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Abstract

Surfaces of lungs are covered by the surfactant, an aqueous mixture of different phospholipids (PL) and proteins. Although the
surfactant represents a relatively simple mixture of only a few PL (primarily phosphatidylcholine (PC) and phosphatidylglycerol
(PG)), reliable methods of routine lipid analysis of the surfactant are still lacking. It will be shown that matrix-assisted laser des-
orption and ionisation time-of-flight mass spectrometry (MALDI-TOF MS) represents a suitable technique for the differentiation
of the apolar components of the surfactant of different species.

Samples of man and minipig are used in this study since both are known to vary in their PL composition. PL of surfactant were
separated by thin-layer chromatography (TLC) and the obtained subfractions subjected to MALDI-TOF MS analysis in order
to monitor the presence of even minor PL species. It will be shown that besides PG and PC, also phosphatidylethanolamine,
-inositol and sphingomyelin can be detected in surfactant of man, whereas only sphingomyelin could be detected in the minipig
sample.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

Lung surfactant, a mixture of different phospho-
lipids (PL), cholesterol and proteins[1], is present at
the air/liquid interface in the pulmonary alveoli of the
lung. The most important task of the surfactant is to
decrease the surface tension and, therefore, to reduce
the tendency of alveoli to collapse during expiration
[2].
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Extracellular surfactant can be harvested from the
lungs by bronchoalveolar lavage (BAL)[1]. It is well
known that lipids (cholesterol, phosphatidylglycerol
(PG) and phosphatidylcholine (PC)) constitute the ma-
jority (about 90%) of the non-volatile compounds of
pulmonary surfactant[3]. PC make up the largest moi-
ety (70–80%) of the PL of the surfactant and diver-
sity of the fatty acid composition of PL is low: about
50–60% of the PC molecules contain two saturated
palmitic acid (16:0) chains[1].

The second abundant PL species in adult surfactant
is phosphatidylglycerol that constitutes about 10% of
the overall surfactant PL. All further PL contribute
only to a very low extent[1]. The lipid composi-
tion of BAL was investigated in the past primarily
by thin-layer chromatography (TLC) or HPLC. Un-
fortunately, these methods have a number of limita-
tions [4]. For instance, it is difficult to determine the
fatty acid composition of the individual PL classes.
Methods allowing PL analysis in a single step were
so far only scarcely used. Although31P NMR spec-
troscopy has the considerable advantage that all indi-
vidual PL can be differentiated in a single experiment,
31P NMR was so far only two times applied to BAL
analysis[5,6]. Using31P NMR, it turned out that plas-
malogens, i.e. PL with alkenyl-ether-linked fatty acid
residues represent an important constituent of bovine
BAL [5] and that the composition of BAL from dif-
ferent species (e.g. man, rat, rabbit and minipig) can
be easily differentiated[6]. However, it is a serious
disadvantage that at least 25–50�g of each PL are re-
quired to record31P NMR spectra in an acceptable
time [6].

Because of its much higher sensitivity, mass spec-
trometry (MS) was more often applied[4–6]. Since the
surfactant is composed of many different PL, the yield
of fragmentation products should be as low as pos-
sible. There are currently two “soft-ionisation” tech-
niques, namely electrospray (ESI) and matrix-assisted
laser desorption and ionisation (MALDI) that fulfil
this requirement[4]. So far, ESI MS was more often
used for the evaluation of the PL composition of BAL
[7,8].

However, MALDI-TOF MS has considerable ad-
vantages in comparison to ESI[6]. For instance, PL
analysis can be faster performed and a higher content
of impurities is tolerated by MALDI while the sensi-
tivity of both techniques is comparable[9].

In this paper the organic extracts of BAL of man
and minipig are compared. These species were cho-
sen because of their known considerable differences
in PL composition[6]. It will be shown that subse-
quent to TLC separation, even very minor PL species
are detectable by MALDI-TOF MS in the surfac-
tant of man. In contrast, the minipig sample was
exclusively characterised by the presence of PC, PG,
and SM.

2. Experimental procedures

2.1. Chemicals

Chemicals for BAL preparation, solvents (chlo-
roform and methanol), 2,5-dihydroxybenzoic acid
(DHB) and trifluoroacetic acid (TFA) were obtained
in highest commercially available purity from Fluka
Feinchemikalien GmbH (Taufkirchen, Germany).

2.2. Bronchoalveolar lavage (BAL) in
experimental studies

Details of BAL were already previously described
[6]. Briefly, 5 ml lavage was centrifuged and the super-
natant was used for extraction. Lipid extraction was
performed according to the Bligh and Dyer proce-
dure using a ratio of 1:1:0.9 (v/v/v) between chloro-
form/methanol and the lavage[10].

2.3. MALDI-TOF mass spectrometry

For the majority of samples a 0.5 mol/l 2,5-dihydro-
xybenzoic acid (DHB) solution in methanol contain-
ing 0.1% trifluoroacetic acid was used. In selected
cases, in order to identify the potential presence of
plasmalogens, TFA was omitted. Under these con-
ditions, measurements were also possible but at the
cost of worse signal-to-noise ratio. Tenfold concen-
trated, organic PL extracts were mixed 1:1 (v/v) with
the matrix solution and deposited onto the sample
plate.

All MALDI-TOF mass spectra were acquired on
a Voyager Biospectrometry DE workstation (PerSep-
tive Biosystems, Framingham, MA, USA) and de-
tails of these measurements are given elsewhere
[6,9].
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2.4. Separation of phospholipids by thin-layer
chromatography

Tenfold concentrated BAL extracts were subjected
to TLC prior to MALDI-TOF MS. 5�l PL samples
per spot were applied on HPTLC silica gel 60 plates
(10 cm×10 cm in size) (Merck, Darmstadt, Germany)
and developed in TLC chambers (CAMAG, Switzer-
land) using chloroform, ethanol, water and triethyl-
amine (30:35:7:35, v/v/v/v) as elution solvent.

PL were visualised by spraying with a solution of
PRIMULINE (Direct Yellow 59) according to[11].
Upon irradiation by UV light (254 nm), individual PL
become detectable as violet spots. These spots were
scratched off and the individual PL classes eluted by
intense vortexing with a mixture of 75�l CHCl3, 75�l
methanol and 75�l 0.9% aqueous NaCl. Afterwards,
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Fig. 1. Positive (a) and negative ion (b) MALDI-TOF mass spectra of an organic extract (obtained according to Bligh and Dyer) of human
surfactant. Prior to measurements, the sample was tenfold concentrated. Peaks are marked according to theirm/z ratios and peaks caused
by the applied DHB matrix are labelled with asterisks (for details see text). Peaks labelled with grey bars in trace (a) correspond to PG
species that can be detected as positive as well as negative ions.

samples were centrifuged (2500 rpm) to allow phase
separation. The organic layer was evaporated to dry-
ness and the residual material redissolved in 20�l ma-
trix solution.

The following Rf values were used for spot iden-
tification: cholesterol (0.84), phosphatidylglycerol
(0.64), phosphatidylethanolamine (0.47), phosphati-
dylinositol (0.40), phosphatidylcholine (0.15), and
sphingomyelin (0.08).

3. Results and discussion

In Fig. 1 typical positive (trace (a)) and negative
(trace (b)) ion MALDI-TOF mass spectra of an or-
ganic extract of human BAL are shown. Since an or-
ganic matrix (DHB) is used, there are in both spectra
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also intense peaks caused by matrix oligomerisa-
tion (marked with asterisks)[12]. In agreement with
the known PL composition of human BAL[3], the
positive ion spectrum (trace (a)) indicates primarily
the presence of PC 16:0/16:0 (m/z = 734.6 for the
proton andm/z = 756.6 for the sodium adduct).
A second, completely saturated but less abundant
compound is PC 16:0/14:0 (m/z = 706.6 and
728.6).

It is evident that PCs with an unsaturated fatty acid
residue are also detectable, e.g. PC 16:0/16:1 (m/z =
732.6 and 754.6), PC 16:0/18:2 (m/z = 758.6 and
780.6), PC 16:0/18:1 (m/z = 760.6 and 782.6), and
to a smaller extent PC 16:0/20:4 (m/z = 782.6 and
804.6).

In cases where peak assignment was ambiguous,
spectra were recorded in the presence of CsCl. This
method is described in more detail in[13].

The assignment of all peaks detectable in the pos-
itive as well as the negative ion mass spectra of or-
ganic extracts of BAL is given inTable 1. The reader
should note that the peaks atm/z = 881.8 and 905.8
are most likely caused by triacylglycerols (TAG 52:2
and TAG 54:4, respectively) and the small peaks at
m/z = 577.4 and 603.5 correspond to TAG subse-
quent to the elimination of one fatty acid residue[14].
The assignment of the peak atm/z = 932.6 is not yet
completely clear but is most probably caused by a ma-
trix adduct of PC (16:0/16:0). Additionally, there are
also smaller peaks corresponding to PG. These peaks
are marked with grey bars and their assignment will
be discussed later.

In the lower mass region (left end of trace (1a)) the
most intense peak is caused by cholesterol (m/z =
369.3 as a consequence of water elimination from the
proton adduct)[15]. Besides cholesterol, there are—at
least in the absence of TFA—no major peaks in this
mass region besides matrix peaks atm/z = 375, 413
and 551[12]. The presence of TFA leads to the gener-
ation of very small peaks of lysophosphatidylcholines
(data not shown). This might indicate the presence of
(highly acid-labile) plasmalogens[5].

In the negative ion spectrum (trace (1b)), only small
peaks of PC (as cluster ions with negatively-charged
matrix molecules) are detectable[16], whereas
negatively-charged PL (e.g. PG and PI) are detectable
with higher intensities. For instance, the peak at
m/z = 886.6 corresponds to a DHB adduct of PC

Table 1
Assignment of them/z ratios of the most intense peaks of matrix-
assisted laser desorption and ionization time-of-flight (MALDI-
TOF) mass spectra of organic extracts of human surfactant

Peak position Assignment of molecular mass

Positive ion MALDI-TOF mass spectra
369.3 Cholesterol+ H+ − H2O
577.4 Fragmentation product of TAG
603.5 Fragmentation product of TAG
703.6 SM 16:0+ H+
706.6 PC 14:0/16:0+ H+
725.6 SM 16:0+ Na+
728.6 PC 14:0/16:0+ Na+
732.6 PC 16:0/16:1+ H+
734.6 PC 16:0/16:0+ H+
740.6 PE 16:0/20:4+ H+
745.5 PG 16:0/16:0+ H+
754.6 PC 16:0/16:1+ Na+
756.6 PC 16:0/16:0+ Na+
758.6 PC 16:0/18:2+ H+
760.6 PC 16:0/18:1+ H+
762.6 PE 16:0/20:4+ Na+
767.5 PG 16:0/16:0+ Na+
771.5 PG 16:0/18:1+ H+
780.6 PC 16:0/18:2+ Na+
782.6 PC 16:0/18:1+ Na+ or PC 16:0/20:4+ H+
793.5 PG 16:0/18:1+ Na+
797.5 PG 18:0/18:2+ H+ (or PG 18:1/18:1+ H+)
804.6 PC 16:0/20:4+ Na+
819.5 PG 18:0/18:2+ Na+ (or PG 18:1/18:1+ Na+)
881.8 TAG 52:2+ Na+
885.6 PI 18:0/18:2+ H+
887.6 PI 18:0/18:1+ H+
905.8 TAG 54:4+ Na+
907.6 PI 18:0/18:2+ Na+
909.6 PI 18:0/18:1+ Na+ (or PI 18:0/20:4+ Na+)
932.6 PC 16:0/16:0+ DHB-Na + Na+

Negative ion MALDI-TOF mass spectra
721.5 PG 16:0, 16:0− Na+
745.5 PG 16:0, 18:2− Na+
747.5 PG 16:0, 18:1− Na+
773.5 PG 18:0, 18:2− Na+ (PG 18:1, 18:1− Na+)
835.5 PI 16:0, 18:1− Na+
861.5 PI 18:0, 18:2− Na+
863.6 PI 18:0, 18:1− Na+
885.5 PI 18:0, 20:4− Na+
886.6 PC 16:0/16:0+ DHB-H+
897.5 PG 16:0, 16:0− Na+ + DHB-Na
923.5 PG 16:0, 18:1− Na+ + DHB-Na
949.5 PG 18:0, 18:2− Na+ + DHB-Na (or PG

18:1, 18:1− Na+ + DHB-Na)

Both, positive and negative ion spectra are listed. The calculation
of the molecular weight of the neutral form of acidic PL like PG
and PI is based on the assumption that charge compensation is
warranted by one sodium ion.
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Fig. 2. Positive ion MALDI-TOF mass spectra of previously TLC-separated PL subfractions of human surfactant. The same sample as in
Fig. 1 was subjected to TLC and the obtained lipid fractions afterwards analysed by MALDI-TOF MS. Individual spectra correspond to
PG (a); PE (b); PI (c); PC (d); and SM (e). Individual PL classes were assigned by comparison with the known reference samples. Peaks
are marked according to theirm/z ratios and peaks caused by the matrix are labelled with an asterisk (for details see the text).

16:0/16:0. Since this is the most abundant PC, it is
also detectable as negative ion.

Although it is an advantage that DHB can be used
as matrix for the positive as well as the negative ion
mass spectra[4], one disadvantage is that DHB yields

intense negative ion signals[12]. The corresponding
peaks atm/z = 675, 681 and 857 are marked with
asterisks in trace (1b). May be, the significant contribu-
tion of the matrix signals is the main reason for the re-
duced sensitivity of the negative detection mode[17].
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Mainly PGs are detectable in the negative ion spec-
trum and this is in good agreement with the known PL
composition of BAL[1]. Peaks atm/z = 721.5, 747.5
and 773.5 correspond to PG 16:0/16:0, 16:0/18:1 and
18:0/18:2, respectively. At least two PG (16:0/18:1 and
18:0/18:2) are also detectable as cluster ions with the
DHB matrix (atm/z = 923.5 and 949.5).

In order to investigate the PL composition of hu-
man BAL in more detail and because of the known
detection differences of individual PL classes[12], PL
were additionally separated by TLC and the obtained
subfractions subjected to MALDI-TOF MS analysis.
It was shown previously that this is especially neces-
sary for the detection of PE[18] since PE is otherwise
completely obscured by the simultaneous presence of
PC.

In Fig. 2the positive ion MALDI-TOF mass spectra
of individual subfractions of human BAL obtained by
TLC separation are shown. Trace (a) corresponds to
the PG fraction; (b) to PE; (c) to PI; (d) to PC; and
(e) to SM. The cholesterol fraction was not further
analysed.

Them/z values of all identified compounds are listed
in Table 1. Since PC and PG were already discussed for
Fig. 1their spectra shall not be discussed here but one
additional comment is necessary: from them/z values
alone, it is not possible to assign unambiguously the
fatty acid composition of a certain PL. For instance,
the peak atm/z = 797.5 was assigned to the proton
adduct of PG 18:0/18:2. Obviously, this peak might
also correspond to the proton adduct of PG 18:1/18:1.
However, this assignment problem may be overcome
by enzymatic digestion with phospholipase A2. This
enzyme cleaves selectively the fatty acid residue in
sn-2 position and the resulting lysophospholipids al-
low clear conclusions on the original fatty acid com-
position[15].

Using the individual subfractions, the assignment
of PI (trace (2c)) is much more simple than in the
PL mixture: the most intense peaks atm/z = 885.6
and 907.6 are caused by the proton and the sodium
adduct of PI 18:0/18:2, respectively, while the signal
at m/z = 859.6 is caused by PI 16:0/18:1. A more
detailed assignment of the PI fraction is provided in
Table 1.

The least abundant fraction, phosphatidylethanol-
amine (PE, trace (2b)), is primarily composed of PE
16:0/20:4 (m/z = 740.6 and 762.6) and contained also

significant amounts of LPE 16:0 (m/z = 454.3 for
the proton adduct, data not shown). The mechanism
leading to LPE generation is so far unknown.

Finally, the sphingomyelin (SM) fraction (trace
(2e)) of human BAL consists primarily of SM 16:0
(m/z = 703.6 and 725.6). Most probably, the SM
contribution must be regarded as an artefact since no
SM should be present in pure lavage[1]. Therefore,
SM is most likely stemming from a cellular contribu-
tion that must be regarded as an impurity[6].

Although the majority of PL classes discussed so
far does not give intense negative ion signals, this does
not hold for PG and PI, and the corresponding negative
ion spectra are shown inFig. 3. Trace (3a) corresponds
to PG and trace (3b) to PI. The same peaks as in the
positive ion spectrum of PG are found, but all peaks
are shifted by 24 Da to lower masses in comparison to
the positive ions. This mass difference corresponds to
the loss of one proton (−1) and one sodium ion (−23)
according to two charges (from the charge state (−1) to
(+1)) [17]. The same PGs are also detectable as cluster
ions with the matrix atm/z = 897.5 (PG 16:0/16:0),
923.6 (PG 16:0/18:1) and 949.5 (PG 18:0/18:2). The
same explanation holds for the peak pattern of the PI
(trace (3b)) that is explained in more detail inTable 1.
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Fig. 3. Negative ion MALDI-TOF mass spectra of previously
TLC-separated PL subfractions of human surfactant. The same
sample as inFig. 1 was used, but only PL that yield intense
negative ion signals are shown, i.e. trace (a) corresponds to PG;
while trace (b) represents PI. Peaks are marked according to their
m/z ratios and peaks caused by the matrix are labelled with an
asterisk.
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From these results it is obvious that a detailed quali-
tative analysis of all PL species in the surfactant of man
can be easily performed by MALDI-TOF MS. In order
to have a second BAL sample from another species,
the lavage from minipig was also investigated. Minipig
was chosen since the BAL fluid of this animal is
known to differ from that of humans[6]. MALDI-TOF
mass spectra of most relevant subfractions (obtained
by TLC) of an organic extract of minipig BAL are
shown inFig. 4. Trace (4a) corresponds to the neg-
ative ion spectrum of the PG fraction while all other
spectra are positive ones. Trace (4b) corresponds to
PG; (4c) to PC; and (4d) to SM. In contrast to the hu-
man BAL there were only very small amounts of PE
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Fig. 4. MALDI-TOF mass spectra of previously TLC-separated PL subfractions of BAL of minipig. Spectrum (a) corresponds to the
negative ion spectrum of PG while all further spectra were recorded in the positive ion detection mode. Individual spectra correspond to
PG (b); PC (c); and SM (d). Individual PL classes were assigned by comparison with the known reference samples. Peaks are marked
according to theirm/z ratios and peaks caused by the matrix are labelled with an asterisk. Please note that in contrast to the human sample,
the sample of the minipig did not contain major amounts of neither PE nor PI.

and PI in the minipig sample and, accordingly, these
spectra are not shown. Although this is the most ob-
vious difference between man and minipig, there are
also smaller differences in the fatty acid compositions
of the individual subfractions. For instance, the contri-
bution of PC (14:0/16:0) is much lower in the minipig
in comparison to the human sample.

MALDI-TOF mass spectra were so far only qualita-
tively analysed although there are growing indications
that quantitative analysis is possible[19]. It was al-
ready shown that MALDI-TOF mass spectra of lipids
can be quantified in three different ways: (a) by the
use of a known internal standard[20]; (b) by using
the signal-to-noise ratio[17]; or (c) by comparing the
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intensity of the lipid peak with a known matrix peak.
Method (c) was successfully applied to triacylglycerol
mixtures[14] and has the special advantage that the
sample is not altered at all.

According to our so far obtained results, the quanti-
tative analysis of both main components of BAL, PG
and PC is most accurately performed by comparing
the peak intensities of both compounds. Since peak
intensities are strongly influenced by the ion contents,
it is advisable to combine the intensities of the proton
and sodium adducts for each PL class. However, there
are considerable deviations between individual mea-
surements with respect to BAL, although artificial PG
and PC mixtures can be easily analysed. Therefore, we
suggest to use MALDI-TOF MS for the evaluation of
the fatty acid composition of BAL and, for instance,
31P NMR for quantitative PL analysis. First aspects of
this approach were already successfully used in BAL
analysis[21].
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