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ABSTRACT: Serum lipid metabolites have been emerging as ideal
biomarkers for disease diagnosis and prediction. In the current stage,
nontargeted or targeted lipidomic research mainly relies on a liquid
chromatography−mass spectrometry (LC−MS) platform, but future clinical
applications need more robust and high-speed platforms. Surface-assisted
laser desorption ionization mass spectrometry (SALDI-MS) has shown
excellent advantages in the high-speed analysis of lipid metabolites. However,
the platform in the positive ion mode is more inclined to target a certain
class of lipids, leading to the low coverage of lipid detection and limiting its
practical translation to clinical applications. Herein, we proposed a dual-
mechanism-driven strategy for high-coverage detection of serum lipids on a
novel SALDI-MS target, which is a composite nanostructure comprising
vertical silicon nanowires (VSiNWs) decorated with AuNPs and polydop-
amine (VSiNW-Au-PDA). The performance of laser desorption and ionization on the target can be enhanced by charge-driven
desorption coupled with thermal-driven desorption. Simultaneous detection of 236 serum lipids (S/N ≥ 5) including neutral and
polar lipids can be achieved in the positive ion mode. Among these, 107 lipid peaks were successfully identified. When combined
with VSiNW-Au-PDA and VSiNW chips, 479 lipid peaks can be detected in serum samples in positive and negative ion modes,
respectively. Based on the platform, serum samples from 57 hepatocellular carcinoma (HCC) patients and 76 healthy controls were
analyzed. After data mining, 14 lipids containing different lipid types (TAG, CE, PC) were selected as potential lipidomic
biomarkers. With the assistance of an artificial neural network, a diagnostic model with a sensitivity of 92.7% and a specificity of 96%
was constructed for HCC diagnosis.

Clinical lipidomics has attracted wide attention because the
composition and structure variance of lipid molecules are

highly related to physiological and pathological changes in the
human body. Emerging lipid biomarkers related to different
types or stages of tumors have been explored in recent years.1,2

Lipid molecules can be divided into two categories including
polar lipids and neutral lipids, which can be further divided
into eight categories according to their chemical structure,
hydrophilicity, and hydrophobicity.3 Polar lipids mainly
include glycerophospholipids and sphingolipids, whereas
neutral lipids mainly include glycerolipids and sterol lipids.
These four major classes of lipids have been frequently
investigated as potential tumor-related biomarkers in lipidomic
research.4,5 For example, the changes of LPE (18:1), PE (P-
40:3), CE (18:2), and SM (22:0) in serum can distinguish lung
cancer patients from healthy people.6 Variation of TG and CE
in urine samples is also expected to be a diagnostic marker for
bladder cancer.7

Among various body fluid samples for lipidomic research,
the serum is the first choice because it contains rich lipid
molecules and is widely used in clinical trials.8 The major
platform for serum lipidomic research is liquid chromatog-
raphy−mass spectrometry (LC−MS),9 which is able to detect

high coverage of lipid molecules owing to the good separation
ability of LC. Especially, the development of 2D-LC has
further improved its sensitivity and accuracy to detect low-
abundance lipids. For example, 2D-LC can already detect more
than 700 lipids in human plasma.10 Untargeted lipid analysis of
human plasma across nine LC−MS platforms in the positive
ion mode showed that 307 lipids in human plasma could be
annotated.11 However, lipid analysis on LC−MS platforms is
usually time-consuming, constituting a major limitation in
large-scale clinical practice and disease screening. Surface-
assisted laser desorption ionization mass spectrometry
(SALDI-MS) is a high-throughput platform, which can analyze
each sample within a few seconds.12 In SALDI-MS analysis,
laser desorption and ionization (LDI) of small molecules could
take place on the surface of nanomaterials without the need for
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traditional organic matrices, eliminating the high background
and “sweet spot” effect caused by inhomogeneous crystal-
lization. Recently, a novel organic matrix with low background
and a uniform matrix coating has been reported, but this work
only focused on the negative ion mode.13 Therefore,
nanomaterials with low background, high sensitivity, high
coverage, and high reproducibility still need to develop in
SALDI-MS.14−17 Our previous work demonstrated that vertical
silicon nanowires (VSiNWs) displayed unique advantages
owing to their large surface area, high laser absorption
efficiency, charge transferability, and appropriate thermal
conductivity.18,19 Based on this platform, nontargeted profiling
of lipids and metabolites in tissues, cells, and saliva for disease
diagnosis and cell subtype discrimination has been successfully
achieved.19−21 However, the primary problem encountered
with the SALDI-MS platform is the low coverage of lipid
signals due to the selectivity of nanomaterials to specific classes
of lipid species in the positive ion mode. For example, the LDI
process on VSiNWs is more selective to positively charged
polar lipids, which significantly inhibits the signal of neutral
lipids.19,20 In contrast, metal nanoparticles, graphene oxide,
and nanopost arrays (NAPAs) are more selective to neutral
lipids but may inhibit the signal of polar lipids.14,16,22 To solve
the above problems, a combination of multiple matrices has
been developed to expand the lipid coverage in SALDI-MS
detection. For example, NAPA and DHB have been employed
to selectively increase the TG and PC signals in the positive
ion mode, respectively, resulting in high coverage in tissue
mass spectrometry imaging.22 However, the detection time
also significantly increased when different types of matrices
were sequentially used. Recently, CHCA and potassium salt
precoated NAPAs were developed for mapping tissue
phospholipids and neutral lipids in the positive ion mode.23

However, it is difficult to analyze lipids below 700 Da owing to
the high background of CHCA. In the case of serum lipid
profiling, the coverage of lipid further reduces because the
concentration of several types of lipids is lower in serum than
that in tissues. So far, only 41 serum lipids covering five
categories were detected on the SALDI-MS platform when
only one type of nanomaterial was employed.24 The number is
far less than that obtained on the LC−MS platform, which can
easily detect an average of 300 lipid metabolites in the positive
ion mode.11 Therefore, the development of new SALDI
materials for high-coverage detection of serum lipids is
urgently needed for large-scale serum lipidomic screening.
In the present work, a hybrid SALDI material was developed

to achieve high-coverage detection of serum lipids. By
modifying AuNPs on VSiNWs, charge-driven desorption
accompanied by thermal-driven desorption could be achieved.
Under the excitation of ultraviolet light, the surface hot-
electrons of AuNPs can be transferred to the P-type
semiconductor VSiNW,25 resulting in Coulomb repulsion
between the hole-rich AuNPs and positively charged analytes.
This repulsion force causes the charge-driven desorption
process to charged analytes without inhibiting the thermal
desorption of neutral analytes. However, AuNPs themselves
could produce strong background signals under laser
irradiation due to the formation of charged Au nanocluster.
To tackle this problem, a polydopamine film was coated on the
surface of the hybrid nanomaterial to suppress background
peaks.26 At the same time, the PDA film also enhances the laser
desorption process owing to its good UV absorption ability.24

With this composite nanomaterial, low background, high

coverage, and high reproducibility were achieved on the novel
SALDI-MS platform for detection of serum lipids. The lipid
peak number (S/N ≥ 5) detected in the positive ion mode
reached 236, among them, and 107 lipid peak signals were
identified. When combined with the negative ion mode, a
maximal of 479 lipid peaks in serum samples could be
acquired. To demonstrate its potential applicability in clinical
diagnosis, serum samples from 57 hepatocellular carcinoma
(HCC) patients and 76 healthy controls were collected and
their serum lipids were profiled. With the assistance of
statistical algorithms, HCC patients and healthy controls
could be successfully discriminated based on a panel
containing 14 features, which cover 8 classes of lipids.
Investigation of the lipidomic-based diagnostic model in
large-scale clinical cohorts will be conducted in our future
work.

■ EXPERIMENTAL SECTION
Reagents and Materials. The following analytical

reagents including tetrabutylammonium iodide (TBAI,
≥98%, CAS: 311-28-4) and TAG (17:0/17:0/17:0) were
purchased from Sigma-Aldrich (Shanghai, China); PC (17:0/
17:0), PC (18:0/18:0), and TAG (16:0/16:0/16:0) were
purchased from Aladdin (Shanghai, China). More reagents for
material preparation and serum extraction are shown in the
Supporting Information.

Preparation of AuNPs. The preparation process of AuNPs
adopted the traditional sodium citrate reduction method.27

Briefly, 50 mL of 0.01% HAuCl4 solution was heated to boiling
with vigorous stirring. Then, 415 μL of 1% sodium citrate
solution was rapidly added and boiling was continued for 30
min. Finally, a wine-red colloidal solution was formed.

Preparation of the VSiNW-Au-PDA Target for SALDI-
MS. VSiNW-Au-PDA was prepared by a stepwise self-assembly
method. First, VSiNWs were prepared by a one-step MACE
method. In brief, p-type single-crystal silicon (5−10 Ω·cm) was
cut into a square with a size of 2 cm × 2 cm by a diamond
knife and then etched for 10 min in a solution containing 4.8
M HF and 0.02 M AgNO3. (Caution: HF is highly toxic and
volatile, which is harmful to the respiratory system and
skeleton. Contacting HF with skin should be avoided, and all
of the etching experiments need to be performed carefully in a
fume hood.) After etching, the chip was washed three times
with deionized water and then immersed in diluted HNO3
(HNO3/H2O = 1:1) for 1 h to dissolve the Ag catalyst. After
that, the as-prepared VSiNW wafer was treated with oxygen
plasma and then reacted with a toluene solution containing 2%
APTES at room temperature for 15 min. At the end of the
reaction, the chip was washed with toluene and ethanol
successively and stabilized at 100 °C for 1 h. The prepared
VSiNW-APTES was immersed in the AuNP colloidal solution,
kept for 150 min, then washed with deionized water, and dried
under a N2 stream. Finally, VSiNW-Au was then dipped into a
dopamine solution (0.1 M in 50 mM Tris buffer, pH = 8.5) for
15 min. The coated material was taken out, rinsed with
deionized water, and then blew-dried again with the N2 stream.

Characterization of Materials. The sample morphology
was characterized by a Hitachi’s new-generation SU8010 field
emission scanning electron microscope (FESEM, Hitachi
SU8010, Japan) at an accelerating voltage of 3 kV. Elemental
distribution on the surface of the material was characterized by
energy-dispersive X-ray spectroscopy (EDS). X-ray photo-
electron spectroscopy (XPS) measurements were performed
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on an ESCALAB MKII X-electron spectrometer (VG
Scientific) using a monochromatic Mg Kα X-ray source (hv
= 1253.6 eV). The surface chemistry of the material was
analyzed by Fourier transform diffuse reflectance infrared
spectroscopy (Nicolet iS10, Thermo Scientific). The morphol-
ogy of AuNPs was characterized by transmission electron
microscopy (TEM, H-7650, Hitachi Co.) at an accelerating
voltage of 80 kV. A UV−vis spectrophotometer (Shanghai
Spectrum, China) was used to record the UV absorption of
AuNPs and Au-PDA in the range of 350−700 nm. The size of
AuNPs was measured using a dynamic light scattering (DLS)
instrument (ZEN3600, Zetasizer Nano ZS, Malvern, U.K.).
Transient photovoltage (TPV) measurements were performed
on a CEL-TPV2000 instrument (China).
Preparation of the Standard Sample for Evaluation

of Mass Spectrometric Efficiency. Benzylpyridine hydro-
chloride (BP) and TBAI were used for studying the desorption
mechanism on SALDI targets. BP was synthesized by the
reaction of pyridine and benzyl chloride.28 The detailed
information is given in the Supporting Information. TBAI (5 ×
10−8 M) were dissolved in a 40% MeOH/H2O solution. To
evaluate the sensitivity and selectivity for lipid detection on
different SALDI-MS targets, a solution of mixed lipid standard
samples including PC (17:0/17:0), PC (18:0/18:0), TAG
(16:0/16:0/16:0), and TAG (17:0/17:0/17:0) was dissolved
in CHCl3, in which the concentration of each component was
0.1 mg/mL.
Serum Sample Collection. The quality control sample

serum was prepared by combining the serum samples of 50
healthy people. These human serum samples were provided by
the Second Affiliated Hospital of Zhejiang University School of
Medicine. Patient serum with HCC and healthy controls were
collected from Sir Run Run Shaw Hospital of Zhejiang
University School of Medicine. Ethics approval was obtained
from the ethics committee of Sir Run Run Shaw Hospital (No.
20200210-217).
Serum Lipid Extraction. Lipid extraction from serum

samples was performed according to a modified Matyash
method.29 In brief, 40 μL of serum sample was added to 335
μL of MTBE/MeOH solution, vortexed for 10 min, and then
65 μL of H2O was added. After vortexing the mixture for 10
min, it was centrifuged for another 10 min. Finally, the
supernatant was collected and dried under a nitrogen stream.
Before analysis, the pellet was reconstituted in 40 μL of
isopropanol and stored at −20 °C.
Methods for SALDI-MS Detection. VSiNW and VSiNW-

Au-PDA chips were further cut into small chips of a size of 3
mm × 3 mm. Two mocroliters of standard solution or serum
lipid extraction was pipetted onto the chips, which were fixed
with carbon conductive glue on an aluminum plate matched
with the target chamber of a Bruker MALDI-TOF-MS. The
SALDI-MS detection of probe molecules and standard samples

on pure AuNPs was performed by mixing 2 μL of AuNP
solution and 2 μL of samples, then dropping the mixture onto
a steel target plate, and drying before MS detection. The
SALDI mass spectrum was obtained on an UltrafleXtreme
MALDI-TOF-MS instrument (Bruker, Germany) equipped
with a 355 nm Nd:YAG laser beam. The laser parameters are
set as follows: pulse width, 3 ns; peak power, <170 W;
repetition rate, 1000 Hz. The pulse energy of the circular laser
spot with a diameter of 100 μm was 3 μJ. Relative laser energy
is defined as a percentage of pulse energy. The measurement
mode was set to reflection mode. Other instrument parameters
are set as follows: 100 ns of delayed extraction time and 19 kV
(ion source 1) and 16.75 kV (ion source 2) of acceleration
voltage. Each spectrum was obtained by an accumulation of
500 laser shots on a single point, and four spectra acquired on
different points were superimposed to obtain the final mass
spectrum. The calibrator for small-molecule mass spectrometry
sampling was CHCA solution, and the calibrator for serum
lipid samples was lipid standard mixed solution. The mass
range was set at m/z = 400−1000 for negative ion and positive
ion detection modes. The identification of serum lipids was
achieved through the combination of MALDI-TOF/TOF,
LC−MS/MS (AB Triple-TOF 5600plus System), and the
LIPID MAPS database (http://www.lipidmaps.org). The
detailed information is given in the Supporting Information.

Statistical Analysis. The data set consisted of average data
of each sample through three repeated measurements. First,
FlexAnalysis 3.4 software (Bruker Daltonics Corp.) was used
to perform baseline subtraction pretreatment on the original
mass spectrum. Then, the intensity of the selected peaks with
S/N ≥ 5 was normalized to the total ionic intensity.
Combining the two-sample Student’s t-test in MATLAB
software and the results of orthogonal partial least squares
discriminant analysis (OPLS-DA) in SIMCA software
(Umetrics AB, Umea, Sweden), the important peak
information that satisfies both P < 0.05 and VIP > 1 was
screened out. Then, the random forest packet in R software
(randomForest; http://cran.r-project.org/web/packages/
randomForest/) was used to further screen the above peak
information, and the peak information with high contribution
was screened out (Figure S1). Finally, the diagnostic model
was constructed based on the selected data set. An artificial
neural network (ANN) model with a multilayer perception
structure (the number of hidden neurons is 10) was
established in the pattern recognition tool of MATLAB
software. In the ANN model, the training set occupied 70%
of the total data set, and 15% of the data was used as the
validation set. Another 15% of the data was used as the test set
to evaluate the sensitivity and specificity of prediction.

Scheme 1. Schematic Illustration of the Preparation of VSiNW-Au-PDA
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■ RESULTS AND DISCUSSION
Preparation and Characterization of VSiNW-Au-PDA.

AuNPs were prepared by the traditional sodium citrate
reduction method.27 TEM (Figure S2), DLS, and UV−vis
analyses (Figure S3) showed that the average diameter of
AuNPs was about 21 nm with uniform particle size. The slight
red shift for the extinction peak of Au-PDA was due to the
increase of refractive index around AuNPs after PDA coating
(Figure S4). VSiNWs were prepared by a one-step metal-
assisted chemical etching (MACE) method. The procedure for
preparation of VSiNW-Au-PDA composites is illustrated in
Scheme 1.
The morphologies of VSiNW (Figure 1a), VSiNW-Au

(Figure 1b), and VSiNW-Au-PDA (Figure 1c) were charac-
terized by SEM. The VSiNWs display a vertical nanopillar
array structure with an average length of 1.1 μm and an average
diameter of 70 nm (Figure 1a). The cross-sectional view of
VSiNW-Au showed that the adhesion of AuNPs was thin and
uniformly distributed without obvious agglomeration (Figure
1b). After immersion in a dopamine solution, the size of
particles attached to the wall of VSiNW increased significantly,
indicating the successful coating of PDA films on AuNPs
(Figure 1c). EDS elemental analyses (Figure S5) and mapping
images (Figure 1d,e) confirmed the existence of Si, Au, C, O,

and N elements on the top side of VSiNW-Au-PDA. As both N
and O elements were from APTES and PDA, XPS analysis was
also performed to confirm the successful modification of
APTES and PDA films on VSiNWs. A clear N 1s peak signal
was shown in VSiNW-APTES and VSiNW-Au-PDA samples
compared to that in freshly etched VSiNW (Figure 1f). In
addition, the high-resolution spectra of N 1s (Figure S6a and
Table S1) also showed the existence of free amine (−NH2)
groups and hydrogen bonds of −NH2 groups, which proved
the successful modification of APTES. The obvious Au 4f and
Au 4d characteristic peaks in VSiNW-Au-PDA indicated that
AuNPs were successfully modified on VSiNW (Figure 1f). The
high-resolution spectra of C 1s and N 1s of VSiNW-Au-PDA
(Figure S6b and Table S1) showed that functional groups such
as C−C, C−N, CO, NR, and R−NH−R were introduced
on the surface, indicating the presence of catechol and quinone
groups derived from PDA films. Furthermore, the presence of
PDA on VSiNW-Au-PDA was also confirmed by diffuse
reflectance infrared spectroscopy (DRIFTS). The observed
broadband peaks at 3700−3300 cm−1 were assigned to ν(N−
H) and ν(O−H) stretching modes, while 2924 and 2852 cm−1

were assigned to aliphatic ν(C−H) stretching. Absorption
peaks at 1614 and 1468 cm−1 and at 1572 cm−1 were assigned
to νring(CC) and νring(CN) stretching, respectively

Figure 1. Characterization of materials. (a) Cross-sectional SEM images of VSiNW, (b) VSiNW-Au, and (c) VSiNW-Au-PDA (the scale bar is 500
nm); (d) cross-sectional and (e) top-view EDS elemental mapping images of VSiNW-Au-PDA; and (f) XPS spectrum of VSiNW-Au-PDA.
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(Figure S7). The positions of these peaks were consistent with
those observed in the reference spectra of dopamine.30 The
above results substantially confirmed the successful preparation
of VSiNW-Au-PDA composites.
Performance of VSiNW-Au-PDA as the SALDI-MS

Target. Before the SALDI-MS detection, the background
peaks originating from VSiNW-Au-PDA were recorded. In the
positive ion mode, VSiNWs show almost no background peaks
within the molecular weight between 400 and 1000 Da. After
modification with AuNPs (VSiNW-Au), several noisy peaks
were observed in the positive ion mode. Among them, the peak
at m/z = 590 belongs to the Au cluster ions of Au3

+ (Figure
2a). In contrast, these background peaks disappeared when the
VSiNW-Au-PDA target was used, indicating the significant role
of PDA in suppressing the background of Au cluster ions.

To compare the LDI performance of different types of
materials in the detection of multiple lipids, a standard lipid
mixture containing two TAG molecules and two PC molecules
was prepared and subjected to SALDI-MS analysis. Silicon
could not detect PC and TAG molecules due to its low
desorption/ionization efficiency. When mere AuNPs were
employed, only TAG signals could be detected, while the
signal of positive charge lipids was inhibited (Figures 2b and
S8). The results are in accordance with the finding of previous
works, which indicated that AuNPs could promote the LDI
efficiency of neutral lipids.16 The phenomena might be
ascribed to negatively charged hot electrons on the surface
of AuNPs under laser irradiation.31 On the contrary, VSiNW
can sensitively detect PC but the TAG signal was suppressed.
The detailed mechanism will be discussed in a later section.
Au-PDA can only produce higher TAG signals than AuNPs,
rather than expanding the coverage of detected lipids. In
contrast, VSiNW-Au can simultaneously detect TAG and PC
molecules, showing the combined merit of both materials.

VSiNW-Au-PDA also displayed the same advantage as
VSiNW-Au. Furthermore, the intensity of the TAG signal on
VSiNW-Au-PDA was remarkably improved compared to that
on VSiNW-Au probably owing to the enhanced UV absorption
and photothermal transition efficiency of the PDA-coated
surface.

Mechanistic Study. To further study the desorption
mechanism on different types of materials, a chemical
thermometer benzylpyridinium ion (BP+) was used to probe
the relative temperatures on the SALDI surfaces. It is well
known that with an elevated temperature, BP+ will undergo
simple bond dissociation, leading to the formation of a benzyl
cation (m/z 91.1) and a neutral pyridine fragment (Figure
3a).32 The total ion intensity (TII) calculated by Im/z 170.1+
Im/z 91.1 can be used to express the desorption efficiency; the
survival yield (SY) calculated by Im/z 170.1/(Im/z 170.1 + Im/z 91.1)
can be related to the temperature of the SALDI target.32 The
graph of TII and SY of BP+ on different types of materials
under different relative laser energies is shown in Figure 3b.
We can find that VSiNW has a higher desorption efficiency
than AuNPs. Compared with that of bare AuNPs, the
desorption efficiency of VSiNW-Au significantly improved. It
should be noticed that the desorption efficiency of VSiNW-Au-
PDA further increased due to the ability of PDA to absorb
ultraviolet light.24 According to the well-known thermal-driven
desorption mechanism, with an increase of relative laser
energy, the TII of BP+ will accordingly increase because of high
temperature, whereas the SY will decrease with an increase of
relative laser energy, owing to the breakdown of chemical
bonds.31,33 In the present work, VSiNW has the highest
desorption efficiency and the lowest SY. Therefore, the
desorption behavior of BP+ on VSiNW is exactly in accordance
with the thermal-driven desorption mechanism. Interestingly,
both TII and SY of BP+ generated on VSiNW-Au and VSiNW-
Au-PDA were significantly higher than those of AuNPs, when
the relative laser energy was less than or equal to 60%. This
phenomenon contradicts the thermal-driven desorption
mechanism but is consistent with the charge-driven desorption
mechanism proposed by Cheng et al.31 To verify that the
composite of VSiNW and AuNPs does involve the charge-
driven desorption mechanism, tetrabutylammonium cation
(TBA+) was selected as a highly sensitive probe to the holes.34

Compared with VSiNW and AuNPs, higher TBA+ intensity
was observed on VSiNW-Au composites (Figure 3d),
confirming the involvement of the charge-driven desorption
mechanism. On the composite of VSiNW-Au-PDA, the
intensity of TBA+ doubled, indicating that PDA film with
high UV absorption capability could further promote the
charge-driven desorption process. If the relative laser energy is
more than 60%, VSiNW-Au-PDA has high TII and low SY
(Figure 3b,c), showing a typical thermal-driven desorption
mechanism. The results could be ascribed to the sharp increase
of material temperature under higher laser energy. Under this
condition, thermal-driven desorption dominates the overall ion
desorption, thus weakening the contribution of charge-driven
desorption. Therefore, to better achieve the simultaneous
detection of positively charged analytes and neutral analytes,
the relative laser energy should be less than 60%.
When AuNPs are excited by a laser, both hot electrons and

holes are generated within 1−100 fs, and energy spreads
rapidly on their surface. However, since the lifetime of holes is
shorter than that of hot electrons,31 a certain negative charge
can be accumulated on their surface, resulting in the

Figure 2. Background signal and SALDI-MS performance on different
materials. (a) Background spectra of VSiNW, VSiNW-Au, and
VSiNW-Au-PDA for LDI-MS analysis. The relative laser energy
during detection is 60%. (b) Intensity of PC (34:0), PC (36:0), TAG
(48:0), and TAG (51:0) in the lipid standard mixture solution on
different materials. The relative laser energy during detection is 60%.
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suppressed desorption of the positively charged analyte due to
the electrostatic interaction. In this case, for the neutral
molecules, thermal-driven desorption may overwhelm charge-
driven desorption, leading to the enhanced signal of neutral
molecules.16 When VSiNW is excited by a laser, the increasing
acidity of Si−OH groups on the surface facilitates the transfer
of hydrogen ions to nitrogen-containing molecules and
promotes their ionization efficiency.35 In the meantime,
thermal-driven desorption of positively charged ions will
consume most of the thermal energy and suppress the
desorption of neutral analytes. For the composite of VSiNW-
AuNPs, the hot-electrons caused by AuNPs are easy to jump
into the conduction band of p-type VSiNW under laser
irradiation (Figure 4) and then undergo recombination with

holes in p-type VSiNW.25,36,37 This charge transfer process was
verified by transient photovoltage (TPV) (Figure S9). The
TPV response for VSiNW is negative, indicating photoinduced
electron accumulation on the surface of VSiNW. The
phenomenon is consistent with the results reported in other
literature works.38 Our previous work also proved that
electrons could accumulate on the SiNWs upon laser
irradiation, leading to electron transfer from SiNWs to the
analyte.18 As for VSiNW-Au and VSiNW-Au-PDA, the TPV
response showed a negative value in the first stage and then
changed to a positive value in a later stage because the hot
electrons can be rapidly generated on the surface of AuNPs
upon laser irradiation and then gradually transfer to VSiNW,
leading to the accumulation of positively charged holes on the
AuNP surface. The accumulation of holes results in a positively
charged metal surface. The Coulombic repulsion between the
AuNP surface and the positively charged analyte improves the
contribution of the charge-driven process, thereby enhancing
the peak intensity of the positively charged analyte. Under this
circumstance, the thermal energy can still allocate to neutral
analytes without weakening their peak signals.

VSiNW-Au-PDA as the SALDI-MS Target for Serum
Lipidomic Analysis. To further investigate the coverage of
lipid detection on the SALDI-MS platform, a quality control
(QC) sample originating from mixed serum samples collected
from 50 healthy people was employed to evaluate the
performance of different SALDI targets. When AuNPs were
used, the major lipid species detected in the QC sample was
TAG with a total peak number of 82 in the positive ion mode
(Figures 5a and S10). The behavior is quite similar to that
obtained from the standard sample and other literature
works.16 In addition, excessively background signals originating
from the Au cluster ion peak lead to the significant interference
with MS signals of lipid molecules. On contrary, high PC signal

Figure 3. MS data for proving the dual-mechanism-driven SALDI-MS. (a) Bond cleavage of BP+ resulting in the formation of [BP-pyridine]+ and
pyridine. Total ion intensity (b) and survival yield (c) of BP+ detected on AuNPs, VSiNW, VSiNW-Au, and VSiNW-Au-PDA under different
relative laser energies. (d) Intensity of TBA+ on different materials and the relative laser energy during detection of 50%.

Figure 4. Dual-mechanism-driven desorption mechanism of VSiNW-
Au-PDA under laser excitation. The positive charge on the AuNP
surface plays a major role in charge-driven desorption, whereas the
heat generated on VSiNW mainly contributes to thermal-driven
desorption.
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can be obtained on VSiNW, whereas the signal of neutral lipid
was absent. The total peak number produced on the VSiNW
chip was around 65. When VSiNW-Au-PDA was used, the
number of effective peaks (S/N ≥ 5) reached ∼236, which
included both neutral lipids (TAG, CE) and polar lipids (PC,
SM) peaks. Compared with AuNPs and VSiNW, the number
of effective peaks and types of lipid species detected on
VSiNW-Au-PDA significantly increased, proving the syner-
gistic effect of the composite material (Figures 5b and S10). In
addition, the sensitivity and coverage for lipid detection on
VSiNW-Au-PDA are even better than those on DHB, a
traditional MALDI matrix for lipid detection (Figure S11). To
further investigate the repeatability of serum lipid profiling,
intrabatch and interbatch experiments were performed on
VSiNW-Au-PDA and DHB, respectively. When DHB was used
as the matrix, the median intra- and interbatch RSDs are 17.2
and 32.8%, respectively. In contrast, the median intra- and
interbatch RSDs obtained on VSiNW-Au-PDA are 11.9 and
17.8%, respectively (Figure S12). The results indicate that the
crystalized DHB may have irregular “sweet spots” upon laser
irradiation, causing the lower repeatability of MS detection.
Serum lipid peaks obtained on VSiNW-Au-PDA were

identified by MALDI-TOF/TOF, LC−MS/MS, and the
LIPID MAPS database. Among 236 effective peaks, 107 lipid
peaks were identified, and their molecule information is listed
in Table S2. The SALDI-MS/MS spectra of some identified
molecules are shown in Figures S13−S16. Around half of the
lipid peaks are still not assigned, owing to the lower signal-to-
noise ratio and the interference from isotope peaks. In contrast,
compared with the results of previous research with only 41
serum detected lipids, the number of serum lipids significantly

increased using the VSiNW-Au-PDA target. As far as we know,
the number of 107 identified lipid peaks is the highest
measured on the SALDI-MS platform in the positive ion mode.
If measured in the negative ion mode, the signals of PI, PE,
PG, and other lipids can be detected on the VSiNW-Au-PDA
target, but it is inferior to VSiNW in terms of peak number
(Figure S17). The reason for high MS intensity in the negative
ion mode on the VSiNW has been investigated in our previous
work.18 To maximize the coverage of lipid detection, the
VSiNW-Au-PDA target was used in the positive ion mode,
whereas the VSiNW target was used in the negative ion mode.
As a result, a total of 479 effective peaks (S/N ≥ 5) could be
detected in human serum samples on the SALDI-MS platform
(Figure 5c). Although the number of identified lipid species is
still less than that obtained on the LC−MS platform,11 these
identified lipids detected on our platform have already covered
eight classes of lipids, which include a medium and high
abundance of glycerides, glycerophospholipids, sphingolipids,
and cholesterol esters. These serum lipids play an essential role
in the diagnosis of various diseases.4,5 Moreover, high-speed
serum lipid profiling can be achieved on the SALDI-MS
platform. It costs only 40 min to detect a batch of 96 samples.
If taking the time for sample pretreatment into consideration,
the whole detection time is ∼90 min, which means that the
time for each sample detection is less than 1 min. For the LC−
MS platform, the detection time for each sample is at least 12
min.39 In human lipidomics research, large sample numbers are
often required to attain statistical results that could define
associations between lipid species and disease phenotypes.1

Therefore, the novel SALDI-MS platform will be superior in
large-scale clinical lipidomic research.

Figure 5. VSiNW-Au-PDA as the SALDI-MS target for serum lipidomic analysis. (a) LDI mass spectra of human serum lipid extract obtained on
Au, VSiNW, and VSiNW-Au-PDA in the positive ion mode when using a relative laser energy of 60%. (b) Difference in the number of serum lipids
detected by three materials: Au, VSiNW, and VSiNW-Au-PDA. (c) Total peak numbers (S/N ≥ 5) of VSiNW and VSiNW-Au-PDA and their
combination in serum lipid LDI-MS analysis.
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Analysis of Serum Lipids in Patients with Hepato-
carcinoma (HCC) and Healthy Controls. HCC is the
fourth most common cause of cancer-related deaths in the
world,40 and its morbidity and mortality are increasing rapidly.
The liver plays a vital role in lipid metabolism because it
regulates its synthesis and degradation. Once liver disease
occurs, lipid metabolism will be disturbed. In recent years,
considerable evidence has shown that there is a strong
relationship between lipid metabolism and HCC.40 Therefore,
it is of great significance to explore serum lipid biomarkers for
the early diagnosis of HCC. To evaluate the potential
applications of the novel SALDI-MS target in clinical
lipidomics, serum samples collected from 57 HCC patients
and 76 healthy people were detected according to the
workflow illustrated in Figure 6a. Among the 133 samples,

70% samples were assigned to the training group and 30% of
samples were assigned to validation groups with a reasonable
distribution of disease state, age, and gender (Table S3).
To evaluate the ability of lipidomic data to distinguish HCC

patients from healthy controls, statistical methods including
two-sample student’s t-test, OPLS-DA, and random forest were
combined, and 14 feature lipids were screened out for the
classification model (Table S4). The feature lipids include five
PE, two TG, one LPC, one DG, two CE, one SM, one PC, and
one PI. OPLS-DA of the training group indicated good
discrimination ability between the HCC and control groups
(Figure 6b). The distribution of relative average intensity of
these feature lipids in HCC patients and healthy controls is
shown in Figure 6c.

Figure 6. Analysis of serum lipids in patients with hepatocarcinoma (HCC) and healthy controls. (a) Schematic Illustration of serum lipidomic
analysis of HCC patients and healthy controls by VSiNW and VSiNW-Au-PDA-assisted LDI-MS. (b) OPLS-DA results of serum samples from
HCC patients and healthy controls in the training group based on the combined materials diagnostic model. (c) Change graph of the relative
intensity of characteristic lipids in serum samples of HCC patients and healthy controls in the training group. (d) ROC curves of three models in
the validation group. (e) Number of HCC patients diagnosed by AFP and MS models in all cohorts.
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To demonstrate the superiority of high-coverage lipid data
obtained on the combined materials, statistical analysis based
on lipid data obtained on VSiNW and VSiNW-Au-PDA was
also conducted, respectively. To ensure credible statistical
comparisons, each statistical models were constructed from 14
feature lipids (Tables S5 and S6), which has the same feature
number as the combined model. The results of OPLS-DA in
both training groups show that the discrimination ability using
one type of material alone displays weak predictive perform-
ance (Figure S18).
In addition, an artificial neural network was also used to

evaluate the diagnostic accuracy of three models constructed
on the data set from combined chips, VSiNW, and VSiNW-Au-
PDA, respectively (Table S7). The results showed that the
sensitivity and specificity of the model obtained on the
combined chips in the validation group were 92.7 and 96%,
respectively. In contrast, the sensitivity and specificity obtained
on VSiNW were only 82.3 and 87.7%, while the sensitivity and
specificity obtained on VSiNW-Au-PDA were only 75 and
91.3%, respectively, indicating the significance of high lipid
coverage in the construction of an accurate diagnosis model. In
addition, the ROC curves obtained on the combined chips
achieved the highest AUC value among the three models in the
validation group (Figure 6d). To better reflect the superiority
of the lipidomic-based method in clinical diagnosis, the
diagnostic accuracy obtained with this method was compared
with that obtained with the AFP method in all cohorts. The
results showed that our model could not only discriminate 30
AFP-positive (AFP > 20) HCC patients but also accurately
diagnose 26 in 27 AFP-negative (AFP < 20) HCC patients
(Figure 6e), indicating the significantly improved sensitivity for
HCC diagnosis.40 The perturbation pathways of lipids in the
serum of HCC patients have been reported before.39,40 For
example, increased uptake of TG by liver cancer cells from
serum may lead to decreased serum TG.39 The decreased PE-
N-methyltransferases (PEMT) activity in liver cancer patients
will lead to a decrease in polyunsaturated PC and hemolysis.41

Overexpression of lysophospholipase D/autotoxin (ATX) will
lead to a decrease in LPC,42 while a decrease in serum lecithin-
cholesterol acyltransferase (LCAT) activity will lead to a
decrease in CE levels. The up- or downregulation of these
lipids in the serum of HCC patients is consistent with the
results in the present work, further supporting that the panel of
serum lipids discovered in our platform might act as good
omics biomarkers for HCC diagnosis. In addition, some
unreported lipids such as DG (36:4) and SM (d34:1) were
found; the pathways of these lipid perturbations will be studied
in future works.

■ CONCLUSIONS
In summary, this work reported a novel SALDI-MS target,
VSiNW-Au-PDA, as the high-speed, low-background, high-
reproducibility, and high-coverage serum lipid detection
platform in the positive ion mode. A series of probes and
standard molecules were employed in the evaluation of LDI
performance and mechanistic study. The results proved that
the LDI-MS process on VSiNW-Au-PDA involved an
enhanced charge-driven desorption mechanism in the positive
ion mode, thereby contributing to high coverage detection of
serum lipids. Simultaneous detection of 236 serum lipids
including neutral lipids (TAG, CE) and polar lipids (PC, SM)
can be achieved in the positive ion mode. Among them, 107
lipid peaks can be successfully identified. Upon combining the

data obtained from the positive ion mode on VSiNW-Au-PDA
and the negative ion mode on VSiNW, a maximum of 479
effective peaks assigned to eight classes of lipid could be
detected. Based on the high coverage lipid data, a panel
including 14 feature lipids was screened out for HCC
diagnosis. With the assistance of statistical algorithms, the
diagnostic model constructed on these 14 feature lipids could
accurately discriminate between HCC patients and healthy
controls in 133 samples. The newly developed SALDI-MS
platform for high coverage of lipid detection might open a new
avenue in the early clinical diagnosis based on lipid metabolism
disorders.
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PE phosphatidylethanolamine
LPC lysophosphatidylcholine
DAG diacylglycerol
Cer ceramide
PI phosphatidylinositol
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