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Abstract:

In this studyit was attempted tmlentify the faty acids that are common in marine algae and
investigate how these behave on different chromatographic columns when derivatized to fatty
acid methyl esters (FAME).

The capillary columns BPX70 and DB20 are commonly applied for FAME analyses. In the first
part of the workGC-MS wasused to study the retention patterns of FAMBemdifferent
commercial GC column@PX70, BP20, DB225, DB5, DB23, SER61, SLB-IL82, SLB-

IL100, RTX50, RTX200, RXI1)It was decided to continue with DB5 and DB225 in addition to
BPX70 and DB20 for analyses of the algae.

These four columns were applied in the analysis of 38 samples from 19 algal $trains.
samples (both exponential and statiorgngwth phase) from each strain were selected. The
strainswerefrom two different kingdoms and four phyl@hlorophytaphylum fromthe Plantae

kingdom andHaptophyte OchrophytaandBacillariophytaphyla fromthe Chromistakingdom.

The GGMS data were analyzed Chrombox Q 15 (www.chrombox.org) using both mass
spectra and retention indices for compound identificafisro-dimensional scatter plots
equivalent chain lengths (ECL) weappliedto get information about the analyte properties by

combininginformation from more than two columns.

In total 114 compounds were found to have an area percent above 0.2% in at least one sample. It
was necessary to do further work with the identification of 58 compounds, either because they
had tentative identificationrdecause they were unknowns. All the tentative identifications

seemed correct. Of the unknowns, 21 are expected not to be FAME. More information could be

gained on the structure of several of the remaining unknowns that were regarded as FAME.

However, here are still compounds that are not identififie largest peak that remains

unknown constituted 1.5% of the chromatographic area in one of the samples, but this compound
is not expected to be a FAME. The largest unknown peak expected to be FAMEItshstit

0.9%. There are also several monoenes with unknown double bond position. The largest of these
constituted 1.4 % of the area in one of the samples.
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1 Introduction

1.1 Aimsof the study

Long chain omega& fatty acids, particularly eicosapentaenoic acid (EPA) and docosahexaenoic
acid, are important both for human nutrition and as ingredients in fish feed. Due to high pressure
on global fish resources, there is an increasing demand for alternative souncega8 fatty

acids. Direct utilization of marine algae that is grown under controlled conditions is an
alternative to traditional fisheries with great potential as source of o8&ty acids.

Currently, there is work in progress at Department of Bjplihat investigates the feasibility of
local alga strains for production of omegdatty acids. Small scale production facilities for
algae have recently been installed at department of Biology and a pilot plant (CO2Bio) for

production in larger scale sideen built on Mongstad outside Bergen.

Department of Chemistry currently performs fatty acid analyses for Department of Biology.

With the increasing demand for algal fatty acid analyses that can be expected, there is a need to
gain data and knowledge aliavhich fatty acids that may be present in these samples, and how
theycan be separated and identified. Compared to fish oil, maspecial fatty acid patterns.

They often contain relatively high amounts of polyunsaturated fatty acids with chain lengths of
16 and 18 carbons and may also contain other compounds that are less abundant in other
organisms. This requires special focus aray requirespecific mass spectral libraries for

compound identification anaidjustments to the chromatographic methods that are developed for

other sample types

The major goals for the project are to identify the fatty acids that are common in maaige alg
andinvestigate how these behave on different chromatographic columns when derivatized to
fatty acidmethyl esters (FAME). The aim for this task is to identify compounds that constitute

0.2% or more of the total fatty acids in at least one of the aghlsamples.

In addition tothetwo gas chromatographmlumns that areommonlyin use for FAME
analyses at Department of Chemistry (BPX70 and BP20), two one new coluni22%Cesid



DB5) wasevaluated for analysis algalFAME. A more theoretical studyf #AME retention on

a largemumber of columns was also carried out.

1.2 Fatty acids

Fatty acid are carboxylic acids that have a long carbon chain, typitralhy 4 to 28 carbons.
Generally, fatty acids have an unbranched chain and even carbon number voithmame
double bonds, usually with cis configurational isomerism. Commonly, more than 40 fatty acids

are found in foof, 2].

A fatty acid has distinctive carboxyend grougfCOOH) andmethyl group(CH3) named
Omega(¥) atthe otherend of the moleculéhe carbon close to methgtoupis calledUand the

next carbon atom it is calldd[3] (Figurel.l).

3 2 1/0
HsC— (CH,),—C—C—C
2 P« “on

Figure 1.1. Nomenclature for fatty acids. One way to ndraéty acids is by the systematic or trivial nomenclature. Using methyl
(omega) end group is a to title the fatty acid. This way describes the location of the double bonds from the end afite fatty
Also, the letter n is also usually used to locateldetond[4] .

When all bonds between carbon atoms are single, the fatty acid is called a saturated fatty acid
(SAFA), and when therareone or more double bonds between the carbon atoms, then its
termed an unsaturated fatty acid. The number of unsaturated bonds in a fatty acid typically varies

between one (Monounsaturated fatty acid) and six (polyunsaturated fatty acid, PUFA)

There is different nmenclature that are used to describe fatty acids. The most common systems

that are used are, the common name, the systemic name, and the omega classification. One

system uses the number of carbon atoms together with the nundmerodé bonds. For

example, Myristic acidaC14.0 saturated fatty agidas 14 carbon atoms with no double bond.

The end methyl group, namedOmédga) , can be used to | abel t he |
from the methyl end of the molecule. The leften 6 mi nus doubl e bond posi
this purpose. For e x ampdlyensatutatethtty &l hhatBas 83 f at t y

carbon atoms with three double bonalsd the first double bond located at the third carbon



atom from the metjl group. Alternatively, it can be written as 18:3nAnother way to name
the | ocation of the double bond is to begin f
then used to designate the po¥Pal8:3pws of all d

Several studies have mentioned that an increased nutritive consumption-ciéamg@mega 3
PUFA has positive health effects. These positive results have been described for different
disorders, likecardiovasculaf8, 9], andneurodegenerativdiseasg¢10] , inflammation[11],
diabeteqg12] and a number of cancer forrifis3]. A diet high in fatty fish or fish oils is
considered to be a good source of essential fatty acids. Other food sources are plants like
flaxseed and flaxseed oil, walnuts and walnilj and canola oil. Lately it is found that algae

a good alternative source of essential fatty ajdidsl8].

When thewo hydrogen atoms next to the double bang positioned@tthe same side of the
chain this gives the fatty acid a cis configuration. On the other hand, when the hydrogen atoms

areon oppositesides it gives thedouble bondh trans configuration Figure 1.2) [19].

Br

Br
trans

Figure 1.2. Cis-trans configuratian [19] .

When two or more double bonds are separated with single methylene group in PUFA, Ahe PUF
is termed methylene interrupted (MI) double bonds PUFA or homoallylic double [26]d©n

the other hand, when there are two or more methylene groups between the double bonds, the
molecule is termed nemethylene interrupted (NMI) FA, In such cases its common to locate the
double bond from the carboxyl gro{gi, 22]

The adipose tissue of our body and vegetable oils are mainly compdseadydjlycerols
(Triglycerides, TG)A TG molecule is an ester tiiree fatty acidenda one glycerolFattyacid
methyl esters (FAME3re made by a process calte@hsesterificatin (Figurel1.3) wherethe Ryj
group in the TG ester molecule is replaeeth theR Njoup of an alcohdlusually methanol).

This reaction isatalyzed by adding of an acid or base reafht24]

3



O O
I I

CH,-0O-C-R; CH;-0-C-R;

|

| O @) CH, - OH
| I ] |

CH -0-C-R, + 3CH;0H — CH;-O0-C-R, + CH-OH
| (Catalyst) |

| O O CH, - OH
| I ]

CH,-O-C-R; CH;-0-C-R;

Triglyceride Methanol FAMEs Glyserol

Figure 1.3. Transesterification process. Thajgoup in the TG is replaced with théioup of amtmethanol. This reaction is
catalyzed by adding of an acid or base readgh}.

Fatty fish like Salmonis considered to be one of the importaatirceso obtainomega3 long-

chain polyunsaturatefatty acics (LC-PUFA), Eicosapentaenoic (EPA) altbcosahexaenoic
(DHA) acids However, this source has lisitation when it comes to theupply of omegs

from traditional fisheriesLately, some studies show that algae can be a replacement source of
omega 3 fatty acids. Hamilton et hhve stated thdteterotrophic microalgean yieldenhanced
amountsf both Long-chain omeg# Eicosapentaenoic ac{@EPA) andDocosahexaenoic acid
(DHA) fatty acids [26]. Also Ahlgren et al have shown relativédiggh amounts of Omeg3 LC-
PUFC in algagespeciallyin Cryptomonas, Rhodomons and Peridinil2n].

1.3 Algae and the biosynthesis of fatty acids

The biosynthetic pathway of fatty acids (EPA and DHA) in microalgae occurs in the
chloroplasts. The procesgically begins by synthesis of stearic acid (18:0) in the chloroplast,
then a sequenad changes by desaturation and chain elongation procesthesemdoplasmic
reticulum, enhanced by a different step of desaturation and elongation of highly specific fatty
acids. The desaturation step adds a double bond to the molecule, on the other hand two new

carbon atoms are added to the molecule by elongatio



Stearic acid is desaturated to oleic acid (189 and linoleic acid (LA, 18:2-6). Desaturation
of fatty acids calead into two different metabolic pathways, eithéd ar the R3 fatty acids.
Fromlinoleic acid Uinolenic acid (ALA, 18:3 A3) can be formedy adding the next double

bond toward the metmgnd of the molecule.

Fatty acid desaturation can go in two different metabolic directions, either@lue the K3

route Withinthenr3 r out e, des at ur-lmolenioacid @LA, 18:Ayby oduces |
introducing the next double bond toward the metd of the molecule. Additional chain

elongation and desaturation reactions produce EPA and DHA. On the othemnrthed 6

route, the LA is desaturated leading to prodixiaolenic acid (18:3 ¥6) by adding a double

bond to the carboxy¢nd of the molecule. This will lead to arachidonic acid (AA 2066),n

which can be furthedesaturated to EPA. Those were thevamtional ways of the biosynthesis

of EPA and DHA, however the are other alternative ways to produce{#8m



2 Theory

2.1 Chromatography

Chromatography is an effective and common technique used in analytical chemistry for
separation and analyzing mixturéke separation ofatty acid derivatives. Chromatography
separates materials based on their difference in velocities ipttase systems. This system is
made to maximize the rate of mass transfers between the two [js@ere are several
types of chromatography, like liquid chromatography, gas chromatogrsygbsrcritical
chromatographyand planar (thin layeghromatography.

Chromatographitechniques are based on three components. The first onestatibaary phase
which is a solid phase or can be a liquid adsorbed to a swffacgolid layer. The second is the
mobile phasgwhich can be a liquid or a gas, and the last component is the molecules that are

separated30].

2.1.1 Gas Chromatography

Gas chromatography usti® gas as the mobile phase. Stationary phases in gas chromatography
can be solid adsorbents (gadsorption chromatography) or high degree boiling viscous and

immobilized liquids on a solid carrier (ghgquid chromatography|31].

GC has different elements. The inlet is attached to the column head where the sample is injected

into a constant flovaf the carrier gasHigure2.1).

The carrier gabasto be chemically inert. The commonly used gases are, nitrogen, hydrogen,
argon and helium. The carrier gas is often chosen depending on the selected detector type. A
molecular filtercanalsobeused in the carrier gas system &b md of water and otha@mpurities.

Separation of the sample into different compon&ake placen the column. Columns differ in
inner diameter and length depending the usage type, which can be capillary (open tubular) or
packed. Packed columns contain a finely divided, js@ttd support material (commonly based
on diatomaceous earth) coated with liquid stationary phase. Usually packed columns are 1.5

10m in length and the internal diameter of 2 mm.



Capillary columns have a small internal diameter (typical dimeri€ieg0 m x 0.1-0.5mm X

0.1-1 um film thickness). There are two types of Capillaojumns wall-coated open tubular
(WCOT) or supportoated open tubular (SCOT). The wall of the capillary tube in the WCOT

are coated with liquid stationary phase, wml&COT, the inner wall of the capillary is coated

with a thin layer of supporting material, such as diatofaitgoknown as diatomaceous earth),

where the stationary phase is adsorbed. Capillary columns are more common because of higher

efficiency than padkd columns.

The temperature in GC is controlled using an oven that heats gbhakigoodhermal control.

A suitable column temperature depends on the boiling point of the sampkepaadisely
controlled in modern equipment. Higher temperature decedasen times, but often at the cost
of the separation. When the sample hisge boiling pointange, temperature programmed GC
(pTGC)is usuallybe advantageous. The injector and detector argalsly within the GC

oven.

The data system gets thignal from the detector and digitizes it to produce the chromatogram,
which is usually a plot of signal intensity versus retention time. Moreover, the data system can
do several quantitative and qualitative processes on the chromatogram.

This detector cadetermine the mass and estimate the concentration of the components. The
time that molecules uses in the carrier to pass through the stationary phase is known as retention
time (r). The value ofr will depend on degree of solubility the comporteagin the stationary

phase
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Figure 2.1. Basic components of a gas chromatogrégity .

There are different detector typibsitcan be used in gas clmatography depending @ample

type and required specificity or selectivity of detectdise nonselective detector is used for all
materials except the carrier gas, while a selective detector responds to a range of materials with a
shared propertyA specific detector is usetypically for a single chemicailass The most
commondetectors that are used are the thermal conductivity detector (TCD), the flame

ionization detector (FID) and mass spectrometers (MS).

The chromatographic procassummarized ifFigure2.2. The column is representég the

horizontal lines; each line is like a part of the process at a different time, where time increase
from top bottomThesamplewhich is a mix of components A and B, is injected onto the

column in a narrow area, it is then carrietbughthe column(in thefigure from left to right) in

the mobile phase. Each partition of the component between the two phases, as displayed by the

distributions @ peaks above and below the lim@ntributes to theeparationPeaks above the
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line act for the amount @ certain component in the mobile phase, and peaks below the line
accountor the amount in the stationary phase. Component A has a larger distribution in the
mobile phase and because of that it is passed down the column faster than component B, which
usesmore time in the stationary phase. In this way, separation of A from B happens as they both
pass through the colummfihese components leave the column (elate) move through the

detector as demonstrated in the figure. The riegudignalfrom the detetor produces a

chromatogram as displayed in the figure

Direction of mobile—phase flow Detector Chromatogram
>

Inject
>+ m

Concentration of solute in
mobile phase

B A

5.4

Concentration of solute in
stationary phase

B A

o=
{}

E>
Y

0 >
Fraction of bed length

Figure 2.2. Chromatography proceg33].



Figure2.3 showssmall chromatogram with two main peaks, A andRBtention timetg) is the
time it takes from the analyte is injected into the column until it is elutédf the system. The
small peak to the left side &igure2.3 shows analyte that is not absorbed by the stationary
phase and moved through the column within the speed of the mobile phageakiss
represented big, which is the time the mobile phase takes to traverse the columnyefitered

to as holdup time or dead tim& net retention timet(g), usually referred to as adjusted retention
time, can be determined by subtracting the retention time of the mobile phasert the

p e a teténgion timetg). This is equivalent to theme the compounds spend in the stationary
phase before they elute. Frdfigure 2.3 it can be noticed that component B has more affinity

than compound A to the stationary phase because it stays longer in the 8]

Signal
t— Component A Component B
7 t i
Ag :
1 ]
- I
!
fia : !
] 1
|
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] ©
| 2
K
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i £
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P'._’Q-' .g
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oip . ! tRA '
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Figure 2.3. Typical chromatogram. tM the minimum time that a-netained chemical species will remain in the systems tR i
retention ti me. . tR6A equal tRA minus t M. Wb i s tidhe peak w
at half of peak height (Wh can be defined as 23B8%pa). G is t

The chromatographic separation between the two chromatographic peaks, A and B. Separation
can be measured quantitatively by the ResoluiRanby Equation (1):

0 0 30
S 1)

Y - ; ;
0 0 0
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whereRs the peak resolutiorty is retention timewp( 4 0 assuming that the sh
follows thenormal distribution curve) is the width of the peak at the basewinis,the peak
width at the half height of the peak.

Separation depends on tledldwing important factors, chromatographic retention (or capacity)

factor k), chromatographic efficiencNj and chr omatographic sel ecti
Retention factork, is defined as the distribution of the analytes between the stationary phase and
the nobile phaseas inEquation (2):
. AT O O I £ AT Al UOA EI OOAOEI T AoU
AT OT O T /&£ AT Al UCA ET T T AE]I A DPEs

(2)

A high k value indicates that the sample is highly retained andgersa long time interacting
with the stationary phaskdepends on the solubility of the analyte in the statiophase (k
increases with increased thicknes)lumn diameterk(decreases with increased diameter), and
the temperaturek(decreases witincreasedemperature).

Chromatographic efficien¢yr plate numbeny) is the ratio of retention time to the widof a

peak as irequation (3):
0 p(pg— (3)
Chromatographic selectivity (U) itg the ratio

or between the retention factolg of the tvo components as iBquation (4):

B (4)

] Q
The resolutiorRs betweertwo peaks in a chromatogram can be determined by Purnell equation
asEquation (5)

" v | P lQT (5)

whereRsis the resolution betweenthetwopedksi s t he pl ate number of t

the separation factor between the two pelksis the retention factor of the second peak.

11



ThePurnellequationshows thapresencef all three factors, retention, selectivity and
efficiency, isnecessarjo achieveseparation, wherd andk should be above @ndU s hou | d

above 1.

It is important to note that the Purnell equation and plate numikees€ only valid for
isothermalkchromatography. Because retention factors gradually decrease in temperature
programmed GC efficiency and selectivity must be described diffenehttyp temperature

programming is applief86, 37]

2.1.2 Equivalent Chain Length (ECL) values

Retention indices was introduced Kgvats in 196338]. The principle is that retention is
described relative to the chain length of a reference series instead of in retention time units. In

the Kovats retention index systemalkanes are used as the reference series aktbtats

indexes of the references are by definition 100 times the chain length. The principle is illustrated

in Figure2.4, where the green pea&tn-alkanesdefines the retention index scale

=1825

c16 C17 I=1745 c18 Cc19

/= 1600 /=1700 /= 1800 /= 1900

/= 1661
/= 1852

1T T 1 1T 1T T 1 T 1 T T 1 T T 1 T 1T 1 . >

15 20 25 * 30 min
rr o1 111 11 1 1 1rvr1rr 1717 17 17 17 17 17 17 17T 17 17T 7T 17T 7T 7T T KI >

1600 1700 1800 1900

Figure 2.4. Principle of theKovatsretention index system. Green peaks are reference compounds that define the secondary
retention index scale (KI). Red peaks are other compounds.

Equivalent chain length€£CL) is aretention index system that is commonly applied for fatty
acid methyl esters. Here the normal saturated FAMEgethe scale, and the ECL value of
these are equal to the number of carbon atoms in the fattgteii Equation (6) can be used to

calculae ECL values at isothermal conditions

12
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1 TeC 1 100C , 6
£ Toc g ¢ (6)

wheret'r is adjusted retention times of the compound of intexesid two saturated FAMEs

(00

eluting on each side of the compoundignifies the number of carbon atoms in the carbon chain
of the saturateBAME eluting before, andn is the difference in the number of carbon atoms
between the two references. To calaaithe ECL values at temperature programroeaditions

Equation(7) can be used

e, O 0 ,
060 &¢—F— @& (7)
o )

wheren, x andz are the same as in Eq. (89].

2.1.3 Temperature programmed gas chromatography

In Temperature programmed gas chromatography, the temperature is maintained at low level for

a short period of time, then the temperature is increased ttutiafpthe heaviercompounds.

This process causes in varied solsti@ionary phase and soluteobile phase interactions over

the time of analysis, and though the retention faéjow{ll have different values. Based on that

the equations thaire directly oindirectly dependendnk are not viableThis includes

Equations 3, 4, 5 and 6 above andans that both selectivity and efficiency for temperature
programmed G@nust be defiad by other meanalthough the Purnell equation is not

applicable to temperatwrogrammed GC, it still the same three factors (retention, efficiency

and selectivity) that result into separation. The efficiency in temperature programmed GC can be
definedby the separation numbeBN) and selectivity can be defined by retention indexes. The
separation number is almost equal to the number of pleatktheoretically can be solved witk

equal to 1 in the area between two members of a homologous seriss@odlated by

Equation(8)

YOS , P (8)
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wherez represents thehortesbf the two homologues armt 1 represents thengestof the two
homologuestr is retention time and is the peak width measured at Hadight[40-42]. The

principle is illustrated irfFigure2.5.

Ci C: Cs
A w

Signal

I J \

Time

\ 4

Figure 2.5. The separation number (SN) shows the approximate number of peaks that can be placeil fighwRen two
alkanes with z and z + 1 carbon atofg].

2.1.4 Gas chromatography for fatty acids

GC is used broadly to analyze fatty acid methyl esters (FAMES). Before FAs are derivaigzed, it
hard to analyze them becaudéhigh polaritythathave a tendency to form hydrogen bonds,
causinghigh boiling points anadsorption problemis the columnThough, reducing the

polarity of the FAs by derivatization make them more suitable for analysis by GC. When polar
carboxyl furctional groups are neutralized, this allows column separation by several fagtirs,

as by the degree and location of unsaturation, the cis/trans configuration of unsatamation,
chain length

Polar columns are commonly used for separation of complex fatty acid mixtures. There are two
types of polar phases that &requentlyused. the polyethylene glycol (PEG) columviserethe

polar functional group is the hydroxyQH) group and the cyanoprgdCNP) columnswvhere

the polar functional group thecyano (CN) group[34].

In polar phases, the compounds will usually elute depending firstly on the number of carbons and
secondly on the number of double bonds. For those compounds with thewabresr of carbon
and double bonds, mainly the compounds with the double bonds located closest to the carboxyl

14



group will elute first, for examplan n6 fatty acid will elute before the-3 isomer However,

there are some exceptions.

2.1.5 Sationaryphases for GC

The separation pattern of a FAME reference mixture was evaluatet a@ifferent stationary
phases (BP20, DB225, DB23, DB5, IL100, IL61, 1L82, RTX200, RTX50, RTX11 and BPX70)

in this work

These stationary phases have different functionalgg.oStationary phases structures are shown
in Table2.1. There are three maphaseypes polysiloxane polymergolyethylene glycol and
ionic liquids.

Polysiloxan plymerswere first applied in the beginning 1950s. Examples of popular
commercial columns for fatty acid analyses are:Z23 (Agilent), CPSil 88 (Agilent), SP2330
(Supelco), SR2560 (Supelco) and BRXO0 (SGE). The polysiloxane phases consist of silicon,
oxygen and functional groups (R) and they hineechemical formula [ESiO].. The functional
groups can be methyl, phenyl, cyanopropyl tifthoropropyl. The thermal limits depend on the
R-groups and typically vary between 260 and°825

In 1950s thepolyethylene glycol (PEG) phase wetlsointroduced. Typically, the name of the
commercial columns contains wax and the columns are often referred to as wax columns. The
chemical f or mul a2 CHp)r OH EhE&(PEG phises(h@ve tGdimal limit of
around 280 °C.

lonic liquid stationary phases were introduced in 2008. Some examples of the IL commercial
columns are IL59, IL60, IL76, IL100. lonic liquitblumns are unique because of their
distinctive propertiesThe IL phases are available with otfi@nctional groups than traditional

stationary phases, and they can be applied for both polar and apolar analytes.

The nonpolar columns such as RXI1 and DB5 are effective forpmiar compounds. RTX200
and RTX50 aréntermediate polarity columns, theredahey are best for intermediate polarity
compounds. DB225, BP20, DB23, BPX70, IL61, IL82 and IL100 are high polarity stationary
phase$43].

15



Table2.1. Stationary phase structure and properties

Phase Type Description
RXI1 Dimethyl polysiloxane Polysiloxane based. Apolar, will be found near th:
intersection between the three lines Figure2.7
DB5 5% diphenyl polysiloxane,95% dimethy Polysiloxane based. Apolar with some phenyl
polysiloxane groups, along line 2, but near the intersection of t
three linesin Figure2.7
RTX200 Trifluoropropylmethyl polysiloxane Polysiloxane based. 50% of theyR®pups are
trifluoropropyl. 50% e methyl, will bea longline 1
in Figure2.7
RTX®  Phenyl methyl polysiloxane Polysiloxane based. 50% of thg®pups are
phenyl. 50% i@ methyl, will bea longline 2Figure
2.7
DB225 50% cyanopropylphenyl 50% Polysiloxane based. 25% of thgRups are
dimethylpolysiloxane cyanopropyl, 25% are phenyl, 50% are methyl.
Should befound between line 2 and line 3 Figure
2.7
IL61 1,12-Di(tripropylphosphonium)dodecane lonic liquid. Unique selectivity, not in the plot but
bis(trifluoromethylsulfonyl)inde expected to be between IL59 and IL76Rigure2.7
trifluoromethylsulfonate
BP20 Polyethyleneglycol (PEG) Polyethylene glycol. In clusteir Figure2.7
DB23  50% cyanopropylpolysiloxane, 50% Polysiloxane based. 50% of thgy®pups are
methylpolysiloxane cyanopropyl. 50%ra methyl, will bea longline 3 in
Figure2.7
BPX70 70% cyanoproy 30% polysilphenylere Polysiloxane based, but with phenyl groups in the
siloxane backbone. 70% of the-opups are cyanopropyl,
30% are methyl. Should be found along line 3, bt
with possible influence from the phenyl groups (li
2in Figure2.7)
IL82 1,12di(2,3 lonic liquid. Unique selectivity, shownkigure2.7
dimethylimidazolium)dodecane
bis(trifluoromethanesulfonyl)imide
IL100 1,9-di(3-vinylimidazolium)nonane lonic liquid. Unique selectivity, shownkigure2.7

bis(trifluoromethanesulfonyl)imide
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Figure 2.6. Stationary phases chemical sttues for the columns which were used to evaluation the columns. a) RXI1 b) DBS5, c)
RTX200, d) RTX50, ) DB225, f) IL61, g) BP20, h)DB23, i) BPX70, j) IL82, k) IL100

Principal component analysis has been used to evaluate the selectivity ofrautalmg of

stationary phases for G@4]. Thescore plots irFigure2.7 shows that stationary phases are

divided to three lines and two clusters. The hydrelgemd basicity of the stationary phases and

the ability d the stationary phases for dipélge interactions are linked respectively to the
principalc o mponent s 1 and 2, while thde aadi Ini ty of

interactions and the hydrogéond acidity are linked tprincipalcomponent 3.
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Line ldisplaystrifluoropropyl substituteghhasesline 2displaysphenyl substitutedandline 3
displayscyanopropyl substituted. Cluster | show polyethyleneglycol phases and cluster Il shows

ionic liquid phases.

By looking to the PCA score plot it can bgerthat the values of PC1 and PC3 are high at the
same time only for ionic liquids columns, that mean the other columns do not have the same
separation characteristics as the ionic liquid columns, which simultaneously have strong

hydrogenbond basicity, hyaqsgerb ond aci di ty athdantthprabielratyi bas

cluster 11 |/ @1L100 !
~ 0.4
Q@ IL82
QIL76

~ 0.2
™

- O
Q.

~ 0.0

Figure 2.7. PCA of system constants for 49 stationary phases. line 1 shows trifluoroptdysfituted polysiloxanes, line 2
shows phenyl sutisuted polysiloxanes, and line 3 shows cyanopropyl substituted polysiloxanes. Cluster 1 is polyethyleneglycol
(PEG) phases and cluster 2 is ionic liquid phases. Frbth.
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2.2 Mass spectrometry

Mass spectrometry (M$3 an analytical technique used to identify compounds. The main

principle of mass srtrometry is separatirtge ions in a sample according to their mass to

charge ratio (m/z). Mass spectrometry differs from other methods of analysis. Mass spectrometry
is highly sensitive and therefore do not require a large quantity of sample. Wherd&s iha
destructive analysis technique, the samplaénoabe used again after analysis. Tigss

spectrometer has threinparts: ion source, mass analyzer and det¢45jr

In chromatographiymass spectrometry system thelecules entethe mass spectrometaiter

being separated by the chrongriaph. In this system the molecules can be directly moved from
capillary column into the ion sourddydrogen (H2) and helium (He) have very low atomic and
molecular masses, therefore they are mostly used as carrier gasses for GC/MS, where they can be

easly removed from mass spectrometer by the vacuum sygtgn

After introducing the sample, the molecules must be ionized. There are several ionization
methods, but the electron ionization (El) was used invibig. In the electron source, a ray

highly energetic electrons interrelates with the molecules. Becéatise ionization the

molecules become positively charged (catiombBgionization procesprovides energy that are
enough to form fragments. Fragmentation formation depends on the ability of the molecule to
stabilize the positive chargéfter that, themassto charge ratios (m/z) are recorded by the
detectorThe mass of fragments can be determined if the charge of the detected fragments is
known, and it can usually be assumed to be +1. The molecular {QrcéM determine the

molecular masf34, 45]

2.2.1 Mass spectrometry of fatty acid methyl esters

In EI-MS a twe dimensional graph is usually used to describe the Spectra.-8Res Xignifies

the m/z valuesf the ions and th¥-axis signifies the relative amount of the iofike mass

spectrum can be used to determine the number of carbons and number of double bonds, as well
as other features of the molecules. It can be noticed that the strongest signal is referred to as the
ba® peak, while the highest mass may represent the molecular ion mp&&] NFurther detas

and examplespectra of FAMESs argivenbelow. The spectra are acquired from

www.chrombox.org/data
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2.2.1.1 Saturated FAME

Figure2.8 shows three examples of saturated FAMEs. For skbein FAMESs Figure2.8a) the
molecular ion (M) can be absent and the strong ion4B]" must be used to confirm the
molecular mass. The spectraFigure2.8b and ¢ are simple and characteristic spectra with little
fragmentation and a relatively strong nmltar ion. The McLafferty ion (m/z 74) is base peak,

and m/z 87 is also strofg7].

&, o

50 50
87
40 40
30 30
- 55 143
20 55 20 P 227 270
J 127 69
10 10
. dab g 1Ll . 1 I T |||.ll. l
) 0 P ) 10 s -

(©

24:0

Figure 2.8. Examples of saturated FAME

2.2.1.2 Branched saturated FAME

Branched saturated FAME examples are compared withuheranchedsomer inFigure2.9.

The most common branched series, iso (i) andiaotéai) isomers are very difficult to

distinguish from the corresponding unbched isomers, but there are some minor differences in
the relative abundance of B8]" and [M-29]". For 15:0 these correspond to m/z 225 and 227,
and for 17:0 the ions are m/z 253 and 255. For the unbranched isom@t$' [l higher than
[M-29]". In theiso-isomers [M31]" is lower compared to the unbranched isomers, and the two
ions are of approximately equal size, both with very low abundance. In this@memers [M

29]" is more abundant than H@1]". There are also additional ions that can distisig between

the isomers, but these are often so weak that they can be difficult to separate frg@Bhoise
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Figure 2.9. Examples of branched saturated FAME

Figure2.10 shows the spectra of branched FAMEs with a methyl group near the carboxyl chain.
The difference is very clear in this case. With mesudstitution in 2position in pristanic acid

ME the McLafferty ion will be m/z 88. While for methyl branch in thpdsition in phytanic

acid ME the McLafferty ion will be m/z 1049, 50]
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Figure 2.10. Branched FAME with methgroups near the carboxyl chain. (a) pristanic acid ME. (c) phytanic acid ME.

2.2.1.3 Monounsaturated FAME

In monounsaturated FAMES the base peak is usually m/z 55, but the strength of this ion
decreases when the distance between the double bond and the carboxyl group iskigaueed.
2.11 showexamples of monounsaturated FAMESs. The gfileiof the ion m/z 74 is weakest for
16:1 n5 figure 8d where is the double bondas fromthe carboxyl group, while the strength of
the same ion is highest for 16:414 Figure2.11a. Except from this, there is no diagnostic ions
that will indicate the position of the double bond. The ions3®&1, [M-74]" and [M-166]" are
often stronger than Mand can be used to confirm the molecular mass in spectra of low
quality{51].
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Figure 2.11. Examples of monounsaturated FAME
2.2.1.4 Cyclic FAME
Cyclopropane fatty aci ds ar e i somer s of nor
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Figure 2.12. Cyclopropane fatty acids (a and b) compared to monounsaturated isomers (c and c).

2.2.1.5 Diunsaturated FAME

The spectrum of 18:2-@ is shown irFigure2.13a. The m/z 67 is the base peak &nd the most
common base peak in methylem¢errupted diunsaturated FAMESs, but 79, 81 and 95 can be

equally strong or strong®3]. Isomers of normal methyleristerrupted diunsaturated FAMESs
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have almost identical spectra and there are no ions thttdalbuble bond positions. Therefore,
it is difficult to differentiate between 18:26hand 18:2 a1 (Figure2.13a and bjj36].

Dienes with conjugated double bond systéngsire2.13c have very similar spectra to
methyleneinterrupted dienes, but the molecular ion tends to be stronger. Spectra of compounds
with nonrmethylene interrupted double bonds (NMiyure2.13d show more variation and

differ significantly from the normal dienes. There are cases where the double bond position in

NMI dienes can be found from diagnostic i¢&8] [54]
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Figure 2.13. Examples of diunsaturated FAMEs.

2.2.1.6 Polyunsaturated FAME

For methylenanterrupted polyunsaturated FAMES there are diagnostic ions that tells the double
bond position from the methyl end (omega) and carboxyl entalphaion)[37, 55]

Figure2.14 shows examples of polyunsaturated FAME. M/z 79 is usually base peak, but m/z 91
increases with number of double bonds and it can be the base peak in highly unsaturated PUFA.
Figure2.14(a-c) show 18:3 FAME belonging to the@) n-4 and R3 series respectively. As the
number of double bonds increasd-igure2.14(c-e), the diagnostic ions, as well as the

molecular ion will be weaker, which can make ffidult to identify highly unsaturated FAMEs

from their spectri@7]. Spectra of NMI PUFAs can be similar to spectra of NMI eg$66].
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Figure 2.14. Examples of polyunsaturated FAME

2.2.1.7 Hydroxy fatty acids

By looking toFigure2.15it can be noticed that hydroxy FAMEs have spectra very different
from other FAMEsFigure2.15 (a and b) are with the GHroup in 2position (alphehydroxy
fatty acids), whilg=igure2.15 (c and d) are with Okjroup in 3position (betehydroxy fatty
acids), these two types are the most common, but thgrolpscan also be in other positions.

Thz2hydroxy FAMEs are best characterized by hav
vey st Bdkg glnMl, that can be used to-hgadmbixym t
FAMEs have a very strong si[gh7al at m/z 103 an:
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Figure 2.15. Examples of hydroxy FAME

2.2.1.8 Diesters

Figure2.16 shows examples of dimethyl esters. Dimethyl esters typically have characteristic
spectra with m/z 98s the base peak, no visible molecular ion and relatively strong fragments of
[M-31]", [M-73]" and [M-105]", but short diesters, which is showrFigure2.16a, may deviate

from this pattern.
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Figure 2.16. Examples of

dimethyl esters
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2.2.1.9 Other

Other compounds that are typically found in minor amounts in fatty acid chromatograms include
branched monoeneBifjure2.17a), unsaturated hydroxy fatty acidsigure2.17b), aldehydes
(Figure2.17c), furan fatty acidsKigure2.17d), alcohols Figure2.17e) and dimethyl acetals
(Figure2.17f).

The furan fatty acids have very characteristic spectra, depending on the position and substitution
of the furan group, and the molecular ion is usually aboindowever, in spite of being methyl
esters, they have no significant McLafferty ion, and their spectra have no similarities with other

FAMEs. It can therefore be difficult to recognize the spectra as furan fatty acids
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Figure 2.17. Examples of other spectra
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3 Materials and methaosl

3.1 Studies of column properties

To study the retention patterns of FAME the reference mixture GLC79& (¢l Prep, MN,
USA) wasanalyzedoy GGMS on 10 different capillary columns (Tal8€l). The reference
mixture contain the following 28 FAMEs: 12:0, 14:0, 14:5%,r5:0, 16:0, 16:1-d, 17:0, 17:1

n-7, 18:0, 18:1 19, 18:2 n6, 18:3 R3, 18:3 n6, 20:0, 20:1 M, 20:2 R6, 20:3 R3, 20:3 n6,

20:4 n6, 20:5 n3, 22:0, 22:1 9, 22:4 nr6, 22:5 A3, 22:6 N3, 23:0, 24:0, and 24:1-% The
sample had a concentration of 3.6 ug/ml of da8ME. A reference mixture of C7 to C30 n
alkanes (49451, Supelco/Sigma&ldrich, St. Louis, MO, USA) was used for retention index
calibration The concentration of each compound in the calibration mixture was 2 pg/ml. Both

samples were dissolved in isoace.

A volume of 1 ul was injectedpitlesson the different columns, and the following temperature
program was applied: injection at 60°C, hold for 2 min, 30°C/min to 80°C and 3°C/min until the
last compound had eluted. There are two exceptions fronotittions given above. The rate of
the first temperature ramp was 60 °C/min with the DB225 column, and the end temperature of
the first ramp was 90°C for the DB5 column. Helium was used as carrier gas at a nominal

velocity]58] of 30 cm/s in constant flow mode, and injector temperature was 280°C.

All columns were evaluatl using the same Agilent (Santa Clara, CA, USA) 6890/5973SC
system, except DB225 that was evaluated using an Agilent 7890/5977 system. Thengess
from 45 to 570 Da wasecorded with a frequency of@scans/s. MS interface, ion source and
mass fiter temperatures were 280°C, 230°C and 150°C, respectively. All columns were 30 m
long, had an inner diameter of 0.25 mm, and stationary phase thickness of 0.20uon.0.25
Columns and maufacturers are listed ifiable3.1 below.
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Table3.1. Column dimensions

Column  Manufacturer  Length [m] Diameter [mm] Film thickness [um]

BP20 SGE 30 0.25 0.25
DB5 Agilent 30 0.25 0.25
DB23 Agilent 30 0.25 0.25
DB225  Agilent 30 0.25 0.25
SLBIL61 Supelco 30 0.25 0.20
SLBIL82 Supelco 30 0.25 0.20
SLBIL100 Supelco 30 0.25 0.20
RTX50  Restek 30 0.25 0.25
RTX200 Restek 30 0.25 0.25
RXI1 Restek 30 0.25 0.25

3.2 Algaescreening

Data of the fatty acid composition of 258 samples of alga from different strains were available
from the Ph.D. project of Pia Steinriicken at Department of Biological Sciences at University of
Bergen28]. A subset of these samples todmalyzedby GGMS was created bgprocedure
programmed in Matlabyww.mathworks.com) that tries to pick a subset of samples that covers
the variation in the original data s&he Euclidean distance was used as measurement of
differencebetween the sample@nly the 21 most abundant fatty acids in the data set was used,
and the objects were normalised (to sum 100 %) and the variables were standardised (each
variable was divided by its standard deviation) prior to the selection procedure. Further details
and description of the selected samples are giveadtion4.2 Principal component analysis

(PCA) of the selected samples was performed in Siriusa8Av(prs.ng.

Sapling and further details about the original 258 samples are g{&&h amd the analytical
procedure for the fatty acid determination is givgb®h The selected samples were diluted so
that the largest peak should give an area of approximat&iyn2es the area in the GLC793

reference mixture.
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3.3 Algae analyses by @45

The seletedalgaesamples were analyzed by @&€S on an Agilen7890/5977 system using
four different capillary columns: BPX70 (SGE, Ringwood, Australia), BP20 (SGE), DB225
(Agilent) and HP5 (Agilent). All columns had internal diamete®.@5 mm and stationary pda
thickness of 0.25 um. The BRPKD column was 60 m long, whitae length of the other was
30m.

A volume of 1 pl was injectedpitlesson the different columns. The following temperature
program was applied: Injection at 60°C, hold for 3 min, 60°C/m#’C and thereafte8°C/min

until the end temperatur€, where 28:0 FAME had eluted. Helium was used as carrier gas at a
nominal velocity ofD cm/s in constant flow mode. The values of the paramét&sre given

in Table3.2. Injector temperature was 280°C and MS interface, ion source and mass filter
temperatures were 300°C, 250°C and 180°C, respectively. Theaangesirom 45 to 440 Da

was recorded with a frequency of 1.9 scans/s. The chromatographic parameters for BPX70 was

tuned to give similar retention indices apiB] by using the method published6d].

Table3.2. Chromatographic parameters.

Column Start temp A Rate, B End Carrier gas
[°C] [°C/min] temperature, C velocity, D
[°C] [cm/s]
HP5 160 3 300 25.9
DB225 160 2 240 30.0
BP20 160 2 258 30.0
BPX70 165.8 1.54 240 26.0

The selected algal samphsre divided into analytical sequences with 5 samples in each. In
addition, each sequence contained a reference mixture with all saturated FAME from C12 to C28
(except 13:0 and 23:0) and the GLC793 and alkane reference mixtures described above. In every
second sequence, the concentration of the GLC793 mixture was diluted to half. The
concentrations of each compound in the saturated FAME reference mixture was approximately

1 pg/ml of each compound.
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The following FAME references and reference mixtures were also analyzed once for each

column:

1 Bacterial Acid Methyl Ester (BAME) Mix (Supelco/Sigr#ddrich 4708GU), approx 1
pg/ml of each compound.
A mixture of 12:0, 14:0, 16:0, 18:0 dimethyl esters,rapd pg/ml of each compound.
The methyl esters of the hydroxy fatty acids 18@H, 18:020H, 18:0120H and
ricinoleic acid, approximately 3 pug/ml of each.
Mixtures of conjugated 18:3 FAME, approximately 1 pg/ml of each.
Cod liver oil and two natural sanepof salmon testis containing furan fatty acids, where

the concentrations were scaled the same way as for the algal samples.

3.4 Data analyses in Chrombox Q

The GGMS data were analyzed in Chrombox QQ%(www.chrombox.org) using both mass

spectra and reteinn indices for compound identification as describeflé]. Since there
alreadyexisted databases of marine FAME for BP20 and BPX70 from previous[4ork2]

the identification work started with these columns, and databases of spectra and retention indices
for the compounds in algae were gradually built. Spectra from the reference mixtures were used
in cases where these were better than the corresponding spedtyae (e.g. if a compound were
found in algae, but with two low concentration to give good spectrum or too high concentration

to give accurate retention indeXhe codes of three letters and three digits associated with each

compound can be foundatvw.chrombox.org/datéor compounds that have been found

previously.Any compounds not present in the existing libraries and above 0.2% of the total
chromatographic area (whether known or unknown) were assigaedoakes in the system
described if¥6]. Once the algal databases for BPX70 and DB20 was finished, these databases
were used to identify the same compounds on DB225 and HP5. Because the retention indexes
are different on the different columns, this was basically done by comparing masa apddiy

using the reference mixtures where possible.
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4 Results and discuss®n

4.1 The initial evaluation of the columns

The data used to calculate the effects of introducing double bonds and to make the plots in

Figure4.1 andFigure4.2 areshownin appendicesA.1and7.2), respectively

4.1.1 Effects of introducing double bonds

Figure4.1 shows how the ECL values are affected by introducing double bonds in the FAME

carbon chainFigure4.1a shows the effects of adding an®double bond near the centre of the

carbon chain. If we look to the effects on the ECL values according to the polarity of the

columns, we can see that the effects on the ECL values increasedasinghe polarity of the
columns. The @ ECL ar e negat haveloweshpol®i¥.IThe DB5
effect on RTX50 is nearly zero, which means that monounsaturated FAME will overlap with
saturated FAMEs of the same chain | ength. On
can be noticed that the effect increases witkirckength on all columns. Though, by increasing

the chain length the-8 double bond is moved further away from the carboxyl group, therefore

this may not be an effect of the chain | ength
increasing chain lggth camalsobe caused by the change in polarity of columns with

temperatureThe elution temperature in temperatpregrammed GC increase with the analyte

chain length and it has been shown that the polarity of some stationary phases are significantly

influenced by the temperatyi@s].

Figure4.1b showsthe effect of introducing an additional double bond in #teposition. The
effect for RXI1 and DB5 a@lumns which have noipolar stationary phases,riggative. RTX200
column has effect around 0, which means th@tmonoenes and & dienes will overlap on this
column. The effect for the other columns is positive and it is increasing with increasing the
polarity of the columnsTheeffect of introducing an additional double bond in th& position is
stronger than the effect of introducing a singi@ double bond. The stronger effeein be
caused byromoconjugation interactions betweef and R6 doulde bondsHowever, itcan also

be explained by the position, which is further away from the carboxyl group.
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Introductionof a double bonth n-3 position(Figure4.1c) give stronger effectdhan those seen

for the n6 position, andtheseare positive also for the nepolar phases.

The effect of introducing double bonds near t
shown inFigure4.1d. The effect irFigure4.1d are different than the effect igure4.1a,

Figure4.1b andFigure4.1c which shows fairly casistent patterng-or te three least polar

columns the effects are negative, and the value of the effect is similar to introduction of a single

double bond in the-8 position shown ifrigure4.1a.

For RTX50, the effes are almost zero, which means that there will be poor resolution between
the compounds that constitute the studied pairs, and possibly between similar pairs of
compounds that was not in the reference mixture, such as-Baha 22:5 6. For the more

polar columns there are large variations in the effects of introducing a doubledmnithe

carboxyl group.

Despite of IL61beinga polarcolumnt he ef fect of i ntroducing an a
almostzerpand t he ef fect dI&bondnstsliglalynegaiive. ghisavill lgaedl tod o u
overlap between biologically important FAME, and for this reason it has been claimed that IL61

is unsuitable for the analyses of marine FAME and for clinical stfigdgsSimilarly, on 1L100,

t he most polar column in the study, the effec
lead to overlap beteen 22:5 8 and 22:6 8.

To summarise, introduction of a double bond should lead to change in retention if the column
should be generally suitable for fatty acid analysis. Thisaué RTX50, where there is

minimal effect of introducing the-@ double bond, and RTX200, which has poor separation
between @ monoenes and® dienes. There are also issues with some of the ionic liquid
phases, where the effect of introducing a doubtedbtear the carboxyl group is low or absent. It
was concluded to continue with BPX70 and BP20, for which there exist large collections of
reference data (www.chrombox.org/data), and with DB225 and DB5 that can be promising
alternatives to these two. DB5 svpreferred over RXI1 because the 5% phenyl phase is very

common in gas chromatography.
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Figure 4.1. Effects on ECL values of introducing double bonds in tBgasition (a), the 16 position (b), the-3 position (c) and

near the carboxyl group in the 4 to @6 pos-Dwasmwonetutedatithee. The a
applied conditionsqECL was calculated by subtracting the ECL of the least unsaturated compound &&®elthof the most

unsaturated compoundsterisk means that the largest compound was not eluted. 0 means that no effect could be quantified due

to complete overlap of the peaks.

4.1.2 The effects of the ester group

In addition to the double bonds, also the caybgroup has polar interactions. The effects of the
ester group can be assessed by comparing the Kovats retention index of the saturated FAMEs

with the retention index of a hypotheticahlkane with the same mass.
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