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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 'z
chromatographymass spectrometry (L®1S) platform, but future clinical sy N
applications need more robust and high-speed platforms. Surface—agsisted i( e orLs DA
laser desorption ionization mass spectrometry (SALDI-MS) has ghgWwn Lipids g
excellent advantages in the high-speed analysis of lipid metabolites. Fféwever \

the platform in the positive ion mode is more inclined to target a certaj
class of lipids, leading to the low coverage of lipid detection and limiting
practical translation to clinical applications. Herein, we proposed a dual- |
mechanism-driven strategy for high-coverage detection of serum lipids on a - i b,
novel SALDI-MS target, which is a composite nanostructure comprising

vertical silicon nanowires (VSINWSs) decorated with AUNPs and polydop-
amine (VSINW-Au-PDA). The performance of laser desorption and ionization on the target can be enhanced by charge-dri
desorption coupled with thermal-driven desorption. Simultaneous detection of 236 serum lipEsiri&liling neutral and

polar lipids can be achieved in the positive ion mode. Among these, 107 lipid peaks were succeskfWifétecdimbined

with VSINW-Au-PDA and VSINW chips, 479 lipid peaks can be detected in serum samples in positive and negative ion mo
respectively. Based on the platform, serum samples from 57 hepatocellular carcinoma (HCC) patients and 76 healthy controls
analyzed. After data mining, 14 lipids containirgedt lipid types (TAG, CE, PC) were selected as potential lipidomic
biomarkers. With the assistance of ariaitheural network, a diagnostic model with a sensitivity of 92.7% andity sp&&6%

was constructed for HCC diagnosis.

|8 Ws o

linical lipidomics has attracted wide attention because thegh coverage of lipid molecules owing to the good separation
composition and structure variance of lipid molecules aability of LC. Especially, the development of 2D-LC has
highly related to physiological and pathological changes in thether improved its sensitivity and accuracy to detect low-
human body. Emerging lipid biomarkers related ¢oedt abundance lipids. For example, 2D-LC can already detect more
types or stages of tumors have been explored in rece'it yeargaan 700 lipids in human plasiiéintargeted lipid analysis of
Lipid molecules can be divided into two categories includinguman plasma across nine M3 platforms in the positive
polar lipids and neutral lipids, which can be further dividegbn mode showed that 307 lipids in human plasma could be
into eight categories according to their chemical structurgnnotated! However, lipid analysis on LKIS platforms is
hydrophilicity, andhydrophobicity. Polar lipids mainly  ysually time-consuming, constituting a major limitation in
include glycerophospholipids and sphingolipids, whereggge_scale clinical practice and disease screening. Surface-

neutral lipids mainly include glycerolipids and sterol lipids;ssisted laser desorption idation mass spectrometry

These four major classes of lipids have been frequeniya) p|-Mms) s a high-throughput platform, which can analyze
investigated as potential tumor-related biomarkers in lipido

research” For example, the changes of LPE (18:1), PE (P]a%lch sample within a few secofidls. SALDI-MS analysis,

40:3), CE (18:2), and SM (22:0) in serum can distinguish Iung

cancer patients from healthy pedplariation of TG and CE

in urine samples is also expected to be a diagnostic marker-;

bladder cancér. Received: November 12, 2021
Among various bodyuid samples for lipidomic research, Accepted: May 25, 2022

the serum is therst choice because it contains rich lipid

molecules and is widely used in clinical &riite major

platform for serum lipidomic research is liquid chromatog-

raphy mass spectrometry (L®IS)? which is able to detect

ser desorption and ionization (LDI) of small molecules could
ake place on the surface of nanomaterials without the need for
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traditional organic matrices, eliminating the high backgrourabverage, and high reproducibility were achieved on the novel
and “sweet spbte ect caused by inhomogeneous crystal-SALDI-MS platform for detection of serum lipids. The lipid
lization. Recently, a novel organic matrix with low backgrounak number (S/N 5) detected in the positive ion mode
and a uniform matrix coating has been reported, but this workached 236, among them, and 107 lipid peak signals were
only focused on the negative ion mod&herefore, identi ed. When combined with the negative ion mode, a
nanomaterials with low background, high sensitivity, higmaximal of 479 lipid peaks in serum samples could be
coverage, and high reproducibility still need to develop iacquired. To demonstrate its potential applicability in clinical
SALDI-MS:* *"Our previous work demonstrated that verticaldiagnosis, serum samples from 57 hepatocellular carcinoma
silicon nanowires (VSiINWSs) displayed unique advantag@dCC) patients and 76 healthy controls were collected and
owing to their large surface area, high laser absorptidieir serum lipids were pled. With the assistance of

e ciency, charge transferability, and appropriate thermsfatistical algorithms, HCC patients and healthy controls
conductivity®'° Based on this platform, nontargetedlimp ~ could be successfully discriminated based on a panel
of lipids and metabolites in tissues, cells, and saliva for diseeataining 14 features, which cover 8 classes of lipids.
diagnosis and cell subtype discrimination has been successfolgstigation of the lipidomic-based diagnostic model in
achieved? ** However, the primary problem encounteredlarge-scale clinical cohorts will be conducted in our future
with the SALDI-MS platform is the low coverage of lipidwork.

signals due to the selectivity of nanomaterials tocsplasses

of lipid species in the positive ion mode. For example, the LDI EXPERIMENTAL SECTION

process on VSINWs is more selective to positively chargedreagents and Materials. The following analytical
polar lipids, which sigeantly inhibits the signal of neutral reagents including tetrabutylammonium iodide (TBAI,
lipids:**° In contrast, metal nanoparticles, graphene oxide,98%, CAS: 311-28-4) and TAG (17:0/17:0/17:0) were
and nanopost arrays (NAPAs) are more selective to neutiglirchased from Sigma-Aldrich (Shanghai, China); PC (17:0/
lipids but may inhibit the signal of polar lifid8?* To solve  17:0), PC (18:0/18:0), and TAG (16:0/16:0/16:0) were
the above problems, a combination of multiple matrices h@asirchased from Aladdin (Shanghai, China). More reagents for
been developed to expand the lipid coverage in SALDI-M@aterial preparation and serum extraction are shown in the
detection. For example, NAPA and DHB have been employefipporting Information
to selectively increase the TG and PC signals in the positivepreparation of AUNPs.The preparation process of AUNPs
ion mode, respectively, resulting in high coverage in tissgflopted the traditional sodium citrate reduction méthod.
mass spectrometry imagdingdowever, the detection time Brie y, 50 mL of 0.01% HAuglolution was heated to boiling
also signicantly increased when efient types of matrices with vigorous stirring. Then, 416 of 1% sodium citrate
were sequentially used. Recently, CHCA and potassium s@dlution was rapidly added and boiling was continued for 30
precoated NAPAs were developed for mappingﬁ tissugin. Finally, a wine-red colloidal solution was formed.
phospholipids and neutral lipids in the positive ion Mode. Preparation of the VSINW-Au-PDA Target for SALDI-
However, it is dicult to analyze lipids below 700 Da owing to MS.VSiNW-Au-PDA was prepared by a stepwise self-assembly
the high background of CHCA. In the case of serum lipignethod. First, VSINWs were prepared by a one-step MACE
pro ling, the coverage of lipid further reduces because thgethod. In brief, p-type single-crystal silicohd5 -cm) was
concentration of several types of lipids is lower in serum thant into a square with a size of 2 cm by a diamond
that in tissues. So far, only 41 serum lipids coverng knife and then etched for 10 min in a solution containing 4.8
categories were detected on the SALDI-MS platform whev HF and 0.02 M AgNg (Caution: HF is highly toxic and
only one type of nanomaterial was empfdyEte numberis  volatile, which is harmful to the respiratory system and
far less than that obtained on the MS platform, which can  skeleton. Contacting HF with skin should be avoided, and all
easily detect an average of 300 lipid metabolites in the positifethe etching experiments need to be performed carefully in a
ion mode:" Therefore, the development of new SALDI fume hood.) After etching, the chip was washed three times
materials for high-coverage detection of serum lipids igith deionized water and then immersed in diluted HNO
urgently needed for large-scale serum lipidomic screening. (HNO4/H ,0O = 1:1) for 1 h to dissolve the Ag catalyst. After

In the present work, a hybrid SALDI material was developetiat, the as-prepared VSINW wafer was treated with oxygen
to achieve high-coverage detection of serum lipids. Byasma and then reacted with a toluene solution containing 2%
modifying AuNPs on VSiNWs, charge-driven desorptioAPTES at room temperature for 15 min. At the end of the
accompanied by thermal-driven desorption could be achievegaction, the chip was washed with toluene and ethanol
Under the excitation of ultraviolet light, the surface hotsuccessively and stabilized at°@@or 1 h. The prepared
electrons of AuNPs can be transferred to the P-typ®SiINW-APTES was immersed in the AuNP colloidal solution,
semiconductor VSIN®W, resulting in Coulomb repulsion  kept for 150 min, then washed with deionized water, and dried
between the hole-rich AUNPs and positively charged analyteader a N stream. Finally, VSiINW-Au was then dipped into a
This repulsion force causes the charge-driven desorptidopamine solution (0.1 M in 50 mM Tris by pH = 8.5) for
process to charged analytes without inhibiting the thermab min. The coated material was taken out, rinsed with
desorption of neutral analytes. However, AuNPs themsehdsionized water, and then blew-dried again with, gtesiim.
could produce strong background signals under laserCharacterization of Materials. The sample morphology
irradiation due to the formation of charged Au nanoclustewas characterized by a Hitachew-generation SUS0Hd
To tackle this problem, a polydopaminewas coated on the emission scanning electron microscope (FESEM, Hitachi
surface of the hybrid nanomaterial to suppress backgrouty8010, Japan) at an accelerating voltage of 3 kV. Elemental
peaks® At the same time, the PDIn also enhances the laser distribution on the surface of the material was characterized by
desorption process owing to its good UV absorption @bility. energy-dispersive X-ray spectroscopy (EDS). X-ray photo-
With this composite nanomaterial, low background, higblectron spectroscopy (XPS) measurements were performed
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Scheme 1. Schematic Illustration of the Preparation of VSiNW-Au-PDA
w-AuNP == -PDA Layer |
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on an ESCALAB MKIl X-electron spectrometer (VGon pure AuNPs was performed by mixind- 2f AuNP
Scientic) using a monochromatic Mg B-ray sourceh¢ solution and 2L of samples, then dropping the mixture onto

= 1253.6 eV). The surface chemistry of the material was steel target plate, and drying before MS detection. The
analyzed by Fourier transformude reectance infrared SALDI mass spectrum was obtained on an éMtr@me
spectroscopy (Nicolet iS10, Thermo ScgnfThe morphol-  MALDI-TOF-MS instrument (Bruker, Germany) equipped

ogy of AuNPs was characterized by transmission electrgiy, 5 355 nm Nd:YAG laser beam. The laser parameters are

microscopy (TEM, H-7650, Hitachi Co.) at an acceleratir)g,’et as follows: pulse width, 3 ns: peak power, <170 W:

voltage of 80 kV. A UWis spectrophotometer (Shanghai r o :
. . petition rate, 1000 Hz. The pulse energy of the circular laser
Spectrum, China) was used to record the UV absorption %ﬁ)ot with a diameter of 1060 was 3 J. Relative laser energy

AuUNPs and Au-PDA in the range of 3810 nm. The size of d d t f oul Th ¢
AuNPs was measured using a dynamic light scattering (DL§) ened as a percentage of puise energy. 1he measuremen

instrument (ZEN3600, Zetasizer Nano ZS, Malvern, U_K_)r_node was set to rection mode. Other instrum_ent parameters
Transient photovoltage (TPV) measurements were performé(€ Set as follows: 100 ns of delayed extraction time and 19 kV
on a CEL-TPV2000 instrument (China). (ion source 1) and 16.75 kV (ion source 2) of acceleration
Preparation of the Standard Sample for Evaluation voltage. Each spectrum was obtained by an accumulation of
of Mass Spectrometric E ciency. Benzylpyridine hydro- 500 laser shots on a single point, and four spectra acquired on
chloride (BP) and TBAI were used for studying the desorptiodi erent points were superimposed to obtain rilaé mass
mechanism on SALDI targets. BP was synthesized by thgectrum. The calibrator for small-molecule mass spectrometry
reaction of pyridine and benzyl chlofid@he detailed  sampling was CHCA solution, and the calibrator for serum
information is given in tf&ipporting InformatioBAI (5 lipid samples was lipid standard mixed solution. The mass
10 ® M) were dissolved in a 40% MeOH®{solution. T range was setmitz = 400 1000 for negative ion and positive
eyaluate the sensitivity and select_|V|ty forll|p|d .dgtectlon GBn detection modes. The idenétion of serum lipids was
di erent SALDI-MS targets, a solution of mixed lipid standarg.pieved through the combination of MALDI-TOF/TOF,

samples including PC (17:0/17:0), PC (18:0/18:0), TAG LC MS/MS (AB Triple-TOF 5600plus Svstem). and the
(16:0/16:0/16:0), and TAG (17:0/17:0/17:0) was dissolved | |50 APS( datab%smt(p: //wwwﬁipidm;/ps.op)g; The

in CHCL,;, in which the concentration of each component Was tiled information is given in Biepporting Information

0.1 mg/mL. Statistical Analysis.The data set consisted of average data

Serum Sample Collection. The quality control sample i
serum was prepared by combining the serum samples of %foeach sample through three repeated measurements. First,

healthy people. These human serum samples were provided f§<Analysis 3.4 software (Bruker Daltonics Corp.) was used
the Second Aliated Hospital of Zhejiang University School oft0 perform baseline subtraptlon pretreatment on the orlglna}l
Medicine. Patient serum with HCC and healthy controls wer@ass spectrum. Then, the intensity of the selected peaks with
collected from Sir Run Run Shaw Hospital of Zhejian§/N 5 was normalized to the total ionic intensity.
University School of Medicine. Ethics approval was obtainéibmbining the two-sample Studenitest in MATLAB
from the ethics committee of Sir Run Run Shaw Hospital (N&oftware and the results of orthogonal partial least squares
20200210-217). discriminant analysis (OPLS-DA) in SIMCA software
Serum Lipid Extraction. Lipid extraction from serum (Umetrics AB, Umea, Sweden), the important peak
samples was performed according to a ewdlatyash information that saties bothP < 0.05 and VIP > 1 was
methoct® In brief, 40 L of serum sample was added to 335screened out. Then, the random forest packet in R software
L of MTBE/MeOH solution, vortexed for 10 min, and then (rangomForest;http://cran.r-project.org/web/packages/
65 L of H,O was added. After vortexing the mixture for 10,5 4omForesy/was used to further screen the above peak

et e s e it SagprTlon,and the sk nformaton wi igh conuton
Before analysis, the pellet was reconstituted il 4ff was screened outigure S)L Finally, the diagnostic model

isopropanol and stored a20 °C. was constructed based on the selected data set. éial arti

Methods for SALDI-MS Detection VSiNW and VSiNw-  nheural network (ANN) model yvith a multilayer_ perception
Au-PDA chips were further cut into small chips of a size of §ructure (the number of hidden neurons is 10) was
mmx 3 mm. Two mocroliters of standard solution or serunstablished in the pattern recognition tool of MATLAB
||p|d extraction was pipetted onto the Chips, which wede software. In the ANN model, the training set occupied 70%
with carbon conductive glue on an aluminum plate matche?f the total data set, and 15% of the data was used as the
with the target chamber of a Bruker MALDI-TOF-MS. Thevalidation set. Another 15% of the data was used as the test set
SALDI-MS detection of probe molecules and standard samptesevaluate the sensitivity and spéyiof prediction.
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Figure 1.Characterization of materials. (a) Cross-sectional SEM images of VSINW, (b) VSINW-Au, and (c) VSINW-Au-PDA (the scale bar is 5
nm); (d) cross-sectional and (e) top-view EDS elemental mapping images of VSINW-Au-PDA; and (f) XPS spectrum of VSINW-Au-PDA.

RESULTS AND DISCUSSION and N elements on the top side of VSINW-Au-PDA. As both N
Preparation and Characterization of VSINW-Au-PDA, ~ @nd O elements were from APTES and PDA, XPS analysis was

AuNPs were prepared by the traditional sodium citrat@!SO_performed to cam the successful moction of
reduction method. TEM (Figure SR DLS, and UVvis APTES and PDAIms on VSiNWs. A clear N 1s peak signal
analysesF(gure SPBshowed that the average diameter of Was shown in VSINW-APTES and VSINW-Au-PDA samples
AuNPs was about 21 nm with uniform particle size. The sliggPmpared to that in freshly etched VSiNWgi(e ). In
red shift for the extinction peak of Au-PDA was due to th&ddition, the high-resolution spectra of NFigu(e S6a and
increase of refractive index around AuNPs after PDA coatingPle S} also showed the existence of free amihg)
(Figure Sy VSINWs were prepared by a one-step metaldroups and hydrogen bonds &fH, groups, which proved
assisted chemical etching (MACE) method. The procedure fée successful modation of APTES. The obvious Au 4f and

preparation of VSINW-Au-PDA composites is illustrated iU 4d characteristic peaks in VSINW-Au-PDA indicated that
Scheme.1 AuNPs were successfully medion VSiNW Eigure f). The

The morphologies of VSiINWFigure &), VSINW-Au high-resolution spectra of C 1s and N 1s of VSINW-Au-PDA
(Figure b), and VSINW-Au-PDAF{gure t) were charac- (Figure S6b and Table)Showed that functional groups such
terized by SEM. The VSiNWs display a vertical nanopill@&s C C,C N,C O, NR,and RNH R were introduced
array structure with an average length ofiand an average on the surface, indicating the presence of catechol and quinone
diameter of 70 nmF{gure &). The cross-sectional view of groups derived from PDAms. Furthermore, the presence of
VSiNW-Au showed that the adhesion of AuNPs was thin arDA on VSINW-Au-PDA was also cored by diuse
uniformly distributed without obvious agglomerataiue re ectance infrared spectroscopy (DRIFTS). The observed
1b). After immersion in a dopamine solution, the size obroadband peaks at 378300 cm® were assigned t¢N
particles attached to the wall of VSINW increasecdtaigfhy, H) and (O H) stretching modes, while 2924 and 2852 cm
indicating the successful coating of PDWs on AuNPs  were assigned to aliphati€ H) stretching. Absorption
(Figure t). EDS elemental analysegire Spand mapping  peaks at 1614 and 1468 tand at 1572 cm were assigned
images figure @,e) conrmed the existence of Si, Au, C, O, to  ;,(C C) and ,(C N) stretching, respectively
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(Figure S) The positions of these peaks were consistent witll SINW-Au-PDA also displayed the same advantage as
those observed in the reference spectra of dopamhee.  VSINW-Au. Furthermore, the intensity of the TAG signal on
above results substantially cored the successful preparation VSINW-Au-PDA was remarkably improved compared to that
of VSINW-Au-PDA composites. on VSINW-Au probably owing to the enhanced UV absorption
Performance of VSINW-Au-PDA as the SALDI-MS and photothermal transition @ency of the PDA-coated
Target. Before the SALDI-MS detection, the backgroundsurface.
peaks originating from VSiINW-Au-PDA were recorded. In the Mechanistic Study. To further study the desorption
positive ion mode, VSiINWs show almost no background peakechanism on derent types of materials, a chemical
within the molecular weight between 400 and 1000 Da. Aftéhermometer benzylpyridinium ion (BRas used to probe
modi cation with AuNPs (VSINW-Au), several noisy peakshe relative temperatures on the SALDI surfaces. It is well
were observed in the positive ion mode. Among them, the pelgkown that with an elevated temperaturé,vBIP undergo
atm/z = 590 belongs to the Au cluster ions of Aligure simple bond dissociation, leading to the formation of a benzyl
2a). In contrast, these background peaks disappeared wheneadion Wz 91.1) and a neutral pyridine fragmefiire
VSiNW-Au-PDA target was used, indicating thecgighiole ~ 3a)> The total ion intensity (TII) calculated by, 1701+
of PDA in suppressing the background of Au cluster ions. lwze1.1Can be used to express the desorptiaiescy; the

survival yield (SY) calculatedi§y 170.{( vz 1701+ iz 91.9
can be related to the temperature of the SALDI r%/ézr_gm

a 1z graph of TIl and SY of BRn di erent types of materials
3 Auy’ under dierent relative laser energies is shoviAigime B.
< 8.0x10° We can nd that VSINW has a higher desorptiogiency
5 than AuNPs. Compared with that of bare AuNPs, the
3 £.0x10* desorption eciency of VSINW-Au sigoantly improved. It
£ e J; VSINW should be noticed that the desorptiogiency of VSINW-Au-
0ol = 2= L RINAY b PDA further increased due to the ability of PDA to absorb

500 600 700 800 900 uItraon_et Ilghf.“Accqrdmg to the we_ll-known thermal—drlven
m/z desorption mecham;m, W|th_an increase of relative _Iaser
1.8x10° energy, the Tl of BRwill accordingly increase because of high
B9 PC(34:0) temperature, whereas the SY will decrease with an increase of
o= TAGEB) % relative laser energy, owing to the breakdown of chemical
= TAG(51:0) bonds’*** In the present work, VSINW has the highest
desorption eciency and the lowest SY. Therefore, the
desorption behavior of Béh VSINW is exactly in accordance
with the thermal-driven desorption mechanism. Interestingly,
I both TIl and SY of BRyenerated on VSINW-Au and VSIiNW-
m ﬁ-l] ‘ Au-PDA were sigrdantly higher than those of AuUNPs, when
the relative laser energy was less than or equal to 60%. This
phenomenon contradicts thkermal-driven desorption
Figure 2 Background signal and SALDI-MS performanceerarli mechanism but is consistent with the charge-driven desorption
materials. (a) Background spectra of VSINW, VSINW-Au, anghechanism proposed by Cheng &t @b verify that the
VSi_NW-Au-P_DA_for LDI-MS ana_lysis. The relative laser energyomposite of VSINW and AuNPs does involve the charge-
e (o accrven desorpon mechanism, tevabuylammontu calor

e : . . ; L BA™") was selected as a highly sensitive probe to t oles.

di erent materials. The relative laser energy during detection is 6 Oc')mpared with VSINW and AUNPs, higher “TBfensity
was observed on VSINW-Au compositeigufe 8),

To compare the LDI performance ofedént types of conrming the involvement of the charge-driven desorption
materials in the detection of multiple lipids, a standard lipithechanism. On the composite of VSINW-Au-PDA, the
mixture containing two TAG molecules and two PC moleculdstensity of TBA doubled, indicating that PDAm with
was prepared and subjected to SALDI-MS analysis. Silichigh UV absorption capability could further promote the
could not detect PC and TAG molecules due to its lowcharge-driven desorption process. If the relative laser energy is
desorption/ionization eciency. When mere AuNPs were more than 60%, VSINW-Au-PDA has high TIl and low SY
employed, only TAG signals could be detected, while thg-igure B,c), showing a typical thermal-driven desorption
signal of positive charge lipids was inhibitepifes B and mechanism. The results could be ascribed to the sharp increase
S§. The results are in accordance with tiieng of previous  of material temperature under higher laser energy. Under this
works, which indicated that AuUNPs could promote the LDtondition, thermal-driven desorption dominates the overall ion
e ciency of neutral lipidS. The phenomena might be desorption, thus weakening the contribution of charge-driven
ascribed to negatively charged hot electrons on the surfatgsorption. Therefore, to better achieve the simultaneous
of AuNPs under laser irradiatiotOn the contrary, VSINW  detection of positively charged analytes and neutral analytes,
can sensitively detect PC but the TAG signal was suppresstg. relative laser energy should be less than 60%.

The detailed mechanism will be discussed in a later sectionWhen AuNPs are excited by a laser, both hot electrons and
Au-PDA can only produce higher TAG signals than AuNPHples are generated within1lD0 fs, and energy spreads
rather than expanding the coverage of detected lipids. tapidly on their surface. However, since the lifetime of holes is
contrast, VSINW-Au can simultaneously detect TAG and Pghorter than that of hot electréhs, certain negative charge
molecules, showing the combined merit of both materialsan be accumulated on their surface, resulting in the

o
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Figure 3.MS data for proving the dual-mechanism-driven SALDI-MS. (a) Bond cleavagsoltiB in the formation of [BP-pyridinahd
pyridine. Total ion intensity (b) and survival yield (c) d¢f ®&®ected on AuNPs, VSINW, VSINW-Au, and VSiINW-Au-PDA uretentli
relative laser energies. (d) Intensity of T@Adi erent materials and the relative laser energy during detection of 50%.

suppressed desorption of the positively charged analyte duéhtdes in p-type VSIN¥#%’ This charge transfer process was
the electrostatic interaction. In this case, for the neutraderi ed by transient photovoltage (TP\Rigure SP The
molecules, thermal-driven desorption may overwhelm chardd?V response for VSiNW is negative, indicating photoinduced
driven desorption, leading to the enhanced signal of neut€lectron accumulation on the surface of VSiNW. The
molecule$® When VSINW is excited by a laser, the increasinghenomenon is consistent with the results reported in other
acidity of SiOH groups on the surface facilitates the transfefiterature works: Our previous work also proved that

of hydrogen ions to nitrogen-containing molecules angléctrons could accumulate on the SiNWs upon laser
promotes their ionization eiency’® In the meantime irradiation, leading to electron transfer from SiNWs to the

8 : .
thermal-driven desorption of positively charged ions wifinalyté” As for VSINW-Au and VSINW-Au-PDA, the TPV
consume most of the thermal energy and suppress thgsponse showed a negative value inrshstage and then

desorption of neutral analytes. For the composite of VSiNVyi'anged to a positive value in a later stage because the hot
AuNPs, the hot-electrons caused by AuNPs are easy to jur%lectrons can be rapidly generated on the surface of AuNPs
' u;‘)jon laser irradiation and then gradually transfer to VSINW,

!nto _th_e copducﬂon band of p-type VS'NW_ un_der I‘_"lserleading to the accumulation of positively charged holes on the
irradiation figure § and then undergo recombination with  » ,Np 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

hv (355nm~3.5ev)

.

X «€. . rFiN contribution of the charge-driven process, thereby enhancing
A .. the peak intensity of the positively charged analyte. Under this
® | h+ circumstance, the thermal energy can still allocate to neutral
;gzer el \\.- analytes without weakening their peak signals.
nm :

Charge-driven desorption
coupled with thermal-driven

desorption

VSiNW-Au-PDA

Figure 4.Dual-mechanism-driven desorption mechanism of VSIiN
Au-PDA under laser excitation. The positive charge on the Au

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 dérent 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

V\;_Figures & andS10Q. The behavior is quite similar to that
ngbtained from the standard sample and other literature

6 ey . . . . .
surface plays a major role in charge-driven desorption, whereas yrrks.® In addition, exceSSIvely backgrou_nd S.Ignals originating
heat generated on VSINW mainly contributes to thermal-driveffom the Au cluster ion peak lead to the signt interference

desorption.

with MS signals of lipid molecules. On contrary, high PC signal
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Figure 5.VSINW-Au-PDA as the SALDI-MS target for serum lipidomic analysis. (a) LDI mass spectra of human serum lipid extract obtained
Au, VSINW, and VSINW-Au-PDA in the positive ion mode when using a relative laser energy of @déthcb)ithe number of serum lipids
detected by three materials: Au, VSINW, and VSINW-Au-PDA. (c) Total peak numberS)(8fNSINW and VSINW-Au-PDA and their
combination in serum lipid LDI-MS analysis.

can be obtained on VSINW, whereas the signal of neutral ligittreased using the VSINW-Au-PDA target. As far as we know,
was absent. The total peak number produced on the VSiN¥We number of 107 idengid lipid peaks is the highest
chip was around 65. When VSINW-Au-PDA was used, tlmeasured on the SALDI-MS platform in the positive ion mode.
number of eective peaks (S/N 5) reached 236, which If measured in the negative ion mode, the signals of PI, PE,
included both neutral lipids (TAG, CE) and polar lipids (PC,PG, and other lipids can be detected on the VSINW-Au-PDA
SM) peaks. Compared with AuNPs and VSiNW, the numbeéarget, but it is inferior to VSINW in terms of peak number
of e ective peaks and types of lipid species detected dfrigure S1)7 The reason for high MS intensity in the negative
VSINW-Au-PDA sigrdantly increased, proving the syner-ion mode on the VSINW has been investigated in our previous
gistic eect of the composite materiaigures b andS10Q. In work!® To maximize the coverage of lipid detection, the
addition, the sensitivity and coverage for lipid detection oWSINW-Au-PDA target was used in the positive ion mode,
VSINW-Au-PDA are even better than those on DHB, avhereas the VSINW target was used in the negative ion mode.
traditional MALDI matrix for lipid detectiofigure S1)1 To As a result, a total of 47%etive peaks (S/N 5) could be
further investigate the repeatability of serum lipidimgo  detected in human serum samples on the SALDI-MS platform
intrabatch and interbatch experiments were performed dfrigure 8). Although the number of idemd lipid species is
VSiNW-Au-PDA and DHB, respectively. When DHB was useddill less than that obtained on the IMS platfornt; these
as the matrix, the median intra- and interbatch RSDs are 17d2nti ed lipids detected on our platform have already covered
and 32.8%, respectively. In contrast, the median intra- aeayjht classes of lipids, which include a medium and high
interbatch RSDs obtained on VSINW-Au-PDA are 11.9 armbundance of glycerides, glycerophospholipids, sphingolipids,
17.8%, respectivelyigure SI2 The results indicate that the and cholesterol esters. These serum lipids play an essential role
crystalized DHB may have irregtsareet spatsupon laser  in the diagnosis of various dise@sédoreover, high-speed
irradiation, causing the lower repeatability of MS detection.serum lipid prding can be achieved on the SALDI-MS
Serum lipid peaks obtained on VSINW-Au-PDA werglatform. It costs only 40 min to detect a batch of 96 samples.
identied by MALDI-TOF/TOF, LCMS/MS, and the If taking the time for sample pretreatment into consideration,
LIPID MAPS database. Among 23éctve peaks, 107 lipid the whole detection time i®0 min, which means that the
peaks were idengid, and their molecule information is listed time for each sample detection is less than 1 min. For the LC
in Table S2The SALDI-MS/MS spectra of some ideati MS platform, the detection time for each sample is at least 12
molecules are shownFiyures S13516 Around half of the  min>?In human lipidomics research, large sample numbers are
lipid peaks are still not assigned, owing to the lower signal-twften required to attain statistical results that coulte de
noise ratio and the interference from isotope peaks. In contraassociations between lipid species and disease phénotypes.
compared with the results of previous research with only 4herefore, the novel SALDI-MS platform will be superior in
serum detected lipids, the number of serum lipidscaigfhy large-scale clinical lipidomic research.
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Figure 6.Analysis of serum lipids in patients with hepatocarcinoma (HCC) and healthy controls. (a) Schematic lllustration of serum lipidomi
analysis of HCC patients and healthy controls by VSINW and VSINW-Au-PDA-assisted LDI-MS. (b) OPLS-DA results of serum samples ft
HCC patients and healthy controls in the training group based on the combined materials diagnostic model. (c) Change graph of the rela
intensity of characteristic lipids in serum samples of HCC patients and healthy controls in the training group. (d) ROC curves of three model
the validation group. (e) Number of HCC patients diagnosed by AFP and MS models in all cohorts.

Analysis of Serum Lipids in Patients with Hepato- 70% samples were assigned to the training group and 30% of
carcinoma (HCC) and Healthy Controls.HCC is the samples were assigned to validation groups with a reasonable
fourth most common cause of cancer-related deaths in tagstribution of disease state, age, and gefatee (SR
world; and its morbidity and mortality are increasing rapidly. To evaluate the ability of lipidomic data to distinguish HCC
The liver plays a vital role in lipid metabolism because Hatients from healthy controls, statistical methods including
regulates its synthesis and degradation. Once liver d'seﬁ’7§8-sample studésittest. OPLS-DA. and random forest were
occurs, lipid metabolism will be disturbed. In recent Yearsy nhined. and 14 feature lipids were screened out for the

considerable evidence has shown that there is a StrO(@I%ssication modelTable S} The feature lipids includee
relationship between lipid metabolism and ff@erefore,
P P PE, two TG, one LPC, one DG, two CE, one SM, one PC, and

it is of great signtance to explore serum lipid biomarkers for

the early diagnosis of HCC. To evaluate the potentig?n® Pl. OPLS-DA of the training group indicated good
applications of the novel ISM-MS target in clinical discrimination ability between the HCC and control groups

lipidomics, serum samples collected from 57 HCC patienf§igure 6). The distribution of relative average intensity of
and 76 healthy people were detected according to tHéese feature lipids in HCC patients and healthy controls is
work ow illustrated irFigure @. Among the 133 samples, shown inFigure 6.
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To demonstrate the superiority of high-coverage lipid dat@ata obtained from the positive ion mode on VSiNW-Au-PDA
obtained on the combined materials, statistical analysis bas@ed the negative ion mode on VSINW, a maximum of 479
on lipid data obtained on VSINW and VSINW-Au-PDA wag ective peaks assigned to eight classes of lipid could be
also conducted, respectively. To ensure credible statistidetected. Based on the high coverage lipid data, a panel
comparisons, each statistical models were constructed fromideluding 14 feature lipids was screened out for HCC
feature lipidsTables S5 and Favhich has the same feature diagnosis. With the assistance of statistical algorithms, the
number as the combined model. The results of OPLS-DA idiagnostic model constructed on these 14 feature lipids could
both training groups show that the discrimination ability usingccurately discriminate between HCC patients and healthy
one type of material alone displays weak predictive perforgentrols in 133 samples. The newly developed SALDI-MS
ance Figure S18 platform for high coverage of lipid detection might open a new

In addition, an artcial neural network was also used toavenue in the early clinical diagnosis based on lipid metabolism
evaluate the diagnostic accuracy of three models constructiésbrders.
on the data set from combined chips, VSINW, and VSINW-Au-

PDA, respectivelyTéble SY. The results showed that the ASSOCIATED CONTENT
sensitivity and specity of the model obtained on the * Supporting Information

combined chips in the validation group were 92.7 and 96%he Supporting Information is available free of charge at
respectively. In conltrast, the ZenSIUVlty a#?ﬁpobtalned hétps://pubs.acs.org/doi/lO.1021/acs.analchem.1004929

on VSINW were only 82.3 and 87.7%, while the sensitivity an Experimental procedures, material characterization
specicity obtained on VSINW-Au-PDA were only 75 and sta%dard prodEct analysis, DHB analysis, material
91.3%, respectively, indicating the signce of high lipid stability results, MS/MS identation of lipids,
coverage in the construction of an accurate diagnosis model. In o osoniative mass spectra, statistical analysis results,
addition, the ROC curves obtained on the combined chips i ¢ lipids in human serum extracts, clinical character-
achieved the highest AUC value among the three models in the istics of the study cohort, lipid information for the
validation groupH(gure @). To better reect the superiority diagnostic model, and actal neural network statistical

of the lipidomic-based method in clinical diagnosis, the analvsis resultﬁ’l(iF)

diagnostic accuracy obtained with this method was compared Y
with that obtained with the AFP method in all cohorts. The
results showed that our model could not only discriminate 30 AUTHQR INFORMATION

AFP-positive (AFP > 20) HCC patients but also accuratel@orrespo_rldlng Authors .

diagnose 26 in 27 AFP-negative (AFP < 20) HCC patients Xiao Liang Department of General Surgery, Sir Run Run

(Figure @), indicating the sigmiantly improved sensitivity for Shaw Hospital, School of Medicine, Zhejiang University,
HCC diagnosi&’ The perturbation pathways of lipids in the Hangzhou 310016, Chi&anail:srrshix@zju.edu.cn

serum of HCC patients have been reported bBéf6rEor Jianmin Wu Institute of Analytical Chemistry, Department
example, increased uptake of TG by liver cancer cells from of Chemistry, Zhejiang University, Hangzhou 310058,
serum may lead to decreased serurit T@e decreased PE- China; @ orcid.org/0000-0002-0999-9]1 Bnail:wjm-

N-methyltransferases (PEMT) activity in liver cancer patients stl@zju.edu.cn
will lead to a decrease in polyunsaturated PC and hetolysis

Overexpression of lysophospholipase D/autotoxin (ATX) wiftuthors . . .
lead to g decrease ir>1l Lé@vhil% a dpecrease in serum(lecitrzin- Xuetong Qu Institute of Analytical Chemistry, Department

cholesterol acyltransferase (LCAT) activity will lead to a _ °f Ghemistry, Zhejiang University, Hangzhou 310058, China
decrease in C)I/E levels. The(up— 02 downrggulation of these!a0 Wang Institute of Analytical Chemistry, Department of
lipids in the serum of HCC patients is consistent with the X_Chemlslf_ry, Zlhetj_ltar;g Uanverlsny, T'g?]gzho? 318058,tCh|nta
results in the present work, further supporting that the panel of XINgyue Liu ~Institute of Analytical Chemistry, Department
serum lipids discovered in our platform might act as good | °f Chemistry, Zhejiang University, Hangzhou 310058, China
omics biomarkers for HCC diagnosis. In addition, some Xinrong Jiang Institute ofAnaIyt|paI Chemistry, Department
unreported lipids such as DG (36:4) and SM (d34:1) were of Chemistry, Zhejiang University, Hangzhou 310058, China
found; the pathways of these lipid perturbations will be studiggomplete contact information is available at:

in future works. https://pubs.acs.org/10.1021/acs.analchem.1c04929

CONCLUSIONS Notes

In summary, this work reported a novel SALDI-MS targefl "€ authors declare no competingncial interest.
VSINW-Au-PDA, as the high-speed, low-background, high-

reproducibility, and high-coverage serum lipid detection ACKNOWLEDGMENTS )
platform in the positive ion mode. A series of probes andihe authors acknowledge theancial support from the
standard molecules were employed in the evaluation of Lbiational Natural Scienceoundation of China (Nos.
performance and mechanistic study. The results proved t#575127 and 21874118).

the LDI-MS process on VSiNW-Au-PDA involved an

enhanced charge-driven desorption mechanism in the positive ABBREVIATIONS

ion mode, thereby contributing to high coverage detection @iG triacylglycerol

serum lipids. Simultaneous detection of 236 serum lipidSE cholesterol ester

including neutral lipids (TAG, CE) and polar lipids (PC, SM)PC  phosphatidylcholine

can be achieved in the positive ion mode. Among them, 1&M  sphingomyelin

lipid peaks can be successfully idshtiUpon combining the LPE lysophosphatidylethanolamine
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