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Introduction

The lipidome can be described

as the complete lipid content in a given
sample'. Lipids exist in different classes
with different physicochemical and
biological properties. Each class contains
many members that differ in the length
of the fatty acid side-chain and the
number of double bonds, among others.
Lipid extracts generally are complex
mixtures with a significant structural
diversity and a large dynamic range. As a
result, the measurement of the total lipid
content is an analytical challenge and
requires a high performance separation
step followed by high-resolution mass
spectrometry.

Several approaches are available for this
type of analysis, and state-of-the-art
UHPLC on high performance LC columns
enables the high-resolution separation
required for detailed profiling of lipids in
complex biological matrixes. We have
recently reported on lipidomic analyses
in blood plasma? and induced sputum?,
These studies have shown that a better
chromatographic separation is beneficial
for MS data analysis and facilitates lipid
identification and quantification.

Several options are available for
improving the chromatographic
separation. Multidimensional
chromatographic solutions are an
efficient way to drastically increase

peak capacity. In two-dimensional

LC (2D-LC), comprehensive LCxLC is
known to substantially increase the
chromatographic resolution as long as the
two dimensions are orthogonal and the
separation obtained in the first dimension
is maintained upon transfer to the second
dimension*. In the comprehensive LCxLC
mode, each fraction collected from the
first dimension column is transferred to a
second dimension separation for analysis.
A less complex approach in 2D-LC is
heart-cutting (LC-LC), where only one

or a few fractions are transferred to the
second dimension. The advantage of this
multidimensional mode is that the second
dimension analysis time is not limited by
the 2D-LC modulation time. Therefore,

a better separation of the transferred
fractions can be achieved.

The application of 2D-LC for complex
lipid samples is not new, and several
column combinations have been reported.
The most obvious combinations are a
normal phase or HILIC separation in the
first dimension and a reversed-phase
(RPLC) mechanism in the second
dimension. Such combinations have
proven to result in good orthogonality
for lipid samples. The first dimension
provides a separation based on the polar
head-group of the lipids, resulting in a
lipid (sub-)class separation (for example,
phospholipids, ceramides, acylglycerols).
Here, neutral lipids will elute first before
more polar and charged lipids. RPLC,
conversely, separates the lipids based
on hydrophobicity, that is, the carbon
chain length and unsaturation (number
of double bonds) of the fatty acid side
chains. The application of RPLC in the
second dimension is also beneficial for
coupling with the mass spectrometer.

The fractionation of lipids into different
classes and the chromatographic
analysis of the members of each class
are attractive. The combination of
HILIC and RPLC has been performed
offline®® or online using a special
interface for solvent evaporation’?. In
this Application Note, a fully automated
multiple heart-cutting Q-TOF LC/MS
analysis of complex lipid extracts with
the Agilent 1290 Infinity 2D-LC solution is
demonstrated.

Experimental

Samples and sample preparation

The lipid extraction protocol has been
described in detail in reference 2. Briefly,
300 pL of methanol was added to 50 pL
of plasma or 120 pL of lung sputum.
After vortex mixing, 1 mL of tert-butyl
methyl ether (MTBE) was added, and the
samples were incubated for 1 hour at
room temperature. The addition of 260 pL
of water induced a phase separation,
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generating a lower hydrophilic and an
upper lipophilic layer with a protein
layer at the bottom. A 1-mL amount of
the upper phase was removed and dried
in a centrifugal vacuum evaporator.

The dried phase was reconstituted in
100 pL (plasma) or 40 pL (lung sputum)
of MTBE/isopropanol 50/50 (v/v),
respectively.

Instrumentation

An Agilent 1290 Infinity 2D-LC solution
connected to an Agilent 6530 Q-TOF
mass spectrometer was used for the
experiments.

«  Agilent 1290 Infinity Binary Pump
(first dimension) (G4220A)

«  Agilent 1290 Infinity Binary Pump
(second dimension) (G4220A)

+  Agilent 1290 Infinity Autosampler
(G4226A)

+  Agilent 1290 Infinity Thermostat
(G1330A)

«  Agilent 1290 Infinity Thermostatted
Column Compartment (G1316C)

+  Agilent 1290 Infinity valve drive
(2x) (G1170A)

+  Agilent 2D-LC hardware solution
kit (G4236A), including loop kit for
2D-LC (option #001),
capillary kit for 2D-LC (option
#003), and multiple heart-cutting
upgrade kit (option #007)

+  Agilent 6530 Accurate-Mass Q-TOF
LC/MS (G6530A)

The Jet Weaver mixer was removed

in the first dimension pump to reduce
the delay volume. To obtain sufficient
backpressure on the first dimension
separation, a calibration capillary
(G1312-67500) was installed between the
pump and the autosampler.



Software

Agilent OpenLAB CDS
ChemStation Edition (revision
C.01.07) with Agilent 1290 Infinity
2D-LC Software (revision A.01.02)

Agilent MassHunter for instrument
control (revision B.05.01)

Agilent MassHunter for data
analysis (revision B.06.00)

Method

Column Agilent RX-SIL, 1.0 x 150 mm, 3.5 pm (custom made)

Solvent A 0.1 % formic acid in acetonitrile

Solvent B 20 mM ammonium formate in acetonitrile/methanol/water, 50/20/30, v/v
Flow rate 40 pyL/min

Gradient 0-2 minutes: 30-60 %B, 40 pyL/min

2—4 minutes: 6070 %B, 40 yL/min
4-5 minutes: 70-100 %B, 40 pL/min
5-12 minutes: 100 %B, 40 pL/min
12-54 minutes: 100 %B, 20 yL/min
54-65 minutes: 30 %B, 40 uL/min

Temperature 40 °C

Column Agilent ZORBAX Eclipse Plus C18 RRHD, 2.1 x 100 mm, 1.8 pm
(p/n 959758-902)

Solvent A 20 mM ammonium formate/0.1 % formic acid in methanol/water,
10/90, v/v

Solvent B 20 mM ammonium formate/0.1 % formic acid in acetonitrile/methanol/
isopropanol, 20/30/50, v/v

Flow rate 0.6 mL/min

Idle flow rate 0.2 mL/min

Gradient 0-6.5 minutes: 40-100 %B

6.5-8.5 minutes: 100 %B
8.5-10 minutes: 40 %B
Temperature 60 °C
Loop filling

Time segments Fraction 1: 2.00-3.80 minutes (Loop 80 pL)
Fraction 2: 3.90-4.80 minutes
Fraction 3: 5.25-6.15 minutes
Fraction 4: 7.80-8.75 minutes
Fraction 5: 9.05-10.00 minutes

Volume 1L

Sample temperature 10 °C

Needle wash 5 seconds flush port (MTBE/isopropanol, 25/75, v/v)
Agilent JetStream Positive ionization, negative ionization
technology source

Drying gas temperature 300 °C

Drying gas flow 8 L/min

Nebulizer pressure 35 psig

Sheath gas temperature 300 °C

Sheath gas flow 8 L/min

Capillary voltage 3,500V

Nozzle voltage 1,000 V

Fragmentor 150 V

Centroid data 3 spectra/s

Mass range m/z 200-1,700

Extended dynamic range 2 GHz

Resolution 10,000 for m/z 1,000




Results and Discussion

When lipid samples are analyzed with
the described HILIC method, they elute in
five to six groups in order of polarity, from
neutral lipids to more polar and charged
lipids. The separation of the individual
lipids within each class is limited, and
typically broad peaks are noted in real
samples. This is shown for a plasma
sample in Figure 1. The lipid classes
selected in this Application Note together
with the peak codes and MHC fraction
are summarized in Table 1. Applying the
same sample to RPLC will give a different
elution pattern where the separation

is based on hydrophobicity and the
selectivity for the individual lipids within a
class is significant (Figure 2). It is evident
that the separation modes provide good
orthogonality in this multidimensional LC
setup.

Table 1. Lipids, peak codes in figures, and HILIC
fractions.

MHC

Lipid class (abbreviation) Code fraction

Free fatty acids (FFA)

—_

Monoacylglycerols (MG)

Diacylglycerols (DG)

Triacylglycerols (TG)

Cholesterol (Chol)

Cholesterol esters (CE)

Ceramides (CER)

Glycoceramides (Hex-CER)
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Glyconceramides (Hex -CER)

Phosphatidylinositols (P1)

Phosphatidylethanolamines (PE)

Glycosphingolipids (GSL)

Phosphatidylserines (PS)

Phosphatidylcholines (PC)

Sphingomyelins (SM)
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Lysophospholipids (LysoPL)
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Figure 1. Total ion chromatogram (positive and negative ionization) for the analysis of a plasma sample
with the first dimension HILIC mode.
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Figure 2. Total ion chromatogram (positive and negative ionization) for the analysis of a plasma sample
with the second dimension RPLC mode (flow: 0.5 mL/min, gradient: 0 to 5 minutes: 60 to 80 %B,
5to 17 minutes: 80 to 100 %B).



Using the Agilent 1290 Infinity multiple Deck with six 40-pL loops
heart-cutting 2D-LC solution, a fully Fractions 2 to 5
automated transfer of the HILIC fractions

to RPLC and the subsequent analysis

can be realized. The collected fractions

are stored in loops installed on the

2-position/4-port duo-valve and a single

multiple heart-cutting valve, and these 2 g'ﬂs'“
fractions are analyzed sequentially. Filling &
and emptying of the loops is performed 3 9 N

in a countercurrent fashion to reduce
carryover. The order, timing, and location
of storage and analysis of the fractions 4

can be fully controlled by the 2D-LC Waste ouTt
add-on software for the Agilent OpenLAB ¢ 6

CDS ChemStation Edition. A scheme 'D-Column .

of the valve configuration is shown in
Figure 3.
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The MS signals for the collected fractions
of the plasma and the sputum sample

can be seen in Figure 4 (for positive 80-uL loop D-Pump
ionization) and Figure 5 (for negative Fraction 1
ionization).

2D-Column -

>

Figure 3. Configuration of the 2-position/4-port duo-valve for the multiple heart-cutting method.
The six loops are installed on the multiple heart-cutting valve.
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Figure 4. Total ion chromatogram (positive ionization) for the analysis of a plasma sample with the first
dimension HILIC mode and BPC (+) of the multiple heart-cutting analyses of plasma and induced sputum.



The advantage of performing a group-type x108 Fraction 1 Fraction 2 Fraction 3 Fraction4  Fraction 5

separation before separation of individual . :i\ILIC |
lipids is demonstrated in Figure 6. In the ‘g plasma
one-dimensional RPLC separation, there 3 3
is (partial) overlap of a nearly isobaric 2
PE and PC (m/Z difference is 0.0364 :
Da), complicating data analysis. With
the 1290 Infinity multiple heart-cutting 0 7 5 3 4/\?'/\6——"7" ; 5 m
2D-LC solution, PCs are efficiently Acquisition time (min)
separated from PEs in the first dimension, x10% Fraction 1 Fraction 5 Fraction 4 Fraction 3 Fraction 2
and both isobaric compounds can be
analyzed in separate fractions. This is g1'5 RPLC plasma
a clear demonstration of the benefit §1'0
of the multiple heart-cutting approach 05 A J“
for identification and quantification of 0 ol 4 ' 4 4
individual lipids in complex mixtures. 0 .
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Figure 5. Total ion chromatogram (negative ionization) for the analysis of a plasma sample with the first
dimension HILIC mode and BPC () of the multiple heart-cutting analyses of plasma and induced sputum.
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Figure 6. Extracted ion chromatogram (positive ionization) for selected PEs and PCs in a plasma sample.
Top trace shows the one-dimensional RPLC separation, bottom traces show the results for the multiple
heart-cutting analyses where PEs and PCs are separated in the first dimension HILIC separation.



To further illustrate the performance Fraction 1
of multiple heart-cutting 2D-LC and X0 A
the usefulness of this technique in BPG(+) Fraction 1
lipidome studies, some specific structure 2.0
elucidations are presented in Figure 7 2.:
though Figure 12. The nomenclature El
proposed by the International Lipid u 10
Classification and Nomenclature
Committee (ILCNC) is used®. 0.5 u m
Conclusion xm[: 5 6 7 8 9 10 1 12 13 14
The Agilent 1290 Infinity 2D-LC B ) .
solution was used for fully automated 30| Extracted features X
multiple-heart-cutting analyses of the l ||' Ii
blood plasma and induced sputum 2.5 | [
lipidome. The lipids were fractionated I | li
in HILIC mode, and the fractions were €20 (il I
then transferred to and analyzed with 3 ! N
RPLC. Detection with the Agilent 6530 15 ' || || i
Accurate-Mass Q-TOF LC/MS System - ]
facilitated identification of the individual 1.0 . A
lipids in each fraction. Selected data [ i1

| 3/ | 6 7
clearly demonstrate the power of 0.5 ] | |
the system in lipidomics and might ; / \ ;‘ :’# \ /\ / b

be extended to other metabolomic 12 113 114 115 11.6 117 118 119 120 121 122 123

applications. Acquisition time (min)
Feature  Formula t, (min)  m/z Identity
1 C.H,ON 1145  871.7629  TG(52:4)NH,
2 C.H.ON 1161 8737786  TG(52:3)NH,
3 C,H,NO, 1171  689.6111  CE(20:4)NH,
4 C.H.ON 1178 8757942 TG(52:2)NH,
5 C.H,NO, 1184 6656111 CE(18:2)NH,
6 C.H,ON 12 877.8099  TG(52:1)NH,
7 C,HNO,  12.1 667.6267  CE(18:1)NH,

Figure 7. Fraction 1, positive ionization, triglycerides and cholesterol esters in plasma. TG and CE
represent the most apolar lipids. Both groups are detected as ammonia adducts in the positive ESI mode.
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Feature Feature
(glycophingolipids) Formula (min)  m/z Identity (ceramides) Formula t; (min)  m/z Identity
1 C;,H,,NO,,  9.56 1023.670565  HexHexHexCER(NS)(34) 1 C,HNO,  9.85 509.480794 CER(NS)(32)
2 C,H,NO,,  9.66 861.6177417  HexHexCER(NS)(34) 2 C,,H;NO, 10.11 537.512094 CER(NS)(34)
3 C,,H,,NO, 9.81 699.5649183  HexCER(NS)(34) 3 C,H,,NO, 10.33 565.543394 CER(NS)(36)
4 C,,H;NO, 10.11 537.512094 CER(NS)(34) 4 C,gH,:NO, 10.53 593.574694 CER(NS)(38)
5 C,H,,NO, 10.69 621.605994 CER(NS)(40)
6 C,,HgNO, 10.83 649.637294 CER(NS)(42)

Figure 8. Fraction 1, negative ionization, sphingolipids in sputum. Ceramides and smaller glycosphingolipids are preferentially detected in negative ESI mode.
Elution order is based on the attached sugar moiety and the fatty acid side chain.
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Feature ~ Formula t, (min) m/z Identity

1 Cy,H,NO 59.46 1023.671 HexHexHexCER(NS)(34)
2 C,;H;,0,.P 59.68 836.5415 P1(18:1/16:0)

3 C,,Hg,0,.P 59.75 886.5571 P1(18:0/20:4)

4 C,;Hg0,,P 59.85 888.5728 P1(18:0/20:3)

5 C,Hg0,,P 59.94 864.5728 P1(18:1/18:0)

Figure 9. Fraction 2, negative ionization, phosphatidylinositols in sputum. Phosphatidylinositols
encompass about 5 % of detected glycerophospholipids in sputum. HexHexHexCer(NS)(34) is present in
both Fractions 1 and 2.
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1 Cy;H,,N,0,, 49.22 1152.713 NeuAcHexHexCER(d18:1/16:0)
2 CgoH,10N,0,, 49.35 1226.75 HexNAcHexHexHexCER(d18:1/16:0)
3 C,,H,,NO,P 49.78 689.4996 PE(32:1)
4 C,H,,NO,P 49.85 715.5152 PE(16:0/18:2)
5 C,;H,,NO.P 49.9 747.5203 PE(p16:0/22:6)
6 C,,H,NO.P 49.95 723.5203 PE(p16:0/20:4)
7 C,H,NO.P 50.13 701.5359 PE(p16:0/18:1)
8 C,;H,NO.P 50.16 751.5516 PE(p18:0/20:4)
9 C,,Hg,NO,P 50.31 729.5672 PE(p18:0/18:1)
10 C,,Hg,NO,P 50.22 745.5622 PE(18:0/18:1)

Figure 10. Fraction 3, negative ionization, phosphatidylethanolamines, and glycosphingolipids in
sputum. Plasmalogen phosphatidylethanolamines (PEp) are highly abundant in lung sputum. Complex
glycosphingolipids containing N-acetylneuraminic acid (NeubAc) elute in this fraction.
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Feature  Formula t, (min)  m/z Identity
1 C,H,NO, P 39.66 751.5363 PC(16:0/14:0)formate
2 C,;Hg,NO, P 39.72 851.5676 PC(16:0/22:6)formate
3 C,,H,NO, P 39.73 777.552 PC(16:0/16:1)formate
4 C,;Hg,NO, P 39.76 827.5676 PC(16:0/20:4)formate
5 C,;Hg,NO, P 39.78 803.5676 PC(34:2)formate
6 C,;Hy,NO, P 39.86 829.5833 PC(18:1/18:2)formate
7 C,,H,NO, P 39.91 779.5676 PC(16:0/16:0)formate
8 C,;Hy,NO, P 39.96 805.5833 PC(16:0/18:1)formate
9 C,;HiNO, P 39.99 855.5989 PC(18:0/20:4)formate
10 C,sHgNO, P 40.02 831.5989 PC(36:2)formate
" C,sHgNO, P 40.17 833.6146 PC(18:0/18:1)formate

Figure 11. Fraction 4, negative ionization, phosphatidylcholines (PC) in sputum and plasma. Phosphatidylcholines are highly abundant in both samples.
Both samples show different PC patterns. PCs are detected as formate adducts in negative ESI mode.
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8 C,H,N,OP  30.18 856.667 SM(d18:1/24:2)formate

Figure 12. Fraction 5, negative ionization, lysophosphatidylcholines and sphingomyelins in sputum.
Sn-2 lysophospholipids elute before sn-1 lysophospholipids in RPLC. Both lipid subclasses are detected

as formate adducts in negative ESI mode.
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