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the total number of double bonds that comprise the lipid 
backbone and the acyl group (3). Molecular species-specific 
information such as backbone type (sphinganine, sphingo-
sine, and sphingadiene with different carbon chain lengths) 
and the structure of the amide-linked acyl chains (i.e., car-
bon chain length and the number and stereo-configuration 
of double bonds) are not provided in a typical CID MS/MS 
spectrum. The analysis of glycerophospholipids by CID also 
provides limited structural information and requires polar-
ity switching to identify both the phospholipid class and 
the fatty acid composition (5–7). In order to fully charac-
terize the structure of lipids, a different fragmentation 
technique is needed. Recently, Campbell and Baba (8) re-
ported a “nearly” complete identification method of phos-
phatidylcholines (PCs) using electron-induced dissociation or 
electron impact excitation of ions from organics (EIEIO) 
(9) in a branched radio-frequency electron-ion reaction 
device (10) (referred to as ExD cell in this work). Using 
EIEIO to fragment glycerophospholipids, information 
regarding lipid class (or head group), acyl chain length, 
the number and location of double bonds, and the regioi-
someric structure were obtained in a single experiment in 
the positive ion mode. Using an alternative fragmentation 
method, Deimler, Sander, and Jackson (4) recently re-
ported a radical induced dissociation of PCs using bom-
bardment of metastable helium atoms (MAD-MS). These 
reports on novel approaches to structural elucidation of 
glycerophospholipids suggest that characterization of 
other lipid categories, such as SM, may be improved by al-
ternative fragmentation strategies to CID.

In this study, we applied EIEIO to SM structural char-
acterization using a branched ion trap (10) installed in a 
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SMs comprise a class of lipids within the sphingolipid cat-
egory that are found ubiquitously in the human body, but 
are enriched in brain lipids where they play a crucial role in 
insulating nerve cell axons. This class of lipids is also found 
in relatively high concentrations in cell membrane micro-
domains, termed lipid rafts, which are believed to be in-
volved in diverse cell functions, such as cell trafficking, cell 
signaling, lipid-protein interactions, and apoptosis [for a 
general review of SM, see (1, 2)]. The use of ESI MS to fully 
characterize the diverse SM molecular species has proven to 
be challenging (3, 4). Structural elucidation of SM using 
collision-induced dissociation (CID), a commonly used 
fragmentation method for lipid analysis, is limited due the 
low-energy collisions (<100 eV) and generally only provides 
information regarding lipid class, carbon chain length, and 
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20 V in 0.25 V increments. At each increment of COV, MS or  
EIEIO-MS spectra were recorded.

The configuration of the ExD cell was reported previously 
(8, 10). To cool the ions in the device, helium buffer gas was intro-
duced with a partial pressure in the ExD cell of 3 mTorr. This is 
the same pressure in Q2 due to the 5 mm diameter holes present 
in the IQ2B electrode that provide efficient gas conductance. 
The electron beam used in the EIEIO experiments was gener-
ated by a yttria-coated iridium disk cathode (ES-525; Kimball 
Physics, Wilton, NH). The cathode was operated at the space 
charge limit of the electron cloud in the ExD cell by a direct cur-
rent power supply in constant voltage mode. The kinetic energy 
of the electron beam (KEe) was controlled by biasing the cathode 
negatively to the branched ion trap electrodes.

quadrupole TOF mass spectrometer with a differential mo-
bility spectrometry (DMS) cell (SelexIONTM Technology) 
installed between the ion source and the mass spectrometer 
(11–13). The DMS was used to isolate SM from other inter-
fering lipid classes, namely PCs and triacylglycerols (TAGs), 
prior to analysis. This is particularly important because SMs 
and PCs share the same head group (i.e., phosphocholine) 
and are roughly in the same mass range. Using DMS to  
isolate the SM, we obtained nearly 200 EIEIO-based MS/MS 
spectra on individual SM molecular species in various bio-
logical lipid extracts without isobaric interference from 
other lipid classes or categories, which generated in-depth 
structural details, including the sphingolipid backbone 
length and number of double bonds, acyl chain struc-
ture, including carbon chain length, and the number and 
locations of double bond(s). Additionally, the fragments 
appeared in the product ion spectrum that enabled differ-
entiation between sphinganines (SMs that have no car-
bon-carbon double bond in the sphingoid backbone), 
sphingosines (SMs that have one carbon-carbon double 
bond in the sphingoid backbone), and sphingadienes 
(SMs containing two carbon-carbon double bonds in the 
sphingoid backbone). Consequently, EIEIO yields “near-
complete” characterization of SM molecular species.

EXPERIMENTS

Samples
All lipid standards and lipid mixtures were purchased from 

Avanti Polar Lipids, Inc. (Alabaster, AL) and are identified here 
using the guidelines of Liebisch et al. (14). The specific lipid mo-
lecular species, SM(d18:1,12:0) and PC[16:0,18:1(9Z)] were 
used for method validation. Commercial extracts of SM derived 
from porcine brain (brain SM), bovine milk (milk SM), and 
chicken egg (egg SM) were used to characterize SM from biologi-
cal sources, and bovine heart extract (BHE) was used as a com-
plex biological extract. The solvent for all working solutions was 
HPLC-grade dichloromethane:methanol (50/50, v/v) with 10 
mM ammonium acetate. These solvents and ammonium acetate 
were purchased from Caledon Laboratory Chemicals (George-
town, ON, Canada) and Sigma-Aldrich Canada Co. (Oakville, 
ON, Canada), respectively. Concentrations of working solution 
were 250 g/ml for BHE; 100 g/ml for brain SM, milk SM and 
egg SM; and 1 g/ml for the standard SM and PC samples.

DMS-ExD-TOF mass spectrometer
All experiments were conducted using a modified TripleTOF® 

5600 system (SCIEX) that was equipped with both a DMS device 
and a branched radio-frequency ExD cell (Fig. 1) (10). The funda-
mental behavior of DMS and its application to lipid analysis are 
described elsewhere (11–13). Briefly, the DMS cell is mounted in 
the atmospheric pressure region between the ESI source (held at 
5,000 V) and the spectrometer’s sampling orifice. The DMS oper-
ating parameters were optimized to isolate SM ions from potential 
isobaric interferences from ionized PCs and TAGs (see below). 
These parameters included a DMS cell temperature of 200°C, ni-
trogen (99.999%) as the curtain gas (transport gas for the DMS 
cell), and addition of isopropanol to the curtain gas at 1.5% (v/v) 
as a chemical modifier. For the DMS experiments, the separation 
voltage (SV) was held at an optimum value (3,900 V peak-to-peak), 
while the compensation voltage (COV) was scanned from 5 V to 

Fig.  1.  A: An ESI-quadrupole TOF mass spectrometer with an 
ExD cell and a DMS used in these EIEIO experiments. The TOF 
mass spectrometer is not shown in this figure. B in this figure rep-
resents the direction of the magnetic field to assist electrons travel-
ing along the radio frequency potential minimum. B: MS spectrum 
of the BHE total lipid. C: DMS spectrum of lipid class separation by 
DMS. COV was scanned on constant SV. The sample is total lipid in 
BHE. We optimized the system as the yield of SMs was maximized. 
D: Separated SM spectrum.
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study on PCs (8). Besides overall EIEIO fragmentation 
efficiency, we sought to optimize signals to obtain the 
clearest chain fragment profiles with their characteristic 
radical and nonradical products. For the case of SMs, we 
chose SM(d18:1,18:0) from a brain extract as a model 
compound to optimize KEe, paying particular attention 
to the diagnostic fragmentation around the sphingosine 
backbone near the head group and the acyl chain. EIEIO 
spectra were recorded while ramping the KEe (Fig. 3), 
revealing each fragment ion’s KEe dependence. While 
the majority of fragments shared a common threshold of 
5–6 eV, one exception was the acyl validation peak 
(head group loss and backbone cleavage between C2 and 
C3), which had a threshold of 9 eV. To obtain optimal 
signal intensity and information quality for the acyl vali-
dation fragments, there was a need to compromise be-
tween overall signal intensity and information quality at 
KEe values. For example, when KEe was set >10 eV, EIEIO 
spectra were unacceptable for identifying SMs because: 
1) the acyl chain fragmentation simply became too ex-
tensive, making structural interpretation unduly com-
plex, just like PC case (8); and 2) electron ionization 
(EI)-based chemical noise (from ionization of background 
contaminants) was drastically increased. In some cases, 
background chemical noise was still present in EIEIO 
spectra, but we established a protocol for such instances 
(see below). Thus, we set KEe = 10 eV for the SM analyses, 
thereby obtaining signals with good signal to noise ratio 
(S/N) for EIEIO spectra accumulated for periods rang-
ing from a few seconds to several minutes (depending 
upon precursor SM signal intensity).

EIEIO reaction speed for SM analysis
Figure 4A shows the fragmentation reaction speed at KEe 

of 10 eV, when electron beam intensity was at its space 
charge limit (i.e., reaction speed was not improved by  
increasing the heater current applied on the electron 
emitter). Conventional trapping mode was used in this 
measurement instead of the continuous trapping mode in 
order to define reaction time between electrons and ions. 
Isolated precursor ions were introduced into the ExD cell 
for 100 ms without electron beam. After ion loading, the 
IQ2A lens was closed before the electron beam was applied. 
The electron irradiation time, or reaction time, was the vari-
able parameter of this measurement. The trapped ions 
were released from the ExD cell into the TOF mass analyzer 
by opening IQ2B after electron beam irradiation was termi-
nated. Precursor ion intensity before electron irradiation, 
precursor ion intensity after electron irradiation, and the 
head group fragments are shown in Fig. 4A. Reaction of 
SMs was slower than was previously reported for PC (8), 
typically 1/5 in the same instruments. The mechanism that 
explains the reaction rate difference between SM and PC is 
not clear, but the interaction cross-section between the ions 
and electrons can be significantly different.

Rapid SM analysis can be achieved using simultaneous 
trapping mode, as has been shown for PCs (8) as well as for 
electron capture dissociation of peptides and proteins (10). 

Simultaneous trapping mode (10) was mainly used in this 
work to enhance the production and detection of EIEIO frag-
ment ions. In simultaneous trapping mode, ions were irradiated 
by the electron beam as ions were injected into the ExD cell (i.e., 
electron beam was applied when the IQ2A lens was set at open 
and the IQ2B was closed). All of the ions remaining in the ExD 
cell after the EIEIO reaction were subsequently injected into Q2 
and beyond (i.e., the TOF pusher region) for mass analysis by 
opening the IQ2B lens for 1 ms. In contrast, trapping mode is a 
conventional scan function in which the electron beam irradiates 
the trapped precursor ions.

For some SM species, background subtraction of their EIEIO 
mass spectra was performed to augment detection of those spe-
cies in the presence of low-level background chemical interfer-
ences (see below). To accomplish this, we first recorded an 
EIEIO mass spectrum without adding SM analyte ions to the ExD 
cell; as a result, only hydrocarbon-based background molecules 
in the ExD cell (presumed to arise from roughing pump oil con-
tamination) were ionized. After this initial survey of the chemical 
background, SM analyte ions were admitted to the ExD cell and 
EIEIO was performed, resulting in a mixture of fragment ions 
derived from both the SM and the hydrocarbon chemical noise. 
However, background subtraction (removing the chemical noise-
derived EIEIO peaks from the SM-derived mass spectrum) im-
proved the analysis of the low-abundance SM species tremendously. 
This characterization of the chemical noise in the ExD cell was 
obtained approximately every 30 min during EIEIO experiments.

In order to perform CID, voltages on the two lens electrodes of 
the ExD cell (IQ2A and IQ2B) were set to allow precursor ions to 
be injected into the Q2 collision cell. Here, the electron beam 
was turned off and nitrogen gas was introduced into Q2 (and the 
ExD cell) as a collision gas. In order to apply kinetic energy to 
isolated ions, the upstream ion path before the IQ2A was biased 
60–90 V to the ExD cell-Q2 assembly. The ExD cell was controlled 
by in-house software coded using LabView (National Instruments 
Co., Austin, TX).

RESULTS AND DISCUSSION

Like PCs, SMs yield rich EIEIO fragment ion spectra
In initial experiments, EIEIO (KEe = 10 eV) was applied to 

a synthetic standard, SM(d18:1,12:0) (Fig. 2A), and the re-
sulting spectrum was rich enough in diagnostic fragment 
ions to provide near complete structural characterization for 
this SM molecular species. In the spectrum, the following 
specific regions of this EIEIO spectrum contained informa-
tion on SM structural features: m/z 180–260, SM head group 
fragments and dual chain loss fragments; m/z 400500, SM 
backbone cleavage with losses of the acyl group and the head 
group present; and m/z >400, fragments from both carbon 
chains with a weaker, yet complete, fragment series for the 
carbon-carbon bond cleavages. In contrast, CID spectra ac-
quired on the same instrument (Fig. 2B) contained fewer 
fragment ions and much less structural information, which 
only identified the head group (m/z 184) and the chain 
length of the sphingosine backbone (m/z 264) (3). As ex-
pected, CID did not produce fragments containing informa-
tion on the backbone or the acyl group.

Optimization of the KEe utilized for EIEIO
The selection of the optimum level of KEe was essential 

for SM analysis using EIEIO, as we observed during our 
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EIEIO provides a generalized identification method  
for SMs

The EIEIO-based fragmentation pattern observed dur-
ing the analysis of SM(d18:1,12:0) provides a good ge-
neric case for characterizing SMs, with the m/z values of 

Figure 4B shows precursor ion consumption and prod-
uct yield in simultaneous trapping mode, which was the 
primary method used in this work. When irradiation 
time was increased, a maximum product yield was achieved 
at 150 ms.

Fig.  2.  Comparison between dissociation product spectra by EIEIO (A) and CID (B). The sample was a synthesized standard SM, 
SM(d18:1,12:0). The EIEIO spectrum of a PC lipid [1-palmitoyl-2-oleoyl-sn-glycero-3-phosphatidylcholine or PC(16:0/18:1)] is shown in 
(C) as a typical spectrum with the same head group as SM.
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less common SM forms are present, such as sphingosines 
with odd numbers of carbons, sphingadienes, and sphin-
ganines. The acyl chain diagnostic peaks (Table 1) are easy 
to locate in EIEIO spectra, as they are often the most 
intense peaks located mid-range (m/z 200–500) in an 
EIEIO spectrum. For example, the fragment ion of m/z 
407.264 in Fig. 2A is an example of such an acyl chain di-
agnostic peak. An additional acyl chain diagnostic peak 
(m/z 225.269 in Fig. 2A) was used for supplemental diag-
nostics to confirm the acyl chain. Here, we identified four 
peaks to identify the two chains in this SM molecular spe-
cies, and these backbone and acyl chain fragments are 
consistent with a reconstructed SM precursor and its mea-
sured precursor m/z.

This set of simple diagnostic rules was encoded for post-
acquisition data analysis using LabView. Multiple isomeric 
SMs were often found in a single EIEIO spectrum [e.g., 

the diagnostic peaks appearing in the EIEIO spectra 
shown in Table 1. The intense peak at m/z 184.074 indi-
cates the presence of a phosphocholine head group in 
the lipid, which is often used to identify either PCs or SMs 
by traditional CID methods. In those workflows, SMs are 
only distinguished from PCs by the fact that SM precursor 
ions are of odd nominal m/z and even for PCs due to the 
nitrogen rule. However, this may not be the case if an SM 
exists in a modified form; alternatively, an SM could be 
present in low abundance within the isotope envelope of 
an interfering PC (e.g., the 13C isotope of a PC would be 
present as an odd m/z ion, possibly masking a monoiso-
topic form of SM). The latter issue can also be abrogated 
by the use of DMS separations (see below). Fortuitously, 
EIEIO provides additional SM diagnostic fragment ions at 
m/z 225.100 and 253.095 (Figs. 2A, 3) not displayed by 
PCs, which instead provide diagnostic fragments at m/z 
224.104 and 226.083 (Fig. 2A, C). This results in product 
ion spectra that can be clearly attributed to SM, and  
enabled us to ascribe specific diagnostic fragments to SM 
molecular species in standards as well as complex bio-
logical lipid extracts without the need for chromato-
graphic separation (12).

EIEIO of SMs also yielded diagnostic fragment ions re-
sulting from bond cleavage around the branching point 
on the SM backbone (Fig. 3). These fragment ions (e.g., 
m/z 449.326-2H = m/z 447.311 in Fig. 2A) are unique to SM 
molecular species and are useful, especially in cases where 

Fig.  3.  Signal intensity of each diagnostic peak on kinetic energy 
of electrons. Intensities of fragments were expanded vertically by 
the values shown in the figure. To obtain good S/N signal, the acyl 
validation peak (dashed line with round circle markers) and to 
avoid electron ionization (EI) of residual gas in the ExD cell, we 
have chosen electron energy of 10 eV. Fig.  4.  A: Reaction rate between singly charged SM and electron 

beam with kinetic energy of 10 eV in the conventional trapping 
mode. The sample was SM(d18:1,18:0) in brain SM. The reaction 
time was 440 ms when the electron beam was in space charge limit. 
B: Reaction time optimization in simultaneous trapping mode to 
obtain maximum yield of product ions. The consumed amount of 
precursor ions (or precursor used in the figure) was defined as 
the subtracted value of remained precursor intensity after reac-
tion from the initial precursor intensity before reaction. The er-
rors, mainly the fluctuation of the ion source, were large because 
of error propagation in the subtraction. The consumed precursor 
ions and obtained fragments were maximized at reaction time of 
150 ms.
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including phosphoethanolamine, PC, and TAG, with SM 
present at less than 1% to the total lipid signal (Fig. 1C)

Using optimized DMS voltages for selective transmis-
sion of SM (see below), the SM component of the BHE was 
easily identified (Fig. 1D). The optimization of the SM-
specific DMS parameters was performed using the stan-
dard sample, SM(d18:1,12:0), as well as SMs from brain, 
egg yolk, and milk extracts. In addition to protonated SMs, 
we also observed sodiated SMs among the precursor ions 
(10%). The procedure for optimizing the DMS parame-
ters is very straightforward. First, the SV was set to 3,900 V, 
where good separation of lipid classes had previously been 
demonstrated (12). Then, as COV was scanned from 5 V 
to 15 V (in 0.2 V increments, typically), full-scan TOF MS 
data were acquired for each step in COV. Then, the signal 
from each m/z value corresponding to a known SM species 
could be extracted as a function of COV, providing pro-
files where optimal DMS transmission of SM occurred. In 
this case, a COV set to 9 V provided good separation of SM 
from other lipid classes and categories, as demonstrated 
by the DMS-dependent MS spectra recorded only at COV = 
9 V. These filtered signals provided MS/MS targets that 
were 1/10,000 the base peak intensity of the unfiltered 
(no DMS) full-scan mass spectra. With DMS engaged, we 
employed ion accumulation times of 1 s for a single TOF 
spectrum and 60–360 s for individual MS/MS spectra.

With DMS filtering engaged to transmit SM-based ions 
selectively, the study of SM profiles for a variety of biologi-
cal lipid extracts was greatly enhanced. Figure 5 shows an 
MS spectrum obtained during the analysis of brain SM, with 
the identified SMs from the resulting EIEIO experiments 
listed in Table 2. The percentages reported in Table 2 rep-
resent each identified SM isomer’s relative contribution to 
the overall signal produced by that precursor m/z ion. The 
percent value following each identified SM represents the 
intensity ratio of the acyl diagnostic peaks in the same pre-
cursor m/z as an indicator of expressed ratio. Results of 
other SM sources are shown in the supplementary infor-
mation (supplementary Figs. 1–3).

A typical spectrum of sphingadiene SM is shown in Fig. 6A, 
which is found in bovine brain SM. The backbone diag-
nostic peak was identified at m/z 445, which clearly indi-
cates the backbone is sphingadiene. The second double 
bond location was identified at the n-4 site. Fig. 6B and 
Fig. 6C are the examples of SMs that had one double bond 
and two double bonds in the acyl groups, respectively.

Backbone and acyl constituents
Abundant sphingosines and some sphingadienes were ob-

served in all the extracts, but the sphinganine backbone was 
only observed in the bovine brain and milk SM (supplemen-
tary Fig. 4). The predominant molecular species were d18:1, 
which is conventionally recognized, i.e., 90% of sphingo-
sine backbones were d18:1 in brain, egg, and heart, but only 
43% were d18:1 and another 30% were d16:1 in milk. Chain 
lengths from 16 to 20, including odd number of carbons, 
were also detected in brain, milk, and BH. Sphingadiene ex-
isted at less than a few percent in brain, egg, and BH, but it 
was more significant in milk (10%). Although odd-chain fatty 

SM(d18:1,16:0) and SM(d19:0,15:1)], as they share identical 
precursor m/z values. However, while these isomers can share 
backbone and acyl diagnostic peaks, the presence of the 
other characteristic EIEIO fragment ions verified the pres-
ence of multiple isomers in those experiments. Data analysis 
also identified double bond locations from the pattern of the 
chain region using the same concept that was previously re-
ported (8) (i.e., 2H mass shift at the double bond location 
and characteristic intensity profile with “V shape” in the EI-
EIO spectrum). While automatic identification of double 
bond position using these criteria was relatively facile for PCs, 
this was not always the case for SMs, where the classic “V 
shape” intensity profile was not always evident. Consequently, 
an assumption was made that an acyl chain with double 
bonds has one of -3 (or n-3), -6 (n-6), -7 (n-7), or -9 (n-
9) form with two carbon-carbon single bond spacing in cases 
of polyunsaturated acyl chains. In cases of sphingadiene 
backbones, the second double bond position was easily iden-
tified at -4 (n-4) as the common location (15).

Optimal EIEIO characterization of SMs from natural 
extracts benefits from DMS

When applying EIEIO to characterize SMs in more com-
plex lipid extracts, the challenge of isobaric interference can 
be addressed by using an orthogonal means of separation. In 
this study, we employed DMS to enhance the performance of 
EIEIO during this infusion-based lipidomics workflow, 
whereby DMS isolated SM from other potentially interfering 
lipid classes, namely PCs and TAGs, prior to EIEIO analysis. 
This scenario is particularly relevant when surveying the total 
lipid profile of BHE (Fig. 1B) using ESI. The resulting mass 
spectrum contains multiple lipid classes and categories, 

TABLE  1.  SM diagnostic in EIEIO MS

Acyl Acyl Diagnostic Acyl Validation

16:n 463.292-2H × n 281.231-2H × n
17:n 477.297-2H × n 295.236-2H × n
18:n 491.302-2H × n 309.241-2H × n
19:n 505.308-2H × n 323.247-2H × n
20:n 519.313-2H × n 337.252-2H × n
21:n 533.319-2H × n 351.258-2H × n
22:n 547.324-2H × n 365.263-2H × n
23:n 561.329-2H × n 379.268-2H × n
24:n 575.335-2H × n 393.274-2H × n
25:n 589.340-2H × n 407.279-2H × n
26:n 603.346-2H × n 421.285-2H × n

n, number of double bonds; 2H = 2.0156.
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Fig.  5.  MS spectrum of porcine brain SM and identified SM. DMS was on to separate protonated SMs from 
sodiated SMs, which were 10% compared with protonated SMs.

TABLE  2.  Identified SMs in porcine brain SM shown in Fig. 5

Precursor 
(m/z)

Precursor 
Intensity (%) Identified SMs

675.505 0.15 SM(d18:1,14:0) [90%]
689.52 0.03 SM(d17:1,16:0) [73%] SM(d18:1,15:0) [27%]
701.52 0.04 SM(d18:2,16:0) [92%]
703.535 2.68 SM(d18:1,16:0) [79%] SM(d16:1,18:0) [21%]
717.55 0.29 SM(d17:1,18:0) [46%] SM(d18:1,17:0) [45%] SM(d19:1, 16:0) [4%] SM(d16:1,19:0) [3%]
729.551 1.69 SM(d18:2,18:0) [85%] SM[d18:1,18:1(n-9)]  

  [10%]
731.539 40.77 SM(d18:1,18:0) [94%]
743.564 0.04 SM(d19:2,18:0) [81%]
759.589 6.56 SM(d20:1,18:0) [52%] SM(d18:1,20:0) [44%]
771.595 0.03 SM[d18:1,21:1(n-7)] [33%] SM[d17:1,22:1(n-7)]  

  [25%]
SM[d16:1,23:1(0-7)] [24%] SM(d18:2,21:0) [11%]

783.594 0.15 SM[d18:1,22:2(n-6,-9)] [84%] SM[d18:2,22:1(n-6)]  
  [16%]

785.604 4.82 SM[d18:1,22:1(n-6)] [95%]
787.616 5.45 SM(d18:1,22:0) [83%] SM[d18:0,22:1(n-6)]  

  [11%]
797.61 0.06 SM(d18:1,23:2) [64%]
799.622 1.52 SM[d18:1,23:1(n-7)] [89%]
801.635 1.26 SM(d18:1,23:0) [83%] SM(d18:0,23:1) [10%]
809.607 0.06 SM[d18:1,24:3(n-6,*,*)] [80%]
811.622 1.55 SM[d18:1,24:2(n-6,-9)] [82%] SM[d18:2,24:1(n-9)]  

  [10%]
SM[d18:2,24:1(n-6)] [4%]

813.605 29.99 SM[d18:1,24:1(n-9)] [81%] SM[d18:1,24:1(n-6)]  
  [13%]

825.636 0.11 SM[d18:1,25:2(n-6,-9)] [75%]
827.649 0.89 SM(d18:1,25:1) [89%] SM(d19:1,24:1) [11%] (n-6) [17%], (n-9) [83%]
837.636 0.03 SM[d18:1,26:3(n-6,*,*)] [51%] SM(d18:1,26:3(n-9,*,*))  

  [38%]
839.65 0.16 SM[d18:1,26:2(n-6,-9)] [52%] SM[d18:1,26:2(n-9,-12)]  

  [17%]
SM[d20:2,24:1(n-9)] [9%] SM[d20:2,24:1(n-6)] [6%]

841.663 0.88 SM(d18:1,26:1) [80%] SM(d20:1,24:1) [14%] (n-6) [31%], (n-9) [69%]
855.678 0.01 SM(d20:1,25:1) [55%] SM(d18:1,27:1) [32%] SM(d19:1,26:1) [13%]
869.693 0.01 SM(d18:1,28:1) [100%]
871.69 0.03 SM(d18:1,24:1) + 58.05 [100%]
873.692 0.01 SM(d18:2,24:1) + 58.05 [100%]
887.471 0.01 SM(d18:1,21:1) +101.11 [100%]
914.744 0.01 SM(d18:1,18:0) with CH3IO SM(d18:1,24:1) + 101.11
943.523 0.04 SM(d18:1,22:0) with CH3IO [100%]
957.609 0.01 SM(d18:1,23:0) with CH3IO [100%]
971.551 0.19 SM(d18:1,24:0) with CH3IO [100%]

Precursor intensity [%] represents the amount of each precursor in the total lipids, which contains other impurities. Percent values following 
identified SMs show the relative intensities of acyl diagnostic peaks in the isobaric precursor ions. Total value in each precursor may not be 100% 
because of ignoring low intensity species. Underlined double bond locations in m/z 827 and 841 were not deconvoluted mathematically in each SM. 
Asterisks (*) represent unidentified double bond locations.

acids in mammalian systems are generally not considered, 
cows are ruminants and hence have extensive bacterial bi-
omes in their digestive tract that can produce odd-chain fatty 
acids and be incorporated into the cow lipidome.

Acyl chains expressed in each SM are shown in supple-
mentary Fig. 4. The identified profile of abundant acyl 
chains using this EIEIO method showed good agreement 
to the fatty acid distribution given by the vendor (17).
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sample also showed existence of SM molecular species 
containing unique chemical modifications. The most preva-
lent irregular SM molecules found in these studies had 
precursor ion masses of m/z 914.775, 943.523, 957.609, 

Modified SMs in brain SM
The brain SM contained a great variety of SM molecu-

lar species derived from the numerous combinations of 
different sphingoid backbones and acyl groups, but this 

Fig.  6.  Typical EIEIO spectra observed in porcine brain SM. A: The backbone is a sphingadiene, d18:2(n-4). B: The acyl chain has a 
carbon-carbon double bond at n-9. C: The acyl chain has two carbon-carbon double bonds at n-6 and n-9. [M-H+O2]

•+ is a product of a 
radical-ion, neutral reaction from the hydrogen lost precursor species, which is often observed in ExD (16).
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The source of iodinated SM is unclear. It is certainly pos-
sible that the iodine and methoxy group adducts are arti-
factually generated. Indeed, iodine is traditionally used to 
detect double bonds in lipid analysis (18). To evaluate the 
structural characteristics of SM that had reacted with ad-
ventitious iodine, SM extracts were exposed to iodine and 
methanol vapor. However, from this process, we did not 
find any evidence of SM molecular species containing io-
dine or methoxy group adducts, despite the fact the SM 
mixture was replete with SM molecular species with acyl 
chains containing carbon-carbon double bonds. Instead, 
replacement of a hydrogen by an iodine was observed as 
the main process (supplementary Fig. 5). Dual iodine adduct 
reaction at a double bond, which is often used for estima-
tion of double bond number (known as iodine number), 
was also observed, but it was 1/100 weaker than the hydro-
gen replacement by an iodine atom. From these observa-
tions, we can conclude that the iodinated SM found in 
bovine brain extracts is not formed via a typical iodine ad-
dition across a double bond. In the context of a biological 
reaction mechanism, it is interesting that this iodine-methoxy 

Fig.  7.  Iodine-containing SM observed in brain SM. Normal SM[d18:1,24:1(n-9)] (A) and iodine-containing SM (C). The carbon-carbon 
double bond region is expanded in (B). White arrows indicate backbone fragments from the normal SM. Black arrows indicate acyl group 
fragments. The 2H difference started at the n-9 position indicates the double bond location in the normal SM (D). In the case of the modi-
fied SM, fragment series of CH, O, and CH3 were appeared. This indicates the modified SM has the structure shown in E.

and 971.551. A significant differentiating characteristic of 
these peaks, compared with the majority of SM molecular 
species, is their precursor masses that are 0.1 amu smaller 
than standard SM molecular species. These molecules are 
clearly SM, because all lipid class diagnostic peaks for SM 
are clearly observed, but the acyl group and backbone 
masses are inconsistent with the results in Table 1. The 
0.1 amu difference suggests that the molecules have an 
unusually heavy atom in their structures. In their EIEIO and 
CID spectra, an abundant neutral loss of m/z 126.903+H 
was observed. This mass is exactly the same as that of an 
iodine atom. The EIEIO spectra showed further consecutive 
neutral losses from the iodine loss: those corresponding 
to losses of CH3 and O. Detailed analysis of the chain frag-
ments shows that an iodine atom and a methoxy group 
are attached to double bonds present in unmodified SM 
(Fig. 7A–C). The iodine modification was found at the 
methyl terminal side and the methoxy group was at the 
head group side in all four precursor cases. Interestingly, 
the double bond in the sphingadiene backbone (n-4) was 
modified in the case of m/z 914.775.
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type of modification was observed only in brain, which is 
known to have relatively higher levels of iodine, rather 
than in other tissues (with the exception of the thyroid) 
(19). Further studies that are outside the scope of this 
report are needed to identify the mechanism of the io-
dine-methoxy adduction. However, it should be noted that 
this new methodology has the analytical power to analyze 
such unknown modifications.

The potential of high-throughput lipid structural 
characterization using DMS-EIEIO-TOF MS

In this study, EIEIO spectra were accumulated for a long 
duration (2–5 min) to obtain high quality spectra to survey 
EIEIO characteristics on SMs with no concern about ion 
statistics and S/N. For high throughput analysis, such as LC-
MS measurements, much shorter accumulation should be 
applied. To identify the diagnostic peaks, the peak intensi-
ties should at least be above the detection limits given by 
noise fluctuation. Theoretical minimum accumulation time 
was calculated using the stored multiple EIEIO spectra ac-
cumulated every second in BHE. Minimum accumulation 
time can be defined as the time when intensities of all diag-
nostic peaks become higher than the detection limits, which 
is a triple of the standard deviation of the EI noise at the 
same m/z of each diagnostic peak (supplementary Fig. 1). 
Though the intensity of SMs in BHE was not strong because 
SMs were minor components in the total lipids, the accu-
mulation for a typical LC time scale (a few seconds) was 
sufficient to identify many SM molecular species. A longer 
accumulation than LC time scale will be required for lower 
concentrated species, typically lower than 0.1 M, but in-
fused measurements will also be promising, like this work, 
because DMS separates SMs from other lipid classes effi-
ciently without the need for chromatographic separation.

CONCLUSION

The combination of DMS and EIEIO MS is a promising 
tool for SM analysis. Lipid class, backbone structure, and 
acyl chain characterizations are clearly identified using frag-
mentation information in a single EIEIO spectrum. This 
method also revealed the power to identify unknown mod-
ifications in SM molecular species. While previous stud-
ies employing atmospheric-pressure chemical ionization 
(APCI) have shown promise in characterizing SMs (20, 
21), their findings have been limited to identifying intact 
species (Brutto level identification) and inferring FA com-
position from limited information derived from MS/MS 
spectra. As noted previously, APCI must be employed, as 
ESI-MS/MS can provide little to no structural information 
for SMs, only confirmation of the phosphocholine head 
group at m/z 184. In addition, these studies must rely upon 
separation by LC for sample simplification (due to in-source 
fragmentation from APCI), requiring additional analysis 
time and resources. In comparison, the DMS-EIEIO work-
flow for characterizing SMs requires no chromatographic 
separation and provides much greater in-depth structural 
analyses of these biologically valuable lipid biomarkers.
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