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ABSTRACT

The second part of this article will discuss mass spectrometer’s analyzers and application of high reso-
lution spectrometry to identification and separation of complex mixtures [1]. Today’s mass analyzers
with resolution to fifth decimal point are quite common and offer unusual ability to analyze complex
mixtures without prior separation. Separation techniques are required when low resolution equipment
is used. Modern MS analyzers can assess components in complex mixture without prior isolation from
the matrix, only limitation is ability to ionize those compounds. Additionally, detecting system lowered
detection limit of MS to the level of femtograms and for some systems even lower.

Spektrometria mas zwigzkow chemicznych z duzymi masami
czasteczkowymi — czesé Il

Stowa kluczowe: rozdzielczo$é, analizatory, TOF, Orbitrap, biatka, mikroorganizmy, cykloproteiny,
rozktad fitosteroli

STRESZCZENIE

W drugiej czesci niniejszego artykutu charakteryzowane sg spektrometryczne analizatory mas i opisy-
wane jest zastosowanie wysokorozdzielczej spektrometrii mas do rozdzielania i identyfikacji sktadni-
koéw ztozonych mieszanin [1]. Wspodfczednie analizatory z rozdzielczo$cig okreslang pigtym miejscem po
przecinku sg powszechnie stosowane i dajg niezwykta mozliwos¢ analizy ztozonych mieszanin bez wcze-
$niejszego ich rozdzielania innymi metodami. Jedynym ograniczeniem jest mozliwa trudnosé jonizacji
tych sktadnikéow. Dodatkowo, uktady detekcji majg tak matg granice detekcji, ze mozliwe jest wykrywa-
nie femtogramowych a nawet mniejszych iosci zwigzkdw chemicznych.

ABID 3/2013 215



1. MASS SPECTROMETRY — ANALYZERS

Only ionized molecules can be analyzed by mass
spectrometer analyzer for their molecular mass,
whereas neutral molecules are not detected.
Mass spectrometer analyzers evolve into high re-
solution systems, it means that these spectrome-
ters can measure molecular mass up to fourth
or sixth decimal point. Why this accuracy is re-
quired? Higher mass accuracy is leading to easier
identification of a compound, because based on
molecular mass elemental structure of compo-
und is established. When molecular mass is esta-
blished with high accuracy it leads to lower num-
ber of possible specific compounds (Tab. 1). This
way it is possible to eliminate compounds having
similar masses however different at third and fo-
urth decimal point.

Table 1 Relationship between mass spectrometer
resolution and the number of possible elemental
molecular structures

Tabela 1 Zaleznos¢ pomiedzy rozdzielczos$cig analizatora
a iloscig potencjalnych zwigzkdw o specyficznej strukturze

Number of possible

Resolution (D
esclutioni(Da) elemental structures

1 5264
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0.00001 3
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Explanation of this relation is discussed in Figu-
re 1, compounds different in molecular mass on
third and fourth decimal points are not separa-
ted by low resolution mass spectrometer and
they are coming as wide peak. Whereas, on the
high resolution MS these compounds are separa-
ted and their molecular masses established indi-
vidually.

The typical analyzers currently offered in the MS
are: (1) Quadrupole; (2) lon Trap; (3) Time of Fli-
ght (TOF); (4) Orbitrap; (5) Magnetic Sector; (6)
lon Cyclotron Resonance (ICR). Among these ana-
lyzers only TOF, Orbitrap, magnetic sector and ICR
can operate at high resolution mode, others li-
sted above are low resolution MS. Together with
resolution it is important accuracy of mass asses-
sment and stability of system calibration and ty-
pical mass assessment accuracies in Table 2 are
presented.

TOF instrument requires constant calibration of
the system, which is usually achieved by injection
of the standard at constant intervals or with sam-
ple. This limitation is related to the measurement
of time with assumption that distance of the ions
path is constant. The ions’ path length is affec-
ted by environmental conditions mainly by tem-
perature due to the dilation effect of materials
used for construction of a flight tube. Even a few
millimeters difference in the length of ion’s path
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Figure 1 Effect of resolution on identification of compounds. Broken line represents
mass spectrum peak of lower resolution MS [2]
Rysunek 1 Wptyw rozdzielczosci na mozliwos¢ identyfikacji zwigzkdw chemicznych
o zblizonej strukturze. Linia przerywana przedstawia spektrum uzyskane na spektrometrze
o matej rozdzielczosci
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Table 2 Accuracy of molecular mass assessment
by different mass analyzers
Tabela 2 Doktadnos¢ oznaczania mas molekularnych
przez réznego typu analizatory

Type Mass Accuracy (ppm)

FTICR 0.001-1

Orbitrap 05-1

Magnetic Sector 1-2

TOF-MS 3-5

Q-TOF 3-5

Triple Quadrupole 3-5

Linear lon Trap 50-200

Mass spectrometer: FTICR — Fourier Transform lon Cyclo-
tron Resonance; TOF — Time of Flight MS; Q-TOF — Combi-
ned Quadrupole and Time of Flight.

cause important difference in flight time, mainly
because differences in flight time are measured
in micro and nano seconds. Most instruments
have limited length of flight path due to limitation
of the instrument size to fit into laboratory, and
if flight tube is longer it require strict tempera-
ture control in lab environments and more often
calibration. ICR, Orbitrap and magnetic sector in-
struments offer extremely good stability of cali-
bration and insignificantly are affected by labora-
tory environment. Orbitrap used in my laborato-
ry is keeping it calibration within specified range
for up to 45 days.

Currently magnetic sector mass spectrometer are
replaced by ICR and Orbitrap instruments, which
are smaller and easier to operate, and these in-
struments are disappearing from the market fast,
and are not included in discussion in this paper.

1.1 Time of Flight (TOF)

This analyzer was one of the first used in mass
spectrometry, developed in 60th together with
magnetic sector. In the 80th new generations of
TOF were designed with much better resolution,
mainly by increasing distance for ions to fly and
with it was increased accuracy of flight time me-
asurement to allowing assessment of molecular
mass up to the fourth decimal point.

Mechanics of TOF is very simple: ions are sent
into flightpath by “Kicker”, receiving the same
amount of energy. According to the kinetic ener-
gy formula, speed is reversely proportional to the
mass of ion. Though ions with smaller mass will
fly faster and will have shorter flying time, whe-

reas ions with bigger mass will be detected later
(Fig. 2). Of course it is based on the following pre-
mise: that distance between “Kicker” and detec-
tor have to be the same for all molecules during
the whole analysis time.

lons
flightpath "N

Figure 2 Typical configuration of time of flight mass spec-
trometer (TOF)

Rysunek 2 Typowa konfiguracja czasu przelotu
spektrometru (TOF)

TOF instruments are very sensitive to the tem-
perature changes, and with it changes of dimen-
sions of the flying tube occurs changing length of
flightpath. The longer flightpath, the more stable
temperature is required, even a few degree chan-
ge, can make results inaccurate. To prevent chan-
ges in accuracy of mass assessment, TOF instru-
ments require constant calibration, even when
analysis is running. Currently offered instruments
have built-in continuous calibration system, to
better control mass accuracy and to achieve hi-
gher reproducibility.

1.2 Orbitrap (Exactive)

Orbitrap MS system operates similarly to cyclo-
tron, where ionized molecules receive strictly
controlled amount of energy by applied electri-
cal field and making them orbiting around elec-
trodes. Since ions are injected into trap tangen-
tially, its start to orbit between external and in-
ternal electrodes. At the same time high frequen-
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cy electrical field is applied by excitation electro-
des, causing ions to orbit inside Orbitrap (Fig. 3).
In the system ions receive specific amount of
energy and ionized molecules speed is related to
mass, smaller molecules have higher speed than
larger one. Detection electrodes record current
generated by orbiting ions, which is transformed
into mass spectrum. The Orbitrap system is pa-
tented by Thermo Scientific and is available in
a few iterations, offering resolution above
100,000 (1-2 ppm) and is characterized by extre-
mely stable calibration.
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Figure 3 Operation and detection in ICR
and Orbitrap systems

Rysunek 3 System dziatania spektrometru Orbitrap
i cyklotronu jonow

Typical configuration of the bench-top Orbitrap
system, named Exactive, in Figure 4 is presen-
ted. Sample is introduced into mass spectrome-
ter directly by pumping it with low flow by syrin-
ge pump, or it ionization system is connected di-
rectly to HPLC. In both cases molecules presentin
a sample are ionized as described in the previo-
us section and ions are extracted into MS by va-
cuum and charge set on extracting and focusing
lenses (Fig. 4). Curved lens play a function of eli-
minating neutral molecules which also gets into
system due to high vacuum in MS. lons are trans-
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Figure 4 Schematic of Orbitrap Mass Spectrometer
(Exactive)
Rysunek 4 Schemat spekrometru masowego Orbitrap

ported into C-Trap from which are tangentially in-
troduced into Orbitrap, where are separated and
detected according to their mass to charge ratio.
Additionally this system is equipped in high ener-
gy dissociation cell, where MS/MS is done by ap-
plying neutral gas and controlled amount of ener-
gy to dissociate molecules and equilibrate distri-
bution of energy among molecules. It means that
excited molecules, or having high energy, loosing
energy and forming stable ions. These dissocia-
ted ions are detected by Orbitrap, this way it is,
for example very easy to establish sequence of
amino acids in protein molecule.

1.3 lon Cyclotron Resonance (ICR)

ICRMS operates similarly to Orbitrap system, ho-
wever the ions are kept “floating” in the ICR cell
by very strong magnetic field. In this system ma-
gnetic field is formed by cryogenic superconduc-
tive magnet and field strength is in the range of
a few to more than a dozen of Tesla’s (Fig. 5). The
magnet is usually very heavy and system requires
constant supply of liquid nitrogen. Generally, hi-
gher strength of magnetic field offers better reso-
lution, and resolution of these systems is usually
above a million (1,000,000).
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Figure 5 Schematic of Fourier Transform lon Cyclotron
Resonance Mass Spectrometer (ICRMS)

Rysunek 5 Schemat spekrometru masowego cyklotronu
jondw z fourierowska transformacjg danych

Sample is introduced directly into ICR as “shot-
gun” or by separation system such as HPLC simi-
larly as discussed for Orbitrap. lonized molecu-
les through set of focusing lenses are transferred
into ICR cell, where they are “floating” in magne-
tic field (Fig. 5). Then ions are spun out as descri-
bed for Orbitrap and current formed by ions me-
asured (Fig. 3). As next step, current is transfor-
med into mass spectrum and molecular mass of
ions is detected. The most important advantage
of ICR is very high resolution and sample do not
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require prior separation and multitude of ions
can be separated by mass.

2. FOOD COMPONENTS AND CONTAMINANTS
DATA

In this section some examples of high resolution
mass spectrometry applications will be discus-
sed, to show advantages in comparison to low re-
solution MS, including MS/MS. The latter one is
to some extend good tool for indirect identifica-
tion, where parent molecule is dismantled to spe-
cific fragments, however chemistry of degrada-
tion is complicated and often require background
work to establish it for particular group of chemi-
cal components. This identification method beca-
me particularly difficult when complex mixture of
compounds, as is present in food system, in most
cases require efficient separation of the compo-
unds prior identification with MS/MS. Applying
high resolution MS allowing us to separate and
relatively easy identify large number of compo-
nents in complex mixture without prior separa-
tion. Additionally preliminary preparation of the
sample or isolation of compounds of interest is
not required when high resolution MS is utilized.

2.1 Proteins

Proteins are the most common components play-
ing a different functions in every living organism
and analysis of it molecular patterns can be used
as identification of product or assessment of it
identity. Also proteins can be utilized for identi-
fication of bacteria strains, particularly pathoge-
nic type of microbes. In Figure 6 specific pattern
of protein compounds is presented, which can be
used for identification of proteins, including so-
urce, because pattern of protein parts is source
dependent. Numbers with plus sign indicate how
many charges each fragment has, multiple char-
ges in protein molecules is normal because nitro-
gen atoms are very easy to be ionized.

Selected examples of proteins represent typical
metabolically involved proteins. The cytochrome
C complex is a small heme protein found loosely
associated with the inner membrane of the mito-
chondrion. Whereas transferrin is an iron trans-
porting protein, present in all organisms having
blood, including human where absorption of iron
for example from supplement is limited or is hap-
pening at the very low level due to the limited
number of carrying it proteins.

Myoglobin ™
24+,

15+

Cytochrome ¢ 13+

I

2°*.||...

Transferrin -

53+
55+ 51+

1008 150 1o 150 120 1250 130 135 oo 50 1500 1550 T 1650 1

Figure 6 Patterns of myoglobin, cytochrome C
and transferrin proteins [3]
Rysunek 6 Analiza mioglobiny, cytochromu C
i biatka transferiny

Pattern of protein components is usually the
same for specific source of it, however distribu-
tion of fragments is affected by source. Also from
fragments it is possible to establish size of whole
protein molecule and specific protein databases
are available where typical fragments of specific
proteins are described.

2.2 Identification of microorganisms

Microorganisms are identified by analyzing pro-
tein or ribonucleic acids patterns. Similarly to de-
scribed above protein identification the same
technique is used for nucleic acids composition
or pattern.

Utilizing those patterns it is possible not only to
differentiate microorganisms by type but also by
strain within the same type of bacteria. This abili-
ty is presented in Figure 7, where different strains
of E. coli are identified when whole cells are in-
troduced into MS, however this can be only done
when high resolution MS is applied.

2.3 Analysis of the very complex mixtures

Presented below mass spectrum of light crude oil
is the very good example of the ability of high re-
solution MS. Crude oil is probably the most com-
plex mixture of organic compounds available in
the nature, usually thousands of components are
present init. In this particular case 12500 compo-
unds were identified with simple direct injection
of the oil, which is called “shotgun” approach, it
means that it is not necessary to do any prepa-
ration of a sample, neither separation of compo-
unds or group of components prior running on
MS.
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Mass (Da)

Figure 7 MALDI-TOF mass spectra and identification
of four strains of E. coli [4]

Rysunek 7 Spektra masowe i identyfikacja bakterii
E. coli za pomoca systemu MALDI-TOF>
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As specified on the graph, in this case resolution
was only 400000, but mass in Figure 8 accuracy
at 0.2 ppm. This analysis was done on ICR spec-
trometer, which in the new version can very easi-
ly achieve resolution of 1.5 to 2 million, provi-
ding even better separation of components and
the same sample run on this MS was able to se-
parate about 45000 individual compounds.

2.4 Flaxseed oil cyclopeptides

Flaxseed oil is unique in many characteristics and
it contains the highest amount of linolenic acid
among all oilseeds, also unique proteins which
are oil soluble and has cyclic structure, where
amino acids are connected together forming circ-
le (Fig. 9). Most of cyclopeptides contains methio-
nine residue in their structure, this amino acid has
sulfur atom in the structure, which is oxidized to
form methionine sulfoxide (Fig. 9). Oxidized form
of methionine is causing bitterness of flaxseed
oil, oxidation of this amino acid is happening be-
fore oxidation of linolenic acid. That is why, cold

63 spectral peaks above 50
62 spectral peaks not assigned
* not assigned

.........
----------

12,449 assigned chemical formulas
average resolving power = 400,000
RMS mass accuracy: 260 ppb

280 340 400 460

m/z

520 580 640 700

Figure 8 Fourier transform—ion cyclotron resonance mass spectrum of a South American crude oil. Upper spectrogram
shows compounds with molecular mass within a range of 0.4 m/z [2]
Rysunek 8 Spektra masowe ropy z Potudniowej Ameryki uzyskane za pomoca spekrometrii rezonansu
cyclotronowego jonow
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pressed flaxseed oil is bitter because often is pro- PO e
duced from immature and physically damage se- /Ma \
eds, and oxidation methionine is happening wi- Leu /
thin seed and even during pressing when is done Met_ ~ 1P
improperly. Flaxseed oil contains usually fourteen CLPM
different cyclopeptides, not all have methionine, 1[01
and it is difficult to separate them for quantifica-

tion due to very similar properties. o}
Applying new HPLC packing, the core system Ki- Met p,o/ \T,p
netex from Phenomenex, we were able to sepa- i Phe |
rate all cyclopeptides, and MS was used to verify N _Tm Me\
compounds identity. In Figure 9 the upper chro-
matogram shows separation of all cyclopeptides, - V 0
whereas on the bottom part, sequence of amino

acids for cyclopeptides A [5]. To achieve sequen-

CLPN CLPH

. . .. . . . 0\ /Pro‘-.Phe
cing of individual amino acids, peptide was tre- Met \
ated with high energy nitrogen in high energy dis- Leu/ )’ha
sociation cell of Exactive system. Individual ami- e
. . . Met__
no acids were removed from peptides and iden- Y/
. . . . . o]
tified by Orbitrap when all were injected into it CLPG
(Fig. 10). Figure 9 Sequential oxidation of CLP M containing two me-
thionine residues. CLP — cyclopeptides with letters
represents different types
Rysunek 9 Oksydacja cykloproteiny M posiadajgcej
dwie czasteczki metioniny. Cyklopeptydy z réznymi
literami reprezentujg rézne ich typy
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Figure 10 Analysis and identification of flaxseed oil cyclopeptides
Rysunek 10 Rozdziat i identyfikacja cyklopeptyddw siemienia Inianego
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2.5 Phytosterols degradation during frying

Phytosterols are the important components of all
vegetable oils, these compounds have ability to
limit absorption of cholesterol in human digesti-
ve tract, and positively affecting human’s blood
lipids. However, those compounds have chemi-
cal structure similar to cholesterol and are prone
to oxidative degradation, particularly this process
is accelerated during oil processing, storage and
frying. Work done in my laboratory showed that
sterols under frying and processing conditions
are forming oligomers, where many sterol mono-
mers are chemically bonded together, by simple
condensation reaction between hydroxyl groups.
Utilizing high resolution MS we were able to iden-

100 .39?.383?

o
o o

500.3664

Relative Abundance
s
o

tify oligomers formed up to the pentamer during
the degradation of sitosterol (Fig. 11). On the bot-
tom part of the graph molecular masses of diffe-
rent oligomers are presented, which are affected
by the type of sterols combined together.
Concluding the above discussion it is clear that
high resolution mass spectrometry it is a very po-
werful analytical tool to be applied in food and
metabolic sciences to decipher components pre-
sent in our foods and how their affect human me-
tabolism. This methodology also has potential to
be used for detection of compounds which po-
sitively and negatively affect human health, inc-
luding verifying food source and adulterations of
foods.

r
o o
%
S

833.6470 1241.9830 1676.3010 2077.6833 2529.9548

500 1000 1500

2000 2500 3000

miz /

dimer

906.6906

trimer

sasearo —I— tetramer

pentamer

[1]
[2]

3]

[4]

[5]

1241.9830

1676.3010 20776833 5500 9548
1 Y T RN T
1000 1500 2000 2500 3000
miz

Figure 11 Identification of oligomers formed during thermal
degradation of sitosterol

Rysunek 11 Identyfikacja oligomerdw powstajgcych
w czasie termicznej degradacji sitosterolu
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