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g r a p h i c a l a b s t r a c t
� 10 compounds were analysed in neat
solvent, blood, plasma, urine, cere-
brospinal fluid, brain and liver tissue
homogenates.

� Assuming equal ionisation effi-
ciencies lead to mismatch of 660
times between actual and predicted
ESI/MS responses.

� Ionisation efficiencies were predicted
via charged delocalisation and degree
of ionisation.

� Ionisation efficiencies allowed
reducing prediction mismatch to 8
times.
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The importance of metabolites is assessed based on their abundance. Most of the metabolites are at
present identified based on ESI/MSmeasurements and the relative abundance is assessed from the relative
peak areas of these metabolites. Unfortunately, relative intensities can be highly misleading as different
compounds ionise with vastly different efficiency in the ESI source and matrix components may cause
severe ionisation suppression. In order to reduce this inaccuracy, we propose predicting the ionisation
efficiencies of the analytes in seven biological matrices (neat solvent, blood, plasma, urine, cerebrospinal
fluid, brain and liver tissue homogenates). We demonstrate, that this approach may lead to an order of
magnitude increase in accuracy even in complicated matrices. For the analyses of 10 compounds, mostly
drugs, in negative electrospray ionisation mode we reduce the predicted abundance mismatch compared
to the actual abundance on average from 660 to 8 times. The ionisation efficiencies were predicted based
on i) the charge delocalisation parameterWAPS and ii) the degree of ionisation a, and the predictionmodel
was subsequently validated based on the cross-validation method ‘leave-one-out’.

© 2018 Elsevier B.V. All rights reserved.
iversity of Tartu, Ravila 14a,
1. Introduction

Mass spectrometry (MS) coupled to electrospray ionisation (ESI)
is intensively used for the analysis of pharmaceutical drugs in
biological matrices [1]. The ability to analyse samples almost
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directly with direct infusion [2] or flow injection experiments [3]
coupled with high-resolution MS has provided a tremendous in-
crease in sample throughput. This technique has proven useful for
the analyses of a wide range of samples from human blood plasma
[4] to historic wines [5] to ecological samples [6]. For quantitative
analysis, nevertheless, standard substances are required due to the
large differences in ionisation efficiencies observed in ESI/MS
[7e10]. Unfortunately, standard substances are often not available
for metabolites and degradation products; therefore, knowing or
predicting the ionisation efficiency of these compounds would be
extremely useful for estimating their relative importance.

Several research groups have demonstrated that ionisation ef-
ficiencies can be correlated with various molecular properties of
the compound (pKa [11,12], logP [12,13], surface area [12], charge
delocalisation [14,15], gas-phase proton affinity [16,17], etc.).
Additionally, our group has shown that measured ionisation effi-
ciencies are transferable from one setup to another [18] and from
one solvent system to another [19,20]. Based on these outcomes
different models predicting ionisation efficiencies have been
developed [10,14,19,21e23]. These models use analytes physico-
chemical parameters and solvent properties as input parameters.
Most commonly used physicochemical parameters are related to
the hydrophobicity (logP,WAPS,WANS, C/H ratio) and ionizability of
the analyte (pKa, the degree of ionisation a, etc). We have lately
shown [14] that ionisation efficiency can be predicted with high
accuracy in ESI negative mode via the degree of charge delocali-
sation (WAPS) and degree of ionisation in solution (a). This
approach has been applied for 62 compounds in 10 different sol-
vent systems and serves, therefore, as a good starting point for
analysis of complex samples.

In spite of significant research carried out in the field these
approaches have remained inapplicable for biological sample
analysis. So far, all research groups have predicted ionisation in
solvent mixtures without the presence of matrix compounds.
However, most analyses are performed in complexmatrices. Matrix
compounds may significantly decrease or increase the ESI/MS
signal of the compound of interest [24,25], this effect is known as
matrix effect. The decrease of the signal is muchmore common and
even though the mechanism of ionisation suppression is not
completely clear, several trends have been identified. Firstly, matrix
effect is expected to arise from the competition of compounds for
the surface charge in the ESI droplets [26]. The more hydrophobic
the matrix compounds are, the more efficient they are in occupying
the droplets' surface and, therefore, these compounds are expected
to cause more ionisation suppression [20]. Secondly, the presence
of non-volatile solutes causes a severe decrease in ESI/MS response
via precipitation of the analyte on the ESI interface [27]. Lastly, gas
phase charge transfer from the analyte to matrix components may
alter analyte signal [28]. These effects are expected to be evenmore
pronounced for measurements carried out without any or with
minimal chromatographic separation [29].

In order to be of practical value for real sample analyses, the
ionisation efficiency models should be able to account for the
matrix effect. Therefore, it needs to be evaluated whether ionisa-
tion efficiency models can also be constructed in matrices relevant
for real sample analyses. Based on the previously obtained prom-
ising results for ESI negative mode in various solvents we aim to go
one step further by predicting the ionisation efficiencies for anal-
ysis in biological matrices. Therefore, the aim of this paper is to
study whether ionisation efficiencies in ESI negative mode can be
predicted in biological matrices (plasma, urine, whole blood, ce-
rebrospinal fluid (CSF), liver and brain tissue homogenates). For this
purpose, ionisation efficiency values of 10 compounds, predomi-
nantly pharmaceuticals, were measured in different biological
matrices with flow injection analyses. The ionisation efficiency
model was fitted in each matrix. We use the worst-case scenario, a
simple protein precipitation sample preparation without any
chromatographic separation of the analyte and matrix compounds,
as a proof of concept that ionisation efficiencies can be predicted
under severe matrix effect conditions. The method is cross-
validated by the ‘leave-one-out’ validation method.

2. Experimental section

2.1. Compounds and sample pretreatment

Lincomycin hydrochloride (purity �95%), dodecanoic acid and
fumaric acid (both �99%) were obtained from Sigma (Steinheim,
Germany) and warfarin (�99%) from DuPont Pharma (Wilmington,
DE, USA). Naproxen (�98%) was obtained from Synthex Research
Center (Edinburgh, UK) and taurocholic acid sodium salt hydrate
(�95%) from Acros Organics (Geel, Belgium). Salicylic acid, benzoic
acid and sorbic acid (all �99%) were obtained from Reakhim
(Moscow, Russia), and 3-[(trifluoromethyl)sulphanyl]benzoic acid
(3-CF3SO2-benzoic acid, purified by recrystallisation) is a kind gift
from prof. L. M. Yagupolskii. Dilution of the samples was performed
on pipetting instrument Freedom EVO (TECAN, Switzerland). The
structures are shown in Supporting Information.

Liver and brain tissue, urine, and blood from a healthy dog
(beagle) were obtained from in-house sources at Janssen Pharma-
ceutica (Beerse, Belgium), plasma and CSF of a healthy dog (beagle)
were obtained from Bioreclamation IVT, USA. For brain and liver
tissue, 1 part of tissue was homogenised 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 h). For plasma and blood K2EDTA was used as anticoagulant. A
neat solvent which was a solution of 20/80 0.1% ammonia solution/
acetonitrile was used as an example of a simple matrix. Ammonia
solution (25% puriss) was obtained from Lach:Ner, Czech Republic
and acetonitrile (LC grade) from Merck, Darmstadt, Germany. The
mobile phase directed to ESI/MS consisted also of 20/80 0.1%
ammonia solution/acetonitrile.

A simple standard protein precipitation sample preparationwas
carried out: 50 mL of the stock solution of the compound was added
to a mixture of 400 mL of acetonitrile and 50 mL of biological matrix
(plasma, urine, whole blood, cerebrospinal fluid (CSF), liver or brain
tissue (1 part of tissue homogenised with 9 parts of water)). This
mixture was thoroughly mixed and centrifuged for 10min at
13 000 g. The supernatant (injection volume 5 mL) was used for MS
analysis. Linear range was 1e200 mM depending on the compound
and matrix; the exact concentrations are described in Supporting
Information.

2.2. Ionisation efficiency measurements

Ionisation efficiencies were measured in flow injection mode
with an Accela liquid chromatograph (Thermo Fisher Scientific, San
Jose, USA) coupled with an LTQ ion trap (Thermo-Fisher Scientific,
San Jose, USA) mass spectrometer. All measurements were carried
out in 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 0.2mL/min.

The measurement of absolute ionisation efficiencies is compli-
cated; therefore, we measured relative ionisation efficiencies (RIE).
In order to provide ionisation efficiency values comparable to
previous and upcoming studies, all values are provided relative to
benzoic acid. The logarithmic ionisation efficiency (logIE) of ben-
zoic acid in 20/80 0.1% ammonia solution/acetonitrile has been
previously taken as 0 [14].
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However, due to severe matrix effect benzoic acid could not be
measured in all matrices. Due to high signals even under strong
ionisation suppression warfarin was chosen as a within-matrix
reference. Thus, all logRIE values were first measured relative to
warfarin (Fig. 1). The logRIE value of each of the compounds was
found as the logarithm of the ratios of calibration graph slopes of
the compound of interest and warfarin:

log RIEcompound X
matrix N ¼ log

slopecompound X
matrix N

slopewarfarin
matrix N

(1)

Then (Fig. 2-B), the logIE values in each matrix were attributed
to warfarin based on the calibration graph slopes measured in
respective matrices. These measurements were performed close in
time to avoid drifts in the instrument sensitivity.

log IEwarfarin
matrix N ¼ log

slopewarfarin
matrix N

slopewarfarin
solvent

(2)

The logIE values for each compound in the specific matrix were,
thereafter, found as:

log IEcompound
matrix ¼ log RIEcompound þ log IEwarfarin

matrix (3)

The anchoring process is in detail described in a video available
as Supporting material.

Supplementary video related to this article can be found at
https://doi.org/10.1016/j.aca.2018.05.072.

The reproducibility of measurements was calculated as a pooled
standard deviation (s).

2.3. COSMO-RS calculations

COSMO-RS method [30] was used for calculating charge deloc-
alisation parameters (WAPS/WANS) as well as pKa values. Full ge-
ometry optimisation and energy calculationwere carried out at the
DFT BP TZVP level with the RI approximation and applying the
COSMO continuum solvation model for all compounds using Tur-
bomole, ver. 6.4 [31]. The default convergence criteria of Turbomole
were used: wavefunction convergence max difference 10�6 Har-
tree, geometry convergence max gradient jdE/dxyzj 10�3 Hartree/
Bohr. This first computation step yields for every conformer the
following data: the geometry of the conformer, detailed data on the
Fig. 1. Anchoring on ionisation efficiencies in different matrices.
shape of molecular cavity, the polarisation charge densities map-
ped onto the cavity surface, the total electronic energy of the spe-
cies submerged into a virtual conductor (ε¼∞), and molecular
surface area and volume. Molecular cavity refers to the cavity
constructed for the particular conformer within the COSMO sol-
vation theory e constructed utilising 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 e polarisation charge density on the mo-
lecular surface.

Charge delocalisation parameter is calculated as weighted
average positive sigma for anions [32]:

WAPS ¼

Z ∞

s¼0
s,pðsÞds

A
Z ∞

s¼0
pðsÞds

(4)

Where s is the polarisation charge density on the surface if anion,
p(s) is the probability function of s and A is the surface area of the
anion. The smaller the WAPS absolute value, the more delocalised
the charge in the anion. It has been proposed that values above 4.5
indicate anions with localised charge [32]. For further information
about the COSMO-RS theory, see Ref. [30], for parameters used, see
Ref. [33]. The degree of ionisation a of the compounds was calcu-
lated from the computed pKa values and water phase pH (see
Table S1)).
2.4. Model development and validation

Based on the calculated physiochemical parameters and
measured logIE values a predictive model was fit in each matrix.
Multilinear regression analysis was used to obtain the model
describing the relationship between logIE and physicochemical
properties. The general form of the equation was:

log IE ¼ coefWAPS,WAPSþ coefa,aþ intercept; (5)

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

describe the differences between predicted logIE values and
measured values [34].

sRMSE ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi�
log IEpredicted � log IEexperimental

�2s
(6)

Additionally, the goodness-of-fit test was used to estimate the
quality of the developed matrices.

F ¼
P�

log IEpredicted � log IEexperimental

�2�
ðn� 1Þ

P�
log IEexperimental � log IEpredicted

�2.ðr � nÞ
(7)

Where n is the number of compounds and r is the number of
concentration levels incorporated into the calibration graph and

log IEexperimental denotes the mean value of all the measured logIE
values. From F-values the p-values were calculated using the de-
grees of freedom of the numerator and denominator. Higher p-
values indicate higher explained variation in logIE values by the
model.

In order to validate the obtained results, we used the cross-
validation method ‘leave-one-out’ (LOO) approach. Cross-
validation was preferred due to the need to estimate the applica-
bility of the method over a wide range of logIE values. LOO

https://doi.org/10.1016/j.aca.2018.05.072


Fig. 2. Measurement procedure (A) to obtain logRIE values for analytes relative to warfarin in one matrix; (B) to obtain logIE values for warfarin in different matrixes relative to
warfarin in neat solvent.
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approach means that each compound was left out from the model
fitting process once; thereafter, the model was used to predict the
logIE value of the compound not involved in the model develop-
ment. After this, the process was repeated for another compound,
so that each compound was left out once from the model devel-
opment. In case of conventional validation set approach, the logIE
values could have been predicted only for ca 2 to 3 compounds,
which would provide insufficient information about the model.

3. Results and discussion

The span of the logIE values (Table 1) measured within one
biological matrix varied from 2.40 logIE units in the brain to 4.47
logIE units in blood. The narrowest span was observed in the neat
solvent (ca 1.67 logIE units). The difference in spans demonstrates
the extent of compressing or expanding the logIE scales by the
matrix compounds.

The variation of logIE values of compounds between different
matrices was significant: from 0.98 (warfarin, logIEsolv e logIEurine,
1.07e0.09) to 3.09 (fumaric acid, logIEsolv e logIEblood, �0.60 e

(�3.69)) logIE units. This variation demonstrates that ionisation
efficiencies are considerably influenced by the matrix components.
For example, in blood samples the signal of warfarin is supressed by
89.5% relative to neat solvent. Additionally, we observed that the
variation in logIE values from one matrix to another was lower for
compounds with higher ionisation 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
Table 1
The ionisation efficiencies (logIE) measured in various matrices and neat solvent (logIE
values refer to the ionisation efficiency values from Ref. [19] that have been measured o
reproducibility of measurements was calculated as a pooled standard deviation e s. NAa e

solvent.

logIEurine logIEplasma logIEblood logIECSF log

warfarin 0.09 0.68 0.78 0.34 0.6
taurocholic acid �0.25 �0.16 �0.29 �0.31 0.2
3-CF3SO2-benzoic acid �0.42 0.33 0.06 �0.28 0.2
salicylic acid �0.76 �0.42 �0.42 �0.68 �0
dodecanoic acid �1.55 �1.10 �0.82 �0.58 �0
benzoic acid �2.09 �2.55 �2.90 NAa �1
naproxen �2.28 �1.62 �1.22 �1.67 �0
lincomycin �2.38 �1.55 �1.90 �1.90 �1
sorbic acid �2.43 �1.50 �1.25 �0.93 �1
fumaric acid �2.80 �3.53 �3.69 �2.88 �1
s 0.33 0.15 0.25 0.14 0.1
R2 with neat solvent 0.87 0.82 0.71 0.67 0.8
Slope 1.80 2.15 2.10 1.42 1.4
Intercept �2.00 �1.74 �1.75 �1.50 �1
with analyte concentration [35,36]. 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 [35]. This is espe-
cially important if matrix alters the linear range of the method or
intercept values [37,38]. Here all measurements are done 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 are used, as calculated
slope is independent of the concentrations in this range.

The order of the logIE values of the compounds remained
roughly the same from one matrix to another. This means that
compounds with higher logIE values in the neat solvent are also
ionised better in the presence of matrix components. The samewas
confirmed by the correlation studies (see Supporting Information).
The logIE values in different biological matrices were in good cor-
relation with the logIE values in the neat solvent (20/80 0.1%
ammonia solution/acetonitrile); see Table 1. The highest correlation
was observed between logIE values measured in urine and brain
tissue homogenate with logIE values measured in the neat solvent
(R2¼ 0.87 for both). The lowest correlation was observed between
logIE values measured in CSF extract and logIE values measured in
the neat solvent (R2¼ 0.67). The correlation graphs are presented in
SI. Additionally, the IE values measured in the neat solvent are in
good correlation with previous measurements [19] carried out on a
different instrument (R2¼ 0.95).

For all correlations, the intercept values were negative; this
pinpoints that biological matrices suppress ionisation for the
solv) together with physicochemical parameters calculated with COSMO-RS. logIEsolv*

n a different instrument and in 20/80 0.1% ammonia/acetonitrile mobile phase. The
values not possible to measure; NAb e compounds not measured before in the same

IEliver logIEbrain logIEsolv logIEsolv* pKa a WAPS ∙105

2 0.94 1.07 NAb 4.63 1.00 2.43
9 0.54 0.97 NAb �2.36 1.00 1.92
2 0.38 0.83 1.69 3.77 1.00 3.65
.38 �0.28 0.34 0.39 3.33 1.00 6.06
.57 �0.41 0.24 NAb 4.96 1.00 2.85
.58 �1.17 0.00 0.00 4.63 1.00 7.07
.69 �0.66 0.12 NAb 5.10 1.00 3.46
.20 �1.14 0.20 NAb 11.65 0.11 2.17
.06 �0.87 �0.36 �0.40 5.38 1.00 7.01
.84 �1.46 �0.60 NAb 3.68 1.00 8.78
0 0.19 0.12
6 1.37 e 0.95
0 1.37 e 1.75
.01 �0.80 e 0.07
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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 ionisation ef-
ficiencies is suppressed more than the signal of compounds with
higher ionisation efficiencies. This is well in line with the surface
excess charge model proposed by C.G. Enke [26]. According to this
model, the ionisation 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 ionisation 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 ionisation suppression even after protein
precipitation due to the omnipresence of phospholipids [39].
Additionally, urine samples are known to have a high salt con-
centration which is not completely removed by the sample prep-
aration. For example, Dams et al. have observed ionisation
suppression of 85% even after using protein precipitation with
acetonitrile as a sample preparation method [40]. High salt con-
centrations are known to cause severe ionisation suppression [41]
due to analyte precipitation in ESI [27].

A good correlation between logIE values measured in matrices
and in the neat solvent hints that ionisation efficiencies can be
predicted in the matrices similarly to the already published pre-
dictions in the neat solvent [10,14,15]. In order to test this further,
different physicochemical parameters were used for modelling.
Previously [14,15,19], we have shown that logIE values in the neat
solvent are best described by charge delocalisation parameterWAPS
and degree of ionisation a. In this study, the WAPS values also had
the highest correlation with logIE values measured in biological
matrices. These parameters were also used to fit the multilinear
models for predicting the logIE values measured in biological
matrices. The obtained models have the general form as Eq. (5) and
the respective constants are described in Table 2. The obtained
models possess good predictive power; the R2 values ranged from
0.55 (urine) to 0.81 (liver). The obtained fits are graphically shown
in Fig. 3 (each colour represents one matrix).

The coefficients for WAPS in the model fitted for logIE 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.

The accuracy of the models can also be described with the root
mean square error of the models from the LOO validation,
sRMSE¼ 0.86 logIE units. This value shows that on average the
mismatch between the predicted and measured ionisation effi-
ciencies is lower than 8.3 times. Until now, in the absence of
Table 2
Coefficients for predicting logIE values in different matrices. The general form of the equ

coefWAPS coefa intercept

Solvent �0.18 ± 0.05 1.18 ± 0.26
Urine �0.31 ± 0.12 2.04 ± 1.01 �1.93 ±
Plasma �0.45 ± 0.13 1.08 ± 0.68
Blood �0.50 ± 0.13 1.29 ± 0.69
Liver �0.32 ± 0.07 0.96 ± 0.37
Brain �0.30 ± 0.07 1.08 ± 0.38
CSF �0.34 ± 0.12 0.66 ± 0.63
authentic standards, equal ionisation efficiencies are assumed in all
matrices. For example, if the ionisation efficiencies for all com-
pounds used in this study are assumed to be equal to the ionisation
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 ionisation efficiency by almost two
orders of magnitude.

Moreover, all experiments in this study were carried out in flow
injection mode without any chromatographic separation. There-
fore, the ionisation efficiencies of all of the studied compounds are
affected by all of the matrix compounds present after sample
preparation. In case of chromatographic separation, all of the ana-
lysed 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 ionisation efficiencies could occur. This
could result in a lower correlation between logIE values measured
in the neat solvent and measured in matrices. However, much
lower ionisation suppression is expected. Additionally, differences
arising from chromatographic separation could be accounted for by
adding the calibration compounds via post-column infusion tech-
niques [42,43] and developing the predictive model coefficients
(Eq. (5)) based on the signals of these post-column infused com-
pounds. 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
ation is log IE ¼ coefWAPS,WAPSþ coefa,aþ intercept.

R2 sRMSE sRMSE from LOO validation p Goodness-of-Fit

0.72 0.35 0.36 0.997
0.93 0.55 0.80 0.83 0.988

0.77 0.90 1.02 0.993
0.78 0.91 1.31 0.996
0.81 0.49 0.82 0.999
0.73 0.50 0.52 0.997
0.71 0.83 1.19 0.977
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metabolomics. Additionally, as the push towards high throughput
is ever increasing and this is driving metabolomics studies also
towards flow injection analyses [3,44], the current approach
already is applicable.

4. Conclusions

We have presented an accurate approach to predict ionisation
efficiencies in ESI negative mode for complex biological matrices,
namely in blood, plasma, CSF as well as in brain and liver tissue
homogenates. Based on the validation, the average predicting po-
wer was estimated to be 0.86 logIE units (8.3 times mismatch be-
tween measured and predicted ionisation efficiencies). This
accuracy is sufficient to allowa significantly improved estimation of
the relative abundance of analytes when reference standards are
lacking or not used. In the future, we would like to evaluate and
expand the approach for the studied matrices in the positive ESI
mode and for analyses with LC separation.
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