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The external electric field induces a separation of cations from negative electrolyte ions in the
infusate while differential ionization of molecular species that possess differential electrical
propensities can be induced in either the positive- or negative-ion mode during the electro-
spray ionization process. These physical and electrical processes that occur in the electrospray
ion source have been used to selectively ionize lipid classes possessing different electrical
propensities that are now known as “intrasource separation and selective ionization”.
However, the chemical principles underlying charge-dependent alterations in ionization
efficiencies responsible for the selective ionization of lipid classes are not known with
certainty. Herein, we examined the multiple factors that contribute to intrasource separation
and selective ionization of lipid classes under optimal instrumental conditions. We demon-
strated that many different lipid classes could be selectively ionized in the ion source and that
intrasource resolution of distinct molecular constituents was independent of lipid concentra-
tion, flow rate, and residual ions under most experimental conditions. Moreover, the presence
of alkaline conditions facilitates the selective ionization of many lipid classes through a
mechanism independent of the design of the ESI ion source. Collectively, this study provides
an empirical foundation for understanding the chemical mechanisms underlying intrasource
separation and selective ionization of lipid classes that can potentially be used for global
analysis of cellular lipidomes without the need for chromatographic separation. (J Am Soc
Mass Spectrom 2006, 17, 264–274) © 2006 American Society for Mass Spectrometry
Since Fenn and colleagues [1, 2] initially developed
the electrospray ionization (ESI) technique for the
mass spectrometric analysis of polar compounds,

many theories of the physical processes involved in ion
generation during ESI have been proposed and vali-
dated in some detail [3–8]. The two main stages in the
mechanism of ion generation are the production of the
charged droplets from the sprayed solution in the
presence of high electric fields and the formation of
gas-phase ions from the dispersed charged droplets [9].
Although many physicochemical features of the ioniza-
tion process are still being actively investigated, clearly
the physical properties of an analyte and the effects
resulting from surface tension and surface charge inter-
actions in the sprayed droplets play important roles in
the two main stages of the ionization process.
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An essential feature of electrospray ionization is that
charge separation occurs in molecules containing an ionic
bond in the ion source under high electrical potentials
(typically �4 kV) [9, 10]. Specifically, if there are both
positively and negatively charged moieties present in the
infused solution, then in the positive-ion mode, the elec-
trospray ion source selectively generates cations in the gas
phase whereas the anions are selectively left at the end of
the spray capillary or dispersed as electrically neutral
molecules in the gas phase and are eventually disposed of
as waste after oxidation/reduction reactions [11]. Simi-
larly, in the negative-ion mode, the ion source selectively
generates anions in the gas phase and removes the cat-
ionic moieties to waste after redox chemistry has occurred.
Therefore, an electrospray ion source is functionally anal-
ogous to an electrophoretic separation conducted with a
continuously equilibrating mobile phase [9–11]. In fact, an
electrospray ion source is more broadly applicable than an
electrophoretic cell to resolve multiple types of analytes
since the ion source can generate gas-phase ions from
electrically neutral but polar compounds. Thus, when the
analytes in the infused solution do not carry separable
charge(s) but possess intrinsic dipoles, these compounds
can be induced to interact with small cation(s) or anion(s)

available in the matrix to yield adduct ions in the positive-
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or negative-ion mode, respectively, in a high electric field.
The ionization efficiencies of these electrically neutral
compounds depend on their inherent dipoles, the concen-
tration of the small matrix ions, the affinity of the small
ions for the analytes, and the electrochemical properties of
the resultant adducts [12].

We recognized the potential application of these
physical processes involved in electrospray ionization
of lipids in our earliest study on lipid analysis by
ESI/MS [13], and applied these principles to determine
phospholipid classes and individual molecular species
directly from chloroform extracts [14]. Based on the
physical processes inherent in ESI, different lipid
classes possessing disparate electrical properties can be
functionally separated and selectively ionized in the ion
source. The principles underlying these processes are
entirely analogous to the ion-exchange chromato-
graphic techniques previously employed for separation
of naturally occurring phospholipid classes [15]. Thus,
this process has been termed “intrasource separation
and selective ionization” since it takes place in the ion
source of the mass spectrometer [12, 16–18]. Although it
has been functionally characterized in some detail [12,
18], the factors that mediate these physical processes
have not been identified. Accordingly, because of their
influence on the selective ionization of lipid classes in
the ion source, an improved understanding of these
factors is critical to advance the analyses of complex
lipid mixtures and to facilitate the high throughput and
automated analysis of lipids.

Herein, we used systematic mixtures of synthetic glyc-
erophospholipids to examine the factors underlying the
intrasource separation and selective ionization of different
lipid classes and identified the critical physical and/or
chemical interactions which influence the degree of these
processes. We demonstrated that intrasource separation
and selective ionization of phospholipid classes was inde-
pendent of the lipid concentration and the infusion flow
rate within a wide range of experimental conditions, but
the observed selective ionization was dependent on the
number of different individual molecular species that
comprise each phospholipid class with specific charge
characteristics in the infusion solution. Thus, through
examination of multiple physical and chemical factors
influencing the intrasource separation and selective ion-
ization of phospholipid classes, this study provides an
empirical foundation for understanding the chemical
mechanisms underlying intrasource separation and selec-
tive ionization of lipid classes that can be potentially used
for global analysis of cellular lipidomes without the need
for chromatographic separation.

Materials and Methods

Materials

Synthetic phospholipids including choline glycero-
phospholipids (PCs) (1,2-dimyristoleoyl-sn-glycero-

3-phosphocholine and 1,2-dioleoyl-sn-glycero-3-
phosphocholine (14:1-14:1 and 18:1-18:1 PtdCho,
respectively), ethanolamine glycerophospholipids (PEs)
(1,2-dimyristoyl-sn-glycero-3-phosphoethanolamine, 1,2- di-
pentadecanoyl-sn-glycero-3-phosphoethanolamine, 1,2-dio-
leoyl-sn-glycero-3-phosphoethanolamine, and 1,2-diara-
chidonoyl-sn-glycero-3-phosphoethanolamine (14:0-14:0,
15:0-15:0, 18:1-18:1, and 20:4-20:4 PtdEtn, respectively),
and phosphatidylglycerols (PtdGro) (1,2-dimyristoyl-
sn-glycero-3-phosphoglycerol, 1,2-dipentadecanoyl-sn-gly-
cero-3-phosphoglycerol, 1,2-dioleoyl-sn-glycero-3-phos-
phoglycerol, and 1,2-didecosanoyl-sn-glycero-3-phos-
phoglycerol (14:0-14:0, 15:0-15:0, 18:1-18:1, and 22:6-22:6
PtdGro, respectively) were purchased from Avanti Po-
lar Lipids, Inc. (Alabaster, AL). All phospholipids were
quantitated by capillary gas chromatography after
methanolysis [19]. Solvents for sample preparation and
for mass spectrometric analysis were obtained from
Burdick and Jackson (Honeywell International Inc.,
Burdick and Jackson, Muskegon, MI). All other chemi-
cal reagents were at least analytical grade or the best
grade available and obtained from either Fisher Scien-
tific (Pittsburgh, PA) or Sigma-Aldrich Chemical Com-
pany (St. Louis, MO).

Sample Preparation

A stock solution of each phospholipid sample in 1:1 of
chloroform/methanol (vol/vol) was prepared and
stored under nitrogen at �20 °C. The solutions were
brought to room temperature just before use. The
mixtures of phospholipids at various concentrations/
compositions were prepared from these stock solutions
using gas-tight syringes. All the mixed solutions were
extracted twice by a modified Bligh and Dyer technique
[20], utilizing either 50 mM LiCl, tenfold diluted phos-
phate buffered saline (PBS), 50 mM ammonium acetate,
or 50 mM NH4Cl in an aqueous layer. The extracts were
dried under a nitrogen stream, dissolved in chloroform,
filtered with 0.2 �m Gelman acrodisc CR PTFE syringe
filters (Gelman Science, Ann Arbor, MI), and dried
under a nitrogen stream. The dried phospholipid mix-
tures were resuspended in 0.5 mL of 1:1 (vol/vol)
chloroform/methanol, stored at �20 °C after gently
flushing with nitrogen, and used within a week after
preparation.

Electrospray Ionization Mass Spectrometry
of Lipids

Most of ESI/MS analyses were performed utilizing a
triple-quadrupole mass spectrometer (ThermoElectron
TSQ Quantum Ultra, San Jose, CA) equipped with an
electrospray ion source as described previously [21, 22].
All ESI/MS analyses of lipids were conducted by direct
infusion employing a Harvard syringe pump at the
indicated flow rates. The total lipid concentration of the
infused solution was varied from 0.05 to 104 pmol/�L

as indicated. Typically, a 1-min period of signal aver-
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aging in the profile mode was employed for each MS
spectrum and a 2-min period of signal averaging for
each product ion MS spectrum was employed. Product
ion ESI/MS analyses of phospholipids were similarly
performed as described previously [23].

ESI/MS analyses were also performed utilizing a
QqTOF mass spectrometer (Applied Biosystems/MDS
Sciex QStar XL, Concord, Canada) equipped with an
ionspray ion source. The instrument was operated
under Analyst QS software. The following instrumental
settings were employed: spray voltage, �4500 V; de-
clustering potential, �20 V; focusing potential, �150 V;
declustering potential 2, �5 V; focusing rod offset, �15;
ion source gas, scale 2; curtain gas, scale 20; collision
gas, 2 mTorr; ion release delay, 2 mS. All ESI/MS
analyses of lipids were conducted by direct infusion
employing a Harvard syringe pump at the indicated
flow rates. The total lipid concentration of the infused
solution was varied from 0.01 to 104 pmol/�L as
indicated. Typically, a 1-min period of signal averaging
in the profile mode was employed for each MS spec-
trum.

Results and Discussion

Intrasource Separation and Selective Ionization of
Phospholipid Classes

Model mixtures of synthetic phospholipids comprised
of three representative categories of phospholipid
classes with distinct electrical propensities were em-
ployed. The first category, represented by PtdGro spe-
cies, was anionic lipids. The second category, repre-
sented by PtdCho, was electrically neutral but
zwitterionic lipids under alkaline conditions. The third
category, represented by PtdEtn, was lipids whose
electrical properties were easily modified by the pres-
ence of a small amount of alkali. Two individual
molecular species at equimolar concentrations from
each of these phospholipid classes were selected to
represent the variations in chain length and unsatura-
tion typically found in biological phospholipids. Most
of the experiments were performed using phospholipid
mixtures composed of PtdGro, PtdCho, and PtdEtn at a
molar ratio of 1:10:15, which was approximately the
molar ratio of these three classes of phospholipid in
biological samples [24]. In addition, lipid analysis after
intrasource separation and selective ionization was con-
ducted in the low concentration region since many
studies have demonstrated that the linear dynamic
range for quantitative analysis of lipids occurs in the
region of �50 pmol of a lipid class/�L in chloroform/
methanol (1:1, vol/vol) [13, 25–27].

Negative-ion ESI/MS analyses of mixtures at differ-
ent concentrations were performed by direct infusion
into the ion source at a flow rate of 8 �L/min. Mass
spectra demonstrated two very abundant and four
low-abundance ion peaks with the base peak of � 7.8 �

106 ion current (Figure 1a). Tandem MS analyses
through the identification of the presence of abundant
fatty acyl carboxylates and specific fragment ions of
head groups of different lipid classes [23] confirmed
that the two abundant ion peaks were deprotonated
PtdGro species and the four low-abundance peaks were
deprotonated PtdEtn species and chlorinated PtdCho
species as indicated (Figure 1a). The two molecular
species in each individual class were present in equal
intensities (within experimental error as obtained from
replicate determinations) after de-isotoping of 13C iso-
topomers [12, 28, 29]. For comparison, the results were

Figure 1. Representative ESI mass spectra of a phospholipid
mixture in the negative- and positive-ion modes. The phospho-
lipid mixture was comprised of 1 pmol/�L each of 15:0-15:0 and
22:6-22:6 PtdGro, 10 pmol/�L each of 14:1-14:1 and 18:1-18:1
PtdCho, and 15 pmol/�L each of 15:0-15:0 and 20:4-20:4 PtdEtn
molecular species in 1:1 (vol/vol) CHCl3/MeOH. The mixture
was diluted from a stock mixture solution of total 5.2 nmol/�L
(which was back extracted against 50 mM LiCl by a modified
Bligh and Dyer procedure) before infusion. The infusion flow rate
was 8 �L/min. The negative-ion ESI mass spectrum (a) and
positive-ion ESI mass spectrum (b) were acquired using a TSQ ESI
mass spectrometer as described under the Materials and Methods
section. All the indicated molecular species were identified by
product ion ESI/MS analysis. The ion peaks at m/z 664.5, 680.5,
and 792.5 in (b) correspond to the protonated 15:0-15:0 PtdEtn as
well as the lithiated 14:1-14:1 and 18:1-18:1 PtdCho molecular
species, respectively. The horizontal bars indicate the ion peak
intensities after de-isotoping of 13C isotopomers and normaliza-
tion of molecular species in each lipid class to the one containing
less carbon numbers (i.e., lower molecular weight).
normalized to molecular species containing less carbon
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numbers by showing the calculated height by horizon-
tal bars (Figure 1a). Thus, these results verify that
instrumental response factors of individual molecular
species in each examined class were independent of the
acyl chain length and the degree of unsaturation of the
molecular species at the low concentrations employed
[12] under these experimental conditions. The peak
intensity ratio of PtdGro to PtdEtn molecular species
was �2 to 1. Because the amount of PtdGro in the
examined mixture was 15 times less than that of PtdEtn,
we demonstrated �30-fold selectivity for the ionization
of PtdGro over PtdEtn.

After switching to the positive ion mode during the
identical infusion, the ESI mass spectrum displayed an
entirely different profile of ions (Figure 1b) with the
base peak of � 2.1 � 107 ion current. Two very
abundant ion peaks were present as well as some
low-abundance ion peaks. The two abundant ion peaks
were identified as the sodiated PtdCho molecular spe-
cies by tandem mass spectrometric analyses. Other ion
peaks corresponded to the protonated PtdCho molecu-
lar species at m/z 674.5 and 786.5 as well as the lithiated
PtdCho molecular species at m/z 680.5 and 792.5 (Figure
1b). The very low-abundance ion peak at m/z 664.5 was
the protonated 15:0-15:0 PtdEtn (Figure 1b). Three con-
clusions can be drawn from the analysis of this spec-
trum (Figure 1b). First, the total intensities of proton-
ated, lithiated, and sodiated ions of each equimolar
PtdCho molecular species are essentially identical
within experimental error after de-isotoping of 13C
isotopomers. Second, the PtdCho species containing
shorter acyl chain length favor the affinity with sodium
whereas those containing longer acyl chain length pre-
fer protonation (see discussion below). Third, exquis-
itely selective ionization of PtdCho molecular species
over PtdGro and PtdEtn molecular species was mani-
fest in the positive-ion mode.

To determine the factors involved in intrasource
separation and selective ionization, identical phospho-
lipid mixtures were analyzed again by ESI/MS in both
negative- and positive-ion modes under alkaline condi-
tions by addition of a small amount of LiOH in meth-
anol (30 pmol/�L, approximately equal to the amount
of PtdEtn species in the solution) just before infusion.
ESI mass spectra showed very different profiles (Figure
2) compared to their neutral infusate counterparts (Fig-
ure 1). The negative-ion ESI mass spectrum displayed
two intense ion peaks corresponding to the deproto-
nated PtdEtn species of equal intensity (within experi-
mental error) with an ion current of �2.0 � 107 and two
other low-abundance ion peaks corresponding to the
deprotonated PtdGro species. The ion peak intensity
ratios of PtdEtn to PtdGro species were �15:1, which is
the molar ratio of these species in the mixture. A very
low-abundance ion peak at m/z 708.5 was also present,
corresponding to the chlorinated PtdCho molecular

species (Figure 2a), demonstrating the selective ioniza-
tion of the PC class from the other categories of lipids
under the experimental conditions employed.

The positive-ion ESI mass spectrum showed two
intense ion peaks which were identified as lithiated
PtdCho molecular species with an ion current of �3.5 �
107 for the base peak. These ion peaks were also present
at equal intensities (within experimental error) after
de-isotoping of 13C isotopomers, demonstrating again
that the instrumental response factors of individual
molecular species of the same class are not dependent
on the acyl chain length and the degree of unsaturation
of molecular species under the experimental conditions
employed. Two low intensity ion peaks corresponding
to the sodiated PtdCho molecular species were also
present in the spectrum (Figure 2b). There were no ion
peaks corresponding to protonated PtdCho molecular
species under the experimental conditions. Collectively,
these results demonstrate that PtdCho molecular spe-
cies were selectively ionized by addition of a small
amount of LiOH (approximately equal to the amount of

Figure 2. Representative ESI mass spectra of a phospholipid
mixture in the negative- and positive-ion modes under alkaline
conditions. All the experimental conditions were identical to those
described in the legend of Figure 1 except that 30 pmol/�L of
LiOH in methanol was added to the infusion solution immediately
before infusion. All the indicated molecular species were con-
firmed by product ion ESI/MS analysis. The ion peak at m/z 708.5
in (a) corresponds to the chlorinated 14:1-14:1 PtdCho molecular
species.
PtdEtn in the infusion solution).
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The Effects of Infusion Flow Rates
and Phospholipid Concentrations
on Selective Ionization

The selective ionization of PtdGro and PtdEtn species
was well demonstrated in Figure 1a with �30-fold
resolution, resulting from the 15-fold difference in mass
content and over a 2-fold difference in ion peak inten-
sity under the experimental conditions employed.
These differences can be more directly and broadly
examined by varying different factors such as the
phospholipid concentration and the flow rate of an
infusion solution when we define the selective ioniza-
tion of two lipid classes as the ratio of the ionization
efficiencies of these two classes, where the ionization
efficiency of a class is defined as the normalization of
the total ion current (or counts) to the total mass content
of the class, that is

IE � TIC ⁄�
i�1

n

[Ci] (1)

where IE represents ionization efficiency of an exam-
ined lipid class; TIC denotes total ion current (or counts)
of the class of interest; [Ci] is the concentration of
individual molecular species i in the class;

�
i�1

n

[Ci]

stands for the total concentration of the class of interest,
and n is the number of different molecular species in the
class.

Figure 3a shows the ionization efficiency of PtdGro
at the selected PtdGro concentrations of infused phos-
pholipid solutions and flow rates of infusion. Although
the ionization efficiencies of PtdGro increased as the
flow rate increased at any given concentration of the
examined phospholipid mixture, the increases in the
ionization efficiencies were insignificant at the flow
rates commonly employed in our laboratories for the
analysis of biological samples (�4 �L/min) (Figure 3a).
The standard errors from the mean (SEM) of the calcu-
lated ionization efficiencies at any given concentration
of the mixture were well within the experimental error
typically present in biological experiments (�5%) (de-
noted as the broken line in Figure 3b). Interestingly, the
effects of the flow rate on the ionization efficiencies of
PE and PC classes at any given concentration in the
infusion mixture employed were minimal (Figure 3b).
These results indicate that the selective ionization of
PtdGro from PtdEtn and PtdCho ((35 � 4)-fold and (120
� 12)-fold, respectively), was constant within experi-
mental error for the given instrument under a wide
range of experimental conditions employed. The selec-
tive ionization of PtdGro from PtdCho and PtdEtn
molecular species was also examined by varying the
molar ratio of phospholipid constituents. The selective
ionization of PtdGro from PtdCho and PtdEtn was

essentially identical to those obtained from a mixture at
the ratio of 1:10:15 of PtdGro/PtdCho/PtdEtn after
calculation of the molar ratio as long as the mixture
contained over 2 pmol/�L of PtdGro molecular species.

The effects of the lipid concentrations on the selective
ionization of anionic lipid classes from PE and PC
classes are intriguing. At the low concentration such as
0.1 pmol/�L of each PtdGro molecular species in the
examined mixture, the contribution of each phospho-
lipid class to the spray current (i.e., ionization effi-
ciency) was essentially identical and independent of the
infusion flow rates. The contributions of PtdGro, Pt-

Figure 3. The effects of flow rate and lipid solution concentration
on the normalized ion count density (i.e., ionization efficiency) of
each examined phospholipid class in the negative-ion mode. The
phospholipid mixture was comprised of 15:0-15:0 and 22:6-22:6
PtdGro, 14:1-14:1 and 18:1-18:1 PtdCho, and 15:0-15:0 and 20:4-
20:4 PtdEtn molecular species in a molar ratio of 1:1:10:10:15:15 in
1:1 (vol/vol) CHCl3/MeOH. Ion intensities in ion current of each
phospholipid molecular species were determined from ESI/MS
analyses of three independent injections using a TSQ ESI mass
spectrometer. The ionization efficiencies of PtdGro [(a) and the
broken line in (b)], PtdCho (b), and PtdEtn (b) were calculated
from the normalization of the total ion current of a class to a unit
concentration (i.e., pmol/�L) of each class at the indicated lipid
concentration and flow rate. The ionization efficiency of PtdEtn or
PtdCho represents the mean � SD of the ionization efficiencies of
the class at the flow rates of 1, 2, 4, 6, 8, 10, and 15 �L/min. The
ionization efficiency of PtdGro in (b) represents the mean � SD of
the ionization efficiencies in (a) at the flow rates of 4, 6, 8, 10, and
15 �L/min. Some of the error bars are within the symbols.
dEtn, and PtdCho were (7 � 1) � 105, (6.6 � 0.4) � 105,
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and (5.6 � 0.3) � 105 ion current/pmol/�L, respec-
tively, on the TSQ mass spectrometer (Figure 3b). This
result indicates that at the low concentrations em-
ployed, the solution behaves as an “ideal” solution and
each molecular species that exists in solution has an
equal chance to be ionized to maintain the minimal
faradic current. As the concentration of analytes in the
infusion solution increased, the ionization efficiency of
PtdGro exponentially increased whereas those of PtdEtn
and PtdCho concordantly decreased, indicating an aug-
mentation of the ionization selectivity of PtdGro molec-
ular species accompanied by the reduction of the ion-
ization efficiency of less-readily ionizable coexisting
molecular species such as PtdEtn and PtdCho to
achieve a maximal spray current.

This augmentation in ionization selectivity is consis-
tent with a donor-acceptor model (e.g., conjugate acid-
conjugate base model) in which PtdGro molecular spe-
cies can generate their conjugate base by losing a proton
[or a small cation (e.g., Li�, Na�, etc.)] whereas both
PtdCho and PtdEtn molecular species behave as a
conjugate base relative to PtdGro to accept the proton
(or small cation). Although PtdEtn and PtdCho species
(as well as other small ions present in the media) in
addition to anionic phospholipids are present in the
initial sprayed droplets in the negative-ion mode under
(very) weak acidic conditions, anionic lipids are present
in greater abundance since anionic lipid molecular
species form their conjugate bases more readily than
either PtdCho or PtdEtn molecular species. This pre-
ferred selectivity of anionic species over PtdCho and
PtdEtn species is also likely present during the iterative
processing of desolvation and reformation of smaller
droplets. This selectivity is likely achieved through a
small cation transferring from a neutral anionic phos-
pholipid molecular species to PtdCho or PtdEtn molec-
ular species. This transfer leads to a charge redistribu-
tion preventing PtdEtn and PtdCho molecular species
from entering the plate orifice (or other ion inlets). The
augmentation of ionization selectivity of PtdGro over
PtdCho and PtdEtn represents the cumulative effects
resulting from this preferred selectivity during charged
droplet formation as well as electric field dependent
selectivity at each step of the droplet desolvation and
reformation process.

To examine this hypothesis, we determined the ion-
ization efficiency of individual PtdGro or PE class. We
found that the ionization efficiency of PtdGro class
alone was constant [i.e., (7.9 � 0.6) � 105 ion current/
pmol/�L] over a 1000-fold concentration range exam-
ined (0.01 to 10 pmol/�L). This ionization efficiency of
PtdGro alone was comparable to that of PtdGro at its
very low concentrations in the mixture and was �10
times lower than that at its high concentration in the
mixture examined (Figure 3b). The ionization efficiency
of PtdEtn alone at its very low concentrations is com-
parable to that in the mixture. In contrast to PtdGro, as
the concentration of PtdEtn increased, the ionization

efficiency of PtdEtn becomes smaller. The ionization
efficiency of PtdEtn averaged (4.5 � 0.5) � 105 ion
current/pmol/�L from a concentration range between
1 and 30 pmol/�L and this value was approximately
two-fold higher than that obtained from the measure-
ment of the phospholipid mixture (Figure 3b). Simi-
larly, an average ionization efficiency of (3.4 � 1.2) �
105 ion current/pmol/�L from PtdCho in this concen-
tration range was also obtained. Again, this value was
much higher that than obtained from the measurement
of the phospholipid mixture (Figure 3b). These results
suggest that the augmentation of PtdGro ionization in
the phospholipid mixture is related to a dramatic re-
duction of PtdEtn and/or PtdCho ionization due to the
favorable association of small cations with PtdEtn or
PtdCho molecular species in comparison to PtdGro
species in each step of the droplet processing.

The Effects of the Number of Different Molecular
Species in an Examined Phospholipid Class
on Selective Ionization

It was demonstrated in the last subsection that the
ionization efficiencies of PtdCho, PtdEtn, and PtdGro
are independent of lipid concentration and infusion
flow rate under the examined experimental conditions.
Therefore, the number of different molecular species in
an examined phospholipid class should not affect the
selective ionization of this class (in aggregate) from the
other lipid classes of interest. Since ionization of each
individual molecular species of a phospholipid class in
the low concentration region is largely independent of
the physical properties (e.g., chain length and degree of
unsaturation) of individual molecular species, eq 1 can
be written as

IE � ICi ⁄ [Ci] (2)

where ICi is the ion current (or counts) of molecular
species i. In other words, the ion peak intensity of an
individual molecular species of the class proportionally
depends on the concentration of the individual molec-
ular species. From eq 2, clearly, at a certain total
concentration of a class in a lipid mixture, the ion peak
intensity of an individual molecular species in that class
is inversely proportional to the number of different
abundant individual molecular species comprising the
class of interest in the infusion solution. Accordingly,
comparisons with internal standards of that class can be
directly used.

From this logical derivation, an interesting and use-
ful phenomenon can be recognized. That is, alterations
in the number of different abundant individual molec-
ular species in independent classes can effect the appar-
ent selective ionization (defined as the ionization effi-
ciency ratio of the most abundant species in each lipid
class of interest). Thus, if the number of different
abundant individual molecular species in PE class is
greater than that in PtdGro class when the molar ratio

of PtdEtn versus PtdGro is constant, mass spectral
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analysis will show a greater apparent selective ioniza-
tion than that manifested for the whole class [e.g., (35 �
4)-fold for PtdEtn versus PtdGro]. In contrast, if the
number of different abundant individual molecular
species in PtdEtn class is less than that present in
PtdGro molecular species, mass spectral analysis will
show a smaller apparent selective ionization than that
manifested for the whole class.

This phenomenon can be demonstrated by inclusion
of additional individual molecular species of a phos-
pholipid class of interest into the original phospholipid
mixture. For example, inclusion of two individual PE
molecular species (14:0-14:0 and 18:1-18:1 PtdEtn) into
the original phospholipid mixture resulted in the lower
peak intensities of individual PtdEtn molecular species
relative to the ion peak intensities from the analysis of
the original phospholipid mixture containing only 2
PtdEtn molecular species (Figure 4a), compared to
Figure 1a). This results in a calculated selective ioniza-

Figure 4. The effects of the number of different molecular species
of a class on intrasource separation in the negative ion mode. The
phospholipid mixture used was identical to that used in the Figure
1 except that two additional PtdEtn molecular species (a) or two
additional PtdGro molecular species (b) were included. The
mixture was diluted from a stock mixture solution which was back
extracted against 50 mM LiCl by a modified Bligh and Dyer
procedure before infusion. The infusion flow rate was 8 �L/min.
The negative-ion ESI mass spectrum was acquired using a TSQ ESI
mass spectrometer. All the indicated molecular species were
confirmed by product ion ESI/MS analysis.
tion of �60-fold for any pair of PtdEtn and PtdGro
molecular species. In contrast, inclusion of two different
PtdGro molecular species (14:0-14:0 and 18:1-18:1 Pt-
dGro) into the original phospholipid mixture yielded
the lower peak intensities of each individual PtdGro
molecular species relative to the ion peak intensities
from the analysis of the original phospholipid mixture
(Figure 4b, compared to Figure 1a). This result leads to
an apparent selective ionization of �20-fold for any pair
of PtdEtn and PtdGro molecular species.

Practically, this relationship between the apparent
selective ionization and the number of different indi-
vidual molecular species in a class of interest is very
useful for the analysis of biological samples based on
intrasource separation and selective ionization because
in general, the number of different abundant individual
PE molecular species is always substantially larger than
that of different abundant anionic phospholipid molec-
ular species in biological samples [21, 22, 30, 31].
Therefore, an �100-fold apparent selective ionization of
anionic phospholipid molecular species from PE molec-
ular species was frequently observed by comparison of
the difference between internal standards for the anal-
yses of PE and anionic phospholipids as previously
demonstrated [21].

The Effects of Alkalization of the Infusion Solution
on Intrasource Separation

Lipid profiles acquired in both negative- and positive-
ion modes (Figure 1) were totally different (Figure 2)
when the identical solution was analyzed after addition
of a small amount of LiOH. The next experiments were
designed to identify the factors leading to differential
ionization of lipid classes during intrasource separation
after alkalization of the infusion solution. By stepwise
addition of LiOH, alterations in ionization efficiencies
of phospholipid classes were examined by ESI/MS
analysis of a phospholipid mixture comprised of two
molecular species from each of PtdGro, PtdCho, and
PtdEtn classes at a molar ratio of 1:10:15 and a total
concentration of 26 pmol/�L. ESI/MS analysis of the
phospholipid mixture in the negative-ion mode dem-
onstrated the decrease of the ion peaks corresponding
to the PtdGro molecular species when the infusion
solution was alkalized. This occurred because PtdEtn
molecular species were rendered anionic after addition
of LiOH and the ionization efficiency of anionic PtdEtn
species was similar to that of anionic phospholipids [13,
21, 22]. In each of these and many other studies, the
peak intensity ratio of PtdEtn and PtdGro (internal
standards) was near the molar ratio added during
sample preparation. Similar results were also obtained
by addition of small amounts of other alkaline media
including ammonium hydroxide. These results indicate
that the presence of an alkaline component (even a
small amount of weak alkaline media) can dramatically

affect the intrasource separation of anionic phospholip-
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ids from PtdEtn molecular species attributable to for-
mation of the conjugate base of PtdEtn.

Many studies have demonstrated that PtdEtn molec-
ular species can readily be analyzed by negative-ion
ESI/MS [23, 32–35] since these species become nega-
tively charged after the facile loss of a proton from the
head group of PtdEtn under alkaline conditions (i.e.,
conjugate acid). Thus, there are some similarities in
electrical properties between ethanolamine glycero-
phospholipids and anionic phospholipids when alkali
media conditions are employed. However, regardless of
the similarity between these phospholipid classes, se-
lective ionization can be achieved with an �35-fold
difference between the ion intensities of these two
classes in the absence of alkali.

The analysis of the negative-ion ESI mass spectrum
also showed the disappearance of ion peaks corre-
sponding to chlorinated PtdCho molecular species as
the concentration of LiOH increased in the infusion
solution. This observation likely resulted from the com-
bination of selective ionization of PtdEtn under the
stated conditions and a reduced availability of chloride
to PtdCho molecular species in the presence of hydrox-
ide. Interestingly, no ion peaks corresponding to the
hydroxyl adducted PtdCho molecular species were
present in the spectrum, even at the highest concentra-
tion of LiOH examined, indicating that unlike chloride
or acetate or other small anions, the affinity of hydrox-
ide to PtdCho molecular species is very weak. These
results also indicate that introduction of alkaline species
in the infusion solution can enhance the intrasource
separation of PtdEtn molecular species from their Ptd-
Cho counterparts in the negative-ion mode.

When the phospholipid mixture was analyzed in the
positive-ion mode, the mass spectrum showed that the
substantive ion peaks were comprised of the various
adducts of PtdCho molecular species (Figure 1b), indi-
cating the selective ionization of PtdCho molecular
species from other classes of lipids. These mass spectra
also showed that the disappearance of protonated ion
peaks due to the neutralization of protons by LiOH and
the appearance of lithiated ion peaks due to the in-
creased availability of lithium ions in the infusion
solutions after stepwise addition of LiOH. The persis-
tent presence of ion peaks in the spectrum correspond-
ing to sodiated PC molecular species even at the rela-
tively high concentration of LiOH suggests either the
ready availability of sodium ions in the system or a high
affinity of sodium ions with PtdCho molecular species
or both.

The effects of infusion flow rates and solution con-
centrations on the intrasource separation and selective
ionization of PtdCho species from PtdGro and PtdEtn
species were examined by negative- and positive-ion
ESI/MS analyses after addition of LiOH. Variations in
the infusion flow rates (from 1 to 15 �L/min) and
solution concentrations of PtdCho (from 0.2 to 40 pmol/
�L) had no effect on these intrasource separations.

Essentially identical results as shown in Figure 2 were
obtained. That is, PtdCho molecular species as lithium
adducts were specifically ionized in the positive-ion
mode whereas ion peaks corresponding to PtdCho
molecular species were markedly diminished in the
negative-ion mode in the presence of a small amount of
LiOH (approximately equal to the concentration of
PtdEtn in the infusion solution).

The Effects of Residual Ions in an Infusion
Solution on Intrasource Separation and Selective
Ionization

Next, the effects of residual ions in an infusion solution
from aqueous solutions on intrasource separation and
selective ionization were examined using an identical
phospholipid mixture as used in the last subsections at
a total concentration of 26 pmol/�L. The residual ions
were the combinations of ions in the aqueous phase that
remained during the back extraction of lipids in the
chloroform layer. Four different aqueous media were
employed during back extraction of the phospholipid
mixture into chloroform: 50 mM LiCl, 50 mM ammo-
nium acetate, 50 mM NH4Cl, and tenfold diluted PBS. It
was found that there was no influence of the matrix ions
on the intrasource separation and selective ionization
that was demonstrated in Figures 1 and 2. However,
there were some effects on the apparent phospholipid
profiles when the phospholipid extracts were analyzed
in both the positive- and the negative-ion modes with-
out addition of LiOH. For example, the negative-ion ESI
mass spectrum of phospholipids extracted against am-
monium acetate showed extra ion peaks corresponding
to acetate adducts of PtdCho molecular species in
addition to the chlorinated ion peaks. Figure 5 shows
the positive-ion ESI mass spectra of these phospholipid
extracts in which sodiated PtdCho peaks always dom-
inated in comparison to protonated PtdCho peaks. The
presence of abundant sodiated PtdCho peaks from all
extracts even after extensive washing of the system
suggests either the ready availability of sodium ions in
the system itself or a high affinity of sodium ions for
PtdCho molecular species or both. Another observation
was that the presence of ion peaks corresponding to
lithiated PC molecular species from phospholipids ex-
tracted against LiCl solutions was in low abundance,
suggesting that the cations carried over during phos-
pholipid extraction were in low concentration under the
experimental conditions and that the proton and so-
dium ions were likely obtained from the sample inlet
apparatus.

Dependence of Intrasource Separation and Selective
Ionization on the Ion Source

The dependence of intrasource separation and selective
ionization on the instrument employed was also exam-
ined using a different ion source to determine if the ion

source design is a critical factor in the general applica-
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bility of intrasource separation and selective ionization.
ESI/MS analyses of a phospholipid mixture of PtdGro,
PtdCho, and PtdEtn (two molecular species of each) at
a constant ratio of 1:10:15 at the selected concentrations
and infusion flow rates using a QqTOF mass spectrom-
eter equipped with an ionspray source were performed.
It was found that the intrasource separation and selec-
tive ionization of PtdEtn and PtdCho molecular species
in the negative- and positive-ion modes, respectively,
after addition of a small amount of LiOH was identical
to that demonstrated by the ESI TSQ mass spectrometer
used above. The selective ionization of anionic phos-
pholipids from other categories of phospholipids (e.g.,
PtdCho and PtdEtn) in the negative-ion mode without
addition of LiOH was also demonstrated by this instru-
ment (Figure 6, compared to Figure 3b).

Similar to the results obtained from the TSQ mass
spectrometer, the changes in ionization efficiency of
PtdGro determined by the QqTOF mass spectrometer
were very small in the low concentration regime of
PtdGro in the mixture. At total PtdGro concentration
above 2 pmol/�L, the ionization efficiency of PtdGro

Figure 5. The effects of residual ions on intras
mixture was comprised of 0.5 pmol/�L each of
14:1-14:1 and 18:1-18:1 PtdCho, and 7.5 pmol/�L
CHCl3/MeOH. The mixture was diluted from a
infusion at a flow rate of 5 �L/min. The stock mi
(a), 50 mM ammonium acetate (b), 50 mM NH4C
and Dyer procedure. Positive-ion ESI mass spect
as described in the Materials and Methods sectio
by product ion ESI/MS analysis. The ion peaks
14:1-14:1 and 18:1-18:1 PtdCho molecular specie
increased slowly at the low flow rate of infusion,
demonstrated a large change between 8 and 10 �L/min
and significantly increased at a flow rate of 10 �L/min
or higher. Again, the ionization efficiencies of PE and
PC classes at any given concentration of the infused
mixture were independent on the infused flow rates as
found using the TSQ instrument (Figure 6b). Surpris-
ingly, unlike results with the analyses by the TSQ
instrument, the ionization efficiency of the PC class was
not lower but slightly higher than that of PE (Figure 6b).
Therefore, an �30-fold selection of PtdGro from both
PtdEtn and PtdCho at a flow rate of 15 �L/min or
higher and a PtdGro concentration over 1 pmol/�L can
be obtained using the QqTOF mass spectrometer.

Many factors influencing the ionization conditions
such as the solvent system employed, sheath gas flow
rate, ionization temperature, etc. that might effect the
overall ionization efficiencies of phospholipid classes
and thus more or less affect the selective ionization.
Since the ionization efficiencies of PtdGro, PtdCho, and
PtdEtn are essentially independent of infusion flow rate
and phospholipid concentration under most experi-
mental conditions, alterations in most of these factors to

separation in the positive ion mode. The lipid
-15:0 and 22:6-22:6 PtdGro, 5 pmol/�L each of
of 15:0-15:0 and 20:4-20:4 PtdEtn in 1:1 (vol/vol)
k mixture solution of total 5.2 nmol/�L before
solution was back extracted against 50 mM LiCl
and tenfold diluted PBS (d) by a modified Bligh
re acquired using a TSQ ESI mass spectrometer
the indicated molecular species were confirmed
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pectively.
ource
15:0

each
stoc

xture
l (c),
ra we
n. All
at m/
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source separation. This statement was verified by vary-
ing capillary temperature in a range of �50 °C, spray
potential in a range of �500 v, and sheath gas pressure
in a range of �1 arbitrary unit on the TSQ instrument.

Summary

Through the manipulation of the physicochemical pro-
cesses occurring in the ESI ion source during direct
infusion, lipid classes can be selectively ionized in the
ion source based on the electrical properties of each
lipid class. The class of PC molecular species can be
selectively ionized from many other classes of lipids in
the positive-ion mode after addition of LiOH. The class
of PE molecular species can be selectively analyzed in
the negative-ion mode after addition of LiOH, in which
the mass content differences between anionic phospho-
lipids and PE molecular species in most of biological

Figure 6. The effects of infusion flow rate and phospholipid
concentration on ionization efficiencies of PtdCho, PtdEtn, and
PtdGro in the negative-ion mode analyzed by a QqTOF mass
spectrometer. All the experimental conditions employed were
identical to those as described in the legend of Figure 3 except that
ESI/MS analysis was performed using a QqTOF mass spectrom-
eter as described in the Materials and Methods section. The
numbers in (a) indicate the flow rates of infusion in �L/min. Some
error bars are within the symbols.
samples virtually make the separation complete (�95%)
between these classes. This is because the ionization
sensitivities of anionic phospholipids and deprotonated
PE molecular species are essentially identical [13], and
the mass content of anionic phospholipids is not abun-
dant in biological samples. This study emphasized the
selective ionization of anionic phospholipids from
PtdEtn and PtdCho molecular species. It was demon-
strated that through intrasource separation and selec-
tive ionization, PtdGro (a representative of anionic
phospholipids including phosphatidylserine and
phosphatidylinositol) can be resolved from PtdEtn
and PtdCho molecular species with selectivity factors
of �35- and 120-fold, respectively, on the TSQ mass
spectrometer, whereas �30-fold resolution for both
on the QqTOF mass spectrometer is obtained. The
nature of this selective ionization results from the
selective reduction of ionization of less ionizable molec-
ular species. Practically, the apparent selective ioniza-
tion is much larger than those obtained in these model
systems due to the larger number of prominent indi-
vidual molecular species in PE in comparison to anionic
phospholipids in biological samples. Collectively, the
selective ionization of anionic phospholipid molecular
species from other lipid classes in the negative-ion
mode, in addition to the selective ionization of PC and
PE molecular species after addition of a small amount
of weak base, greatly facilitates global analyses of
cellular lipidomes without the obligatory need for chro-
matographic separation.
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