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a b s t r a c t

It is well-known that triacylglycerol (TAG) ions are suppressed by phospholipid (PL) ions in regiospecific
analysis of TAG by mass spectrometry (MS). Hence, it is essential to remove the PL during sample pre-
paration prior to MS analysis. The present article proposes a cost-effective liquid–liquid extraction (LLE)
method to remove PL from TAG in different kinds of biological samples by using methanol, hexane and
water. High performance thin layer chromatography confirmed the lack of PL in krill oil and salmon liver
samples, submitted to the proposed LLE protocol, and liquid chromatography tandem MS confirmed that
the identified TAG ions were highly enhanced after implementing the LLE procedure.

& 2015 Elsevier B.V. All rights reserved.
1. Introduction

Matrix effects in liquid chromatography mass spectrometry
(LC–MS) analysis are generally defined as changes in the ionization
efficiency of an analyte by the presence of co-eluting components
present in the sample [1]. For instance, the MS signals of tria-
cylglycerols (TAG) are highly suppressed by the presence of co-
eluting phospholipids (PL) in the sample. The PL have been labeled
as one of the major contributors to matrix effects in LC–MS/MS [2].
However, the exact mechanisms by which matrix components
cause ionization suppression are not clear [3]. It has been sug-
gested that the physicochemical properties of the analyte [3,4] and
the competition between nonvolatile matrix components and
analyte ions for access to the droplet surface for transfer to the gas
phase [5] can have an influence on the degree of suppression of
ionization. The postulated competition process may decrease or
increase the ionization efficiency of targeted analyte ions present
at the same concentrations in the electrospray interface [3,5].

The positional distribution of fatty acids on triacylglycerols
(TAG) is characteristic for different nutritional products and a va-
luable indicator for food authenticity [6,7]. In addition, it could be
used as a potential biomarker in nutritional interventions [8]. In
recent times, several mass spectrometry (MS) and liquid chro-
matography tandem MS (LC–MS/MS) base techniques for re-
giospecific analysis of TAG molecules, such as matrix assisted laser
desorption ionization time of flight MS (MALDI-TOF-MS) [9–12],
electrospray ionization MS (ESI-MS) [13–15], LC atmospheric
pressure chemical ionization tandem mass spectrometry (LC-APCI-
MS/MS) [16,17], LC-ESI-MS/MS [18–28], have been proposed as
alternatives to cumbersome and time consuming enzymatic
treatments. The main disadvantage of these techniques is that TAG
signals are suppressed by phospholipids (PL) [10,28,29]. Therefore,
the successful implementation of these techniques for re-
giospecific analysis will be highly dependent on the effective and a
priori removal of the PL from the sample.

Sample treatment methods for separating and isolating neutral
and polar lipids have been developed and most of them are based
on preparative thin-layer chromatography (TLC) [30–32], solid-
phase extraction (SPE) [33,34] and column chromatography [35].
Direct protein precipitation (or in conjunction with SPE), liquid–
liquid extraction (LLE) and colloidal silica in combination with
anions and cations have been proposed as valuable alternatives for
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removing PL from different matrices [28,36,37]. Direct analysis of
lipid chloroform extract for TAG profiling and quantification
through direct infusion has been also reported in the literature
[38].

Regardless of its simplicity, preparative TLC is sensitive to
sample load and is prone to oxidation of polyunsaturated fatty
acids (PUFAs) during the separation process. In addition, manual
collection of the lipids from the plates for quantitative analysis
generates silica dusts, adds trace contaminants (e.g. silica and
fluorescent dyes) and is in general a time and labour consuming
process with low yields of scraped lipids which in turn demand
repeating the TLC process several times [39]. Over the years, SPE
has become a popular technique for isolation and fractionation of
lipids due to its simplicity, speed, decreased solvent requirements
and low cost [40]. However, its main disadvantages are the lack of
reproducibility between commercial cartdriges in addition to the
potential co-extraction of contaminants from the cartridges [40–
42]. The isolation of lipids by column chromatography requires
expensive equipment, copious amounts of solvents and is in
general a time-consuming method [35,43,44].

Protein precipitation methods have been reported to lack se-
lectivity due to coelution of endogenous compounds such as PL
[36]. TAG and other neutral lipids can be extracted quite selec-
tively into water immiscible organic solvents [2]. However, LLE
methods are prone to ion-suppression due to the co-extraction of
amphipathic PL along with TAG [45]. For instance, in a recent
study five different LLE systems were tested and the presence of
both TAG and PL was confirmed in different tested organic phases
(e.g chloroform, tert-butyl methyl ether and hexane) [45]. It seems
that none of the mainstream methods (SPE, LLE and protein pre-
cipitation) can separate PL from the analytes of interest due to the
complexity of lipid extracts and the presence of polar and non-
polar groups in the PL structures [36].

Instrument base alternatives have been also proposed to
eliminate the detrimental effect of PL on TAG signals. For instance,
the classical resolution of the sample by HPLC [10,11], the coupling
of TLC to MALDI-MS [10] and the separation of components using
a silica gel cation exchanger [10,12]. More recently, the use of gold
nanoparticle-assisted laser desorption/ionization MS has been re-
commended as superior strategy for the analysis of TAG directly
from crude lipid mixtures with no pretreatment [29].

The present article proposes a LLE system consisting of me-
thanol, hexane and water to remove the PL fraction from biological
samples (krill oil and salmon liver) prior to the regiospecific ana-
lysis of TAG by LC-ESI-MS/MS. The success of the proposed LLE
strategy in eliminating the PL fraction is demonstrated by means
of high performance thin layer chromatography (HPTLC) and LC-
ESI-MS/MS.
2. Experimental

2.1. Reagents

Chloroform, diethyl ether, methyl acetate, potassium chloride,
copper(I) acetate, ortho-phosphoric acid, isohexane, butylated
hydroxytoluene (BHT), acetic acid, ammonium acetate (Z98%),
hexane and methanol (HPLC grade 499.9%) used for LLE and
HPTLC were from Merck (Darmstadt, Germany). Isopropanol used
for HPTLC and HPLC was from Kemetyl (Norway). Acetonitrile (LC
grade, Z99.8%), ammonium acetate (mass spectrometry grade,
99%), acetone and the various standards used for HPTLC analysis
including lysophosphatidylcholine (lyso-Ptd-Cho), sphingomyelin
(CerPCho), phosphatidylcholine (PtdCho), phosphatidylinositol
(PtdIns), phosphatidylethanolamine (PtdEtn), linolenic acid as free
fatty acid (FFA), trilinolenin, cholesterol, linolenate cholesteryl,
methyl linolenate, monolinoleninglycerol and 1,3-dilinoleingly-
cerol were from Sigma-Aldrich (St. Louis, MO, USA). Phosphati-
dylserine (PtdSer), phosphatidic acid (PtdOH), cardiolipin
(Ptd2Gro) standards for HPTLC were from Avanti Polar Lipids
(Alabaster, Alabama, US). Linoleyl behenate for HPTLC was from
Larodan Fine Chemicals (Malmö, Sweden). L-serine (TLC 99%) was
from Sigmma (Steinheim, Germany). De-ionized and purified wa-
ter in a Milli-Q system was used throughout the experiments
(Millipore, Milford, USA). The krill oil (stored at room temperature)
was from Neptune Krill Oil (Québec, Canada). The salmon liver
(from a wild salmon salar) was kindly donated by Professor Rune
Waagbø (NIFES).

2.2. Sample preparation

2.2.1. Krill oil
Pure krill oil (0.1 g) from a commercial capsule was dissolved in

chloroform at 5 mg/mL. Reactive charcoal (�15 mg) was added to
remove the astaxanthin, vortex-mixed for 1 min, centrifuged at
4500g for 5 min and the clean and bright chloroform phase is
collected and designated as total krill oil solution TK (rich in PL and
TAG). Two aliquots of 50 mL of the TK solution are saved and the
remaining solution is dried under a stream of nitrogen before
submitting it to the proposed LLE protocol as follows: the dried
residue is dissolved in successive 2 ml aliquots of methanol, hex-
ane and water, vortex-mixed for 30 s, centrifuged at 1620g for
10 min and the upper hexane layer collected. Aliquots of 2 mL of
methanol and 2 mL of water were added into the collected hexane
layer, vortex-mixed and centrifuged at 1620g for 10 min. After
phase separation, the polar phase was saved and the hexane phase
washed one more time with successive 2 mL aliquots of methanol
and water. The final collected hexane layer, designated as HK (TAG
rich fraction) and the initially saved methanol:water layer desig-
nated as MK (PL rich fraction) were dried under a stream of ni-
trogen, weighed and redissolved in chloroform at 5 mg/mL. The
described procedure was implemented on three capsules of
commercial krill oil.

2.2.2. Salmon liver
Salmon liver (0.1 g) weighed in a pyrex test tube was added an

equal volume of glass pellets, suspended in chloroform at 5 mg/mL
and vortex-mixed 5 times at interval of 1 min, sealed under ni-
trogen and left at �20 °C overnight. The sample was filtered using
a sample processing manifolds (VacMaster, Biotage, Uppsala.
Sweden). The filtrate was centrifuged at 4500g for 5 min, the
bright chloroform phase collected, designated as total salmon liver
solution TS (rich in PL and TAG) and two aliquots (50 mL) of this
phase saved for further analysis. The remaining TS solution was
dried under a stream of nitrogen and the residue submitted to the
above described LLE protocol for krill oil. The final hexane and
methanol:water fractions for salmon liver were designated as HS

(TAG rich fraction) and MS (PL rich fraction) respectively. The de-
scribed procedure was performed in triplicate samples from the
same liver.

A general diagram of the proposed LLE procedure is presented
in Fig. 1.

2.3. LLE protocol evaluation

2.3.1. Lipid classes
The collected fractions from krill oil (TK, HK, MK) and salmon

liver (TS, HS, MS) were submitted to HPTLC analyses to determine
the lipids classes before (TK, TK) and after (HK, HS, MK, MS) im-
plementing the proposed LLE protocol (Fig. 1). The HPTLC chro-
matograms should provide information about the amount of PL
and TAG in the fractions TK and TS, the degree of PL removal from



Fig. 1. Proposed liquid–liquid extraction procedure for separating phospholipids (PL) from triacylglycerols (TAG) in biological samples.
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the organic phases in fractions HK and HS and the degree of TAG
removal from the polar phase in fractions MK and MS.

The precision of the TAG determination, for krill oil (TK, HK) and
salmon liver (TS, HS) in triplicate (n¼3), was expressed as coeffi-
cient of variation (CV) by dividing the standard deviation (s) by
the averaged TAG concentrations (m). The estimated levels of TAG
in TK, TS, HK and HS along with the dilution volumes (DV) of the
dried samples before and after implementing the LLE protocol will
indicate the recovery of TAG by using the expression:

=
×
×

×
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DV TAG
DV TAG
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1

H H

T T

i i
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where the subscripted i indicates the amount of TAG derived from
the HPTLC chromatograms either from krill oil (HK, TK) or salmon
liver (HS, TS) samples. The term DVTi was 20 ml (0.1 g sample in
20 mL chloroform to give 5 mg/mL) for both krill and salmon liver,
while the term DVHi was 4.970.2 mL for krill oil (24.770.8 mg)
and 5.570.7 ml for salmon liver (27.373.3 mg).

2.3.2. Positional distribution of fatty acids on TAG
The krill (TK, HK) and salmon liver (TS, HS) fractions were sub-

mitted to LC–MS/MS analysis to determine qualitative changes in
chromatographic behavior after implementing the LLE protocol
portrayed in Fig. 1.

The signal ratio after (α) and before (β) submitting the sample
to the proposed LLE protocol was computed to determine quan-
titatively whether the presence of PL overwhelm the signal in-
tensity of TAG in fractions TK and TS and also to establish whether
the proposed LLE protocol contributes effectively to eliminate any
PL suppression effect in fractions HK and HS.

2.3.3. Effect of the volume of water on the extraction
Due to the partial miscibility of hexane in methanol, a sig-

nificant reduction in the volume of the hexane layer (and in-
creasing in the volume of the methanol phase) is visually observed
after the addition of water to the samples. The subsequent addi-
tion of water increases the methanol polarity, prevents the for-
mation of the azeotropic mixture between hexane:methanol and
apparently restates the initial volume of hexane. Based on this
observation, the effect of added water to the system hexane:me-
thanol was investigated by submitting the krill oil sample to the
LLE protocol at four different volumes of water (0–3 mL in tripli-
cate) and the final volume of hexane phase measured. In addition,
the various collected hexane volumes were dried, weighed, dis-
solved in chloroform, submitted to LC–MS/MS positional analysis
and the TAG signal intensity at the different volumes compared
statistically.

2.4. Instruments

2.4.1. HPTLC analysis
The various standards used for HPTLC were individually diluted

to 0.1 mg/mL by adding chloroform (0.01% BHT). The HPTLC plates
20�10 cm2, silica 60 were from Merck (Darmstadt, Germany). The
plate was pre-cleaned by eluting the polar solution (KCl:methanol:
chloroform:isopropanol:methyl acetate, 9:10:25:25:25, v/v) way
up to the top of the plate in a 20�10 cm2 glass tank. The plate was
dried and activated in an oven at 110 °C for 30 min. Standards
(1 mL) and samples (1 mL) were applied to the plate with a digital
microdispenser (ATS4, Camag, Switzerland). Lipids were first
eluted with a polar solution in an automatic development cham-
ber (AMD2, Camag, Switzerland) until the elution goes up to
48 mm. After 30 min, the plate was wiped and neutral lipids were
further eluted with a neutral solution (isohexane:diethyl ether:
acetic acid, 80:20:1.5, v/v) up to 88 mm. The plate was dried for
20 min. After removing the plate from the development chamber,
it was dipped into a glass tank containing a solution of 3% copper
(I) acetate and 8% ortho-phosphoric acid and developed for about
10 s. The liquid was drained and dried in an oven at 160 °C for
15 min. The plate was cooled at room temperature and scanned by
a D2 lamp (Scanner3, Camag, Switzerland) at 350 nm. The lipid
classes in the sample were identified by comparing with the
standard band. Concentrations of the chromatographed com-
pounds were determined automatically from the intensity of the
absorption via peak areas using winCATS Planar Chromatography
Manager version 1.3.3 (Camag, Switzerland). The weight ratio
(WR) in mg lipid/g sample units was calculated by the expression:
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where y is the corrected area of the absorption peaks, a and b are
the slope and intercept of the calibration curve, f is the dilution
factor and w is the weighed amount (g). The above-described
HPTLC procedure is part of NIFES battery of methods for de-
termining lipid classes in oils, tissue and biological fluids. The
precision of the method was lower than 15% of the coefficient of
variation (CV¼100� s/m), the recovery was between 80% and
105% and the limits of quantification for the various lipid classes
were 0.029 mg/mL for phosphatidylinositol; 0.028 mg/mL for phos-
phatidylethanolamine; 0.026 mg/mL for lysophosphatidylcholine,
sphingomyelin and phosphatidylcholine; 0.025 mg/mL for choles-
terol and free fatty acids; 0.024 mg/mL for diacylglycerol and tria-
cylglycerol; and 0.022 mg/mL for phosphatidylserine.

2.4.2. LC–MS/MS analysis
An Agilent 1100 series LC/MSD trap, SL model with an electrospray

interface, a quaternary pump, degasser, autosampler, thermostatted
column compartment, variable-wavelength UV detector and 10 ml in-
jection volume was used. The Zorbax Eclipse-C8 RP 150�4.6 mm2,
5 μm (Agilent Technologies, Palo Alto, CA) was kept in the column
compartment at 40 °C. The mobile phase, delivered at 0.8 mL/min
consisted of methanol:acetonitrile:water (45:30:25, v/v) (A) and me-
thanol:acetonitrile (40:60, v/v) (B). Both solvents (A and B) contained
2.5 mM ammonium acetate and 10 mM L-serine. The gradient program
was as follows: 40% B (0–9min), ramped to 100% B in 15 min (9–
24min) kept at this concentration for 184 min (24–208min) and re-
turned to 40% B in 2 min (208–210min) and kept at 40% B for 5 min
Fig. 2. HPTLC chromatograms before and after submitting the samples to the prop
LPC¼ lysophosphatidylcholine; PC¼phosphatidylcholine, PS¼phosphatidylserine;
CL¼cardiolipin, DAG¼diacylglycerol; CHOL¼cholesterol; FFA¼free fatty acid; TAG¼tri
(210–215min). The ESI conditions were: capillary voltage �4000 V,
nebulizer gas 45 psi, dry gas 8 L/min and dry temperature 280 °C. The
MS conditions were: skimmer 40 V, capillary exit 166 V, octopole
1 and 2 (both in DC) 12 and 2.7 V respectively, octopole RF 200 Vpp,
lens 1 and 2 at �5 and �60 V respectively and trap drive 80 V. The
parameters of both ESI and ion trap were controlled by the software
MSD trap control version 5.3 (Bruker Daltonik, GmbH Inc).

2.5. Data analysis

The Matlab based computational algorithm used for elucidating
automatically the distribution of fatty acids on the backbone of TAG is
described in detail elsewhere [20]. The total ion chromatograms (TIC)
and corresponding tandem mass spectra (TICþMS/MS) data were
exported to netCDF and ASCII files using DataAnalysis for LC/MSD
Trap Version 5.3 (Bruker Daltonik, GmbH Inc). The ASCII and netCDF
files were then exported to Matlab and submitted to the developed
automated TAG prediction algorithm for identification of TAG species
along with their respective signal intensity in ion counts per second.
The results were finally transferred to and saved in Excel format. The
t-test and F-test at the 95% confidence levels were computed in
Microsoft Excel 2013 (15.0.4711.1000).
3. Results and discussion

3.1. Protocol evaluation

3.1.1. Lipid classes before and after LLE
The HPTLC results before submitting the krill oil to LLE (fraction
osed liquid–liquid extraction (LLE) procedure. The embedded symbols indicate
PI¼phosphatidylinositol, PE¼phosphatidylethanolamine; SM¼sphingomyelin;
acylglycerol.



Fig. 3. Total ion chromatograms for (a) TK (TAGþPL rich fraction) and (b) HK (TAG rich fraction) exhibiting clear changes in behavior after implementing the proposed LLE
protocol. The ammoniated adduct [TAGþNH4]þ at 933.5 m/z was identified as 18:1/16:1n/20:0 and was suppressed in TK due to the coeluting PL sodiated adduct [PLþNa]þ

at 939.0 m/z. The mass spectra of [TAGþNH4]þ in TK and HK show the direct loss of ammonia at 916.1 m/z from 933.5 m/z, the preferential formation of diacylglycerol
fragments from the loss of fatty acids (18:1 and 20:0) from the sn�1 and sn�3 positions at 633.8 and 603.7 m/z respectively and the less favorable loss of the central fatty
acid (16:1n) from the sn�2 position (661.7 m/z). The [PLþNa]þ adduct shows the characteristic loss of trimethylamine (59 m/z) and phosphatydilcholine (183 m/z) groups.
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TK) (Fig. 2a) revealed that the highest class corresponds to FFA
(1.9170.15 mg/mL) followed by PL (1.5770.13 mg/mL), TAG
(1.0670.09 mg/mL), cholesterol (0.2970.05 mg/mL) and diacylgly-
cerol (0.0970.00 mg/mL). The PL were distributed as PtdCho
(0.7070.03 mg/mL), lyso-PtdCho (0.6870.09 mg/mL), PtdEtn
(0.1170.01 mg/mL) and PtdSer (0.0870.00 mg/mL). The chromato-
gram for HK was characterized by the absence of PL and the the
main lipid classes in this fraction were TAG (3.6270.10 mg/mL), FFA
(0.9170.01 mg/mL), cholesterol (0.3570.04 mg/mL) and diacylgly-
cerol (0.1270.00 mg/mL) for krill oil (Fig. 2c).

For salmon liver the main lipid classes in the TS fraction (Fig. 2b)
were PL (3.2570.20 mg/mL), TAG (1.4470.11 mg/mL), cholesterol
(0.4770.03 mg/mL), FFA (0.1070.01 mg/mL) and diacylglycerol
(0.0870.01 mg/mL). The PL were distributed as PtdCho (1.8570.07 mg/
mL), PtdEtn (0.7370.08 mg/mL), PtdIns (0.2270.02 mg/mL), CerPCho
(0.1870.01 mg/mL), PtdSer (0.1670.01 mg/mL) and Ptd2Gro
(0.1270.01 mg/mL).The results for the HS fraction (Fig. 2d) were dis-
tributed as TAG (4.6570.08 mg/mL), cholesterol (0.2370.03 mg/mL),
FFA (0.0570.01 mg/mL) and diacylglycerol (0.0870.01 mg/mL).

The HPTLC chromatograms for krill oil and the salmon liver
without and with LLE treatment (Fig. 2) demonstrated that it is
possible to remove the observed PL from the TK and TS fractions
(Fig. 2a and b) by collecting the initial hexane phases from the LLE
protocol and washing them two times with methanol and water
(HK and HS) (Fig. 2c and d). The observed low levels of PL and TAG
compared to FFA in krill oil (Fig. 2a) are the result of degradation
through the time. It has been reported that inappropriate storage
of krill oil can lead to degradation of PL and TAG [19]. In addition, a
krill oil manufacturer has mentioned that the presence of FFA and
water makes the krill oil prone to hydrolysis [46].

The coefficient of variation and the recovery of the TAG de-
terminations were 2.9–8.8% and 82.3–87.2% for krill oil and 1.7–
7.8% and 82.7–98.6% for salmon liver respectively. These values
were within the range of precision and accuracy of the HPTLC
method.

The HPTLC results for the fractions MK and MS from krill oil
(Fig. 2e) and salmon liver (Fig. 2f) revealed very low levels of TAG
(o0.02 mg/mL) respectively. These low levels strengthen the ar-
gument that most of the TAG were extracted into the hexane
phase (Fig. 2c and d). By washing the initial polar phases from krill
oil and salmon liver with hexane, the TAG fractions were elimi-
nated and rich PL fractions were obtained (results not shown).

3.1.2. Positional distribution of fatty acids on TAG before and after
LLE

The positional distribution of fatty acids (FA) on the backbone
of TAG of the above analyzed krill oil (TK and HK) and salmon liver
(TS and HS) fractions was determined by submitting the recorded
TIC and corresponding tandem mass spectra chromatograms
(TICþMS/MS) to a developed algorithm for prediction of TAG
structures [20]. The algorithm in question is based on the well-
known fact that during LC–MS/MS analysis the relative abundance
of diacylglycerol (DAG) fragments depends on the stereospecific
position (sn�1, sn�2, and sn�3) of the FA on the backbone of TAG
molecules. For example, it has been reported consistently that
fragmentation of [TAGþNH4]þ and also [TAGþH]þ adducts leads
to the preferential formation of DAG fragments from the loss of FA
from the sn�1 and sn�3 positions [13,14,20–22]. The adduct
formation from FA at position sn�2 (center) is less favorable,
probably as consequence of steric hindrance. Hence, the mass in-
tensity signals from the loss of FA at sn�1 and sn�3 positions are
always higher than fatty acids at sn�2 position. Some authors
have indicated that the less favorable loss of the fatty acid from the
center position appears to be universal for all TAG [22].
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For krill oil, the comparison between the total ion chromato-
grams (TIC) for TK and HK (Fig. 3a and b) shows that early eluting
components in Fig. 3a (fraction TK) are no longer observed in
Table 1
Identified TAG species in krill oil. The equivalent carbon number (ECN) is defined as EC
bonds respectively. The ratio between the signals after (α) and before (β) implementing
samples (n¼3). The calculated α/β values were compared against a nominal value of 1 t

the intensity of the TAG signals. The Student t was calculated by the expression tcalcula

n¼3).
Fig. 3b (fraction HK), indicating that the LLE procedure is effectively
removing some polar components from the krill oil sample.
Comparison of the extracted ion chromatograms (EIC) before and
N¼CN�2DB. where CN and DB are the total number of carbon atoms and double
the LLE procedure is expressed as average (α/β)7standard deviation (s) of triplicate
o estimate whether removing the phospholipids from the sample has an impact on

= × −α β( ) − n 1
sted

/ 1 and compared against a ttheoretical value of 4.303 (p¼0.05.
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after implementing the proposed LLE (Fig. 3a and b) revealed a
significant decrease in the mass signal of some TAG species as a
result of coeluting PL. For example, fraction TK in Fig. 3a showed
two types of adducts, namely [MþNH4]þ and [MþNa]þ eluting at
171.4 min with masses of 933.5 and 939.0 m/z respectively. The
ammoniated adduct, identified as TAG (18:1/16:1n/20:0) by the
Matlab based computational algorithm, exhibited some [MþH]þ

ions at 916.5 m/z which were attributed to the direct loss of am-
monia from the precursor ion (Fig. 3a and b). The coeluting so-
diated adduct at 939.0 m/z (Fig. 2a) was identified as as PL due to
the loss of trimethylamine (59 m/z) and phosphatidylcholine (183
m/z) groups which yield the mass signals of 880.1 and 756.1 m/z
respectively (Fig. 3a). After implementing the LLE procedure (HK

fraction), the PL at 939.0 m/z was not longer detected and a
Table 2
Identified TAG species in salmon liver (n¼3). The symbols, terms and statistical analysi
considerable increase in the signal of the identified TAG (8:1/
16:1n/20:0) was observed (Fig. 3b).

For salmon liver, the comparison between the TIC for fractions
TS and HS (Supplementary Fig. 1) showed both, the disappearance
and the decrease of some chromatographic peaks in the former
fraction after implementing the LLE procedure. Some suppressed
peaks in TS (e.g., between 80 and 110 min in Supplementary
Fig. 1a) were highly increased in HS (Supplementary Fig. 1b).

The positional distribution results for krill oil (TK and HK) and
salmon liver (TS and HS) are presented in Tables 1 and 2 respec-
tively. The stereospecific position of the various FA is arranged in
increasing number of equivalent carbon number (ECN) and the
signal ratio after (α) and before (β) submitting the sample to the
proposed LLE protocol is designated as α/β in these tables.
s as in Table 1.
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Although the stereospecific positions sn�1 and sn�3 are indis-
tinguishable, the algorithm assigned the FA at these specific po-
sitions automatically and they are kept in Tables 1 and 2 for the
sake of presentation.

A total of 139 and 160 TAG structures were identified in frac-
tions TK and HK from krill oil respectively (Table 1). The α/β ratios,
expressed as average and standard deviation for triplicate TK and
HK samples, were consistently higher than 1 in all the computed
cases and ranged from 1.05 to 7.04. The estimated α/β ratios were
statistically higher than 1 as reflected from the tcalculated values
which were larger than 4.303 (p¼0.05. n¼3) in 98% of the cases.

The observed discrepancy in Table 1 between the total number of
identified TAG structures in TK and HK (139 and 160 structures re-
spectively) along with the computed α/β range of 1.05–7.04, de-
monstrated that 13% of TAGmolecules were adversely affected by the
presence of PL; that washing the hexane phase with methanol and
water brings about a consistent increase in the TAG signals (α/β41);
and that the proposed LLE procedure is an effective strategy to re-
move and prevent the detrimental effect of PL on TAG signals.

For salmon liver, the analysis of the recorded TICþMS/MS
chromatograms revealed the same number of TAG (153 structures)
in fractions TS and HS (Table 2). A 93% of identified TAG molecules
in Table 2 (142 out of 153 structures) revealed an increase in their
signals after washing the initial hexane layer with methanol and
water as reflected in their ratios α/β41. Remarkable increases (α/
βZ1.5) were observed in 80% of identified TAG molecules while
7% of detected TAG molecules were characterized by α/β ratios in
the range of 0.82oα/βo1. The results for salmon liver show a
consistent increase in the majority of the TAG signals after im-
plementing the LLE protocol (Table 2), confirming that washing
the hexane phase with methanol and water is a simple an effective
strategy for overcoming the suppression of TAG ions by PL ions in
MS experiments. The small fraction of molecules (11 out of 153
structures) characterized by α/β ratios in the range of 0.82oα/
βo1 could indicate a possible decrease in the TAG signals after
the proposed washing procedure. However, a t-test (p¼0.05, n¼3)
revealed no differences between the TAG structures in the afore-
mentioned range and a nominal value of 1, suggesting that the
signals for these 11 structures were unaffected by the presence of
PL. It must be noted, that the detrimental effect of PL on TAG has
been explained as competition for charge by its quaternary am-
monium group [10,47]. In this process, the various analyte and
matrix ions (formed from charged matrix/analyte clusters) coexist
and compete for the limited number of net charges available [47].

Similar suppression differences to those observed in the pre-
sent research have been reported elsewhere [10,12,47–50]. For
instance, equal amounts of PtdEtn and tripalmitin glycerol (PPP)
exhibited a peak ratio of 1 regardless of whether they were ana-
lyzed as individual or mixed lipids. However, ratios of 1:1 and 5:1
were recorded when PtdCho and PPP were analyzed individually
and as mixed lipids respectively [10]. Other pair of individual and
mixed lipids, in which PtdCho was present, has been studied with
the expected supression in the mixture [10,12,47–50].

3.1.2.1. Effect of the volume of water on the extraction. The result of
this study along with a working example showing how the statistical
analysis was performed is presented in the Supplementary Table 1
(ST1). The results revealed the same number of identified TAG (160
structures) at the four tested volumes of water (0–3 mL). However, the
recorded TAG signals without adding water were consistently lower
than their counterpart between 1–3mL of water (ST1). It was also
observed that not adding water to the system hexane:methanol
(containing 2 mL of hexane) causes the collection of a reduced volume
of hexane phase (�0.6 mL) while adding a volume of water between
1 and 3mL to the system methanol:hexane allows the collection of
the originally added 2mL of hexane (�1.9 mL was consistently
collected in all instances). The TAG signals for 1–3mL of water (ST1)
were compared by means of an F-test at the 95% confidence level (the
statistical evaluation is explained at the end of ST1). The results for
0 mL of water were excluded for comparison purposes due to their
general low intensity compared to 1–3mL of water. The statistical
comparison revealed that the recorded TAG signals belong to the same
population regardless of the added volume of water in the range of 1–
3mL. Based on the lack of statistical difference between TAG signals, a
volume of 2 mL of water was selected for the final LLE protocol.

Our findings indicate that published LLE protocols where the
hexane phase is extracted against methanol and without adding water
(or any other polar solvent) are suspect. For example, Sun and cow-
orkers [51] suggested a LLE protocol, to remove PL from TAG, where
three aliquots of hexane (2 ml) were used to wash a methanol:water
system containing the sample. After the washing step, the gathered
hexane phases (�6ml) were reduced to 2 ml and back extracted
against 2 ml of methanol twice, the collected hexane phase was dried,
redissolved and submitted to TAG analysis [51]. We implemented this
procedure on a krill oil sample and after submitting the reduced
hexane phase (2 ml) to the proposed back extractionwith methanol, a
paltry volume of hexane volume (0.5 ml) was recovered. No phase
separation occurred after performing the second suggested back ex-
traction with methanol. We cannot understand how Sun and colla-
borators [51] succeeded in preventing the formation of the well-
documented methanol:hexane azeotropic mixture after performing
twice the methanol extraction. Perhaps, their methanol contained
something else (e.g. water?) that helped recovering the 2 ml of hex-
ane. The authors, however, do not provide any indication of the purity
or analytical quality of the solvents used in their extraction.
4. Conclusions

The proposed approach to remove PL from TAG in biological
samples could be regarded as an important alternative especially
in cases where the lack of chromatographic equipments is a lim-
itation for performing analytical or preparative separations. In
addition, the proposed protocol enables the regiospecific analysis
of TAG by LC–MS/MS without suspicion of ion suppression by PL
and in a more simple and economical way when compared to
previously reported traditional or sophisticated strategies.
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