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where it is important to detect multiple lipid classes [i.e., 
phospholipids and triacylglycerols (TAGs)] include food 
analysis ( 1–3 ), cell biology ( 4 ), health effects ( 5 ), taxon-
omy ( 6 ), and other fi elds ( 7–11 ). However, because of dif-
ferent chemistries, it is often diffi cult to characterize one 
class of lipids in the presence of another, especially using 
rapid methods. Elegant methods have been developed for 
quantitative analysis in complex mixtures, but they are 
typically diffi cult to implement and are time consuming 
( 8, 12 ). There has been much recent interest in rapid 
MALDI-MS analysis of lipids due to its speed of analysis 
and high sensitivity ( 5, 13, 14 ). Sample preparation is 
quick because derivatization is not required (i.e., no silyla-
tion), HPLC separation is not needed, limited buffer or 
salt contamination is tolerated ( 9, 11, 13 ), and spectra are 
easy to interpret ( 13 ). 

 MALDI-MS has functioned as both a qualitative and 
semiquantitative approach to measure and track effected 
biology-related phenomena. For example, Lay et al. ( 15 ) 
demonstrated a rapid method for the analysis of edible 
oils by MALDI-MS that allowed determination of the rela-
tive abundances of TAGs with suffi cient accuracy to cor-
rectly identify blind-coded samples of various oils. Gidden 
et al. ( 16 ) have also reported using MALDI-MS to rapidly 
differentiate  Escherichia coli  and  Bacillus subtilis  based on 
the phospholipid profi le and monitor changes in lipid 
content during the growth phases of the bacteria. How-
ever, this rapid MALDI-MS approach cannot currently be 
applied to experiments requiring the detection of multi-
ple lipid classes in an unresolved mixture. Attempts to use 
direct MALDI-MS on such complex mixtures invariably re-
sults in entire classes of lipids being missed because of sup-
pression effects. 

       Abstract   Phospholipids and triacylglycerols (TAGs) are 
important classes of lipids in biological systems. Rapid 
methods have been developed for their characterization in 
crude samples, including MALDI time-of-fl ight MS. For 
mixtures, MALDI often selectively shows only some compo-
nents. For example, phosphatidylcholine (PC) suppresses 
detection of other lipids. Most rapid MS methods detect ei-
ther TAGs or phospholipids but not both. Herein, we dem-
onstrate a simple approach to rapidly screen mixtures 
containing multiple lipid classes. To validate this approach, 
reference lipids [PC, tripalmitin (PPP), and phosphatidyl-
ethanolamine (PE)] and real samples (beef, egg yolk) were 
used. In a binary mixture with a strong suppressor (PC), 
PPP was greatly suppressed. After a simple separation, sup-
pression was virtually eliminated. A mixture of nominally 
nonsuppressing lipids (PE and PPP) was not adversely af-
fected by separation. Ground beef and egg yolk were used 
to demonstrate detection of known lipid compositions 
where other methods have missed one or more lipids or 
lipid classes. Separation was performed using solid phase 
extraction with a PrepSep fl orisil column. A 10 min separa-
tion allows rapid screening for lipids and changes in lip-
ids.   It is suffi cient to clearly detect all lipids and overcome 
suppression effects in complex lipid mixtures.  —Emerson, 
B., J. Gidden, J. O. Lay, Jr., and B. Durham.  A rapid separa-
tion technique for overcoming suppression of triacylglycer-
ols by phosphatidylcholine using MALDI-TOF MS.  J. Lipid 
Res .  51:  2428–2434.   

 Supplementary key words lipids • suppression-effects • solid phase 
extraction 

 Lipids play important roles in biological systems. Analy-
sis allows probing of both their biological roles and as use 
in foodstuffs or other products. Examples of applications 
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5 ml hexane/2-propanol (1:1, v/v) and vortexed several minutes 
to dissolve the solids. Mass spectra were then collected of the in-
dividual lipids. Afterwards, the PC solution was evaporated to ap-
proximately 1 ml under N 2  and added to the PPP sample. A mass 
spectrum was subsequently collected of this lipid mixture. (Vol-
ume adjustment was used to ensure the sample volumes were ap-
proximately the same as when the lipids were analyzed 
individually). PC was selected as the positive control phospho-
lipid in this experiment because of its prevalence in samples ( 11, 
18 ) and because of its reported suppression effects on other 
phospholipids ( 7, 11, 13, 17–20 ). A sample of PE and PPP was 
also analyzed. In this case, suppression was not expected. This 
pair (negative control) of compounds was used to test for loss of 
signal from sample manipulation or during separation. 

 Beef and egg yolk lipids 
 The beef sample (0.25 g) was vortexed with 5 ml hexane/

2-propanol (1:1, v/v) for 10 min. Insoluble tissue was removed, 
and a mass spectrum was obtained from this crude beef lipid ex-
tract. The egg white and yolk were separated from a single hen 
egg. The yolk (0.05 g) was vortexed with 5 ml hexane/2-propanol 
(1:1, v/v) for 10 min. The extract was separated from the insolu-
ble solid matter using a pipet. A mass spectrum was obtained of 
this crude egg yolk lipid extract. 

 SPE separation 
 Lipid classes (standards or extracts) were separated from each 

other using disposable PrepSep fl orisil extraction columns. To 
prevent overloading the column, no more than 50 mg of lipids by 
weight (given 1 g fl orisil packing) was added to any given car-
tridge ( 26 ). Columns were preconditioned by washing with 5 ml 
hexane/2-propanol (1:1, v/v) with no collection of the fi ltrate. 
The lipid samples were added to the column, and the fi ltrate 
(which should contain TAGs) was collected by vacuum fi ltration 
into an Erlenmeyer fl ask. The column was then washed with 
2.5 ml aliquots of hexane to remove any traces of undesirable 
compounds. This wash fi ltrate was collected and discarded. Lastly, 
the phospholipids were eluted with 5 ml 2-propanol (70%) and 
collected. Phospholipid and TAG fractions were analyzed by 
MALDI-MS as described below. 

 MS analysis 
 A 1 M matrix solution was prepared by dissolving DHB in 90% 

methanol. Samples and matrix (1 µL each) were mixed directly 
together in a ratio of 1:1, and 1 µL of this mixture was applied to 
a stainless steel MTP Multiprobe Adaptor MALDI target. A Bruker 
Ultrafl ex II (Bruker Daltonic GmbH, Bremen, Germany) MALDI- 
time of fl ight (TOF) was operated in the positive-ion refl ectron 
mode. Spectra were acquired from  m/z  400 to 1,650 with adjust-
ment of the sample position and laser power to produce intense 
ions. The laser power was then kept constant, and 1,500 laser 
shots were obtained for each sample. Mass spectra were plotted 
to the same vertical scale. 

RESULTS

 Lipid standards 
 Intense ions are observed for PC as protonated [PC+H] 

and sodiated [PC+Na] adducts at  m/z  values of 790.6 and 
812.6 (data not shown). Smaller peaks are also observed for 
PC as the protonated [2(PC)+H] and sodiated [2(PC)+Na] 
dimers. Gas-phase dimers are often observed using soft 
ionization MS and have been reported for MALDI-MS 

 Suppression in MALDI-MS is well known and has been 
demonstrated among lipid classes as well as within members 
of a single class. For example, phospholipids containing qua-
ternary amines can suppress detection of other phospholip-
ids in the sample ( 7, 11, 13, 17–20 ). The classical solution to 
this problem is chromatographic resolution of mixture com-
ponents using HPLC. Fuchs et al. ( 18 ) have reported alter-
native methods to HPLC by coupling TLC with MALDI-MS. 
TLC/MALDI-MS worked well for phospholipids, but TAGs 
that were expected in the samples were not reported. Like-
wise, MALDI-MS of brain lipid extracts, using a silica gel cat-
ion exchanger for separation of components, have also been 
reported for the detection of phospholipids, but the detec-
tion of TAGs was again not reported ( 19 ). 

 Because some biological phenomena cause signifi cant 
changes in the ratios of specifi c lipids within a class ( 14–16 ), 
a simple and rapid MALDI-based measurement technique 
is needed to monitor such changes. A rather lengthy LC-MS 
approach has been used for the separation of lipids, includ-
ing phospholipids and TAGs ( 12 ). Although this approach 
is appropriate for quantitative analysis, it is not suitable for 
MALDI-MS or rapid screening. It is also not needed for 
measurements of large changes in relative lipid composi-
tion. The approach we report is the application of simple 
solid phase extraction   (SPE) cartridges (rather than TLC or 
ion exchange) to produce a few fractions from which lipids 
and classes of lipids can be characterized by rapid and di-
rect MALDI-MS analysis. SPE approaches have been used 
for separation of different lipid classes in foods ( 21, 22 ), oils 
( 23 ), and biological tissues ( 23–25 ), most often after fatty 
acid methyl esterifi cation to facilitate GC separation. In this 
case, we report MALDI-MS analysis of the intact lipids. Us-
ing a simple SPE separation, we report detection of both 
TAGs and phospholipids in a mixture. 

 MATERIALS AND METHODS 

 Herein, we demonstrate our approach using specifi c lipid 
standards and complex mixtures (beef and egg yolk) similar to 
those used in prior studies. A positive control for suppression in-
cluded a mixture of phosphatidylcholine (PC) (strong suppres-
sor) and tripalmitin (PPP) (reference TAG). A negative control 
involved a mixture of phosphatidylethanolamine (PE) (not a 
strong suppressor) and PPP. Comparison of the positive control 
spectra before and after SPE separation illustrates the extent of 
suppression, whereas spectra from the negative control tests for 
potential losses during separation or analysis. 

 Materials 
 PPP,  L - � -phosphatidylcholine, distearoyl (PC), and  L - � -phos-

phatidylethanolamine, dioleoyl (PE) were purchased from Sigma 
Aldrich. PrepSep fl orisil extraction columns (14 ml volume 
capacity, 1 g prepacked fl orisil) were purchased from Fisher 
Scientifi c. All chemicals [hexane, 2-propanol, 2,5-dihydroxybenzoic 
acid (DHB), and methanol] were analytical grade or better. 
Ground beef (80% lean, 20% fat) and hen eggs were purchased 
locally and used as obtained. 

 Lipid controls 
 Lipid standards were measured to the nearest 0.001 mg. Each 

lipid (1.500 mg) was placed in separate centrifuge tubes with 
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855.8 and 881.8. Interpretation of this mass spectrum, 
without knowledge of the effects of ion suppression, 
might lead to the conclusion that TAGs are present only 
in ground beef lipids in low abundance. Using this proto-
col, it might be possible to monitor changes in the phos-
pholipid ratios but not changes in TAGs. For some 
applications (and for lipidomicis studies), measurement 
of the relative changes of TAG as well as phospholipids is 
important ( 14–16 ). 

 Mass spectra of the two SPE-separated fractions are 
shown in  Fig. 1B, C . In  Fig. 1B , a complex set of TAGs is 
clearly detected. After this simple separation, changes in 
the TAGs composition, if any, could be easily determined 
from peak ratios in this spectrum. Assignment of peaks in 
the spectrum is in good agreement with the known fatty 
acids in ground beef ( 31 ). The carbon and double bond 
numbers from the TAG spectrum (Fig. 1B) range from 
C44:1 to 54:2, corresponding to fatty acids with carbon 
chains of C14:0 to C18:1, which are approximately 90% of 
fatty acids in ground beef ( 31 ). PE and PC, which account 
for approximately 80% of the phospholipids in ground 
beef ( 30 ), are also observed in great abundance in the 
phospholipid spectrum (Fig. 1C) for the same fatty acids. 
The most abundant TAGs and phospholipids are denoted 
in the spectra for the separated fractions ( Fig. 1B, C ). 

  Figure 1D  is a calculated summation of the peak intensi-
ties in  Fig. 1B, C . Considering that the TAGs are expected 
to be present in signifi cantly greater abundance than the 
phospholipids in this sample, the expected intensities for 
TAG ions in  Fig. 1D  should probably be larger. In other 
words, the relative abundances of the TAGs remain less 
than expected based on reported values, even after sepa-
ration. Most likely, this can be explained by different 
ionization effi ciencies in the matrix. In the absence of 
suppression, lower ionization effi ciencies are nevertheless 
expected for less polar compounds compared with more 
polar ones or preformed ions. 

 Generally, TAGs and phospholipids are observed in dif-
ferent  m/z  regions of the mass spectrum. However, there is 
some overlap that can make interpretation of spectra more 
diffi cult, especially for ions of different abundances and 
because of isotopic peaks. For example, if a sample con-
tained the TAG 14:0/16:0/18:0 + Na +  ( m/z  829.7) and PC 
18:1/20:4 + Na +  ( m/z  830.6) overlap would exist between 
the carbon isotope peak of the TAG and the monoisotopic 
peak from PC. In the beef lipid extract, two known TAGs 
( m/z  771.6 and  m/z  799.7) ( 29 ) are observed overlapping 
the mass region normally associated with phospholipids. 
Even if there were no suppression effects, the overlap of 
members of these two classes could make it diffi cult to de-
tect both. Simple SPE separation clearly resolves this issue. 
Moreover, knowledge of the lipid class often allows unam-
biguous assignment of the lipids based on molecular 
weight and known fatty acid composition. Thus, in addi-
tion to the reduction of suppression, separation minimizes 
problems that may arise from overlap in the mass regions 
for members of the two lipid classes. By minimizing this 
overlap, our approach greatly simplifi es interpretation of 
the spectra. 

analysis of lipids ( 27 ). Typically, they arise from electro-
static attraction resulting in the sharing of a single ioniz-
ing cation between two analytes. PPP ions are observed 
(not shown) as sodiated adducts [PPP+Na] at  m/z  829.7. 
TAGs, in general, are exclusively observed as salt-cation-
ized ions rather than protonated molecules by MALDI-MS, 
because the protonated molecule is unstable and decom-
poses by rapid unimoleculear decay ( 28 ). 

 Using approximately 300 ng of each lipid, mass spectra 
were readily obtained. The ratio of the measured abso-
lute peak intensities (PC:PPP) for the sodiated adduct 
ions was approximately the same for optimized spectra 
obtained using the same number of laser shots and iden-
tical conditions. However, when the PC and PPP were 
mixed in approximately equal proportions, a ratio of 
approximately 5:1 was observed for these two ions (not 
shown). This represents a signifi cant suppression of the 
TAG in the mixture. Based on a report by Lou et al. ( 20 ), 
suppression of PPP (or any TAG) by PC is expected be-
cause of a more favorable competition for charge by its 
quaternary ammonium group. A simple SPE separation 
was used to recover the lipids for reanalysis, in two frac-
tions, presumably without analyte-induced suppression. 
After rapid SPE separation of PC and PPP, the MALDI-
TOF mass spectra again gave an approximately 1:1 ratio 
for the intensities of the sodium-adduct ions in the two 
spectra. Suppression effects were also seen using smaller 
amounts of PC (1:4 ratio), and likewise signal intensities 
were also recovered after SPE separation. In summary, 
the two analytes were readily detected with the expected 
relative abundances before and after separation but not 
in the mixture. For other pairs of lipids in which PC was 
present, the same sort of suppression would be expected 
( 7, 11, 13, 17–20 ). 

 Some lipid mixtures do not show signifi cant suppres-
sion in MALDI-MS spectra. The mass spectrum of a mix-
ture of PE and PPP, e.g., had the expected peak ratios of 
each lipid class. Although the SPE extraction would not be 
needed for this specifi c mixture, the extra step did not re-
sult in signifi cant sample loss. Spectra of individual com-
ponents were similar both before and after separation, 
and the mixture spectrum was well represented by simple 
addition of the two individual component spectra. 

 Beef lipids 
 Ground beef has previously been shown to contain 

both phospholipids and TAGs, with the latter comprising 
75–90% of the total lipid content ( 29 ). Of the different 
phospholipid classes, PC is the most abundant, compris-
ing approximately 50% of the total phospholipids ( 30 ). A 
crude lipids fraction from “80:20” ground beef was ana-
lyzed by MALDI-TOF MS. The mass spectrum in   Fig. 1A   
shows the lipids extracted from the beef sample before 
SPE separation.  As expected because of the abundant 
PC, phospholipids are detected in the  m/z  range of 740–
810, whereas TAGs, which should be detected between 
 m/z  800 and 1,000, are almost entirely absent even though 
known to be present in much greater abundance. The 
only TAGs that were detected give small peaks at  m/z  
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achieved, but the abundant TAGs were not reported ( 18 ). 
Herein, we demonstrate the ability to detect both phospho-
lipids and TAGs using a SPE approach rather than TLC. 

   Figure 2A   shows the mass spectrum of the lipids ex-
tracted from the egg yolk before application of SPE 
separation.  Phospholipids are detected in the  m/z  range 
of 758–810, whereas TAGs, which should be detected 
between  m/z  840 and 920, are almost entirely absent even 
though present in a greater abundance. The only TAGs 
that were detected give small peaks at  m/z  879.8 and 881.8. 
As with the ground beef lipids, interpretation of this mass 
spectrum might lead to the conclusion that TAGs were ei-
ther present in low abundance or absent. 

 Egg yolk lipids 
 TLC/MALDI-MS of egg yolk lipids was recently reported 

to demonstrate minimization of suppression and a separa-
tion method well suited for MALDI-MS analysis ( 18 ). Egg 
yolks contain approximately 30% lipids by weight ( 32 ), with 
phospholipids (31%) and neutral lipids (65%) being the 
most abundant species. Neutral lipids in this case include 
TAGs, diacylglycerols, monoacyglycerols, fatty acids, carote-
noids, and sterols ( 33 ). Of the different phospholipid 
classes, PC, which frequently causes problems with suppres-
sion, is the most abundant, comprising approximately 26% 
of the total phospholipids ( 32 ). In the TLC/MALDI-MS 
report, reduction of suppression by phospholipids was 

  Fig.   1.  Partial ( m/z  740–920) MALDI-TOF mass spectra of a ground beef lipids mixture (A), the TAGs (B), and phospholipids (C) frac-
tion collected from the SPE cartridge, and a simulated spectrum (D) from the summation of the spectra (B, C) from the two lipid fractions 
showing the expected peak intensities for total lipids in the absence of suppression effects. Numbers in parenthesis indicate the number of 
carbon atoms and double bonds, respectively, in the fatty acid side chains.   
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in the samples (by MALDI or TLC imaging) despite their 
careful analysis of PC suppression effects on phospholip-
ids from a total lipids extract. Their analysis using direct 
MALDI and MALDI TLC imaging only detected phos-
pholipids and completely missed the TAGs that were 
more abundant in the sample. It is likely that the TAGs 
were completely suppressed by direct MALDI (without 
separation) and ran off of the TLC plate when analyzed 
by TLC/MALDI imaging. The advantage observed using 
TLC/MALDI was that some additional phospholipids 
were detected when the phospholipids themselves 
were separated by TLC. This highlights a limitation of 
the simple two-step SPE technique. It readily detects 
abundant members of each fraction but does not have 
suffi cient chromatographic resolution to prevent all sup-
pression within a SPE fraction. This can, perhaps, be 
resolved using different solvents and multiple elution 
steps if more detailed information about either phos-
pholipids or other lipid classes is needed. Clearly, TLC 
and SPE separations are complementary. The SPE ap-
proach provides rapid separation into classes, both of 
which can be screened by MALDI-MS, whereas the TLC 
approach provides more resolution but may miss com-
ponents (classes) with very different polarity. Future 
analysis will focus on development of more complex SPE 
techniques of this sort. 

 Mass spectra of the two separated fractions from a 15 
mg-equivalent sample are shown in  Fig. 2B, C . In  Fig. 2B , 
the TAGs are clearly detected, and two additional groups 
of TAGs (C50:3-50:1 and C54:5-54:2) that were not previ-
ously detected in  Fig. 2A  are observed. The fatty acids in 
the separated TAG fraction range from C50:3 to 54:2, cor-
responding to fatty acids with carbon chains of C16:0–
C18:2, which represent approximately 95% of fatty acids 
in egg yolk ( 31 ). The most abundant TAGs are labeled in 
the spectrum from this fraction. 

  Figure 2C  shows the fraction containing the phospho-
lipids. Little difference is observed in this spectrum com-
pared with the same  m/z  range in the total egg yolk sample 
( Fig. 2A ). Biologically important changes in the phospho-
lipid composition could probably be detected in the crude 
mixture, but separated fractions would be needed to de-
tect any changes in the TAG composition. The most abun-
dant phospholipids are labeled in the spectrum for the 
separated fraction ( Fig. 2C ). 

 Fuchs et al. ( 18 ) reported analysis of egg yolk lipids by 
MS analysis of the extracts before and after TLC separa-
tion using MALDI and MALDI imaging, respectively. 
Our observed phospholipids ( Fig. 2A, C ) are in good 
agreement with those observed in their direct MALDI 
analysis of a total lipids fraction. It should be noted that 
in this previous study by Fuchs, no TAGs were reported 

  Fig.   2.  Partial ( m/z  740–920) MALDI-TOF mass spectra of an egg yolk lipids mixture (A), the TAGs (B), and phospholipids (C) fraction 
collected from the SPE cartridge. Numbers in parenthesis indicate the number of carbon atoms and double bonds, respectively, in the fatty 
acid side chains.   
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  DISCUSSION  

 Analysis of a sample containing both phospholipid and 
TAG components by rapid MALDI-TOF MS resulted in 
mass spectra dominated by the phospholipids (in particu-
lar PC). For a lipid extract of beef and egg yolk, most 
TAGs, while present in greater abundance than the phos-
pholipids, were not detected from an unresolved lipid/
sample mixture. Whereas relative changes in phospholipid 
composition might be detectable by rapid MALDI on the 
mixture, variations in the TAGs could not. With simple 
SPE separation, mixture resolution was suffi cient to allow 
detection of both TAGs and phospholipids from a com-
plex mixture known to contain ion-suppressing compo-
nents, such as PC. Although the SPE approach does not 
have the resolving power of the comparable rapid TLC ap-
proach, it provides broader coverage for mixtures contain-
ing analytes with disparate polarities. With either approach 
spectra are easier to interpret, because mass overlap of 
lipids/classes is minimized by the separation. Separation 
using the disposable, prepacked columns is fast and easy. 
This step required acquisition of two MALDI spectra rather 
than one, but the separation itself took only about 10 
min. 

 Future studies will focus on additional lipid class separa-
tions in different samples, suppression by other phospho-
lipids, a solvent system or additional SPE cartridge to 
separate the phospholipid classes, and a ZipTip® (Milli-
pore) procedure that allows fractionation of the lipids 
during MALDI plate spotting rather than by using an SPE 
cartridge.  
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