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SUMMARY
The objective of the presented work was the development of sensitive and selective methods for
the analysis of organic phosphorus compounds in soil and plant-related samples, which can be
of importance for studies aiming at the investigation of phosphorus mobilization and plant
nutrition.
Chemical characterization as well as accurate quantification of the compounds present in the
rhizosphere is a major pre-requisite for a better understanding of rhizosphere processes. In this
context, there is a high number of organic phosphorus compounds present in the rhizosphere
consisting in highly combined forms that remain still unidentified. This is due to the fact that
representative sampling of phosphorus containing organic compounds from soil, their
identification and accurate quantification as well as the interpretation of the obtained information
in the context of bioavailability is very challenging. Thus, development and application of
advanced sampling and extraction procedures in combination with highly selective and sensitive
analytical techniques for quantification of organic phosphorus compounds in rhizosphere is
foreseen as a necessity in order to ensure accurate quantification of organic phosphorus
compounds of the rhizosphere processes.
An introduction to the role of phosphorus in the life cycle is presented and followed by a brief
overview on organic phosphorus compounds in the environment. Special attention is paid to
myo-inositol hexakisphosphate as the major representative of organic phosphorus compounds
as one of the most important target analytes in this thesis.
Analytical techniques employed within all stages of method development are described in
Chapter 2 followed by a review of selected publications. The major outcome of the presented
work is a novel method based on high performance ion chromatography coupled to inductively
coupled quadrupole plasma mass spectrometry based method employing strong anion
exchange chromatography (HPIC-ICP-DRCMS) with HNO3 gradient elution for simultaneous
analysis of orthophosphate and myo-inositol hexakisphosphate (IP6) in soil solution and plant
extracts. This method is presented in publication II in Chapter 3. The developed HPIC-ICPDRCMS method offers excellent repeatability and limits of detection based on 3σ criterion in the
sub-micromole per liter range without the need for special sample pre-treatment.
A comprehensive literature research on application of mass spectrometry techniques in
rhizosphere investigation documented in the form of a review paper within this thesis is
presented as the first publication in Chapter 3. During the last years, targeted and non-targeted
mass spectrometry based methods have emerged and have been successfully applied in
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numerous studies related to the root exudates in the rhizosphere. Hence, elemental or
molecular

mass

chromatography,

spectrometry
liquid

emphasizing

chromatography,

size

different

separation

exclusion

techniques

chromatography

or

as

gas

capillary

electrophoresis applied in this research field are critically discussed within this review.
The third work, into which I was involved as a co-author (approximately 30% contribution) aimed
at the development of a fast method for quantification of nucleotides in nucleotide enriched
yeast

extracts.

The

presented

reversed-phase

separation

method

combined

with

complementary ICP–MS detection for quantification of free nucleotides in yeast products due to
the absolute lack of reference materials could be implemented as a reference method for
nucleotide quantification. To our best knowledge this is the first LC-ICP-MS method applied for
the quantification of free nucleotides in biological samples as a method for measuring
nucleotides orthogonal to LC-ESI-MS.
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KURZFASSUNG

In der vorliegenden Dissertation wurde eine empfindliche und selektive Methode zur Analyse
organischer Phosphorverbindungen in Boden- und Pflanzenproben entwickelt, welche für
Studien zur Erforschung der Phosphormobilisierung und Ernährung der Pflanze von hoher
Wichtigkeit sind.
Sowohl die chemische Charakterisierung als auch die akkurate Quantifizierung dieser
Verbindungen in Rhizosphären (Wurzelraum der Pflanze) ist eine wichtige Grundvoraussetzung
für ein besseres Verständnis der dort ablaufenden Prozesse. Bislang sind noch sehr viele der
organischen

Phosphorverbindungen

nicht

identifiziert,

da

sowohl

eine

repräsentative

Probenahme phosphorhaltiger Verbindungen aus Böden als auch die Identifizierung und
akkurate Quantifizierung sowie die Dateninterpretation hinsichtlich Bioverfügbarkeit eine große
Herausforderung darstellen. Die Entwicklung und Etablierung fortgeschrittener Probenahmeund Extraktionsverfahren in Kombination mit nachweisstarken und äußerst selektiven
analytischen Techniken ist

eine

Notwendigkeit,

um

die richtige Identifizierung

und

Quantifizierung dieser Verbindungen zu ermöglichen.
In der vorliegenden Arbeit wird einleitend in Kapitel 1 die Rolle von Phosphor für die
Lebensdauer der Pflanze beschrieben sowie ein kurzer Überblick über organische
Phosphorverbindungen in der Umwelt unter besonderer Berücksichtigung der Verbindung myoInositolhexakisphosphat, welche als bedeutendster Vertreter dieser Substanzklasse gilt und ein
wichtiger Zielanalyt in dieser Arbeit war, erläutert. Sämtliche Phasen der Methodenentwicklung
und deren Anwendung, unterstützt durch Bezugnahme auf

ausgewählte wissenschaftliche

Publikationen, werden in Kapitel II erläutert. Der im Rahmen dieser Dissertation entwickelte
neue methodische Ansatz, basierend auf Hochleistungsionenchromatographie gekoppelt mit
induktiv gekoppelter Quadrupol-Massenspektrometrie, erlaubt durch den Einsatz eines starken
Anionenaustauschers als stationäre Phase und Gradientenelution mit Salpetersäure die
gleichzeitige

Bestimmung

Bodenlösungen

und

von

o-Phosphat

pflanzlichen

und

Extrakten.

myo-Inositolhexakisphosphat

Des

Weiteren

konnte

eine

(IP6)

in

exzellente

Wiederholpräzision und Nachweisgrenzen – basierend auf dem 3s Kriterium – im niedrigen
Mikromol pro Liter Bereich ohne aufwändiger Probenvorbereitung erreicht werden. Details zu
dieser Methodik sind in Publikation I in Kapitel III dargestellt.
Publikation II aus Kapitel III enthält einen Review-Artikel aus der Zeitschrift Analytika Chimica
Acta.

Dieser

enthält

eine

umfangreiche

Literaturrecherche

zur

Anwendung
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massenspektrometrischer Techniken in der Rhizosphärenforschung. In den vergangenen
Jahren haben sich vor allem auf Massenspektrometrie basierende Methoden zur zielgerichteten
und ungezielten Analyse von Wurzelexsudaten in der Rhizosphäre durchgesetzt und wurden
erfolgreich in zahlreichen Studien angewendet. In diesem Übersichtsbeitrag wurden
verschiedenste

Trenntechniken

wie

Gaschromatographie,

Flüssigchromatographie,

Größenausschlusschromatographie oder Kapillarelektrophorese in Verbindung mit Elementbzw. Molekülmassenspektrometrischen Systemen kritisch betrachtet.
Die dritte Arbeit, an der ich als Co-Autor beteiligt war (ca. 30% Beitrag), beschäftigt sich mit der
Entwicklung einer schnellen Methode zur Quantifizierung von Nukleotiden in Nukleotid
angereicherten Hefeextrakten. Die vorliegende auf Umkehrphasenchromatographie basierende
Trennmethode kombiniert mit der selektiven und empfindlichen ICP-MS-Detektion ermöglicht
die genaue Quantifizierung von freien Nukleotiden in Hefeprodukten. Aufgrund des Fehlens von
Referenzmaterialien könnte diese Methode als Referenzverfahren für die NukleotidQuantifizierung implementiert werden. Dies is, nach unserem Wissensstand, die erste Arbeit in
welcher ein LC-ICP-MS-Verfahren als orthogonale Methode zur LC-ESI-MS für die
Quantifizierung von freien Nukleotiden in biologischen Proben angewandt wurde.
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1. Introduction
Phosphorus is a key nutritive soil element essential for all living organisms. Besides the fact that
the amount of phosphorus in the soil is generally quite high (often between 400 and 5000 mg per
kg soil) most of it exists in an insoluble form and is therefore not available to support plant
growth [1].This phosphorus deficiency in agricultural fields most of the time is overcomed by
application of phosphate fertilizers. However, this approach is not ideal since almost 75–90% of
added amounts of these fertilizers is precipitated by metal cation complexes present in the soil
and plants can only absorb less amounts of applied fertilizers and the rest is rapidly converted
into insoluble organic phosphorus complexes in soil [2] with only 10-20 % of supplied
phosphorus being absorbed by plants in the year of application [3].
Insoluble phosphorus is present as either an inorganic mineral such as apatite or as one of
several organic forms including inositol phosphate as a phosphor-monoester, and phosphor diand triesters [4,5]. The prevalent form of available phosphorus in the environment is the anionic
phosphate [6]. Its chemistry is determined by the strength of ionic bonds to the surrounding
atoms. Based on the relative strength of these ionic bonds an explanation can be withdrawn
why phosphate behaves so differently to the common mineral forms of other nutrients, e.g.
nitrate and sulphate [7]. The only form of phosphorus that most organisms take up is inorganic
orthophosphate [8] besides the fact that organic compounds of phosphorus often dominate in
soils and aquatic systems [9]. Although the total amount of phosphorus in the soil may be high
as mentioned above, the preferred form for assimilation orthophosphate is not easily accessible
to most plants and microbes, because of its adsorption to soil particles and clay minerals and
surfaces of calcium (Ca) and magnesium (Mg) carbonates and its conversion to organically
bound forms or the formation of insoluble precipitates with common cations like Fe, Al, and Ca
[10,11].
Even though the importance of organic phosphorus in soil is so crucial due to the nutritional
role in plant growth, our understanding of its dynamics and ecological function still remains
unsatisfactory. Progress is limited in part by extraction methodology, because information on
organic phosphorus species provided by modern analytical techniques can often not be linked
to biological availability with the necessary degree of confidence [12].
Development and usage of improved detection methods has been necessary to develop in
order to ensure accurate quantification of organic phosphorus compounds in soil for
investigation of their behaviour [13]. Traditionally, soil organic phosphorus has been crudely
8

determined by the difference between total and inorganic phosphorus [14]. This method is
commonly used because of the difficulties associated with direct measurement of organic
phosphorus compounds. The main organic phosphorus compounds that have been investigated
mostly are inositol phosphates with the major representative myo-inositol-hexakisphosphate
(IP6) a family of phosphoric esters of hexahydroxy cyclohexane [15] amongst phosphoric
diesters are phospholipids and also nucleic acids [16]. Although separation of IP6 in food
samples is well documented in a major number of publications so far, were levels of IP6 are in
the mM range [Table 4], separation of IP6 in soil solution and plant related samples were
concentration of IP6 is in the low µM range requires more sensitive techniques such as liquid
chromatography (LC) coupled to Inductively coupled plasma mass spectrometry (ICP-MS) that
offers a supreme detection in the field of elemental mass spectrometry. The aim of the
presented thesis was to develop a more sensitive and selective method for quantitative analysis
of myo-inositol-hexakisphosphate as an organic phosphorus containing compound in soil and
plant related samples.
In addition to further investigations of organic phosphorus compounds and application of diverse
separation techniques in phosphorus speciation a fast method for quantification of nucleotides
in nucleotide enriched yeast extracts was developed. For this purpose a liquid chromatography
coupled to inductively coupled plasma mass spectrometry (LC-ICP-MS) based method for
separation of nucleotides, as less polar monoester phosphate compounds, was developed
within this PhD project in addition to the pervious described method. To our best knowledge this
is the first LC-ICP-MS method applied for the quantification of free nucleotides in biological
samples as a method for measuring nucleotides orthogonal to LC-ESI-MS.
Moreover, comprehensive literature research about application of mass spectrometry
techniques in rhizosphere research since the beginning of this century has been performed and
documented in the form of a review paper within this thesis.
This critical review covers both elemental and molecular mass spectrometry as well as their
combination with different separation techniques with discussion of the most important works
by, at the same time, covering all methods which are essential for investigating soil/ plant
related processes in the
.
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1.1 Organic phosphorus compounds in the environment
Organic phosphorus compounds play a significant role in plant nutrition and therefore
understanding of their dynamics and ecological functions in the environment is highly important.
Based on the nature of the phosphorus bond, soil organic phosphorus is classified into
phosphate esters, phosphonates and phosphoric acid anhydrides. Phosphate esters are subclassified according to the number of ester groups linked to each phosphate. Table 1 presents
the main representatives of the phosphate monoesters as the dominant group of organic
phosphorus compounds in most soils with inositol phosphates being as the major representative
of this group. Nucleotides besides sugar phosphates and phosphoproteins presented in small
amounts in soil, are composed of a phosphate moiety containing one to three phosphate groups
bound to a pentose sugar on the one side and of a nucleobase moiety bound to the pentose
sugar on the other side. They are referred as monomeric units of the polynucleotides such as
RNA and DNA. Nucleotides have an acidic character and are negatively charged above pH=2 in
a wide pH range. Nucleic acids present in less than 3% of the organic phosphorus in soil are
associated with other compounds derived from the degradation of living organisms that allow
rapid mineralization, also re-synthesizing and combination with other soil constituents. They can
also be incorporated into microbial biomass.

10

Table 1. Major representatives of soil organic phosphate monoesters

Compound

Structure

P2

P1

P3

P5

P4

Myo-inositolhexakisphospahte

P6

O
HO

P

O
O

OH
OH

OH

H
OH

Sugar phosphate
NH2

N

O
HO

P O

O

O
OH

Cytidine monophosphate

N

O

OH
NH2
N

O
O

P

O

CH2

N

N
N

O

Monophosphate nucleotide

H

OH

H
OH
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Phosphate diesters include nucleic acids (DNA and RNA), phospholipids and teichoic acids and
they are present in less than 10% of the soil organic phosphorus (Table 2).
Table. 2 Major representatives of soil organic phosphate

Compound

Structure

(Functional class)
O
R1

C O CH2
O

R2

C O CH

O

H2C O

CH3

P O CH2

CH2

N CH3

O

Phosphatidyl choline

CH3

(Phospholipid)

OH
O
HO
O

Teichoic acid from

O

O

NH O

O

HO P
O O

O

O

P

CH3 O

O
O
OH

OH

n

(Micrococcus species)
NH2

HO

Adenosine 5’-triphosphate (ATP)

O

O

O

P O

P O

P O

OH

OH

OH

N

H
H

OH

O

N

N
N

H
H
OH

(polyphosphate, nucleotide)
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1.1.1 Myo-inositol hexakisphosphate
Myo-inositol hexakisphosphate (IP6) is the six phosphate monoester of inositol and is also
known as phytic acid representing the free acid form of IP6. Salts of phytic acid, phytates are
quite stable and accumulate in soils due to their affinity to bind with other minerals present in
soil such as calcium, iron or even aluminum.
To the parent inositol can be linked up to six phosphate groups. Myo-inositol-hexakisphosphate
is the most abundant form of phosphate monoesters in soil. It may represent 80% or more of the
total organic phosphorus and exist in soil in several stereoisomeric forms: myo-, scyllo-, D-chiro
and neo-inositol phosphates (Table 3) [17].
In terrestrial environment, IP6 is synthesized in plants seeds and represents the major storage
form of phosphorus in plants and organic soil components [18]. When present in soil, it is not
directly available for uptake by plants until it’s hydrolyzed to release phosphate and then
becomes plant-available [19].IP6 can be dephosphorylated by the enzyme phytase, thus
producing inorganic phosphate that can be taken up by plants [11]. But still there is not much
known about the mechanisms how plants make use of organic phosphorus and it is suspected
that microorganisms play an important role for the degradation of organic phosphorus
compounds. The uptake of phosphorus and its subsequent release by microorganisms is
suspected to have a strong impact on the availability of phosphorus to plants [20].
Although it has been shown that IP6 can be taken up by plant roots, the contribution of IP6 to
total phosphorus uptake is still unclear. One major reason for the poor understanding of IP6
dynamics in the rhizosphere is the typically very low IP6 concentration in soil solution and
consequently the difficulty to obtain reliable information on concentration dynamics. Thus,
methodological improvements in analyzing IP6 in soil solution or soil extracts are highly
emerging.
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Table 3 Stereo-isomeric forms of phytic acid (IP6)

Myo-inositol-hexakisphosphate
Molecular formula

C6H18O24P6

Molar mass

660. 035 Da

IUPAC name (1R,2R,3S,4S,5R,6S)-cyclohexane-1,2,3,4,5,6-hexaylhexakisdihydrogenphosphate

P2

P1

P3
Myo

P4

P5

P6

P3

P2

P1
P5

P4

Scyllo

P6

P1
P2
Neo

D-chiro

P6
P3

P4

P5
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The most outstanding feature of IP6 is its
powerful chelating function and this is due to
the ability to strongly chelate with cations such
as Ca, Mg, Zn, Cu, Fe and to form insoluble
complexes and reduce the catalytic activities of
these ions which makes IP6 a potential natural
antioxidant [21, 22].
Since IP6 works in a broad pH region as a
highly negatively charged ion (Figure 1) [23,24],
when present in diet it has a negative impact on
the bioavailability of divalent and trivalent
mineral ions and therefore has a very high
affinity to react with positive charged mineral
food components of [25,26]. Due to this
property, IP6 has been considered as an antinutritional component in cereals, seeds and
beans.
However, consumption of phytate seems not to
have only negative aspects on human health,
since results of epidemiological and animal
studies in the past few years

suggest that

there are also beneficial effects, such as
decreasing the risk of heart disease and colon
cancer, but data from human studies are still
lacking [27]. On the other hand, in animal
studies phytic acid has shown a protective
action in carcinogenesis [27].

Figure 1 Diagram of comparative species distribution
for the M2+-InsP6 systems: (a) Mg2+, (b) Ca2+, (c) Sr2+,
(d) Ba2+. Permission requested [23].
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Phytic acid may have health benefits for diabetes patients since it lowers blood glucose
response [28]. Just recently IP6 is presented as a novel type of selective inhibitor of osteoclasts
and proved as very useful for the treatment of osteoporosis [29].

2. Analysis of organic phosphorus compounds in soil and plant
related samples
Representative sampling of phosphorus containing organic compounds in soil, their
identification and accurate quantification as well as the interpretation of the obtained information
in the context of bioavailability is highly challenging.
Traditionally, soil organic phosphorus has been determined by the difference between total
phosphorus and inorganic phosphorus and dates from the early 70ies [14] as mentioned in the
introduction. This approach was a method of choice for a long time because of the difficulties
associated with the selective measurement of different organic phosphorus compounds.
Accordingly, identification of organic phosphorus compounds in soils and soil extracts was
accomplished using

31

P nuclear magnetic resonance (NMR) spectroscopy. Although NMR

techniques have been developed and used successfully, their use is limited by the need for
sample pre-concentration, which can eventually influence the pattern of phosphorus species,
and long run times, which can be expensive and may cause sample degradation [30].
Quantifying NMR signal for individual species in the crowded and overlapping phosphate
monoester region is a problem [31] and also the peak identification which is complicated by
variations in chemical shift with pH and ionic strength is also contributing to the limitations of this
method.
Analysis of soil solutions or plant extracts by molybdate colorimetry as a conventional method
for phosphorus determination. However it is considered as a potential source of error in all
procedures, because organic phosphorus is overestimated also in this method as in the above
mentioned method in the presence of inorganic polyphosphates or complexes between
inorganic phosphate and humic substances [12]. High performance liquid chromatography
(HPLC) is a commonly used technique for qualitative and quantitative analysis of organic
phosphorus compounds in soil, plants, foods and aqueous samples [32,33].
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Table 4. Selected publications on organic phosphorus compounds analysis in different matrixes

Authors

Pub.
Year

Journal

HPLC

Mobile phase

Detect
ion

Matrix

c measured

Ref.

Phillippy
et al.

2003

J. Agric.
Food
Chem.

IC post
column
deriva.

LOD/
[µmol L1
]

0.25 M HNO3

UV vrs
ELSD

roots and
tubers

0.169 (missing
unit)

-

[34]

Blaabjerg
et al.

2010

J. of
Chrom B

IC

A:Methanesulfonik
acid
B: H2O

ICPMS

feedstuffs,
diets, gastric
and ileal
digesta

40-100mg P L-1

-

[35]

cereals,
oilseeds,
legume seeds

1.25 g IP6 in
100 g dry matter

0.962

[36]

0.1

[37]

Talmond
et al.

2000

J. of
Chrom A

IC

Henshall
et al.

1992

J. of
Chrom A

CE

Rapid
Commu
n. Mass
Spectro
m.
J. of
Chrom B

A:NaOH+H2O
B:Isopropanol+H2
O

chemi
caly
suppre
ssed
condu
ctivity
detect
or
photo
metric
detecti
on

IC

A: 200 mM
ammonium
carbonate B: 5%
MeOH in H2O

MS/M
S

UPLCRP

TEAA/ ACN

MS/M
S

physiological
samples
almond,
hazelnut and
whole grain
oat cultured
cells
rat, dog
plasma

human cells:
0.03 µmol/mg

-

[38]

63.9-150.1 ng
ml-1

0.00006

[39]

Liu et al.

2009

Tur et al.

2013

Munoz
and
Valiente

2003

Anal
Chem

IC

50 mmol-1 HCL

ICPMS

urine

1.5 mg L-1

0.05

[40]

Grases et
al.

2004

Anal
Chem
Acta

IC

50 mM HCL

ICPAES

urine

0.75-1.84 mg L1

0.01

[41]

Neubauer
et al.

2012

ABC

RP

ICPMS

Feed
supplements

>1.6 umol/g

3-11
fmol

[42]

Helfrich
and
Bettmer

2004

JAAS

IP-RP

ICPSF-MS

nuts, cereals,
legumes

0.53- 14 mg g-1

0.0025

[43]

Chen

2004

J. Agric.
Food
Chem.

B: 10% MeOH +20
mmolL-1 citrate +
0.04 % TBA in
H2O

IC

2 M HCL

food

3.98-14.28 mmol
kg-1

0.148

[44]

Skoglund
et al.

1997

J. Agric.
Food
Chem.

IC post
column
derivatiz
ation

spectr
ophoto
metry

5-98 % 0.5 M HCL

UV &
ELSD

food

-

1.5-3.4

[46]

A: H2O+0.1 fomric
acid, B: ethanol
40%
A: H2O

Speciation of organic phosphorus in soil involves analysing complex matrices, polar and nonvolatile target analytes, which makes the speciation of these compounds not an easy task and
all the associated difficulties are addressed to the molecular properties of organic phosphorus.
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Table 4 summarizes selected publication on the IP6 in different matrixes. The combination of
selective liquid chromatographic (LC) separation techniques with elemental detection systems is
therefore a promising method for accurate analysis of phosphorus containing compounds. Mass
spectrometry is a fit for purpose quantitative tool, because of its sensitivity and selectivity.
Additionally, this technique can exhibit a large dynamic range providing element specific
detection by monitoring a single isotope mass of the element of interest, i.e phosphorus.
Therefore, development of analytical techniques for separation and detection of phosphorus in
soil and plant related samples within this project is a contribution to further research related to
the rhizosphere investigation in the context with plant-soil interactions.

2.1 Ion exchange chromatography of organic phosphorus
compounds
Chromatography represents a separation technique, were the separation is performed based on
the different distribution of components of analyte according to their affinity towards the
stationary phase, and the mobile phase [45]. The chromatographic separation of ionic species
from aqueous solutions is based on the ion exchange mechanism named also later as ion
chromatography (IC). When flowing through the ion-exchange resin, the stationary phase, the
analyte ions bind to the side groups of the resin, replacing consecutively H+ or OH- ions.
High performance ion chromatography (HPIC) is frequently used for the separation of analytes
with a wide range of polarity and a very good example of such compounds are the objective of
this PhD project - phosphorus containing compounds. A great part of these compounds are by
nature organic and they are ionic in aqueous solution due to the presence of PO43- in their
molecule which makes them suitable for separation by ion exchange chromatography [46].
Most of the organic phosphorus compounds are highly charged and strongly retained in the IC
stationary phase resin due to the attraction forces with the positively charged stationary phase
providing the ion exchange mechanism. In such situation, a constant mobile phase composition
during the analysis, i.e. isocratic conditions, may not provide an acceptable and sufficient
separation. Early eluting analytes may be poorly resolved whilst other analytes may have
unacceptably long retention times with poor peak shape and sensitivity. To resolve these
disadvantages during separation, the composition of introduced mobile phase can be altered
during elution (gradient elution), thus enabling better separation of the analysed species within a
single and potentially shorter chromatographic run.
18

Organic phosphorus species are separated with ion chromatography columns usually made
from polymer-based stationary phases. Among these columns, the latex-based anion-exchange
columns with a basic eluent have been frequently used. This type of column resin is
characterised by its gradient elution ability, enabling the simultaneous determination of low and
highly retained anions in a single run.
Eelectrostatic interaction techniques are mainly applied for the separation of IP6. In IP6, six of
twelve replaceable protons are strongly acidic (pKa <3.5) and the other six are weakly (pKa
=4.6–10) acidic [47]. Electrostatic interaction and the changing protonation degree are the basis
of the anion exchange separation with HNO3 gradient elution. The reported HPLC methods so
far (Table 4) are lacking for a better analytical approach for analysis of IP6 in biological samples,
and this is mainly related to poor spectrophotometric properties of the detection system applied.
Therefore, improved analytical figures of merit in both terms, separation and detection for
quantification of orthophosphate and IP6 in soil and plants presented within this project could be
mainly attributed to the detection part of the analytical technique applied, since ICP-MS has a
high tolerance versus buffers and acids compared to other ionization sources and provides
ruggedness regarding of long term measurements. .

2.2 ICP-MS for analysis of phosphorous
Inductively coupled plasma mass spectrometry (ICP-MS) is a hard ionization technique that
provides stable isotope specific detection. One of the most important advantages of ICP-MS is
its large dynamic range and linearity over up to nine orders of magnitude making it a quite
flexible analytical method. Moreover, the technique offers a wide linear dynamic range and high
robustness against matrices present in samples and chromatographic buffers [48,49]. Such
hard ionization techniques can be employed to reduce organic phosphorus molecules to
elemental phosphorus for quantitative analysis [50].
Elemental mass spectrometry usually requires low resolution analyzers and at plasma
temperatures of 5 000 - 10 000 OC all elements are ionized at a certain degree (approx. 1.5 %)
[50]. Regarding phosphorus however, the low resolution of elemental MS due to the relatively
high first ionization potential (10.5 eV) limits ionization efficiency leading to a lower sensitivity
and higher matrix suppression effects as compared to other elements. In addition, as mentioned
before, phosphorus has only one stable isotope and does not allow application of isotope
dilution mass spectrometry for absolute quantification and the only stable isotope
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P exhibits
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several spectral interferences of polyatomic ions, such as

15

N16O+,

14

N16O1H+, and

12

C1H3

16

O +.

This results in a higher background and detection limits than those corresponding to other ions.
To resolve this issue the application of high resolution sector field mass spectrometry (ICP-SFMS) is also one of the options. Another approach to remove the isobaric interferences is by
using reaction cell device or dynamic reaction cell technology (DRC), [50] that is deemed as a
state-of-the-art and, same as ICP-SFMS, mandatory for obtaining accurate and reliable results
especially in analysis of elements suffering from isobaric interferences.
ELAN DRC II by Perkin Elmer, used during this work, includes a dynamic reaction cell (DRC)
technique. The cell consists of a low constant rf amplitude quadrupole [51], located between the
ion optics and the actual mass analyzer. The DRC is operated as a mass-filtering device
(bandpass to remove unwanted secondary interferences) and can be used with gases such as
oxygen, ammonia

or methane as a reaction gas for elimination of interfering species via

interference dissociation or discharge, or by transferring the interfered analyte to a higher mass
via reaction with oxygen [52].The reaction gas is selected based on its ability to perform a gas
phase chemical reaction with the interfering species and remove the interference itself.
Interference removal can occur through various processes, including: collisional dissociation,
electron transfer, proton transfer and oxidation. These processes are happening because the
charged ions can interact with the dipole moment of a polar molecule or induce a dipole in a
non-polar molecule. Ion-dipole interactions are effective at long inter-atomic distances so the
collision rate between ions and neutral molecules is high. The ion dipole interaction is usually
sufficiently strong to exceed the activation energy potential barrier to exothermic reactions thus
thermodynamically allowed ion molecule reactions are usually fast. The ability to use more
reactive gases including the above mentioned as well as CH3F and CO2 provides superior
interference reduction and improved detection limits in a wide variety of sample types [50].
Several groups have applied ICP-AES and ICP-MS as a powerful elemental detection methods
in combination with selective enrichment of IP6 by ion chromatography either in off-line ion
exchange or solid phase extraction mode or after fraction collection after high performance ion
chromatography [35]. In this context Munoz and Valiente developed an ICP-MS method for
determination of phytic acid in human urine based on the total phosphorous measurement of
purified extracts of phytic acid by solid phase extraction (SPE) with a limit of detection of 5 µgL-1
(8 nmol L-1) [40]. Grases et al. have reported a method for quantification of Na-IP6 in urine
samples after enrichment via ion exchange offering an LOD of 64 µg L-1 (68 nmol L-1) [41].
In the presented work, oxygen was used as a reaction gas oxidizing phosphorus into the
molecular ion PO+ and therefore P was detected at m/z=47 circumventing all isobaric
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interferences at m/z = 31. The LOD calculated based on the threefold SD of the baseline signal
was 0.3 μmol L-1, while the LOQ (tenfold SD of the baseline signal) was 1 μmol L-1 for both
compounds that corresponds to an on-column LOD of 3 pmol (10 μL injection volume). This is
an improvement by several orders of magnitude in comparison to alternative detection methods,
which have been used in connection with anion exchange chromatography [34].

2.3 IC-ICP-MS for speciation of phosphorous
Ion chromatography with conductivity detection coupled to inductively plasma mass
spectrometry (IC-ICP-MS) represents still the most frequent approach for the phosphorus
speciation in the environmental field of research [53]. Numerous ion chromatography (IC)
applications for analysis of phosphorus compounds involve determination of orthophosphate,
either as the specific analyte or as the final product of the sample treatment procedure in
speciation studies. An ion paring method coupled to ICP-SFMS [43] was developed by Helfrich
and Bettmer and they could obtain an LOD of 0.35 µmol L-1. Even though phosphorus is not
amenable to soft ionization techniques Liu et al. by using LC-MS/MS to analyze IP6 in biological
matrixes [38] were able to obtain an absolute limit of detection of 0.25 pmol.
However up to date there is no IC method combined with ICP-MS for analyzing IP6 in soil
samples. One of the main advantages of this strategy (IC coupled to ICP-MS) is a high
selectivity for phosphorus containing compounds and a low vulnerability to ion suppression and
above all the easily handling and straightforward interface between IC and ICP-MS. Another
great advantage of this mode of coupling is also the acidic gradient applied in the separation of
high polar organic compounds which goes in favour for the ionisation in the argon plasma. In
this context ICP-MS is quite tolerant and highly compatible with IC acidic mobile phases.
Despite the advantages of coupling IC to ICP-MS for separation and detection of polar organic
compounds, such as low detection limits, wide linear range, and specificity, this approach has
not been very popular for phosphate determination because of the presence of some inherent
difficulties. As mentioned before (Chapter 2.2.), determination of phosphorus by ICP-MS is
difficult, due to its high ionisation potential and its consequent low ionisation efficiency in argon
plasma. In addition, if high concentrations of dissolved salts in the mobile phase are present
then this is the major drawback for the ionisation source of the mass spectrometry, as they lead
to ionization suppression of analytes.
However, a certain degree of ionisation suppression in gradient acidic elution is unavoidable in
ion chromatography during a long chromatographic run especially for the late eluting analytes.
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Within this work, this event was monitored during method development and quantification and
intensity loss of approx. 10% was observed for PO+ (m/z= 47) (Chapter 3, Figure S1). This is not
the case if DRC is not used. This is explained by the fact that with increasing HNO3
concentration during the gradient run, the N-based interferences are also increased leading to
an increased signal intensity at m/z = 31.
Thus, ion chromatography with gradient elution with a strong acid in combination with
inductively coupled plasma mass spectrometry with dynamic reaction cell is the method of
choice for analysis of high polar phosphate compounds since this method offers stronger
retention providing both chromatographic selectivity and efficiency

and is compatible with

plasma ionisation source.

2.4

LC-ICP-MS for speciation of phosphorous

In addition to further investigations of organic phosphorus compounds and application of diverse
separation techniques in phosphorus speciation, another liquid chromatography coupled to
inductively coupled plasma mass spectrometry (LC-ICP-MS) based method for separation of
nucleotides, was developed within this PhD project within a collaboration.
This method was developed for quantification of nucleotides in nucleotide enriched yeast
extracts. Yeast autolysates enriched in nucleotides, particularly 5’-GMP, and 5’-IMP are
commercially used as flavour enhancers in foods and beverages [54,55]. The benefits of
nucleotide enriched yeast products in feeding industry are currently under investigation for its
beneficial physiological effects. The supplements are mostly produced by autolysis and the
characterization of the final composition of the yeast extracts is important. The metabolites
investigated in this work were ribonucleotides CMP, UMP, AMP and GMP – the breakdown
products of RNA – and IMP as well as nucleosides and nucleobases, the breakdown products
of the nucleotides [54, 56].
Nucleotides are negatively charged in a wide pH range, thus anion exchange mechanism is the
method of choice of HPLC traditionally used for their separation. However, since these
separations rely on the use of non-volatile Na- and K-phosphate buffers, they are not useful for
LC-MS analysis. Moreover, volatile eluents are generally ruled out in LC-ESI-MS because of
vast background and ion source pollution. In reversed phase (RP) liquid chromatography
analysis, nucleotide separation with a C18-based column is limited because of the inherently
poor interaction of the highly polar nucleotides. Good separation of nucleotides on conventional
C18 phases can be achieved by addition of ion pair (IP) reagents into the mobile phase. An
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improved retention and selectivity can be achieved, however combination of IP-RP-LC with ICPMS, implicates always the drawbacks of ion suppression and contamination since the counter
ion effect of the ion pair reagent can compromise sensitivity and lead to contamination as
already mentioned before.
Almost all analytical methods for measuring nucleotides include a liquid chromatography
technique for their separation and due to the fact that nucleotides are not volatile and instable
during derivatization, gas chromatography is not the preferred method of choice. Techniques for
the analysis of nucleotides other than liquid chromatography include enzymatic assays, capillary
electrophoresis, and capillary electrochromatography [57,58,59].
Mass spectrometry plays a major role in the study of nucleobases, nucleosides, and nucleotides
that represent monomers of nucleic acid structures [60] and has gained a wide range of
application for small biomolecules, due to development of soft ionization techniques such as
electrospray ionization (ESI). The ionic and non-volatile characteristics of nucleotides make
them potential candidates for liquid chromatography coupled to electrospray ionization mass
spectrometry (LC-ESI-MS) or inductively coupled plasma mass spectrometry. Application of
negative ionization is more suitable for measuring nucleotides due to their negative charged
phosphate groups in ESI-MS. A special detection system is represented by tandem mass
spectrometry (MS-MS) in which the precursor ion of each analyte undergoes a fragmentation
and one of the fragment ions represents the product ion.
Publication III in Chapter 3 presents a novel method for quantitative profiling in nucleotide
enriched yeast extracts used as additives in animal feedstuff is presented. The analytical study
concerned the development of a rapid chromatographic separation, which could be combined
with both molecular and elemental mass spectrometric detection. Since there are no certified
reference materials available for this type of bioanalytical application, the orthogonal ICP-MS
method may be implemented as a reference method for nucleotide quantification and prove the
validity of LC–MS–MS based quantification developed in our working group. Nucleotide
measurement via ICP-MS until recently, concerned only extracted DNA samples, aiming at
quantification of deoxy nucleotides dCMP, dTMP, dAMP, and dGMP and in all this work ICP-MS
was combined to µHPLC and capillary electrophoresis [61,62,63]. For the first time, LC-ICP-MS
is applied to the quantification of free nucleotides in biological samples as a method for
measuring nucleotides orthogonal to LC-ESI-MS.
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Publication I
A. Rugova, M. Puschenreiter, G. Koellensperger, S. Hann, Elucidating
rhizosphere processes and root exudate dynamics based on mass spectrometric
techniques, Analytica Chimica Acta, 2017, in press, accepted manuscript.

This article contains a critical and comprehensive review of mass spectrometry based
methods for rhizosphere research, which have been developed and applied since the
beginning of this century. Comprehensive literature research and discussion with
both, scientists from the field of rhizosphere research and analytical chemistry is
critically reviewed in this publication. This review covers both elemental and
molecular mass spectrometry as well as their combination with different separation
techniques with discussion of the most important works by, at the same time,
covering all methods which are essential for investigating soil/plant related processes
in the rhizosphere.
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Publication II
A. Rugova, M. Puschenreiter, J. Santner, L. Fischer, S. Neubauer, G. Koellensperger,
S. Hann, Speciation analysis of orthophosphate and myo-inositol hexakisphosphate in
soil- and plant-related samples by high-performance ion chromatography combined
with inductively plasma mass spectrometry. Journal of Separation Science, 2014, 37
(14):1711-9.

A novel method to quantify orthophosphate and myo-inositol hexakisphosphate (IP6), both
inorganic and organic phosphorus compounds in a single chromatographic run is presented in
publication II. Detection of free orthophosphate is strongly limited in LC-ESI-MS based methods
both due to the low retention in the reversed phase separations and low sensitivity in
electrospray ionization. It is the first time that HIC-ICP-MS was employed for simultaneous
analysis of orthophosphate and myo-inositolhexakisphosphate (IP6) in soil solution and plant
extracts. Orthophosphate and IP6 are separated within a total chromatographic runtime of 12
minutes revealing a limit of detection of 0.3 µmol L-1. This method was successfully applied to
extracts from three different soils as well as root and shoot extracts of Brassica napus L.
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Figure S1: Impact of increasing HNO3 concentration in the eluent on the sensitivity of ICP-MS
detection: if P is measured as PO+ at m/z = 47 by employing dynamic reaction cell technique
with O2 as cell gas, an intensity loss of 11% was observed. If P is measured at m/z = 31 (without
employing the dynamic reaction cell) nitrogen based polyatomic interferences are not eliminated
and are increasing with increasing HNO3 concentration, which leads to an apparently increased
sensitivity of the system.

Figure S2: Time-dependent adsorption study of IP6 in the three experimental soils. 100 g of soil
was incubated with 716 µmol L-1 P6 (500 mg L-1) in 2 mmol L-1 Ca (NO3)2 solution. IP6 is quickly
and quantitatively adsorbed by L1 and L3 soils, while in W soil fast adsorption is reaching
equilibrium with approximately 30% of the initial IP6 amount being present in the liquid phase
from 60 min to the end of the experiment (240 min). Error bars represent the relative standard
deviation of three independently performed experiments.
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Figure S3. (a) Adsorption of IP6 from solutions of 1.1, 1.4, 1.7, 2.1 and 2.5 mmol L-1 and (b)
concomitant release of PO43- (b) in soil W for a reaction time of 240 min. Error bars indicate the
standard deviation of three independently performed experiments.
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Table S1. Operating conditions of ion exchange chromatography combined with inductively
coupled plasma-dynamic reaction cell-quadrupole mass spectrometer (ICP-DRC-QMS)

Ion
Chromatography
Flow rate

1 mL min-1

Mobile phase A

H2O

Mobile phase B

500 mmol L-1 HNO3
Ion Pac AS7, 4 x 250 mm

Separation Column

with guard column
AS7,

4

x

50

mm

10 µm particle diameter
Column
temperature
Injection volume

20 °C
10 µL

ICP-DRC-MS
Nebulizer

Meinhard

Spray chamber

Cyclonic, 5 °C

Nebulizer gas flow

1.1 L min−1

Auxiliary gas flow

1.2 L min-1

Plasma gas

16 L min-1

Cell gas flow (O2)

0.8 L min-1

ICP RF power

1300 W

Lens voltage

6.1 V

Dwell time

50 ms

Rpq

0.3

m/z measured

31

P16O+
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Table S2. Soil characteristics with elemental composition of the investigated soils derived from
aqua regia digestion. The uncertainty of the values is below 10 % relative standard deviation (n
= 3)
Soil characteristics

W

L1

L3

pHH2O

6.3

8.4

8.4

pHCaCl2

5.4

7.7

7.7

g kg

-1

386

222

308

Slit

g kg

-1

501

655

480

Clay

g kg-1

113

123

212

Corg

g kg-1

Sand

49.4

47.6

52.2

mg kg

-1

12.1

167

295

Mg

mg kg

-1

3500

15500

21100

Al

mg kg-1

18500

20500

20800

Ca

mg kg-1

1500

70000

86100

Fe

mg kg

-1

20300

22300

20000

Ptotal

mg kg

-1

478

988

1100

Porg

mg kg-1

158

492

173

PCAL

mg kg-1

8.53

71.6

150

Sr
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Publication III
S. Neubauer, A. Rugova, D. B. Chu, H. Drexler, A. Ganner, M. Sauer, D.
Mattanovich, S. Hann, G. Koellensperger. Mass spectrometry based analysis of
nucleotides, nucleosides, and nucleobases - application to feed supplements.
Analytical and Bioanalytical Chemistry. 2012, 404, 3:799-808.

Accurate method for quantitative profiling in nucleotide enriched yeast extracts
used as additives in animal feedstuff is presented in publication III. The analytical
study concerned the development of a rapid chromatographic separation, which
could be combined with both molecular and elemental mass spectrometric
detection. Since there are no certified reference materials available for this type
of bioanalytical application, the orthogonal ICP-MS method may be implemented
as a reference method for nucleotide quantification and prove the validity of LC–
MS–MS based quantification developed in our working group.
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Table S1 Selected publications on nucleotide analysis
Analytes

Detection Limits

AMP, ADP, GDP, UTP, ATP
20 isomers (5’, 3’ and
2’isomers) of NMPs and
dNMPs
18 nucleobases, nucleosides
and nucleotides
Cd, Ud, As, Is, Gs, CMP, UMP,
AMP, IMP, GMP
CMP, UMP, AMP, IMP, GMP
16 nucleosides, NMPs, NDPs
and NTPs
nucleotides, sugar nucleotides,
sugar bisphosphates and
coencyme A esters
AMP, CDP, UDP, ADP, GDP,
CTP, UTP, ATP, GTP, NAD, FAD
23 nucleosides and
nucleotides
21 isomers (5’,3’, and
2’isomeres) of NMPs and
dNMPs
mono-, di and
triphosphorylated nucleotides
of Cd, Ud, As, Gs
more than 30 nucleobases and
nucleosides
29 metabolites including AMP,
cyclic GMP, ADP, ATP, NAD,
NADH, NADP, NADPH
Cd, Ud, As, Is, Gs and a
number of modified
nucleosides
24 nucleotides and related
phosphorylated species
16 nucleotides

3 – 29 pmol
on column

Application, Samples

Chromatography

Analysis
Time / min

acid soluble extracts of
human cell extracts
yeast autolysates

IC, solution of KH2PO4 and KCl

70

IP-RP-LC, 0.05 M
tetrabutylammmonium-phosphate,
phosphate buffer, pH 5.45
isocratic IP-RP-LC,
H3PO4/triethylamine/MgSO4

40

Detection

Ref.

Year
publ
.
197
3
199
5

UV detection, full
scale absorption
UV detection at 245
and 280 nm

[1]

55

UV detection at 254
nm

[7]

200
3

RP-LC, KH2PO4 buffer, pH 5.6

130

[3]

IC, 50 mM (NH4)2HPO3 buffer, pH 4.0

30

UV detection at 250,
260 and 270 nm
UV detection at 254
nm
ESI(+,-) LC-MS

200
6
200
8
200
4
200
6

[6]

0.01 – 0.05 µg*mL-1

pharmacodynamic
monitoring, human blood
cells
bovine and human milk,
infant formulas
infant formulas

adsorption chromatography PGC,
H2O/ACN, NH4AC
IP-RP-LC, H2O/MeOH, hexylamine, pH
6.3

18

0.01 – 0.06 µm*mL-

method development,
standard solutions
microbial metabolomics

51

ESI(-) LC-MS,
linear ion trap

[20]

cells and tissues of rats

20

ESI(-) LC-MS

[17]

50

ESI(+,-) LC-MS

[21]

90

ESI(-) LC-MS-MS,
triple quadrupole MS

[16]

60

ESI(+,-) LC-MS, MSMS, triple quadrupole
MS
ESI(+) LC-MS-MS,
triple quadrupole MS
ESI(-) LC-MS-MS,
quadrupole ion trap
MS
ESI (+) LC-MS-MS,
quadrupole ion trap
MS
ESI(-) LC-MS-MS,
tripple quadrupole
MS
ESI(-) LC-MS-MS,
triple quadrupole MS

[11]

200
2

[18]

200
6
200
7

0.05 – 0.68 mg*g-1

1

0.25 – 4 pmol
on column
LLOQ < 2.1 µM

ca. 1 pmol
on column

method development,
standard solutions

IP-RP-LC, H2O/MeOH,
dibutylammonium formate
IP-RP-LC, H2O/ACN,
dihexylammonium acetate, pH 5.0
IP-RP-LC, H2O/MeOH,
tetrabutylamine, phosphate buffer,
pH 4.45
capillary IP-RP-LC, H2O/MeOH,
N,N-dimethylhexylamine

0.1 – 10 µM

purine and pyimidine
metabolic profile, urine
cell extracts of Escherichia
coli

RP-LC, H2O/MeOH, ammonium
acetate
IP-RP-LC, H2O/MeOH,
tributylammonium acetate

17

urine (cancer markers)

HILIC, ACN/H2O, HCOONH4, HCOOH

60

100 – 250 nM

cultured chinese hamster
ovary cells

IP-RP-LC, H2O/MeOH,
N,N-dimethylhexylamine

35

0.03 – 0.62 pmol
on column

intracellular nucleotides in
microorganisms

IP-RP-LC, H2O/ACN, dibutylamine,
pH6.7

25

dietary foods and beverages
Champagne wine

2.6 – 60 nM

90

[2]
[9]

[15]

200
7
201
0
200
1

[10]

200
8

[12]

200
8

[19]

200
9
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Table S2 MRM settings of the LC-MS-MS instrument

Compound
Cytosine
Uracil
15 13
N C2
Uracil
Adenine
Guanine
Cytidine
Uridine
Adenosine
Inosine
Guanosine
5'CMP
5'UMP
5'AMP
3'AMP
2'AMP
5'IMP
15
N5 5'AMP
5'GMP
3'GMP
2'GMP

Quantifier

Qualifier

a)

Polarity / time
segment
+/1
+/2
+/2

Dwell time /
ms
500
100
100

Precursor ion
112.1
113.0
116.0

94.9
43.0
70.9

52.0
97.9

FV /
V
104
90
100

+/2
+/2
+/2
+/3
+/3
+/3
+/3
-/1
-/2
-/2
-/2
-/3
-/2
-/2
-/2
-/3
-/3

100
100
100
100
100
100
100
500
100
100
100
200
100
100
100
200
200

136.1
152.1
244.1
245.1
268.1
269.1
284.1
322.0
323.0
346.0
346.0
346.0
347.0
351.0
362.0
362.0
362.0

118.9
134.9
111.9
112.9
135.9
136.9
151.9
79.0
78.9
78.9
211.0
211.0
79.1
79.0
79.0
211.0
211.0

91.9
109.9
94.9
118.9
134.9
97.0
96.9
134.0
79.1
134.0
139.0
211.0
79.0
79.0

124
104
70
70
90
80
80
-124
-114
-114
-114
-114
-114
-104
-124
-124
-124

CE

b)
Quantifier

/

CE

b)
Qualifier

V
17
21
13

V
33
13

25
17
9
9
17
9
13
-40
-40
-40
-13
-13
-40
-33
-21
-13
-13

33
21
40
40
40
-21
-21
-40
-40
-40
-37
-13
-21
-21

/

IS for
quantification
15 13
N C2 Uracil
15 13
N C2 Uracil
15 13

N C2 Uracil
N C2 Uracil
15 13
N C2 Uracil
15 13
N C2 Uracil
15 13
N C2 Uracil
15 13
N C2 Uracil
15 13
N C2 Uracil
15
N5 5'AMP
15
N5 5'AMP
15
N5 5'AMP
15
N5 5'AMP
15
N5 5'AMP
15
N5 5'AMP
15
N5 5'AMP
15
N5 5'AMP
15
N5 5'AMP
15 13

a) Fragmentor voltage
b) Collision energy
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Figure S1. Calibration curve of standard addition experiment. The relative standard deviation
for the procedure calculated according to DIN 32645 is 1.2 %.

Figure S2. Calibration curve of standard addition experiment. The relative standard deviation
for the procedure calculated according to DIN 32645 is 2 %.
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CONCLUSION
Within this thesis rugged, sensitive, and selective methods for speciation and quantification of
phosphorus-containing

compounds

employing

ion

exchange

and

reversed

phase

chromatography coupled to ICP-MS have been developed.
The first presented validated method based on strong anion exchange chromatography and
ICP-DRC-MS detection is the first method to quantify simultaneously orthophosphate and myoinositol hexakisphosphate (IP6), both inorganic and organic phosphorus compounds in a single
chromatographic run. This method is applied successfully in plant and soil related samples
offering excellent reproducibility and limits of detection in the submicromol per liter range.
NaOH/ EDTA Extraction of soil solution gave the highest extraction efficiency for IP6 amongst
other organic phosphorus compounds. Since phosphate is not amenable to LC-MS/MS, which is
a clear drawback in the context of soil and rhizosphere research, ion chromatography employing
acidic gradient elution coupled with ICP-DRCMS is a method of choice for quantification of
orthophosphate and phytic acid in soil and plant related samples. This can be of great
importance for studies aiming at the investigation of phosphorus mobilization and plant nutrition.
Another novel reversed-phase chromatography coupled to ICP-MS based method for
quantitative profiling of nucleotides has been developed. The LC utilizing a stationary phase
compatible with 100 % aqueous mobile phase was combined with both molecular and elemental
mass spectrometry. Sensitivity of LC–ICP–MS was 1–2 orders of magnitude lower than that of
LC–MS–MS. However, quantitative analysis of yeast products using complementary MS
detection gave results in a good agreement. This is the first LC–ICP–MS reported method that
has been used for quantification of free nucleotides in yeast products. This method can be
established as a reference method for nucleotide quantification and proven the validity of LC–
MS–MS based quantification due to the lack of reference materials for nucleotide quantification.
Moreover, within this PhD project a review discussing state-of-the-art mass spectrometric
methods which have been developed and applied since the beginning of this century. for
investigation of chemical processes in the rhizosphere is presented. This review covers both
elemental and molecular mass spectrometry as well as their combination with different
separation techniques.
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