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Abstract    Precise structural identification of phospholipids in the microalga Nitzschia closterium has 
been established using ultra performance liquid chromatography-electrospray ionization-quadrupole-time 
of flight-mass spectrometry (UPLC-ESI-Q-TOF-MS) for direct analysis of total lipid extracts. Mass 
spectrometry was performed in reflective time-of-flight using electron spraying ionization in negative 
mode. Phospholipid molecular species identification was based on the characteristic product ions and 
neutral loss yielded by different phospholipids under ESI-MS/MS mode. The molecular species were 
confirmed by the carboxylate anions produced by phospholipids in negative mode; the regiospecificity of 
the two acyl chains was determined from the ratio of sn-1 to sn-2 carboxylate anion abundances. As a 
result, 18 lipid molecular species were identified for the first time in this microalga, comprising seven 
phosphatidylcholines (PC), two phosphatidylethanolamines (PE), two phosphatidylinositols (PI), and 
seven phosphatidylglycerols (PG). Lipid standards of PC, PE, PI, and PG were added to the total lipids as 
internal standards for semiquantitative analysis, revealing concentrations of phospholipids in this species 
between 0.09 and 3.37 nmol/mg. This method can produce a full structural profile of intact phospholipid 
molecular species and can be used for study of the physiological and ecological functions of lipids by 
monitoring their individual changes over time. 
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1 INTRODUCTION 
Molecular membrane biology has focused mainly 

on the biosynthetic transport and classification of 
membrane lipids. More recently, lipid constituents 
have been recognized as potentially important factors 
in the processes of signal transduction and 
endomembrane transport (Simons et al., 2000) and, 
thus, the analysis and profiling of lipids has become 
increasingly important. Major constituents of all cell 
membranes, the phospholipids in marine algae and 
higher plants are mostly composed of 
glycerophospholipids which are classified by their 
polar head group, containing a phosphate ester at the 
glycerol sn-3 position, into five major classes: 
phosphatidylcholine (PC), phosphatidylethanolamine 
(PE), phosphatidylserine (PS), phosphatidylinositol 
(PI), and phosphatidylglycerol (PG). Each class is a 
mixture of different phospholipid species which 
differ in their fatty acyl groups attached to the 
glycerol sn-1 and sn-2 positions (Welti et al., 2002). 

Analysis of the individual membrane phospholipid 
molecular species in biological samples is 
particularly difficult owing to the great variety of 
species. Traditional analytical methods are complex 
and low in sensitivity. Conventionally, confirmation 
of phospholipid species identity was established after 
chromatographic separation by high-performance 
lipid chromatography (HPLC) or thin layer 
chromatography, fraction collection, hydrolysis by 
lipase, derivatization, and subsequent identification 
of the derivatized fatty acids by gas chromatography 
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(GC) or gas chromatography-mass spectrometry 
(GC-MS). On the one hand, this is a relatively cheap 
analytical method; however, on the other hand, it is 
time-consuming and only provides the fatty acyl 
composition in each lipid class (Xu et al., 2002). 
Electrospray ionization-mass spectroscopy 
(ESI-MS)-based lipid analysis has been successfully 
implemented by a number of groups to investigate 
various issues in cell biology which would be very 
difficult or even impossible to study by conventional 
methods. In one of these, a crude lipid extract was 
infused into a triple-quadrupole ESI-MS instrument 
and either direct MS, specific precursor ion, or 
neutral-loss scans used to identify the specific lipid 
species (Welti et al., 2003; Han et al., 2006). 
Unfortunately, this high-throughput method cannot 
provide exact acyl chain information, and such 
analysis involving simultaneous introduction of 
multiple analytes into a mass spectrometer can affect 
the detection of low-abundance species due to ion 
suppression. Liquid chromatography-mass 
spectrometry (LC-MS), another commonly used 
method, employs normal phase HPLC coupled with 
mass spectrometry (Martin et al., 2005; Taguchi et al., 
2000). LC-MS has high sensitivity and does not 
require any sample derivatization; however, analysis 
times are typically long, and peak resolution and 
reproducibility typically poor. As a result, a majority 
of LC separations today are based on reversed phase 
HPLC, the technique of choice for both 
pharmaceutical and bioanalytical analysis (Wilson et 
al., 2005) due to its high efficiency of separations, 
compatibility of the mobile phase with biological and 
lipophilic samples, and easy interfacing with a 
variety of detectors such as UV, mass spectrometry 
and NMR. The recent development of reversed phase 
ultra performance liquid chromatography-electrospray 
ionization-quadrupole-time of flight-mass 
spectrometry (UPLC-ESI-Q-TOF-MS) results in 
superior separations, higher resolution, increased 
sensitivity, and faster analysis, thus solving the 
problem of complex lipid separations and 
characterizations (Laaksonen et al., 2006). In the 
present study, a precise identification method for 
analyzing the phospholipid species in microalga 
Nitzschia closterium was established using a 
UPLC-ESI-Q-TOF-MS system.  

2 MATERIALS AND METHODS 
2.1 Algal culture and harvest 

Nitzschia closterium was obtained from the 

Marine Biotechnology Laboratory of Ningbo 
University. Seawater for culture was heat sterilized 
(pH 8.30, salinity 27) and enriched with nutrients: 
100 mg/L KNO3, 10 mg/L KH2PO4, 0.25 mg/L 
MnSO4·H2O, 2.50 mg/L FeSO4·7H2O, 10 mg/L 
EDTA-Na2, 6 μg/L vitamin B1, 0.05 μg/L vitamin B12. 
Cultures were grown in a 10 L air-lift 
photobioreactor with aeration at 3 L/min with each 
culture performed in triplicate at 25°C with an 
continuous irradiance of 120 μE/m2/s. Cells were 
harvested at the early stationary phase by 
centrifugation at 3 770 ×g for 15 min and freeze-dried.  

2.2 Total lipid extraction 

Total lipid was extracted from microalga samples 
(freeze-dried, 150.0 mg) by a modified version of 
Bligh et al. (1959) method. The samples were dried 
under nitrogen gas and redissolved in 0.5 mL of 
methanol and centrifuged prior to UPLC-Q-TOF-MS 
analysis.  

2.3 Methods for UPLC-Q-TOF-MS 

2.3.1 UPLC conditions 

Reversed phase analyses of lipid extracts were 
carried on a Waters ACQUITY Ultra Performance 
LC™ (UPLC) system using an ACQUITY UPLCTM 
BEH C8 Column (2.1×10 mm, 1.7 μm) at 40°C. The 
binary solvent system consisted of water/isopropanol 
(95/5, v/v, solvent A) and methanol/isopropanol 
(95/5, v/v, solvent B). For negative ionization, both 
solvents contained 0.02% ammonia. Efficient 
separation of the lipids was achieved with a gradient 
starting from 20% A/80% B, a linear increase to 90% 
B in 10 min, held at 90% B for 5 min, then further 
increased to 100% B in 1 min, held at 100% B for 
6 min, then a return to 80% B in 1 min, and held at 
80% B for 7 min; the total run time was 30 min and 
the flow rate 0.3 mL/min. The temperature of sample 
manager was set at 4°C and injected samples were 
5 µL. 

2.3.2 Q-TOF-MS conditions 

Mass spectrometry was performed on the output 
from an ESI source with the TOF ion optics in V 
mode. Data was collected over a mass range of m/z 
150–1 000 with a scan duration of 0.1 sec. The 
source temperature was 100°C, nitrogen flow used as 
nebulizing gas at 400 L/h, and the capillary and 
sampling cone voltages at 2.5 kV and 45 V, 
respectively, for negative electrospray mode. MSE 
analysis was performed on a Waters Q-Tof Premier 
mass spectrometer set at 5 and 30 V for low and high 
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collision energies, respectively. The instrument was 
calibrated with sodium formate (HCOONa) and the 
lock mass spray for precise mass determination 
standardized to leucine enkephalin at m/z 556.277 1 
with a concentration of 0.5 ng/µL.  

2.4 Data processing 

The raw data obtained from LC/MS runs were 
processed using a Waters Micromass MassLynx 
V4.1 system. Identification of each lipid class and the 
acyl chains were further confirmed by MS/MS in 
negative ion mode.  
3 RESULTS AND DISCUSSION 
3.1 UPLC-Q-TOF-MS analysis of phospholipid 
standards 

3.1.1 UPLC separation of a phospholipid standard 
mixture 

The performance of the UPLC separation was 
illustrated using a standard mixture, containing 10 
mg/L each of C14:0-C18:1-PC (Sigma-Aldrich, 
USA), C16:0-C18:1-PE (Avanti Polar Lipids, 
Alabaster, AL), diC14:0-PS (Sigma-Aldrich, USA), 
and C18:0-C20:4-PI (Sigma-Aldrich, USA) and     
2 mg/L diC14:0-PG (Sigma-Aldrich, USA), that was 
separated under the LC conditions described in 
Section 2.3. This system produced a highly efficient 
separation, and the peak shape for all five 
phospholipids standards was excellent with little if 
any tailing (Fig.1). In the negative ion mode, PC 
predominantly formed [M+HCOO]-, while the other 
four species formed [M-H]-. Formation of negative 
ions was reinforced by the added 0.02% ammonia in 
the mobile phase. 
 

 
Fig.1 Reversed-phase UPLC separation of phospholipid 

standards 
 

3.1.2 Regular ion patterns of phospholipid standards 
from MS  

 The regular ion patterns of phospholipid 
standards from MS were studied through analysis of 
phospholipid standards subjected to MS/MS. In 
negative ion mode, different phospholipid classes 
can produce characteristic fragment ions and neutral 

loss associated with fragmentation reactions of their 
specific polar head groups (Table 1, Fig.2). The 
precursor ion [M+HCOO]- of PC produced the 
fragment ion [M-CH3]- due to the neutral loss of 
C2H4O2 (60 Da), and also produced the fragment ion 
[C4H11O4NP]- (m/z 168), which was unique to PC. 
The precursor ion [M-H]- of PE produced the unique 
fragment ions [C2H7O4NP]- (m/z 140) and 
[C5H11O5NP]- (m/z 196). In addition, the precursor 
ion [M-H]- of PS produced the ion [M-H-87]- as the 
result of neutral loss of its head group C3H5O2N (87 
Da). The precursor ion [M-H]- of PG produced the 
unique fragment ions [C3H8O6P]- (m/z 171) and 
[C6H12O7P]- (m/z 227). The precursor ion [M-H]- of 
PI produced the characteristic fragment ion 
[C6H10O8P]- (m/z 241). Also, the product ion 
[C3H6O5P]- (m/z 153) was also found, but this was 
nonspecific and a common fragment formed by all 
glycerophospholipids, being higher in PS, PG, and PI 
and lower in PC and PE; it can be used to detect all 
glycerophospholipids that form negative ions. From 
these observations, these head group-specific 
fragmentations allowed the specific detection of 
specific phospholipid classes. 
Table 1 Characteristic ions and neutral loss of phospholipids 

in negative ion ESI-MS/MS 

Specificity Fragment structure Fragment 
type 

All 
glycerophospholipids

 

Characteristic 
ion of m/z 153

PC 

 

Characteristic
ion of m/z 168

PE 

 

Characteristic 
ion of m/z 140
 
Characteristic 
ion of m/z 196

PS 
 

Neutral loss of 
87 Da 

PG 
 

 

 

Characteristic 
ion of m/z 171
 
Characteristic 
ion of m/z 227

PI 

 

Characteristic 
ion of m/z 241
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Carboxylate anions [R1COO]- and [R2COO]- were 

also produced in MS/MS from all five phospholipid 
classes and the abundances of [R1COO]- and 
[R2COO]- were associated with the collision energy. 
In this work, the [R2COO]- signal was always higher 
than [R1COO]- for PC, PE, and PG at collision 
energies of 20–30 V. Conversely, the intensity of 
[R1COO]- intensity produced by PS was higher than 
[R2COO]- at collision energies of 20–30 V, while for 
PI the intensity of [R1COO]- was higher than 
[R2COO]- at higher collision energies of 40–80V. 
Thus, it was possible to establish the fatty acids and 
their positional distribution in different phospholipid 
molecules according to the relative signal intensities 
of the sn-1 to sn-2 carboxylate anions. Although 
there have been many reports regarding the analysis 
of phospholipids, such as PC, in positive ion mode, 
because the positive protonated molecular ion 
[M+H]+ yields the product ion [C5H15O4NP]+ (m/z 
184), which is also the diagnostic ion for this specific 
phospholipid class (Pulfer et al., 2003; Murphy et al., 
2001; Brugger et al., 1997; Hsu et al., 2003), the 
precursor ions do not produce any fragment ions 
which can be used to define the fatty acids and their 
positional distribution as was possible here in 
negative ion mode. Indeed, phospholipid classes, 
such as PI and PG, are poorly ionized in positive ion 
mode. Considering these problems, phospholipid 
detection in samples was conducted in negative ion 
mode in the following section because it was a more 

sensitive method that could simultaneously identify 
all five phospholipid classes. 

3.2 UPLC-Q-TOF-MS analysis of sample 

A novel MSE technique was used in the analysis of 
phospholipids in the microalga sample, whereby both 
precursor and fragment mass spectra were 
simultaneously acquired by alternating between high 
and low collision energies during a single 
chromatographic run. An UPLC was coupled with a 
Q-Tof Premier mass spectrometer operating in 
electrospray negative MSE mode and the resulting 
MSE chromatograms showed that the UPLC system 
produced a very efficient separation (Figs.3A and 
3B). According to the regular patterns of 
phospholipid standard MS mentioned above, the 
product ion (m/z 168) and neutral loss (60 Da) were 
both used to diagnose the presence of PC, the product 
ions (m/z 196 and 140) for PE, neutral loss (87 Da) 
for PS, the ion m/z 241 for PI, and the product ions 
m/z 196 and 140 for PG. Because both precursor and 
product ion peaks existed in the high collision MSE 
spectrum, extracted ion chromatograms (EIC, 
Figs.3C–F) for characteristic product ion of each 
individual lipid class were first extracted from the 
high collision energy scans (30 V) of MSE 
chromatograms (Fig.3B) using MassLynx 4.1 
software. Then, relevant parent ions of the 
characteristic product ions were located in the 
chromatogram peaks in EICs (Figs.3C–F). Although 

Fig.2 MS/MS spectra of negative ions of phospholipid
standards 

A, MS/MS spectrum of [M+HCOO]- ion of 14:0-18:1-PC at m/z 776.6
(collision energy 30 V); B, spectrum of [M-H]- ion of 16:0-18:1-PE at m/z
716.5 (collision energy 30 V); C, spectrum of [M-H]- ion of 16:0-18:1-PS
at m/z 760.5 (collision energy 30 V); D, spectrum of [M-H]- ion of
16:0-18:1-PG at m/z 747.5 (collision energy 30 V); E, spectrum of [M-H]-

ion of 18:0-20:4-PI at m/z 885.5 (collision energy 40 V) 
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PS could not be confirmed by this method because 
this class did not produce characteristic product ions, 
it could be confirmed after completing the analysis 
for the other four classes and thus analyzed according 
to the unknown signal peaks in the low collision 
energy (5 V) scans of MSE chromatograms (Fig.3A). 
PS molecular species were confirmed by identifying 
the neutral loss of 87 Da in the corresponding 
MS/MS spectra. 

 It is also important to note that not all signal peaks 
in EICs were target peaks of phospholipid molecular 
ions (Fig.3). For example, the signal peaks at 
retention time 2.03 min in Fig.3F were not PG 
molecular ions although m/z 171 and 227 existed in 
its corresponding MS/MS spectra, and other 
fragment ions did not conform to the fragmentation 
patterns of PG (Fig.4). Thus, definitive phospholipid 
molecular species identification required 
confirmation by MS/MS through corroborative 
analyses of head groups and fatty acyl groups 
esterified at the sn-1 and sn-2 positions. There have 
been many reports based on characteristic product 
ion and neutral loss detection of individual lipid 
classes performed directly on a triple-quadrupole 
instrument without pre-separation of extracted 
phospholipids through chromatography (Welti et al., 
2002; Taguchi et al., 2005). Although this method is 
easy and has high throughput, some signals targeting 

phospholipids may be false-positive. In a similar 
manner, final confirmation of identifications is 
needed by analyzing the MS/MS spectra of 
individual molecular species. Therefore, after 
individual lipid species were confirmed, the two acyl 
chains and their positional distribution were further 
established by the method mentioned in Section 3.1.2. 
In this way, 7 PC, 2 PE, 2 PI and, 7 PG molecular 
species have been unequivocally identified in 
Nitzschia closterium (Table 2). Eukaryotic algae are 
a diverse group of organisms and their lipid 
compositions have been studied less than those of 
higher plants. Compared with the results reported by 
Welti et al. (2002), Nitzschia closterium contains 
phospholipids quite different from those in the higher 
plant Arabidopsis both in quantity or variety. 
Although both species contain PC, PE, PI, and PG, 
this alga has fewer phospholipid species than this 
higher plant which had 11 PC, 9 PE, 2 PI, and 4 PG. 

Shui et al. (2007) have reported that the ion 
response was linear over biologically relevant 
concentration ranges for a number of different lipids 
and that internal lipid standards were added to 
samples for semiquantitative analysis. Sommer et al. 
(2006) also performed similar semiquantitative 
analyses of complex lipid mixtures. Thus, in this 
study, lipid standards of 10 mg/L each of PC, PE, and 

  
Fig.3 Chromatogram of UPLC-MS separation of analytes extracted from Nitzschia closterium under negative MSE mode 

(collision energy: A, 5 V; B, 30 V) 
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Table 2 Phospholipids in Nitzschia closterium 

R1- R2(PC) Content 
(nmol/mg) R1- R2(PG) Content 

(nmol/mg) R1- R2(PE) Content 
(nmol/mg) R1- R2(PI) Content 

(nmol/mg) 
16:1-16:0-PC 0.93 16:0-16:1-PG 3.37 16:0-19:1-PE 1.05 16:0-16:1-PI 0.14 
18:1-18:1-PC 0.79 16:0-19:1-PG 0.25 19:1-18:1-PE 0.60 16:1-16:1-PI 0.45 
20:5-16:2-PC 0.16 18:1-18:1-PG 2.25     

18:1-19:1-PC 1.25 20:5-16:0-PG 1.75     

18:1-20:5-PC 0.21 19:1-18:1-PG 1.80     

18:1-22:6-PC 0.30 19:1-19:1-PG 0.78     

20:5-20:5-PC 0.09 22:6-16:1-PG 0.37     

Total 3.73 Total 10.57 Total 1.65 Total 0.59 

 

 
Fig.4 MS/MS spectra of negative ion m/z 785.5 

PI and 2 mg/L PG were added into total lipids as 
internal standards to allow semiquantitative analysis 
(Table 2). The results indicated that the PC 
concentration in Nitzschia closterium was between 
0.09 and 1.25 nmol/mg and C18:1-C19:1-PC, 
C16:1-C16:0-PC, and diC18:1-PC were the major 
PC molecular species. The PG concentration was 
between 0.25 and 2.25 nmol/mg and the major PG 
species were C16:0-C16:1-PG and diC18:1-PG. The 
PE concentration was between 0.60 and 
1.05 nmol/mg and C16:0-C19:1-PE was the major 
PE species. Lastly, the PI concentration was between 
0.14 and 0.45 nmol/mg and the major PI species was 
C16:1-C16:1-PI. 

4 CONCLUSION 
A method for phospholipid analysis of the 

microalga Nitzschia closterium has been established 
using UPLC-Q-TOF-MS, based on regular ion 
patterns of phospholipid standards mass spectrometry. 
The results clearly showed that complex, intact, 
phospholipid molecules were separated efficiently by 
UPLC under carefully designed LC conditions. The 
combination of characteristic product ions, neutral 
loss, and MS/MS identified precisely not only the 
head group for different lipid classes, but also the 
exact fatty acyl chain regiochemistry. This case study 
of Nitzschia closterium revealed phospholipid 
concentrations between 0.09 and 3.37 nmol/mg and 
identified 18 lipid molecular species, providing 
useful information of this species' phospholipid 
lipidome. In conclusion, this method provided a very 

effective, biochemical, analytical tool for precise 
identification of intact phospholipids within marine 
alga, and could be applied to study the ecological 
physiology of marine microalgae through monitoring 
of changes in lipid profiles. 
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