
lable at ScienceDirect

Analytica Chimica Acta xxx (xxxx) xxx
Contents lists avai
Analytica Chimica Acta

journal homepage: www.elsevier .com/locate/aca
High throughput lipid profiling for subtype classification of
hepatocellular carcinoma cell lines and tumor tissues

Tao Wang a, Xiaoming Chen a, Chunyan Luan b, Jianmin Wu a, *

a Institution of Analytical Chemistry, Department of Chemistry, Zhejiang University, Hangzhou, 310058, China
b Well-Healthcare Technologies, Co. LTD, Hangzhou, 310051, China
h i g h l i g h t s
* Corresponding author.
E-mail address: wjm-st1@zju.edu.cn (J. Wu).

https://doi.org/10.1016/j.aca.2020.02.019
0003-2670/© 2020 Elsevier B.V. All rights reserved.

Please cite this article as: T. Wang et al., Hi
tumor tissues, Analytica Chimica Acta, https
g r a p h i c a l a b s t r a c t
� A nanostructure assisted LDI chip
was developed for high throughput
detection of cell lipids.

� A good repeatability of cell lipid
profile could be obtained by inner-
cluster data normalization method.

� Five types of hepatocellular carci-
noma cell lines were successfully
differentiated by the established sta-
tistical model.

� The cell recognition model could
identify cell subtype in mixed cells,
xenogeneic tumor tissues, and drug-
treated cells.
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Cell heterogeneity of tumor tissues is one of the causes of cancer recurrence after chemotherapy. Cell
subtype identification in tumor tissues of specific cancer is critical for precision medicine and prognosis.
As the structural and functional components of cells, lipids are closely related to the apparent
morphology of cells. They are potential biomarkers of species of cancers and can be used to classify
different cancer cell types, but it remains a challenge to establish a stable cell differentiation model and
extend it to tumor tissue cell subtype differentiation. Here we describe a lipid profiling method based on
nanostructure assisted laser desorption/ionization mass spectrometry (NALDI-MS), which could classify
five hepatocellular carcinoma (HCC) cell lines and discriminate subtype of mixed cells and tumor tissues.
The NALDI target was patterned with array of sample spots containing vertical silicon nanowires (Si
NWs). Owing to its high ability to absorb laser energy, the vertical Si NWs can help to generate abundant
lipid ions of cell extracts without need of organic matrix. Combined with statistical analysis methods,
twenty-two ion peaks distributed in four MS peak clusters were selected as potential biomarkers to
distinguish the subtype of the five HCC cell lines. Peak normalization was performed within each MS
peak cluster to reduce the variation of peak intensity in batch to batch analysis. Compared to full-
spectrum normalization method, the inner-cluster normalization method could help to distinguish cell
subtype more stably and accurately. The molecular structure of these biomarkers was identified and
sorted into two classes including phosphatidylcholine (PE, PI, PG, PA, PS) and glycosphingolipid (LacCer,
ST). Furthermore, the established method was successfully applied to identify the major HCC cell subtype
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://doi.org/10.1016/j.aca.2020.02.019

mailto:wjm-st1@zju.edu.cn
www.sciencedirect.com/science/journal/00032670
www.elsevier.com/locate/aca
https://doi.org/10.1016/j.aca.2020.02.019
https://doi.org/10.1016/j.aca.2020.02.019


T. Wang et al. / Analytica Chimica Acta xxx (xxxx) xxx2
Abbreviations

PE phosphatidylethanolamine
PI phosphatidylinositol
PG phosphatidyl glycerol
PA phosphatidic acid
PS phosphatidylserine
LacCer lactosyl ceramide
ST sulfatide
FA fatty acid
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in mixed cell samples and xenograft tumor tissues as well as drug response test, showing great potential
in precision medicine and prognosis.

© 2020 Elsevier B.V. All rights reserved.
1. Introduction

Hepatocellular carcinoma (HCC) is the most common malig-
nancy in liver cancer with poor prognosis that leading to cancer-
related death [1]. With the advance in precise medical solutions
for cancer treatment in recent years [2], personalized medicine for
HCC patients will be achieved. However, tumor heterogeneity
might be a challenge for realizing precision medicine [3]. Tumor
heterogeneity is influenced by the genetic and epigenetic differ-
ences among cancer cells themselves [4,5], and is related to the
poor prognosis, resistance to medicine and the high metastasis
capability in clinical cancer treatments [6,7]. Thus the discrimina-
tion of cancer cell subtype in tumors is critical to reveal the tumor
heterogeneity and provide the basis of precise medical solutions for
clinical cancer patients.

Currently, gene expression profiling (GEP) [8e10] and immu-
nohistochemistry (IHC) [11e13] are the common methods to clas-
sify cancer subtype, which focus on genomics and proteomics. As
the downstream of genomics and proteomics, metabolomics de-
picts real-time biochemical activity of cells and therefore plays an
important role in phenotype research at cells and even tissue levels.
Lipids are the structural components of cell membranes [14]. The
synthesis and degradation of lipids play the vital role in energy
storage, production and cell signalling [14]. Recently, studies on
lipidomics have made a great contribution to the discovery of novel
lipid biomarkers in specific cancers [15e19].

Mass spectrometry (MS) has become one of the most powerful
tools in lipidomics research [20] with its high sensitivity, multiple
detection and molecular identification abilities. Apart from the
traditional LC/GC-MS, the development of high-throughput mass
spectrometry without LC step is urgently needed in rapid clinical
diagnosis. Matrix assisted laser desorption/ionization (MALDI) MS
is considered as a promising platform with high throughput for
proteomics and lipidomics research. MALDI-MS has been applied in
biotyping [21] of mammalian cells [22e25], intrinsic subtyping of
tumor tissues [26,27] and tissue imaging [28,29]. However, detec-
tion of small molecules withmolecular weights below 700 Da using
MALDI-MS could be interfered by the signal derived from adduct
ions of traditional organic matrix [30]. To overcome this problem,
various nanostructured carbon materials [31,32], metal materials
[33e35] and silicon materials [36e39] have been employed as LDI
substrates to desorb and ionize analytes under laser irradiation.
Desorptioneionization on porous silicon (DIOS) [36], nanostructure
gh throughput lipid profiling
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initiator mass spectrometry (NIMS) [40], nanostructure assisted LDI
(NALDI) [41] and surface assisted LDI (SALDI) [42] have been
developed as complementary of MALDI. Among them, NALDI has
been used for the analysis of various lipids [43,44] and MS imaging
of organic tissues [45] and tumor tissues [46] with high sensitivity.
Silicon nanowire (bandgap of silicon¼ 1.12 eV) has emerged to be a
good candidate as NALDI substrate owing to its large surface area,
high laser energy absorption and efficient energy-transfer ability
[47e49]. However, high throughput MS detection of cell samples
using array-based chip is still need to be developed, since a
formulated array-based chip can facilitate high throughput
profiling of lipids extracted from cells. That will lead to the finding
of stable and reliable biomarkers associated with the cell subtype of
tumor tissues.

Herein, we developed a NALDI target containing vertical Si NWs
array to detect lipids extracted from five HCC cell lines. The
patterned spots on NALDI target can effectively limit the diffusion
of sample solution and improve the repeatability and accuracy in
MS detection of lipid samples. To further reduce the data variation
in the acquisition of lipid profile, an inner-cluster normalization
method was proposed. Compared with the method of data
normalization within entire MS spectrum, the inner-cluster
normalization resulted in better repeatability and stability. After
statistical analysis, twenty-two peaks from four ion clusters were
discovered and used as potential biomarkers that could discrimi-
nate five subtypes of HCC cell lines successfully. Lipid profiles of
mice xenogeneic tumors were detected and analyzed statistically,
and the results proved that the differentiation model based on the
panel of lipid biomarkers can also identify cell subtype in tissue
samples with high accuracy. Furthermore, we also demonstrated
that the cell lipid profile was very sensitive to anticancer drug
treatment.
2. Materials and methods

2.1. Chemicals and materials

Siliconwafers (n-type, 1e10 U cm, <100>) were purchased from
Lijing Silicon Materials Co. (Quzhou, China). Photoresist (AZ4620)
was purchased from AZ Electronic Materials (Japan). Hydrofluoric
acid (HF, 40%) was obtained from Sinopharm Chemical Reagent Co.
(Shanghai, China). Silver nitrate (AgNO3), acetone, 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT),
dimethyl sulfoxide (DMSO), dichloromethane (CH2Cl2) HPLC de-
gree and methanol HPLC degree were purchased from Aladdin Co.
(Shanghai, China). Alpha-cyano-4-hydroxycinnamic acid (a-CHCA)
and 2, 5-dihydroxybenzoic acid (DHB) were purchased form Bruker
Daltonics Inc. (Billerica, USA). Lauric acid (C12:0), palmitic acid
(C16:0), stearic acid (C18:0), arachidic acid (C20:0), teracosanoic
acid (C24:0), 1,2-dipalmitoyl-sn-glycero-3-phosphoethanolamine
(DPPE 16:0/16:0) were purchased from Aladdin Co. (Shanghai,
China). Sorafenib was purchased from Santa Cruz Biotechnology
(Dallas, U.S.A.). The Dulbecco’s modified eagle medium (DMEM)
was purchased from Sigma-Aldrich (Saint Louis, MO, U.S.A.). The
trypsin-EDTA and antibiotics were purchased from Gibco Corp.
(Grand Island, NY, USA). Fetal bovine serum (FBS) was purchased
from Biological Industries Corp. (Israel). Five HCC cell lines were
for subtype classification of hepatocellular carcinoma cell lines and
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used, HCCLM3 (LM3), HA22T and Huh7 cells were obtained from
the Cell Bank of the Chinese Academy of Science (Shanghai, China).
Hep G2 and Hep 3B were obtained from the American Tissue Cul-
ture Collection (ATCC). The male nude mice were purchased from
Slack Corp. (Shanghai, China). All other reagents used in this
experiment were of analytical reagent grade.

2.2. Preparation of NALDI target

The silicon NALDI target was fabricated by photolithography
procedure and the one-step metal assisted chemical etching
(MACE) method. A 4-inch siliconwafer was cut into pieces with size
of 4 cm� 3 cm. After cleaning with acetone and ethanol, the silicon
wafers were spin-coated with an AZ4620 photoresist and pre-
baked at 95 �C for 3 min. Then the wafer covered with a designed
photomask (8 � 6 holes array, the hole diameter is 3 mm) was
exposed to UV light and then developed in 0.07% NaOH aqueous
solution for 3 min. After a post-bake procedure at 115 �C for 10 min,
the silicon wafer was washed by DI water and dried under a dry
nitrogen stream. The exposed area of patterned silicon wafer was
immersed into an etching solution containing 4.8 M HF and 0.02 M
AgNO3 for 10 min (caution: HF is highly toxic and contact with skin
should be avoided). After etching, the wafer was washed by DI
water for three times and then immersed into diluted HNO3 (v/
v ¼ 1:1) for 30 min to dissolve the silver on the nanowire surface.
Acetone was used to remove the residual photoresist. The prepared
NALDI target with an array of identical Si NWs spots was washed by
the DI water and then dried by nitrogen stream. Non-array targets
were prepared in the same way as above, but without the photo-
lithography process. Then the etchedwafer was cut into pieces with
a size of 3 mm � 3 mm.

2.3. Cell culture

Five types of HCC cell lines were used in this study, including
LM3, Hep G2, Hep 3B, HA22T and Huh7. All cell lines were cultured
in DMEMwith 10% FBS and incubated in an incubator filled with 5%
CO2 and 95% air at 37 �C. When the cells were grown to 85%
confluence, they were treated with 0.25% trypsineEDTA, and then
washed by PBS for three times. Each type of cell lines was re-
suspended in PBS at the concentration of 1 � 107 cells mL�1. For
each cell line, three replicated samples were collected and stored in
the e 80 �C refrigerator before use.

2.4. Tissue preparation

After cell culture, the LM3 cells and the Huh7 cells were
centrifuged and re-suspended in DMEM with 5% FBS at the con-
centration of 1 � 107 cells mL�1. The two types of cell lines were
mixed homogeneously at the following ratio: 100% LM3, 75%
LM3þ25% Huh7, 25% LM3þ75% Huh7, 100% Huh7. Then, each type
of mixed cell sample containing 1 � 106 cells was subcutaneously
injected to a male mouse, respectively. After the size of xenografted
tumors reached to ~1 cm, the tumor tissues were collected and
stored at�80 �C before use. All animal experimental protocols were
approved by the Laboratory Animal Center of Zhejiang Academy of
Medical Sciences.

2.5. Preparation of sorafenib treated cells

LM3 cell line was chosen for anticancer drug susceptibility test.
Briefly, LM3 cells were seeded into 6-well plates (3 � 105 cells per
well) and cultured overnight before sorafenib treated. For sorafenib
treatment, cells in the wells were treated with DMEM containing
different concentrations of sorafenib (0 [control], 0.312 mM, 5 mM)
Please cite this article as: T. Wang et al., High throughput lipid profiling
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and incubated for 24 h. Then the cells were trypsinized and washed
by PBS for three times before collection. The MTT assay was per-
formed to assess the influence of sorafenib on LM3 cells. LM3 cells
were seeded onto 96-well plates (1 � 104 cells per well) and
cultured overnight, then cultured with DMEM containing different
concentrations of sorafenib (0 mM, 0.312 mM, 5 mM) for 24 h. Each
drug concentration has 5 replicated wells. After 24 h, 10 mL of MTT
reagent (5 mg mL�1)was added to each well and incubated for 4 h.
100 mL DMSO was added into each well after the solution contains
MTT was discarded. Absorbance at 570 nm was measured by a
microplate reader.

2.6. Lipid extraction and sample preparation

Lipid was extracted using Folch method [50] with minor
modification. A mixed solution containing 150 mL DI water, 190 mL
methanol, and 340 mL dichloromethane was used as the extractant.
The frozen cell pellets containing 1 � 106 cells for each cell line
were suspended into the extraction solution and vortexed for
5 min, and then centrifuged at ~2500 g for 5 min to isolate the
bottom layer. 30 mL of the extracted lipids were dropped on the
sample spots of the NALDI target. The lipid profile of each cell line
was acquired on 5 replicated sample spots, and 2 spectra were
collected on each spot. For the tissue sample, lipids were extracted
from cut tumor tissues with a diameter of 2 mm using the same
method as described above.

2.7. NALDI-MS analysis

NALDI-MS analysis was performed using an UltrafleXtreme
MALDI-TOF/TOF instrument (Bruker Daltonics Corp) equipped with
a 355 nm Nd: YAG laser beam (pulse width ¼ 3 ns). The NALDI
target was fixed onto a costume-made plate designed to match
with the MALDI-TOF-MS instrument. Mass spectra were acquired
under reflecting negative ion mode at the m/z range of
200e1000 Da. The laser pulse energy was set at 16 mJ, and it was
79% of the maximum energy. Other instrument parameters were
set as follows: 120 ns pulsed ion extraction, 25 kV (ion source 1)
and 23.65 kV (ion source 2) acceleration voltage. A mixture sample
of C12:0, C16:0, C18:0, C20:0, C24:0 and DPPE was used for mass
calibration at negative ionmode.1500 laser shots were averaged for
each mass spectrum.

2.8. LC-MS/MS identification

The extracted lipids of the five HCC cell lines were analyzed by
AB Triple-TOF 5600plus System (AB SCIEX, Framingham, USA)
coupled with Waters UPLC system. Dichloromethane in each
sample was removed by nitrogen stream, and then the dried
sample was diluted with 50 mL methanol and isopropyl alcohol (v/
v ¼ 1:1). 5 mL aliquot sample was injected into the UPLC system
equipped with an Agilent SB-C18 column (3.5 mm, 2.1 � 100 mm,
Agilent Corp.) at 40 �C. The mobile phase A was 50% acetonitrile
aqueous solution dissolved with 5 mM ammonium formate and
0.1% formic acid and mobile phase B was 5% acetonitrile in iso-
propanol dissolvedwith 5mM ammonium formate and 0.1% formic
acid. Liner gradient flow condition is as follows: 0.5 min of 80%
mobile phase A, 7 min of 20%e50% mobile phase B, 50% to 80%
mobile phase B in 2.5 min, 80% to 100% mobile phase B in the next
10 min and maintain 100% mobile phase B for 1.9 min, 100% to 20%
mobile phase B for 0.1 min, and 80% mobile phase A for 3 min. The
flow rate of mobile phase was 400 mL min�1. Mass spectra were
acquired at them/z range 100-1,500 with a resolving power setting
of more than 40,000 [51].
for subtype classification of hepatocellular carcinoma cell lines and
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2.9. Data analysis

The baseline of original mass spectrum data was smoothed and
then exported to txt file from FlexAnalysis (Bruker Daltonics Corp).
SPSS Ver. 22 (IBM, Chicago, IL, USA) was used for one-way analysis
of variance. Several home-developed programs based on MATLAB
were used for principal component analysis (PCA), hierarchical
clustering analysis (HCA), linear discriminant analysis (LDA) and
Pearson correlation coefficient analysis. For each ion peak, there are
two judging criteria to input the peak data for subsequent multi-
variate statistical analysis: (1) signal-to-noise (S/N) ratio of the
peak is greater than 5; (2) the frequency of occurrence in the
spectrum of the same cell line is greater than 66%. LIPID MAPS®
online tools [52] and the Human Metabolome Database (HMDB)
[53] were used to find the information of parent ions with the
corresponding MS/MS data.

3. Results and discussion

3.1. Preparation and characterization of NALDI target

A schematic procedure for the preparation of NALDI target and
its application in cell lipid profiling was illustrated in Scheme 1. The
pattern of NALDI target is shown in Fig. 1a and b. In the present
work, metal-assisted chemical etching (MACE) was adopted to etch
the Si NWs on each sample spot. The length and diameter of silicon
nanowires can be adjusted by controlling the concentration of HF
and silver ions in the etching solution and the length of etching
time. After optimizing the etching condition, the NALDI target
etched in 4.8 M HF and 0.02 M AgNO3 aqueous solution for 10 min
was chosen as the best condition, because the target displayed best
performance for cell lipid detection (Fig. S1). The vertical silicon
nanowires prepared under this etching condition have a length of
about 1.5 mm and a diameter of about 50 nm, as shown in scanning
electron microscopy (SEM) images (Fig. 1c and d).

To compare the MS detection performance, a standard sample
containing mixture of standard lipids (C16:0, C18:0, C20:0, C24:0,
each fatty acid has the same concentration at 100 mg mL�1) was
Scheme 1. Schematic procedure for the fabrication of NALDI target a
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detected on NALDI target and non-array target, respectively. Both
type of targets displayed great ability in lipid detection and negli-
gible background interference (Fig. 1e). Without using organic
matrix such as CHCA or DHB, the interference caused by matrix
molecule ion peaks and uneven distribution of analytes caused by
co-crystallization can be avoided (Fig. S2). However, compare to the
non-array target, the NALDI target showed better repeatability in
the detection of mixed fatty acids standard solution. The relative
standard deviation (RSD) of normalized intensity on NALDI target
was significantly lower than that on non-array target (Fig. 1f). The
linearity of C12:0 was studied on the NALDI target. A good linear
relationship was achieved in the concentration range of
0.3 mg mL�1 to 40 mg mL�1 with coefficient of 0.9962 (Fig. S3). The
limit of detection (LOD) of C12:0 was calculated to be
4.0 ng mL�1 (S/N ¼ 3), indicating the high sensitivity of lipid
detection on the NALDI target.

3.2. Lipids profile and potential biomarkers in five types of HCC cell
lines

Lipids extracted from the 5 types of HCC cell lines by liquid-
liquid extraction (LLE) method were profiled by NALDI-MS to
select potential biomarkers that can distinguish each cell line. Fatty
acids, phosphatidylcholine (PE, PI, PG, PA, PS) and glyco-
sphingolipid (LacCer, ST) can be detected in negative ion mode
since these components contain negative charged moiety such as
carboxyl groups, phosphate group or sulfonic acid group. Fig. 2a
shows the representative NALDI-MS profile of the lipids extracted
from the 5 types of HCC cell lines with the total cell number of
1 � 106. Each cell lipid profile contains more than 200 mass peaks
with S/N larger than 5. For each cell line, lipids extracted from three
independent cultured cell samples were detected and 30 mass
spectra were collected with good repeatability and stability
(Fig. S4). According to the different abundance andm/z of ion peaks
in mass spectra, they were divided into 20 ion peak clusters with
differentm/z range. All the 150 mass spectra were analyzed and the
relative intensity of each peak was normalized within its cluster.
The adjacent peaks who sharing the similar structure and with
nd the method for the NALDI-MS analysis of cell/tissue samples.

for subtype classification of hepatocellular carcinoma cell lines and
02.019



Fig. 1. (a) Spots array on AZ layer coated silicon wafer after photolithography. (b) The NALDI target contains 48 spots of silicon nanowires array prepared by the one-step metal-
assisted chemical etching (MACE). (c) Cross-sectional scanning electron microscopy image of the vertical Si NWs. (d) Top view of the vertical Si NWs. (e) Mass spectra of C16:0,
C18:0, C20:0, C24:0 detected on NALDI target and non-array target. (f) Relative standard deviation (RSD) of the signal intensities of C16:0, C18:0, C20:0, C24:0 detected on NALDI
target and non-array target. 10 mass spectra were collected on NALDI target and non-array target, respectively. A mixed solution containing 100 mg mL�1 of each fatty acid was used
in (e) and (f). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

Fig. 2. (a) The representative NALDI-MS profile of the lipids extracted from the 5 HCC cell lines. (b) Relative intensity distribution of the 22 feature ions in each subtype of HCC cell
line after normalization in their own clusters.
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different degree of unsaturation were considered as the internal
standards of each other. Compared with the normalization within
full-spectrum (medium RSD: 30.76%), intensity normalization
within each cluster can significantly enhance the stability and
Please cite this article as: T. Wang et al., High throughput lipid profiling
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repeatability of the statistical analysis results obtained from
different sample batch (medium RSD: 12.28%, Fig. S5). After the
inner-cluster normalization, 22 ion peaks located in four clusters
(m/z 697e702, m/z 701e779, m/z 857e864, m/z 902e914) were
for subtype classification of hepatocellular carcinoma cell lines and
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sorted out by one-way analysis of variance in SPSS (IBM, Chicago, IL,
USA) and ClinProTools software (Bruker Daltonics Corp). The P-
value of all 22 selected ion peaks were less than 1� 10�6 (Table S1).
In addition, these 22 feature ion peaks were identified by LC-MS/
MS and their molecular information is shown in Table S1. LIPID
MAPS® online tools [52] was used to match the information of
precursor ions with the corresponding MS/MS data. Mass tolerance
of both precursor ions and product ions were set at 0.05 Da. Under
negative ion mode, complete molecule information of the precur-
sor ions can be obtained by matching their MS/MS fragments of
characteristic head, fatty acid chains and some neutral losses
(Fig. S6). The results indicated that these feature peaks belong to
several types of phospholipids including PA, PE, PG, PI, PS and
glycosphingolipids like LacCer, ST, which also appear in the MALDI-
MS lipid profile of mammalian cells [23]. Some monoisotopic ion
peaks were also identified and listed in Table S2.

In the peak cluster at the m/z range of 902e914, three unique
lipid ions at m/z ¼ 902.6 [LacCer(d37:1)-H]-, 904.6 [LacCer(d36:1
[OH])-H]- and 906.6 [ST(d42:1[OH])-H]- appeared in both Hep 3B
cells and Huh7 cells with high intensity, while the ion peak at m/
z ¼ 902.6 [LacCer(d37:1)-H]- appeared in the HA22T cells with low
relative intensity. Lipid profiles of LM3 cells, Hep G2 cells and
Ha22T cells contained another three feature ions at m/z ¼ 909.6
[PI(40:6)-H]-, 911.6 [PI(40:5)-H]- and 913.6 [PI(40:4)-H]. Lipid ion at
m/z ¼ 778.5 [PE(39:5)-H]- in the peak cluster at the m/z range of
701e779 also appeared in both Hep 3B cells and Huh7 cells
uniquely. Other 15 selected feature ions appeared in all lipid pro-
files of each cell line with different relative intensities (Fig. 2b).

The different distribution of lipids with different species will
affect the fluidity and domain formation of cell membrane, thereby
affecting migration, proliferation, and apoptosis of cells. Saturation
status of lipids is closely related to packing and fluidity [54,55]. It
should be noted that, among the four clusters, some of the lipid
biomarkers in each cluster were the same type of lipid molecules
with different unsaturation degree, their abundance may involve in
the subtype-relating differences of HCC cells membrane.
3.3. Distinguishing the HCC cell subtypes

Principle component analysis (PCA) was analyzed by MATLAB
using the panel of 22 feature ion peaks. The result showed that five
types of HCC cell lines were classified into their respective regions
with good concentration of data points within each cell line
(Fig. 3a). Hierarchical clustering analysis (HCA) also showed that
the five cell lines can be accurately discriminated from each other
using these feature ion peaks with an accuracy rate of 100%
Fig. 3. Multivariate statistical analysis of the five HCC cell lines using the normalized inte
analysis (PCA) result. (b) Hierarchical clustering analysis (HCA) result.
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(Fig. 3b). The statistical results prove the outstanding ability of
these feature ion peaks to classify cell subtype, which is comparable
to previous biotyper approaches [22e25] in the discrimination of
cell subtypes. To compare the repeatability of PCA results obtained
from inner-cluster normalization and full-spectrum normalization,
the lipids profiles of LM3 cells and Huh7 cells were measured by 3
parallel MS detection. The PCA result using the inner-cluster
normalized data of the 22 feature peaks displayed good repeat-
ability (Fig. S7a). In contrast, PCA result exhibited poor repeatability
among the parallel detection if using the full-spectrum normalized
data (Fig. S7b), in which 11 feature ion peaks were sorted out by
Student’s t-test and ClinProTools (Table S3).

Combining the feature ion peaks selected by the two methods
above, their relative intensities in the overall spectrum reflected
significant difference among the five subtypes of HCC cell lines
(Fig. S8). The diverse relative abundances of various lipids between
cell lines may indicate the differences in energy storage, signal
transduction, cell growth and proliferation of different subtypes
indirectly.
3.4. Distinguishing the dominant HCC cell subtype in mixed cells

A clinical tumor tissue may contain multiple subtypes of cancer
cells, so it is important to identify the dominant cancer cell subtype
for precise medication guidance and prognosis. To test the effec-
tiveness of cell subtype identification based on the 22 feature ion
peaks, LM3 cells and Huh7 cells were mixed at the ratio of 1:0,
3:1(L3H1), 1:1(L1H1), 1:3(L1H3), 0:1 and tested according to the
procedurementioned above. Finally,15mass spectrawere collected
for each sample. The radar charts show the relative intensities of 22
feature peaks normalized within the 4 peak clusters. Mixed sam-
ples of LM3 cells and Huh7 cells exhibited common peak charac-
teristics of both cell lines, but the peak patterns of mixed cells were
more similar to the cell line with higher proportion (Fig. S9a). The
result of HCA also indicated the good correlation between mixed
cell samples and individual cell lines (Fig. S9b) that mixed cell
samples showed high similarity to the cell line which had a higher
proportion in the samples. Although the mixed cell sample of
LM3:Huh7 ¼ 1:1 had equal proportion for each cell line, its char-
acteristic was more similar to Huh7 cell line than to LM3 cell,
perhaps owing to the different lipid content of Huh7 cells and LM3
cells. If employing mathematical algorithm [56], different cell lines
could also be discriminated according to the combined lipid spec-
trum of multiple cell lines. These results indicated that the estab-
lished method has the potential to identify cell subtype with high
proportion in mixed cell sample. Additionally, two ion peaks (m/z
nsities within clusters of the twenty-two feature ion peaks. (a) Principle component

for subtype classification of hepatocellular carcinoma cell lines and
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857.5 [PI(36:4)-H]- and m/z 861.5 [PI(36:2)-H]-) whose intensity
ratio was linear related to the LM3 cell ratio were found
(R2 ¼ 0.9640, Fig. S10). The ratio of the two peaks can potentially be
used to determine the percentage of identified cell line in mixed
cell samples [57].
3.5. Distinguishing the dominant HCC cell subtype in tissues

As we know, the growth environment of tumor tissue is more
complex than cells cultured in vitro, so it is essential to verify the
ability of these 22 characteristic peaks to judge the cell subtypes in
tumor tissues. After a standard xenograft procedure with different
cell injection ratio of LM3:Huh7 ¼ 1:0, 3:1(L3H1), 1:3(L1H3), and
0:1, the four types of tumor tissues were collected from the male
mice. Lipids were also extracted by the samemethod as that used in
cell lipid extraction. The overall lipid profiles exhibited little dif-
ference compared to the profiles of cultured cells (Fig. S11). When
we focused on the four cluster peaks where the 22feature ions
located, their relative distribution within clusters was found to be
very similar to their relative distribution in the lipid profiles of
cultured LM3 or Huh7 cells (Fig. 4a).

Pearson’s correlation coefficients between cell samples and
tissue samples were calculated based on inner-cluster normalized
data of the 22 feature ion peaks (Fig. 4b), where a positive value (in
red colour) meant a positive relationship between samples in row
and column. The result showed the tumor tissue growth from LM3
cells or Huh7 cells presented high correlation with the cultured
LM3 cells or Huh7 cells, indicating that the established method
possesses the ability to identify cell subtype in tumor tissue.

When tumors were grown from mixed cells, the situation be-
comes more complicated. The tumor grew from mixed cells with
the ratio of LM3: Huh7 ¼ 3:1 showed high correlation to the
cultured LM3 cells. However, if the tumor has grown from mixed
cell with ratio of LM3: Huh7 ¼ 1:3, it also showed a higher corre-
lation to LM3 cells rather than to Huh7 cells (Fig. 4a). This phe-
nomenon can be explained by the competitive growth of LM3 cells
and Huh7 cells in tumor tissue. When adequate nutrient was
supplied in the culture medium, cancer cells compete vigorously
for nutrients. LM3 cells have higher metastatic potential and pro-
liferation rate than that of Huh7 cells, thus despoiled more nutrient
and space during the growth of tumor. As a result, the tumor tissue
was occupied by large number of LM3 cells instead of Huh7 cells
Fig. 4. (a) The radar charts comparing the relative distribution of the twenty-two ion peaks b
(b) Pearson’s correlation coefficients between the five HCC cell lines and tumor tissues gen
within clusters of their twenty-two feature ion peaks. Cell samples have the suffix “ec” an
represents negative correlation. (For interpretation of the references to colour in this figure
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finally. The different results obtained in mixed cells cultured in vitro
and in vivo inferred that the growth rate of mixed cells in vitro and
in vivo behaved differently. The results above show that the
established cell subtype recognition model can be successfully
applied to the subtype identification of tumor tissues, extending
the application of the biotyper approach from in vitro cell to in vivo
tissue cells.
3.6. Anticancer drug susceptibility test using NALDI-MS

It has been proved that metabolic expression level of HCC cells
and other cancer cells can be influenced by drug treatment [58,59].
To assess whether the cell subtype identification method has
capability to indicate the drug response of the cell line, LM3 cells
were treated with three concentration of sorafenib (0 [control],
0.312 mM, 5 mM) for 24 h. Results of MTT assay showed that the
change in cell viability was insignificant at the drug concentration
of 0.312 mM, while it decreased to 43% at the drug concentration of
5 mM (Fig. S12a). In contrast, the cell response to drug treatment
measured on NALDI-MS was more sensitive. The lipid expression
level of cells changed remarkably after drug treatment at three
concentration levels. For example, the relative intensities of FA
(16:0), FA (18:0) and FA (20:4) became higher in the drug-treated
groups compared with the control group. Meanwhile, the abun-
dance of FA (16:1) and FA (18:1) decreased in 5 mM sorafenib
treated group, whereas FA (16:1) showed higher abundance in
0.312 mM sorafenib treated group (Fig. S12b). The abundance of
these de novo FA synthesis relating fatty acids may reflect metabolic
variance of LM3 cells after drug treated [60,61].

The PCA using the full MS data showed that the three groups of
LM3 cells treated with different concentration of sorafenib can be
discriminated from the original LM3 cells, and their distribution on
the PCA map was related to drug concentration they were treated
(Fig. 5a). However, when linear discriminated analysis (LDA) based
on the 22 characteristic peaks was conducted, LM3 cell line treated
with different concentration of drug clustered together, while the
five subtype cells could still be well discriminated (Fig. 5b). The
results indicated that the 22 characteristic peaks were highly stable
and only related to the cell subtype. Pearson’s correlation co-
efficients also confirmed the high capability of cell subtype recog-
nition model based on the 22 feature peaks even though the cells
were treated with anticancer drug (Fig. S12c). Therefore, the results
etween different tumor tissues (LM3, L1H3, L3H1, Huh7) and cultured LM3/Huh7 cells.
erated from different mixed ratio of LM3 and Huh7, using the relative intensity data
d tissue samples have the suffix “et”. Red represents positive correlation and purple
legend, the reader is referred to the Web version of this article.)
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Fig. 5. Multivariate statistical analysis of previous LM3 cells and three groups of LM3 cells treated with drug. (a) Principal component analysis (PCA) result based on the
normalization intensities of all ion peaks in entire spectrum; (b) Linear discriminated analysis (LDA) result based on the inner-cluster normalized intensities of 22 characteristic
peaks. Data form 10 spectra were used for each group.
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demonstrated that the NALDI platform can not only recognize the
cell subtype but also reveal the drug response in a more sensitive
way.
4. Conclusion

Overall, we demonstrated that NALDI-MS using NALDI target
comprising vertical Si NWs is a high throughput and sensitive
platform, which could profile lipids of 5 HCC cell lines and tissues
after simple extraction. With the assistance of multiple statistical
analysis, 22 potential biomarkers with the capability to discrimi-
nate cell subtypeswere sorted out and identified.We also found the
method of inner-cluster normalization was more stable and accu-
rate than the method of normalization within full-spectrum. The
cell subtype recognitionmodel based on the 22 characteristic peaks
could effectively discriminate the cell subtype of mixed cell sam-
ples and xenogeneic tumor tissue in mice with high accuracy,
thereby extending the biotype approach from in vitro cell to tumor
tissue. In addition, the full lipid profile of LM3 cells could sensitively
respond to the treatment of anticancer drug, while the pattern of
the 22 feature peaks related to the type cell lines retained. There-
fore, the approach can also be potentially applied in the screening
of anticancer drug and drug susceptibility test. Owing to the ad-
vantages of high-throughput, simple procedures and good stability,
the method established in this work will become an efficient
platform in tumor biopsy, precision medicine and prognosis.
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