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Abstract

Phospholipids are the major components of cellular membranes and pos-

sess important biological roles. Despite their significance in diagnosis and

therapeutic application in various diseases, systematic profiling of phospho-

lipids remains challenging due to time-consuming sample preparation and

their inherent structure complexity. Taking advantages of complementary,

simple, and fast structural analysis by matrix-assisted laser desorption ioni-

zation-time of flight mass spectrometry (MALDI-TOF MS) and Fourier

transform infrared spectroscopy (FTIR), we reported a nanoprobe-based

dual detection strategy for large-scale phospholipid profiling. Based on elec-

trostatic interaction between nitrilotriacetic acid (NTA) chelated iron ion

and phosphate head on phospholipids, we developed an NTA-decorated

magnetic nanoparticle (MNP)-based strategy for enrichment of phospho-

lipids from lung cancer cell lines. Compared to the conventional liquid–liq-
uid extraction, NTA@MNP nanoprobe enrichment demonstrated 2.6-fold

more identified phospholipids. By direct on-particle analysis, FTIR con-

firmed the P-O-C and phosphate stretching characteristic of the phospho-

lipid head group, and MALDI-TOF MS identified a total of

59 phospholipids from PC9 and A549 lung cancer cells. Comparing the vari-

ation of phospholipids between two cell lines, we identified significantly

more phospholipids in the PC9 cells (49) compared to 35 phospholipids in

the A549 cells. The comparison also revealed 24 and 10 cell line-specific

phospholipids in the PC9 and A549 cells, respectively. Given the demon-

strated rapid enrichment and unambiguous identification of phospholipids

at cellular levels, the developed approach can provide systematic profiling

to study the under-explored phospholipid species.
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1 | INTRODUCTION

Lipids are a category of structurally diverse molecules that
have essential biological functions.[1] As a class of lipids,
phospholipids are the major constituents of all cellular
membranes.[2,3] Due to their special arrangement as a lipid
bilayer to protect the interior of cells and enable selective
transport processes,[4] phospholipids play important roles in
the biological membranes such as energy storage, cellular
signaling, membrane trafficking, and cell–cell interac-
tions.[5,6] Imbalance and alteration of phospholipids cause
serious conditions in living organisms, such as chronic
inflammation, cardiovascular diseases, diabetes, and neuro-
degenerative diseases.[7] Structurally, phospholipids consist
of a hydrophilic phosphate head group, and a hydrophobic
glycerol backbone which is esterified with fatty acids.[8] The
phosphate group can be modified with simple organic mol-
ecules such as choline, ethanolamine or serine while the
sn-1 and sn-2 position of the glycerol.[3] Based on their polar
head group modification, they are divided into subclasses
including phosphatidylcholine (PC), phosphatidylethanol-
amine, phosphatidylserine, phosphatidylglycerol, and
phosphatidylinositol.[9]

The phospholipid research has attracted much atten-
tion due to their important role in disease biomarker dis-
covery.[10] Identification of abnormal phospholipids
associated with disease nominate translational opportu-
nity for the development of new diagnostic and therapeu-
tics for various diseases, such as cancer, diabetes, and
neurodegenerative diseases.[5,11] However, due to the
inherent chemical complexity, the analysis of phospho-
lipids and lipids is challenging and has less progress com-
pared with other “omics” technologies.[7]

Owing to its high sensitivity and specificity, mass
spectrometry (MS) is a powerful tool to characterize
phospholipids.[10] Particularly, the soft-ionization tech-
niques such as electrospray ionization and matrix-
assisted laser desorption ionization (MALDI) MS have
been utilized in the structural characterization of phos-
pholipids present in biological samples for the develop-
ment of novel phospholipid-based biomarkers.[5] The
high-performance liquid chromatography coupled with
high-resolution MS has been the most commonly used
platform for phospholipid analysis.[12] Nevertheless,
derivatization techniques are required to increase the
ionization efficiency for phospholipid precursor ions and
introduce a selective fragment for neutral loss scans.[7]

Compared to LC–MS, MALDI-TOF MS is a promising
alternative technique for the analysis of phospholipids due
to the instrumental robustness, speed of analysis, and high
sensitivity.[10,11,13] Fuchs et al utilized the MALDI-TOF MS
for the determination of spermatozoa phospholipid compo-
sition from several ruminantia and feloideae species. The

fingerprint of phospholipids species has been reported that
allows the differentiation between both animal groups.[13]

The various methods for analyzing phospholipids in urine
have been compared and optimized from a clinical perspec-
tive. Li et al has identified a total of 31 lipid species from
three lower urinary tract male patients using MALDI-TOF
MS.[14] Lee et al analyzed 21 pairs of cancerous and adja-
cent normal tissues from 21 patients with non-small cell
lung cancer (NSCLC). Several phospholipids including PC
(34:1) were identified to show differentiating power
between the cancer and normal tissues with 92.9% accu-
racy.[15] By a surface-printed microdot array chip coupled
with MALDI MS, 12 phospholipids have been reported at
the single-cell level and the structures were confirmed by
MS/MS.[16]

Compared to above-mentioned advancements of MS
methods, development of selective isolation and enrichment
strategies for phospholipids has gained less attention. Liq-
uid–liquid extraction (LLE) techniques are the most widely
utilized technique for extraction of phospholipids.[17] How-
ever, there is a high risk of precipitation of contaminating
compounds (salt or interference from the matrix)[6] to cause
potential interference in the MS analysis. To provide a
highly efficient method for selective enrichment and struc-
tural characterization of phospholipids, in this study, we
report a nanoparticle-based phospholipid enrichment strat-
egy and integrate with dual on-nanoparticle detection by
spectroscopy and MS. Based on the electrostatic interaction
between chelated iron ion in NTA and the phosphate head
group in phospholipids, nitrilotriacetic acid conjugated
magnetic nanoparticle (NTA@MNP) were designed and
fabricated to enrich phospholipids from cells. The
NTA@MNP offers advantages of rapid purification with
magnetic collection and direct detection on nanoparticles
without the need of analyte elution, which can be achieved
by using Fourier transform infrared spectroscopy (FTIR) to
confirm the functionality in phospholipids as well as
MALDI-TOF MS to identify the molecular formulas. Using
lung cancer cell line (PC9 and A549) as a model, the feasi-
bility of the reported strategy was demonstrated on the
large-scale identification of cellular phospholipids and their
variation of between two cell lines.

2 | RESULTS AND DISCUSSION

Scheme 1 shows the integrated pipeline for nanoprobe-
based phospholipid identification and characterization by
MALDI-TOF MS and FTIR. First, the NTA@MNP were
fabricated following our previously reported protocol.[18]

Second, the NTA@MNP affinity probe was activated by
ferric ion (Fe3+) which is responsible for electrostatic
interaction with the phosphate head group of
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phospholipids. Third, enrichment of phospholipids is
achieved by incubation of the activated Fe3+-NTA@MNP
with phospholipids extract mixture. Fourth, NTA@MNP-
captured phospholipids were separated from the solution
by magnet, then the samples were dried and reconstituted.
Finally, structural characterization of phospholipids was
performed using MALDI-TOF MS and FTIR. The FTIR
experiment was designed for a fast assessment of phospho-
lipids on the NTA@MNP nanoprobe after enrichment,
followed by identification and structural elucidation of the
phospholipids based on the MALDI-TOF MS. All the mass
spectra were acquired in positive ion mode and the online
database search was utilized to facilitate and confirm the
assignment of phospholipids. The LIPID MAPS online dat-
abase[19,20]search result was used for MS peaks assignment
and the detailed structure was also further confirmed by
tandem MS analysis.

2.1 | Assessment of NTA@MNP for
standard phospholipid enrichment

The enrichment performance of NTA@MNP nanoprobe
for phospholipids was firstly evaluated by using reference

phospholipid standards. The standard solutions of two
phospholipids PC(16:0/16:0) and PC(18:1/18:1) were pre-
pared in methanol and then the enrichment was per-
formed by mixing with NTA@MNP with 1:5 ratio. These
standards are PC classes with different acyl side chains
(insert structures in Figure 1a,b). The PCs were success-
fully enriched by NTA@MNP and the characteristic
molecular ion peaks were observed in the MALDI-TOF
MS spectra. The peak at m/z 734.6 matched to the theo-
retical mass of proton adduct [M + H]+ (734.57) of PC
(16:0/16:0) (Figure 1a) and the peak at m/z 786.6 was
assigned to PC(18:1/18:1), theoretical mass (786.60)
(Figure 1b).

Compared to the MALDI-TOF MS, FTIR is a power-
ful alternative analytical technique for the rapid identifi-
cation of functional groups.[21] The FTIR method has
also been demonstrated for the identification of phospho-
lipids from vegetable oil and plasma.[22,23] In the current
study, we first prepared the pure phospholipid standard
of PC(16:0/16:0) for FTIR analysis to identify the vibra-
tion bands of phospholipids. The peaks in the 900–
1500 cm�1 region were attributed to vibration bands of
P-O-C and phosphate stretching in the phospholipid head
group, whose results are consistent with the previous

SCHEME 1 Analytical workflow of NTA@MNP-based phospholipid enrichment and structural analysis. Nitrilotriacetic acid (NTA) is

conjugated onto the magnetic nanoparticle (MNP), then phospholipids were extracted and enriched from lung cancer cell lines followed by

structural characterization using on-particle detection using MALDI-TOF MS and FTIR
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studies.[22] In addition to the head group, the C-H
stretching of acyl side chains lies between 2800 and
3000 cm�1 which was fairly strong compared to other
vibration bands in the head group (Figure 1c). The result
indicated that phospholipids were effectively bound and
isolated from the solution by the NTA@MNP nanoprobe.
The clean background and high-intensity peaks illustrate
that the NTA@MNP nanoprobe did not interfere in the
ionization process for MS detection (Figure 1).

2.2 | Phospholipid enrichment and
characterization from lung cancer
cell lines

The feasibility of comprehensive enrichment and analysis
protocols for complex samples was further evaluated for the
identification of phospholipids from two lung cancer cell

lines (PC9 and A549). LLE using chloroform, methanol,
and water is the conventional method for phospholipid
extraction from the real sample.[24–26] To assess the perfor-
mance of our nanoprobe, we compared the enrichment
capability of LLE and NTA@MNP for phospholipid identifi-
cation. The extracted phospholipids from the two strategies
were subjected to MALDI-TOF MS analysis. All mass spec-
tra were acquired in reflector positive ionization mode and
all of the peaks are corresponding to the proton adduct. The
possible structure of different phospholipids was assigned
based on the intact mass matching with mass accuracy of
0.5 Da from online LIPID MAPS database search result and
MS/MS fragmentation pattern. Only 19 phospholipids were
detected by the conventional LLE (Figure 2a), whereas dra-
matically higher number of 49 phospholipids were identi-
fied using NTA@MNP enrichment (Figure 2b),
corresponding to 2.6-fold more phospholipids. The compari-
son reveals that NTA@MNP nanoprobe-based strategy pro-
vides superior enrichment performance with higher
number of identified phospholipids from the cell extract
compared to the conventional LLE.

To confirm the characteristic functional group on the
phospholipids, the NTA@MNP-isolated phospholipids from
the PC9 cell line were also submitted to FTIR analysis. The
NTA@MNP spectrum was used as a control background to
eliminate the interference vibration bands from the nano-
material. The resulting FTIR spectrum was compared with
the pure standard phospholipid spectrum. Very similar
FTIR spectra were observed from the cell line and the stan-
dard phospholipid (Figure 2c). The strong pair of vibration
bands between 2800 and 3000 cm�1 was due to the C-H
stretching of the acyl side chains, and the peaks in the
region below 2000 cm�1 indicated the vibration bands of
the head group stretching. Particularly, vibration bands at
1740, 1470, and 1070 cm�1 represented the C=O, C-N, and
P-O-C stretching, respectively. Taken together, results from
both the MALDI-TOF MS and FTIR results demonstrated
the effective isolation of phospholipids from the cell line
matrix by using the NTA@MNP nanoprobe. The FTIR
result unambiguously confirmed the characteristic phos-
phate functional group, while MS complementarity identi-
fied the different unknown phospholipid species. Overall,
NTA@MNP nanoprobe-based MALDI-TOF MS and FTIR
profiling successfully revealed the phospholipid composi-
tion in the human cancer cell lines.

2.3 | MALDI-TOF MS/MS for
phospholipid structural elucidation

The detailed structural determination of identified phos-
pholipids was conducted using MALDI-TOF MS/MS frag-
mentation. First, the MS/MS of the two reference

FIGURE 1 MALDI TOF MS and FTIR spectra of reference

phospholipid standards after NTA@MNP enrichment. (a) MS

spectrum of 1,2-dihexadecanoyl-sn-glycero-3-phosphocholine PC

(16:0/16:0). (b) MS spectrum of 1,2-di-(9Z-octadecenoyl)-sn-glycero-

3-phosphocholine PC(18:1/18:1). (c) FTIR spectrum of

1,2-dihexadecanoyl-sn-glycero-3-phosphocholine PC(16:0/16:0)
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standards (PC(16:0/16:0) and PC(18:1/18:1)) were per-
formed to evaluate the fragmentation pattern of phospho-
lipids in MALDI-TOF MS/MS. The result shows both
standards produced a moderate degree of fragmentation
from the precursor ions. The fragment ions were com-
monly found in two m/z regions (Figure 3). The major
peaks in the lower mass range (m/z < 200), including

m/z 86.0, 104.1, 147.0, and 184.1 and 198.1, correspond to
the phospholipid head group fragmentation (Figure 3), in
the higher mass region (m/z > 400), signature fragments
can be assigned to identify the phospholipid structure,
including m/z 478.3, 496.3, and 551.4 from PC(16:0/16:0)
fragmentation (Figure 3a), as well as m/z 504.3, 522.3,
and 603.5 ion from PC(18:1/18:1) from the cleavage of

FIGURE 2 Representative positive ion MALDI-TOF mass spectra and FTIR spectra of the extracted phospholipids from PC9 cancer cell

line. (a) MALDI-TOF mass spectrum of phospholipids after NTA@MNP enrichment. (b) MALDI-TOF mass spectrum of phospholipids

extract following the conventional chloroform—methanol (CHCl3-MeOH, 2:1 vol/vol) liquid–liquid extraction. (c) FTIR spectrum of

phospholipids after NTA@MNP enrichment from PC9 cell line
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bonds in glycerol (sn1, sn2, and sn3) (Figure 3b). Previ-
ous studies also demonstrated a similar fragmentation
pattern (86.0, 104.1, 147.0, and 184.1 fragments) of phos-
pholipids.[27] The fragment ions in the lower mass range
provide information about the possible head group modi-
fication. In addition, the prediction of the acyl fatty acid
chain length and unsaturation was enabled by the detec-
tion of fragment ions in the sn1, sn2, and sn3 of glycerol.

In the spectra of PC(16:0/16:0) (Figure 3a), the base
peak at m/z 184.1 corresponds to the cleavage of the pho-
sphocholine head group. The fragment ion at m/z
147 was produced by the neutral loss of 59 from the
sodium adduct of the dominant fragment ion at m/z
184.1. The fragment ion at m/z 104.1 was formed through
a loss of a phosphate group from the choline head group.

A further loss of water from ions at m/z 104.1 resulted in
a protonated fragment at m/z 86.0 (Figure 3). These frag-
ment ions are considered as characteristic fragment ions
for PC and pysophosphatidylcholine (LPC).[6,28] The two
reference standards are the same class and have the same
head groups. As a result, identical fragment ions were
observed in the low mass range. However, due to acyl
side chain difference, the two standards produced differ-
ent fragment ions in the higher mass range (Figure 3a,b).
The fragment ions of PC(16:0/16:0) at m/z 551.4 (proton
adduct) and 573 (sodium adduct) indicate the length of
the side chains. Most importantly, the two fragments at
m/z 478.3 and 496.3 were critical to differentiate the pos-
sible combination of the two side-by-side chains of fatty
acid (tails) (Figure 3a). Similar information has also

FIGURE 3 MALDI-TOF MS/MS spectra of reference phospholipid standards recorded in the positive ionization mode.

(a) PC(16:0/16:0). (b) PC(18:1/18:1)
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prevailed in the second standard MS/MS spectrum. The
peaks at 603.5 (proton adduct) and 625 (sodium adduct)
provide information about the length of PC(36:2) side
chains. In addition, the evidence from m/z 504.3 and
522.3 fragment ions can be utilized to discriminate the
side chain arrangement PC(18:1/18:1) (Figure 3b).

Therefore, MS/MS spectra provide information about the
possible combination of acyl chains that are attached to
the head group.

Similar to the phospholipid standards, the representa-
tive MS/MS spectra of selected precursors detected in the
lung cancer cell lines are demonstrated in Figure 4. Very

FIGURE 4 Representative MALDI-TOF MS/MS spectra of phospholipids extracted from the lung cancer cell line extract. (a) PC 32:1,

m/z 732.6. (b) PC 34:1, m/z 760.6. (c) PC 36:2 m/z 786.6
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strong fragment ions at m/z 184.1 and other fragments in
lower mass range (m/z 86.1, 104.2, 147.0) were observed
in all the three precursor ions, which confirm the annota-
tion of selected phospholipid molecular ions for PC. The
other fragment ions in the higher mass range also indicate
some information about the possible side chains
(Figure 4). From the MS spectra and the fragment ion at
m/z 549.5, the precursor m/z 732.6 was matched with the
PC 32:1 structure. Furthermore, the three fragment ions at
m/z 478.3, 496.4, and 523.5 suggest that the PC(16:0/16:1)
was the possible side chain combination (Figure 4a). Like-
wise, the side chain arrangement of PC(18:1/16:0) and
PC(18:1/18:1) were assigned for precursors at m/z 760.8
and 786.6, respectively (Figure 4b,c). Despite the challenge
in structural discrimination of several isomers of
phospholipids,[27] the possible structure of phospholipids
was identified after careful examination of the MS/MS
fragment ions. However, the detailed characterization of
released acyl side chains such as the position of double
bonds is still a major bottleneck of MALDI-TOF MS due
to the extremely high energy barrier of C-C bond cleavage
from the acyl side chains.[10]

2.4 | Differential phospholipid profiles
among lung cancer cell lines

To demonstrate the application of the dual detection plat-
form, two lung cancer cell lines (PC9 and A549) were
selected to compare the variation of phospholipid compo-
sitions within different cancer cells. First, the MALDI-
TOF MS peaks were searched against the LIPID MAPS
structure database, then the best match structures were
selected based on the mass accuracy. Further structural
information on the types of phospholipid and the possible
side-chain compositions were assigned according to the
MS/MS fragment ions produced in the head group and
glycerol backbone. Overall, 59 phospholipids were identi-
fied and all phospholipids found in both lung cancer cell
lines are listed in Table 1. As shown in the summary and
comparison of identified phospholipids in the two cancer
cell lines (Figure 5), PC is the major component in both
cell lines which covers 30 identified phospholipids of all
identified results (50.8%), followed by 11 LPC species
(18.6%). Other phospholipid species are relatively less
abundant in both the cells. The current finding is aligned
with previous studies that PC is a major phospholipid
species that covers approximately 40% of all eukaryotic
cellular membranes.[4,29] Compared to the previous study
that 28 PC and 17 LPC species were identified from the
human red blood cells.,[28] comparable results were
obtained by enrichment by NTA@MNP and MALDI-
TOF MS and LC–MS/MS analysis. Based on the

advantage of rapid enrichment by NTA@MNP, our
method can be used for quick screening of phospholipids
without using the conventional time-consuming phospho-
lipids extraction techniques. Comparing the variation of
phospholipids between two cell lines, we observed a differ-
ent trend on the number of phospholipids (Figure 5b). In
the PC9 cells, more phospholipids (49) were identified, com-
pared to 35 phospholipids detected in the A549 cells. On
the other hand, slightly more Lysophosphatidylcholine[8]

were identified in the A549 cells compared to PC9 cells.[7]

Besides the common 25 phospholipids, interestingly, 24 and
10 cell line-specific phospholipids were observed in the PC9
and A549 cells, respectively (Figure 5b). These results rev-
ealed different profiles in different cell lines although both
cells derive from the same origin of lung cancer. Due to
their functional role in the pathogenesis of various diseases
such as diabetes and cancer,[28] the identified phospholipids
may provide insight for further studies. To delineate the
comprehensive profiles for endogenous phospholipids, sys-
temic analysis from different cells and disease types will be
required.

3 | EXPERIMENTAL

3.1 | Fabrication of NTA@MNP
nanoprobe

The NTA@MNP was fabricated following the previously
reported method.[18] Briefly, the core Fe3O4 MNPs
(120 mg) obtained by alkaline hydrolysis of Fe3+ and Fe2+

were coated with silane with tetraethyl orthosilicate (TEOS
0.1 ml) in ammonia solution (33%, 1.6 ml), followed by sur-
face blocking with a mixture of 3-Aminopropy trimethoxy
silane (APS) and polyethylene glycol-400 (PEG) (20:1,
0.4 ml: 20 μl). The PEG-blocked MNP (15 mg) was
factionalized with suberic acid bis (N-hydroxy-succinimide
ester [DSS] [75 mg]) then decoration of the material with
Na,Na-bis (carboxy methyl)-L-lysine hydrate (NTA)
(206 mM). Finally, magnetic separation, the supernatant
was removed and the particles were washed three times
with deionized water. The NTA@MNP particle was
suspended in deionized water and stored at 4�C for
future use.

3.2 | Cell culture

The human lung adenocarcinoma PC9 and A549 cell
lines were cultured in RPMI-1640 medium supplemented
with fetal bovine serum (FBS) (10% vol/vol), sodium
bicarbonate (2% wt/vol), 1 mM sodium pyruvate, 1% pen-
icillin G (GibcoBRL, Gaithersburg, MD), and 100 μg/ml
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TABLE 1 The list of all detected phospholipids from PC9 and A549 lung cancer cell lines

No. Experimental m/z Theoretical m/z Formula Name PC9 A549

1 464.4 464.28 C22H42NO7P LPE 17:2 v

2 468.4 468.31 C22H46NO7P LPC 14:0 v

3 478.4 478.29 C23H44NO7P LPE 18:2 v v

4 494.4 494.32 C24H48NO7P LPC 16:1 v

5 496.4 496.34 C24H50NO7P LPC 16:0 v v

6 504.4 504.31 C25H46NO7P LPE 20:3 v v

7 506.4 506.32 C25H48NO7P LPC 17:2 v

8 507.3 507.27 C24H43O9P LPG 18:3 v

9 522.4 522.36 C26H52NO7P LPC 18:1 v v

10 524.4 524.37 C26H54NO7P LPC 18:0 v

11 544.4 544.34 C28H50NO7P LPC 20:4 v

12 550.4 550.39 C28H56NO7P LPC 20:1 v

13 557.5 557.27 C24H45O12P LPI 15:1 v

14 566.4 566.42 C29H60NO7P LPC 21:0 v

15 573.5 573.30 C25H49O12P LPI 16:0 v

16 580.4 580.43 C30H62NO7P LPC 22:0 v v

17 594.4 594.41 C30H60NO8P PC 22:0 v v

18 599.6 599.32 C27H51O12P LPI 18:1 v

19 608.4 608.47 C32H66NO7P LPC 24:0 v v

20 615.6 615.35 C28H55O12P LPI 19:0 v

21 622.5 622.44 C32H64NO8P PC 24:0 v v

22 624.5 624.39 C30H58NO10P PS 24:0 v

23 631.6 631.43 C34H63O8P PA 31:2 v

24 636.5 636.46 C33H66NO8P PC 25:0 v v

25 638.5 638.40 C31H60NO10P PS 25:0 v v

26 639.4 639.40 C35H59O8P PA 32:5 v

27 650.5 650.48 C34H68NO8P PC 26:0 v v

28 656.5 656.43 C35H62NO8P PE 30:4 v

29 664.5 664.49 C35H70NO8P PC 27:0 v v

30 666.5 666.43 C33H64NO10P PS 27:0 v v

31 676.5 676.49 C36H70NO8P PC 28:1 v

32 678.5 678.51 C36H72NO8P PC 28:0 v v

33 680.5 680.45 C34H66NO10P PS 28:0 v

34 685.5 685.48 C38H69O8P PA 35:3 v

35 690.5 690.51 C37H72NO8P PC 29:1 v

36 692.5 692.52 C37H74NO8P PC 29:0 v

37 694.6 694.47 C35H68NO10P PS 29:0 v

38 704.5 704.52 C38H74NO8P PC 30:1 v

39 706.6 706.54 C38H76NO8P PC 30:0 v v

40 718.6 718.54 C39H76NO8P PC 31:1 v v

41 720.6 720.55 C39H78NO8P PC 31:0 v v

42 732.6 732.55 C40H78NO8P PC 32:1 v v

43 734.6 734.57 C40H80NO8P PC 32:0 v v

(Continues)
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streptomycin at 37�C in a humidified 5% CO2/95% air.
Cells were washed three times with phosphate-buffered
saline (PBS, 0.01 M sodium phosphate, 0.14 M NaCl,
pH 7.4) (Sigma, St Louis, MO) and harvested.

3.3 | Phospholipid extraction procedure

Phospholipids were extracted using liquid–liquid extrac-
tion following the Folch procedure.[27] Briefly, the ice-
cold chloroform and methanol (2:1, vol/vol) were added
to the pellet cells and the sample was suspended. The
suspension was vortexed occasionally to bring about
physical mixing and the sample was incubated on ice for
30 min. After the addition of water, which was used to
separate the aqueous and organic layers, the suspension

was incubated on ice for an additional 10 min. Samples
were centrifuged at 2000 rpm for 5 min at 4�C. The lower
phase (organic) layer was transferred to a new tube. The
aqueous layer was re-extracted with 1 ml of 2:1, vol/vol
chloroform/methanol. The chloroform layers were com-
bined for analysis.[16]

3.4 | Phospholipid enrichment protocol

Ninety micrograms (90 μg) NTA@MNP were activated
with Fe3+ ion by adding 120 μl of 2.5 mM of FeCl3 with
0.1 M ammonium acetate (NH4OAc) in 100 μl acetic
acid-dd H2O solution (pH = 5–7) and mixed for 80 min.
The activated Fe3+-NTA@MNP was further incubated
with phospholipid extract for 100 min, and the

TABLE 1 (Continued)

No. Experimental m/z Theoretical m/z Formula Name PC9 A549

44 746.6 746.57 C41H80NO8P PC 33:1 v v

45 758.6 758.57 C42H80NO8P PC 34:2 v v

46 760.6 760.59 C42H82NO8P PC 34:1 v v

47 768.6 768.55 C43H78NO8P PC 35:4 v

48 772.6 772.59 C43H82NO8P PC 35:2 v

49 774.6 774.60 C43H84NO8P PC 35:1 v v

50 782.6 782.57 C44H80NO8P PC 36:4 v v

51 784.6 784.59 C44H82NO8P PC 36:3 v

52 786.6 786.60 C44H84NO8P PC 36:2 v v

53 788.6 788.62 C44H86NO8P PC 36:1 v

54 798.6 798.60 C45H84NO8P PC 37:3 v

55 802.5 802.54 C46H76NO8P PC 38:8 v

56 806.6 806.57 C46H80NO8P PC 38:6 v

57 808.6 808.59 C46H82NO8P PC 38:5 v

58 810.6 810.60 C46H84NO8P PC 38:4 v

59 834.6 834.60 C48H84NO8P PC 40:6 v

FIGURE 5 Comparison of

the classes and number of

phospholipids identified in two

lung cancer cell lines. (a) The

distribution of detected

phospholipids in class. (b) The

Venn diagram of identified

phospholipids in PC9 and A549

cancer cell lines
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phospholipid bind Fe3+-NTA@MNP complexes were sep-
arated by magnet, dried in speed vac, and re-constituted
in 10 μl 50% acetonitrile/0.1% trifluoracetic acid solution.
One microliter of the reconstituted sample was mixed
with 1 μl of DHB matrix directly on the MALDI target,
dried, and analyzed in MALDI-TOF MS instrument.

3.5 | MALDI-TOF mass spectrometry

All the mass spectra were acquired on a Bruker, New
ultrafleXtremeTM, mass spectrometer (Bruker Daltonics,
Bremen, Germany) equipped with an Nd-YAG laser
(255 nm) operating at a repetition rate of 200 Hz. The
spectra were recorded in reflectron mode using an accel-
erating voltage of 20 kV and a grid voltage of 16 kV in
the MS/MS mode using CID gas (air). For accurate mass
measurements, the instrument was calibrated with
known standards polyethylene glycol (PEG) and Angio-
tensin 1 for MS and MS/MS, respectively. The MS/MS
measurements were conducted using a collision energy
of 1 kV and a CID gas pressure of 3.7 � 10–6 Torr. A typi-
cal mass spectrum was obtained by averaging 2000 laser
shots, and the data were processed and analyzed with the
Flex Analysis software 3.4 (Bruker, Daltonics).

4 | CONCLUSIONS

In the present study, we demonstrated a nanoparticle-
based phospholipid enrichment strategy with dual detec-
tion by FTIR spectroscopy and MS for large-scale struc-
tural characterization of phospholipids in the cancer cell
lines. The iron-activated NTA@MNP material provides a
rapid and facile sample preparation for extraction of
endogenous phospholipids. It is the first time that com-
plementary FTIR and MS were used for rapid characteri-
zation and further structural assignment, respectively.
Although the FTIR cannot provide complete structural
information of unknown compounds in the complex
sample, it is a rapid method to identify the P-O-C and
phosphate stretching which are characteristics of phos-
pholipids. Though the selective enrichment of phospho-
lipids is based on the generic electrostatic affinity of the
iron-activated NTA@MNP with the phosphate head
group, such affinity and following washing and MALDI
MS steps may potentially favor stronger binder or detect-
able species. As a result, the lower molecular weight
phospholipids like LPCs were identified after enrich-
ment. Despite LC–MS/MS has been commonly used for
the separation and profiling of phospholipids, our
approach offers the advantage of fast screening of phos-
pholipids without derivatization and retention time

profiling. Given the demonstrated efficiency in rapid
enrichment and unambiguous identification of phospho-
lipids at cellular levels, we expect that the reported
approach can be applied to other sample types to study
the under-explored phospholipid species.
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