chemical environment of the proton,
therefore chemical shifts reflect the structure of the compound and can be used to
calculate the degree of ionization in solution. Determination of degrees of ionization
was performed on 700 MHz NMR Bruker Avance 11 700 NMR spectrometer. 'H NMR
spectra of trans-3(3-pyridyl)acrylic acid were registered in acetonitrile-d;:H,O (80/20
v/v) mixtures at aqueous pH 1.0, 3.0, 4.0 and 10.0. Degrees of ionization at different pH
for the carboxylic group was calculated from chemical shift of E proton and for
pyridinium group by averaging degrees of ionizations calculated from B and C protons
(Figure Al-1 and Table A1-1).

[rel]

trans-3(3-pyridyl)acrylic acid

pH 10 |

pH 4

pH3

pH 1

— 7 —
85 8.0 75 7.0 [ppm]

B bpc F E G
Figure Al-1. '"H NMR spectra of trans-3(3-pyridyl)acrylic acid in acetonitrile-ds:H,O
(80/20 v/v) mixtures at aqueous pH 1.0, 3.0, 4.0 and 10.0.

Table A1-1. Chemical shifts of protons (see reference of subscripts in Figure Al-1) at
different pH values.

pH s on dc or e ¢
10.0 8.664 8.010 8.443 7.399 7.319 6.567
4.0 8.713 8.048 8.513 7.439 7.579 6.592
3.0 8.732 8.069 8.539 7.457 7.673 6.601
1.0 8.987 8.776 8.760 8.085 7.740 6.800
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Spectrophotometric titration was carried out for verification of the results. First, spectra
in a solvent where the aqueous phase consisted of 0.1 M HCI (pH 1) solution was
recorded — in that solution, both groups are protonated. After that, the spectra at diffe-
rent aqueous phase pH values were recorded until end-point was reached (no spectral
changes detected — both groups deprotonated) using ammonium hydroxide as a titrant.
As the spectra recorded at pH 3.91 is a complex mixture of spectra of multiple forms it
is impossible to distinguish between the degrees of protonation for the acidic and basic
site separately. The spectrum at pH 3.91 still enables to see that both of the groups are
protonated to some extent confirming the NMR experiment result in a qualitative way.
Double beam spectrophotometer Thermo Nicolet Evolution 300 was used. Scan speed
was intelliscan mode (from 120 nm/min to 1200 nm/min, scan speed changes depending
on how strongly absorbance depends on the wavelength), bandwidth was 1.5 nm and
data registration interval was 1 nm. Results of the UV-Vis measurements confirmed the
results obtained by 'H NMR experiment.

— pH 3.02
— pH3.91
0.8 P o
=] \ P
< 06 | pH 4.96
5]
E \\ ---pH 10.91
= 04 N —
S =<3
=
<02
0 .
200 220 240 260 280 300 320

Wavelength (nm)

Figure Al1-2. UV-Vis spectra of frans-3(3-pyridyl)acrylic acid in acetonitrile:H,O
(80/20 v/v) mixtures at aqueous pH 1.0 (0.1M HCI), 3.02, 4.26, 4.96 and 10.91 (0.1%
NHj).
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Appendix 2

Absolute pH theory
The conventional pH is defined by IUPAC'** as given in Eq. A2-1:

pH=-loga,, (A2-1)

where ay is the relative activity in molal scale. This means that the zero point (standard
state) of pH scale is activity of 1 mol/kg of H'y,, in the given solvent (or solvent
mixture). Therefore, every solvent or solvent mixture has its own pH scale and none of
these scales are comparable due to unknown shifts of the zero points. To add confusion
to these different pH scales there is the question of calibration, which leads to another
possibility to define or name pH scales as §pH or ;pH, where subscript shows calibra-
tion and superscript measurement medium (s is solvent and w is water). This question is
discussed in detail by Rosés.'®®

Recently Himmel et al. proposed a unified acidity scale that is based on the absolute
standard chemical potential z4,(H") of the solvated proton '*? and where the zero point
of the scale is the z,(H") of the proton in the gas phase, which is arbitrarily set to 0 kJ
mol ™. Importantly, this zero point of the scale is universal to all possible media, thereby
enabling comparison of the acidities of any given media on one scale. In any solvent,
the chemical potential of the proton is decreased (becomes more negative) by solvation.
The more negative is the proton's chemical potential the lower is its activity and
consequently the acidity of the solution. The absolute acidity (absolute pH, pH,s) can
be calculated via the solvated proton's chemical potentials as follows:

Uaps(HY s0lv
pHaps = — Lozslison) (A22)
where R is the molar gas constant, and 7 is the absolute temperature and z,(H',s0lv) is
calculated as given in Eq. A2-3:

Laps(H, 501v) = Ay, GO(H) — [pH X RT In 10] (A2-3)

where Ay, yGO(H") is Gibbs energy of solvation and pH is the conventional pH. This
approach is also fully universal in the sense that it does not set any limitations to the
solvation sphere of the proton. At the same time, the properties of the solvation sphere
(extent of solvation) of the proton are explicitly taken into account by the decrease of
chemical potential.

As was said by IUPAC already in 1985'° an “intersolvental” pH scale would be
ultimately referenced to water due to the indisputable key role of water as a solvent. For
the same reason absolute acidity is linked to water pH scale via Gibbs energy of
solvation as follows:

Asolvc"e(l'r‘—r Hy 0)

H,O0 _
pH = PHaps + RTIn10

abs

(A2-4)

The notion pH;fSO means that pH is expressed on the absolute scale, but values are
shifted by a constant in order to make the pH,, values directly comparable to the
conventional aqueous pH values (i.e. pH:lthO value 7.00 refers to the acidity of the
solution where the proton's chemical potential is as high as in aqueous solution with
wpH 7.00). Thus the unified pH scale enables to express acidity of any media on a

unified scale in the form of familiar aqueous pH (\pH) values.
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Absolute pH measurements

Absolute pH values (Table A2-1) were obtained by using a Metrohm 713 pH meter in
differential potentiometry mode with two metal-coated glass electrodes (Laboratory of
Glass Electrochemistry, St. Petersburg State University) as described in '*°.
Measurements were made at (25 £ 1) °C. Consistency standard deviation of the results
was 0.01 pH units and in total 52 measurements were made. Liquid junction potentials

and uncertainties were calculated as in ref."*®> Absolute pH values were measured in
HZ0

abs in the plume.

bulk solutions and used as a reference for calibrating pH

H,0
abs

Table A2-1. The acidity of mobile phases expressed as pH
measurement uncertainties.

values together with

Mobile phase® pH.2° Ugw’ U

MeCN/wpH 5.50 80/20 8.59 0.01 0.14
MeCNypH 5.00 80/20 8.43 0.01 0.14
MeCN/¥pH 5.50 75/25 841 001  0.14
MeCN/ywpH 5.50 70/30 8.23 0.01 0.14
MeCN/ywpH 5.00 75/25 8.18 0.01 0.14
MeCN/wpH 4.50 80/20 8.10 0.01 0.14
MeCN/ywpH 5.00 70/30 7.94 0.01 0.14
MeCN/wpH 4.50 75/25 7.80 0.01 0.14
MeCN/wpH 4.00 80/20 7.64 0.01 0.14
MeCN/¥pH 4.50 70/30 750 001  0.14
MeCN/ywpH 5.50 50/50 7.49 0.01 0.14
MeCN/wpH 4.00 75/25 7.32 0.01 0.14
MeCNYWpH 5.50 45/55 7.30 0.01 0.14
MeCN/wpH 3.50 80/20 7.18 0.01 0.14
WoH 7 (diluted) 713 001  0.14
MeCN/wpH 5.50 40/60 7.11 0.01 0.14
MeCN/ywpH 5.00 50/50 7.05 0.01 0.14
MeCN/ywpH 4.00 70/30 7.03 0.01 0.14
MeCN/wpH 3.50 75/25 6.86 0.01 0.14
MeCN/wpH 5.00 45/55 6.85 0.01 0.14
MeCN/wpH 5.00 40/60 6.62 0.01 0.14
MeCN/¥pH 3.50 70/30 657 001 014
MeCN/¥pH 4.50 50/50 656 001 014
MeCN/ywpH 4.50 45/55 6.36 0.01 0.14
MeCN/wpH 4.50 40/60 6.14 0.01 0.14

* The aqueous phase is 0.1% formic acid solution titrated with 25% ammonia solution to
the desired yypH.

® Within-lab reproducibility estimates (uzw) can be used to evaluate the internal consis-
tency of the measured values.

¢ These combined standard uncertainty estimates (uc) can be used to compare the acidi-
ties of the solutions in this scale with the acidities of aqueous solutions by conventional
pH measurement.
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Organic phase percentage and pH change in ESI plume

From infusion pump
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Figure A2-1. Setup for profiling changes in the ESI plume.
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Appendix 5

Combining and quantitative comparison of ESI+ and ESI-
ionization mode

Table A5-1. Charge delocalization values (WANS) calculated for compounds in ref 2.

Compound WANS-10° | Compound WANS-10°
ey TGP 078 | methomyl 4.14
tetrahexylammonium 0.26 benzophenone 3.03
(C4H9N)3-P:N-C6H4-4-CF3 1.35 aldicarb 345
(C4H9N)3-P:N-C6H3-2,5-C12 1.21 piperidine 6.17
((CH3),N);-P=N-C¢H; 1.81 aniline 8.23
tetrabutylammonium 1.28 2-methylpyridine 543
tetrapropylammonium 1.88 N-methylpiperidine 4.74
phenyl tetramethylguanidine 0.56 4-nitroaniline 6.41
tributylamine 1.80 pyridine 7.20
hexyl-methylimidazolium 0.48 dimethyl glutarate 3.45
diphenylguanidine 2.95 benzamide 5.86
tripropylamine 3.98 pyrrolidine 7.47
acridine 3.09 diethylamine 6.45
diphenylamine 3.88 phenylbenzoate 3.10
diphenyl phthalate 1.81 2-nitroaniline 6.24
1-naphthylamine 5.63 4-chloro-2-nitroaniline 5.47
DBU 3.50 tetramethylammonium 6.14
tetraecthylammonium 3.19 dimethyl succinate 4.14
2,4,6-trimethylpyridine 3.46 guanidine 12.70
tetramethylguanidine 342 trimethylamine 7.76
methiocarb 2.80 dimethyl malonate 5.02
N,N-dimethylaniline 4.68 2-cyanophenol 5.61
ethyl-methylimidazolium 4.23 benzoic acid 6.06
triphenylamine 2.32 2,4-dinitroaniline 5.94
4-fluoro-3-nitroaniline 651 | %0-dimethoxy 4.03
pyridine

dimethyl phthalate 2.80 ethylamine 11.97
triethylamine 3.98 3-chloropyridine 6.41
3-nitroaniline 6.47 2-methoxypyridine 5.21
benzylamine 6.58 2-chloropyridine 5.86
2,6-dimethylpyridine 4.26 ethyl benzoate 3.77
sulphanilamide 6.14 methyl benzoate 4.60
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Appendix 6
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Figure A6-1. logP distributions of compounds studied in individual publications. a —

ESI positive mode, b — ESI negative mode. The number above the boxplots represents

the number of unique compounds in the corresponding set.
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Figure A6-2. Comparison of predicted and measured values grouped by pH of the

aqueous phase. a — ESI positive mode, b — ESI negative mode.
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Figure A6-3. Comparison of predicted and measured values grouped by the organic
modifier. a — ESI positive mode, b — ESI negative mode.
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Figure A6-4. Comparison of predicted log/E and measured values from literature
(comparable logRRF) in ESI positive mode.
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Figure A6-5. Comparison of predicted log/E and measured values from literature
(comparable logRRF) in ESI negative mode.
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Figure A6-6. a — ESI negative mode all data; b — ESI negative mode with only MeOH,
MeCN and water containing eluent compositions.
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Table A6-1. Overview of data used in Paper VI.

Count of

Row Labels ESI+/ESI-
ESI- 504
AB Sciex 31
Zendong2017 6
60/40 acetonitrile/2 mM ammonium formate (both) 6
Wu2013 25
gradient methanol/0.025% acetic acid(aq) 25
Agilent 218
Huffman2012 173
acetone 45
acetonitrile 42
methanol 43
water 43
Monnin2018 34
gradient acetonitrile/isopropnaol(9/1)/0.02% acetic acid(aq) 17
gradient acetonitrile/isopropnaol(9/1)/10 mM ammonium acetate(aq) 17
Pieke2017 11
gradient acetonitrile/ammonium formate(aq, pH = 3.1) 11
Bruker 26
Kamga2014 5
tetrahydrofuran 5
Koivusalo2001 15
chloroform/methanol (1:2, 1% ammonia) 15
Tang2014 6
gradient acetonitrile/formic acid(aq, pH = 3) 6
Micromass 54
Henriksen2005 54
50/50 acetonitrile/water 13
50/50 methanol/water 13
acetonitrile 14
methanol 14
Shimadzu 42
Alymatiri2015 42
50/50 methanol/ammonia(aq, pH = 10) 21
methanol 21
Thermo 8
Lin2016 8
gradient methanol/1 mM ammonium acetate (both) 8
Waters 125
Ghosh2015 125
40/60 acetonitrile/10 mM ammonium formate(aq) 25
50/50 acetonitrile/10 mM ammonium formate(aq) 25
60/40 acetonitrile/10 mM ammonium formate(aq) 25
70/30 acetonitrile/10 mM ammonium formate(aq) 25
80/20 acetonitrile/10 mM ammonium formate(aq) 25
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Count of

Row Labels ESI+/ESI-
ESI+ 641
AB Sciex 164
Byrdwell2013 15
methanol 15
Kiontke2017 124
50/50 acetonitrile/20 mM formic acid(aq) 31

50/50 acetonitrile/water 31

80/20 acetonitrile/20 mM formic acid(aq) 31

80/20 acetonitrile/water 31

Zendong2017

60/40 acetonitrile/2 mM ammonium formate (both)
Yang2006

50/50 methanol/2 % acetic acid(aq)

Agilent

Bedner2011

gradient acetonitrile/0.1% formic acid(both)
Chalcraft2009

50/50 methanol/0.1% formic acid(aq)
Leitner2007

gradient acetonitrile/0.1% ammonium acetate(aq)
Pieke2017

R —
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gradient acetonitrile/ammonium formate(aq, pH = 3.1) 1
Bruker 16
Cifkova2012
gradient acetonitrile/S mM ammonium acetate(aq)
Hermans2017
gradient acetonitrile/0.1% formic acid (both) 84
Kiontke2017 62
50/50 acetonitrile/20 mM formic acid(aq) 31
50/50 acetonitrile/water 31
Stavenhagen2013 13
35/65 acetonitrile/0.1% formic acid(aq) 13
Shimadzu 122
Alymatiri2015 30
50/50 methanol/ammonia(aq, pH = 10) 30
Mandra2015 92
50/50 methanol/ammonia(aq, pH = 10) 92
Thermo 108
Alfaro2014 2
40/60 acetonitrile/0.1% formic acid (both) 2
Cech Enke 2000 6
50/50 methanol/0.5% acetic acid (both) 6
Cramer2017 58
50/50 acetonitrile/0.1% formic acid(aq) 58
Ehrmann2008 18
methanol 0.5% acetic acid 18
Raji2009 24
10/90 methanol/1 mM ammonium acetate(aq, pH = 6) 24
Grand Total 1145
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