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ABSTRACT: Spatially resolved tissue lipidomics is essential for accurate Lipidomic MSI
intraoperative and postoperative cancer diagnosis by revealing molecular
information in the tumor microenvironment. Matrix-free laser desorption
ionization mass spectrometry imaging (LDI-MSI) is an emerging attractive
technology for label-free visualization of metabolites distributions in biological
specimens. However, the development of LDI-MSI technology that could
conveniently and authentically reveal molecular distribution on tissue samples
is still a challenge. Herein, we present a tissue imprinting technology by retaining
tissue lipids on 2D nanoflakes-capped silicon nanowires (SiNWs) for further mass
spectrometry imaging and cancer diagnosis. The 2D nanoflakes were prepared by Cancer diagnosis
liquid exfoliation of molybdenum disulfide (MoS,) with nitrogen-doped graphene

quantum dots (NGQDs), which serve as both intercalation agent and dispersant. The obtained NGQD@MoS, nanoflakes were
then decorated on the tip of vertical SiNWs, forming a hybrid NGQD@MoS,/SiNWs nanostructure, which display excellent
lipid extraction ability, enhanced LDI efliciency and molecule imaging capability. The peak number and total ion intensity of
different lipids species on animal lung tissues obtained by tissue imprinting LDI-MSI on NGQD@MoS,/SiNWs were ~4—35
times greater than those on SiNWs substrate. As a proof-of-concept demonstration, the NGQD@MoS,/SiNWs nanostructure
was further applied to visualize phospholipids on sliced non small cell lung cancer (NSCLC) tissue along with the adjacent
normal tissue. On the basis of selected feature lipids and machine learning algorithm, a prediction model was constructed to
discriminate NSCLC tissues from the adjacent normal tissues with an accuracy of 100% for the discovery cohort and 91.7% for
the independent validation cohort.
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INTRODUCTION As a powerful method with label-free properties and
qualitative/quantitative capabilities, mass spectrometry imag-
ing (MSI) can analyze the distribution of metabolites in tissues
with high spatial resolution, providing molecular data related
to cancer histopathology.” Matrix-assisted laser desorption
ionization mass spectrometry imaging (MALDI-MSI) is
considered as a very promising candidate method for
biomarker discovery and disease diagnosis owing to its high-
speed and robust performance.” It is usually necessary to
homogeneously deposit matrix (usually an organic acid) on a

Precise diagnosis of cancer using metabonomics data has
become a promising trend in recent years. More and more
evidence have proven that metabolites, as the direct signatures
of cell biochemical activity, can easily reflect cancer phenotype
and progression.”” Numerous studies have proven that lipid
metabolites play a vital role in the development of cancer.
Discovery and identification of key lipids that may drive cancer
initiation and progression is crucial in clinical research.’~>
Spatially resolved tissue lipidomics can reveal important
molecular information for the assessment of cancer micro-

environments during cancer progression, leading to the precise Received: March 16, 2022
intraoperative and postoperative diagnosis. Compared with Accepted:  April 11, 2022
mature techniques for imaging of proteins in tissues (e.g, Published: April 13, 2022

immunohistochemistry-IHC), the spatially resolved detection
technologies of lipid metabolites in various tissue samples are
still under development.
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Figure 1. Construction of NGQD@MoS,/SiNWs chip. (a) Schematic illustration of the fabrication of NGQD@MoS,/SiNWs. (b) TEM
image of NGQD@MOoS, nanoflakes. Inset image is Tyndall effect of the aqueous dispersions of the obtained 2D nanoflakes. (c) AFM image
and the corresponding height profiles (inset) for NGQD@MoS, nanoflakes. (d) UV—vis absorption spectrum of NGQD@MoS$, nanoflakes.
(e) Stability of NGQD@MoS$, nanoflakes and MoS, nanoflakes. (f) Cross-sectional SEM image of the NGQD@MoS,/SiNWs substrate. (g)
Top overview SEM image of NGQD@MoS,/SiNWs substrate and zoomed SEM image of the box region (inset). (h) Survey XPS spectrum of
NGQD@MoS,/SiNWs. (i) UV—vis DRS spectra of bare Si wafer, SiNWs, and NGQD@MoS$,/SiNWs.

tissue sample prior to the MALDI-MSI detection. However,
the signal of metabolites could be serverely suppressed by the
MS signals of matrix and analyte—matrix adducts in the low
molecular range.*” On the contrary, the “sweet-spots” caused
by the nonuniform cocrystallization of the organic matrix will
increase the signal variation, thereby reducing the accuracy for
mapping metabolites distribution.'’ In addition, the process of
matrix deposition is usually time-consuming and is often not
suitable for most clinical practices. Therefore, fast and efficient
laser desorption and ionization (LDI) methods for tissue
lipidomic imaging are urgently needed."’

To address the above-mentioned problems, many matrix-
free laser desorption ionization methods based on nanoma-
terials have been proposed.” Recent studies have proven that
interaction between lasers and nanostructures enables a rapid
and sharp increase of the surface temperature, promoting
analytes desorption and ionization of the analyte.'”"* Until
now, various nanostructured carbon materials (e.g, gra-
phene,M’15 multiwalled carbon nanotubess MWCNT'®), metal
(eg, Ay, ™" Pt*°) materials, and silicon materials (porous
silicon,”" silicon nanopost arrays”>>*) have been employed as
substrates for laser desorption ionization mass spectrometry
imaging (LDI-MSI) to visualize molecular distribution in tissue
samples. Among them, vertical silicon nanowires (SiNWs) are
ideal candidates for LDI analysis owing to high laser energy
absorption and efficient energy and charge transfer abilities.
Recently, our group found that an electric field could be
concentrated at the tip of SiNWs, leading to significantly
enhanced LDI ability.24 At the same time, SINWs can also be
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used as the sampling chips because molecules can be imprinted
on the tips of SINWs when SiNWs are in contact with tissue.”*
By analyzing the lipid molecules imprinted on the tip of
SiNWs, a nondestructive MS method named as tip-contact
sampling/ionization MS (TCSI-MS) has been developed to
quickly acquire lipidomic information on liver tissue for
hepatocarcinoma tumor identification.”> The imprinting
process can selectively transfer/adsorb analytes from a complex
tissue surface onto the substrate, save pretreatment time,
require lower laser energy, and improve anti-interference
capability, compared with other LDI-MSI techniques. How-
ever, there still remains a challenge to use tissue imprinting
technology as a imaging platform to precisely reveal the spatial
distribution of lipids on tissues surface. To achieve the imaging
capability of tissue imprinting technology, modulation of the
nanostructure surface is highly important, since the surface
structure will not only affect the imprinting efficiency but also
influence the performance of energy transfer and charge
transfer on the interface upon the irradiation of a laser on the
nanostructure. Meanwhile, the regulation of the nanostructure
may effectively avoid the problem of “sweet-spots” that also
exist in nanostructure-assisted LDI. Eliminating the sweet-
spots problem will have a great influence on the precise
mapping of molecular distribution. On the basis of our
previous work of TCSI-MS, further efforts to modify SINWs
for improving tissue imprinting efficiency and lipid imaging
ability are highly desirable.

So far, several nanomaterials such as Au nanoparticle,26 Ag
nanoparticle,”” and graphene” have been explored to modify a
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Si-based substrate for improving LDI efficiency. However,
metal nanoparticles deposition might still cause sweet-spots
because of their heterogeneity in solid state.”®’ Carbon-based
nanomaterials usually suffer from intense carbon cluster peaks
in the low-mass region when irradiated with high laser energy
density.”” As a low-cost and photosensitive material, 2D MoS,
nanoflakes have great potential in promoting LDI efhiciency,
taking advantage of high light absorption and energy
enrichment capacity in the UV—visible range.”"*” In addition,
high affinity toward phospholipids makes MoS, suitable for
imprinting tissue lipids before LDI-MSI analysis.33 However,
there still exists an obstacle to obtain stable few-layers MoS,
nanoflakes in solution, and reaggregation is hard to avoid. In
addition, the rapid recombination of photogenerated electron—
hole pairs and the limited active edge sites in MoS, also hinder
the performance of LDL**

In the present work, we used bottom-up grown nitrogen-
doped graphene quantum dots (NGQDs) as both the
intercalation agent and dispersant to assist liquid exfoliation
of MoS,. Using this approach, stable and well-dispersed 2D
nanoflakes with NGQD@MoS, heterojunctions were ob-
tained. The 2D nanoflakes were then loaded on the tip of
vertical SINWs via a self-assembly process to obtain NGQD@
MoS,/SiNWs substrate for tissue imprinting LDI-MSI. The
LDI efficiency of lipid molecules with different polarities was
significantly improved on the NGQD@MoS,/SiNWs substrate
owing to its higher photothermal conversion and photo-
induced charge transfer efficiency of NGQD@MoS,/SiNWs.
Furthermore, the sweet-spot effect could be elinimated because
the capping of 2D nanoflake on SiNWs could delocalize
thermal energy and homogenize the LDI efficiency on the
whole chip surface. Being free of the sweet-spot is highly
important in the spatial-resolved relative quantitation of
biomolecules on tissue. With this platform, the abundance
and distribution of phospholipids on sliced NSCLC tissue and
the adjacent normal tissue were authentically revealed by
TCSI-MS imaging (TCSI-MSI). On the basis of feature lipids
selected from both groups, a prediction model was constructed
by a machine learning algorithm, which can discriminate
NSCLC tissues from the adjacent normal tissues with an
accuracy of 100% for the discovery cohort and 91.7% for the
independent validation cohort. We believe the tissue
imprinting technology using NGQD@MoS,/SiNWs substrate
might serve as a powerful TCSI-MSI platform for wide clinical
appilication.

RESULTS AND DISCUSSION

Fabrication and Characterization of NGQD@MoS,/
SiNWs Substrate. The fabrication of NGQD@MoS,/SiNWs
was illustrated in Figure la. First, the SINWs array was
prepared by one-step metal-assisted chemical etching (MACE)
of a silicon wafer”> (Figure Sla). The as-prepared SiNWs
display a well-aligned and vertical array structure with an
average diameter and length of ~50 nm and 1 ym, respectively
(Figure Slb,c). Our previous work demonstrated that the
obtained SiNWs array displays good laser absorption capability
in the near-ultraviolet region for LDI detection,”* and most of
the laser energy would be absorbed and accumulated at the tip
section. To improve the imaging performance of the substrate,
the 2D MoS, nanoflake exfloited with zero-dimensional (0D)
NGQD was chosen as a “cap” to modifiy the tip of SINWs.
Herein, a NGQD-asisted liquid-phase exfoliation (LPE)
method was used to obtain few-layered 2D MoS, nanoflakes,
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because NGQD could intercalate into and interact with 2D
materials more effectively.’® The bandgap energy of 2D MoS,
drastically reduced with the decrease of layer number. It has
been reported that the few-layered 2D MoS, as a narrow gap
semiconductor exhibits good light—matter interactions and
high carrier mobility.””*® If the few-layered 2D MoS, is loaded
on SiNWs, the hybrid nanomaterials will enhance laser
absorption and charge separation ability owing to the
formation of heterojunctions.””** On the contrary, the
attached NGQD, as a effective collector for charge carrier,
will further reduce the recombination of photogenerated
electrons and holes.”**" The increased charge lifetime and
high charge mobility of NGQD@MoS, will contribute to
promoting charge transfer between analytes and the nanoma-
terials in the LDI process. Therefore, the decoration of
NGQD@MoS, nanoflakes on SiNWs array should be a good
way to improve the LDI efficiency of SINWs.

A hydrothermal method was used to synthesize NGQD
according to previous work.*” The transmission electron
microscopy (TEM) and atomic force microscopy (AFM)
images reveal that the produced NGQDs are uniformly sized
with an average diameter of ~2 nm and thickness of ~1.4 nm
(Figure S2). Afterward, MoS, nanoflakes were exfoliated by
NGQDs acting as both an intercalation agent and dispersant.
TEM images reveal that the MoS, nanoflakes are successfully
decorated with NGQDs (Figure 1b) compared with
morphologies of the MoS, in the absence of NGQD (Figure
S3). It should be noted that the contrast of the NGQD@MoS,
in the TEM image is lighter than that of MoS,, attributing to
the thinner layer of NGQD@MoS, with the assistance of
NGQD exfoliation. The Tyndall phenomenon (inset picture in
Figure 1b) apparently shows the good water dispersibility of
the NGQD@MoS, nanoflakes. The AFM image further
indicates that the diameter and thickness of NGQD@MoS,
nanoflakes are approximately 200—300 and 4.0 nm,
respectively (Figure 1c). The height profiles of AFM reveal
that NGQDs with a size of 1—3 nm are randomly distributed
on MoS, nanoflakes. Dynamic light scattering (DLS) also
indicates that the average hydrodynamic radius of the
NGQD@MoS, nanoflakes is 200 + S0 nm (Figure S4a),
which is consistent with the AFM result. UV—vis absorption
spectra of NGQD@MoS, nanoflakes dispersed in water/
ethanol solution further confirm the successful exfoliation of
MoS, The characteristic absorption peaks at 395, 450, 610,
and 670 nm suggest the existence of a layered 2H-MoS,
structure (Figure 1d). The excitonic peaks at 610 and 670 nm
arise from the K point of the Brillouin zone, while the other
two peaks are attributed to the direct transition from the deep
valence band to the conduction band.*® The stability of MoS,
and NGQD@MoS, aqueous solution was further investigated
by UV—vis absorption spectroscopy (Figure le). Without
NGQD-assisted LPE, the MoS, nanoflakes aggregate and
precipitate quickly in 7 days (Figure S4b), leading to the
gradually decrease of UV—vis absorption. In contrast, the UV
absorption spectra of the NGQD@MoS, aqueous solution
were quite stable after 7 days (Figure S4c), confirming the
significance role of NGQD intercalation.

Afterward, the obtained 2D NGQD@MoS, nanoflakes were
used to modify SINWs substrate for enhancing the perform-
ance of tip contact sampling and LDI efficiency. The vertical
SiNWs were premodified with (3-aminopropyl) triethoxysilane
(APTES) to obtain a positively charged surface and impart
affinity for NGQD@MoS, nanoflakes, which has a negative {
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Figure 2. Optimization of NGQD@MoS,/SiNWs chip for LDI-MS. (a) Top-view SEM images of NGQD@MoS,/SiNWs chip with different
self-assembly times of (i) 5 min, (ii) 15 min, (iii) 30 min, and (iv) 60 min. (b) Representative mass spectra of 0.1 mg mL ™' DSPC on the
NGQD@MoS,/SiNWs chip with different self-assembly times of (i) 5§ min, (i) 15 min, (iii) 30 min, and (iv) 60 min. (c) Mean intensities
with hydrogen and sodium adduct peaks (red for [DSPC + H]" and blue for [DSPC + Na]".

potential of —36.3 mV (Figure SS). The { potential indicates
that the NGQD@MoS, nanoflake is negatively charged, which
also contributes to the stabilization of NGQD@MoS, in
suspension. Owing to the electrostatic interaction force, the as-
prepared NGQD@MoS, nanoflakes could be spontaneously
decorated on the top of APTES-modified SiNWs via a self-
assembly process. After a suitable time of self-assembly,
NGQD@MoS, nanoflakes uniformly distributed and capped
on the tip of vertical SiNWs (Figure 1f,g), forming the hybrid
structure of NGQD@MoS,/SiNWs. The composition and
chemical state of the NGQD@MoS,/SiNWs substrate were
explored by X-ray photoelectron spectroscopy (XPS), in which
O, N, C, Mo, S, and Si elements were observed (Figure 1h).
The deconvoluted XPS spectrum exhibits two characteristic
peaks at 228.6 and 232.0 eV, which correspond to the Mo
3ds;, and Mo 3d;,, orbitals, respectively (Figure S6a),
suggesting a Mo(IV) valence state in MoS,.* As for the
spectrum of S 2p (Figure S6b), the binding energies located at
161.5 and 163.5 eV could be ascribed to S 2p;/, and 2p; ),
respectively, indicating Mo—S bonding in MoS,.** The XPS
spectra of N 1s verify the successful doping of N in the hybrid
nanocomposites. As shown in Figure S6c, it could be deduced
into four peaks centered at about 399.2 and 402.3 eV, which
are assigned to pyrrolic N and N—H, respectively.**

The UV—vis diffuse reflectance spectroscopy (DRS) spectra
(Figure 1i) shows that vertical SINWs absorb most of UV light
with a reflectance of ~2%, while bare Si wafer reflects ~15% of
UV light. It should be noted that high optical absorption at 355
nm (the wavelength of the laser used by MALDI) is considered
to be a crucial factor in the LDI process. After capping vertical
SiNWs with NGQD@MoS, 2D nanoflakes, the UV reflectance
further decreased. The low reflectance is benefical for energy
conversion in laser desorption and ionization processes.

Optimization of NGQD@MoS,/SiNWs for LDI-MS. As
discussed above, the decoration of NGQD@MoS, nanoflakes
is expected to enhance the LDI performance of SiNWs owing
to higher photothermal conversion and enhanced photo-
induced charge transfer efficiency. However, the thickness of
the NGQD@MoS, nanoflake layer on vertical SINWSs needs to
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be optimized since the amount and thickness of 2D
nanomaterials is tightly associated with their LDI efliciency.
By controlling the time of self-assembly from 5 to 60 min, the
thickness of NGQD@MoS, nanoflake capped on vertical
SiNWs gradually increases (Figure 2a). NGQD@MoS,
nanoflakes are not observed when the time is 5 min. After
increasing the self-assembly time to 15 min, a uniform thin
nanoflake layer is formed at the top of vertical SiINWs, with a
clear vision of the nanowire tip. When the self-assembly time
reaches 60 min, the vertical SINWs structure is fully covered by
a thick layer of NGQD@MoS, nanoflakes, resulting in the
disappearance of the tip of SiNWs. Our previous work
indicated that the tip structure is crucial to improve the LDI
efficiency since the tip of vertical SINWs could effectively
concentrate and confine the laser energy.”* The LDI
performance of the NGQD@MoS,/SiNWs substrates with
different times for self-assembly of NGQD@MoS, was
evaluated by 1,2-distearoyl-sn-glycero-3-phosphocholine
(DSPC) lipids on the LDI-MS platform. Compared with
vertical SINWs without capping of NGQD@MoS,, the LDI
efficiency of NGQD@MoS,/SiNWs generally increases except
for the sample at S min (Figure 2b,c), suggesting that the
capping effect is insignificant with a short time of self-assembly
process. With a self-assembly time of 15 min, the best LDI
efficiency and highest S/N ratio for the standard analyte
detection are achieved. If the self-assembly time reaches 30
min, the LDI efficiency significantly reduces due to the
agglomeration of NGQD@MoS, on the SiNWs surface and
tends to diminish the efficiency of photoinduced electron
transfer at the NGQD@MoS,/SiNWs interface. In addition,
the thick capping layer also reduced the tip structure, leading
to the decrease of laser energy concentration. Thus, 15 min
was selected as the optimized time to construct the NGQD@
MoS,/SiNWs substrate for further investigations.

To further validate the performance of LDI efficiency and
advantage of the NGQD@MoS,/SiNWs, a series of substrates
including MoS,/SiNWs, NGQD/SiNWs, and SiNWs were
fabricated and their LDI efliciencies were compared. Three
representative standard lipids including 1,2-dipalmitol-sn-
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Figure 3. (a—c) Molecular structures of PE(32:0), PC(36:0), and TAG(48:0), respectively, and representative spectra of 1 mg mL™’
PE(32:0), 1 mg mL™' PC(36:0), and 1 mg mL~"' TAG(48:0) on different chips. Mean intensities of (d) [M — H]™ signals of 1 mg mL™’
PE(32:0), (e) [M + H]* and [M + Na]" signals of 1 mg mL ™" PC(36:0), and (f) [M + Na]+ signals of 1 mg mL™' TAG(48:0) obtained using
different chips; the error bars were calculated as SD of three measurements. (g) Mass images of standard droplets on SiNWs and NGQD@

MoS,/SiNWs.

glycero-3-phosphoethanolamine (PE(32:0)), 1,2-distearoyl-sn-
glycero-3-phosphocholine (PC(36:0)), and 1,1’,1"-(1,2,3-
propanetriyl) ester (TAG(48:0)) with different electric
polarities were applied as model molecules for measuring the
LDI efficiency. PE(32:0) was detected as [M — H] ™ in
negative ion mode (Figure 3a), while PC(36:0) was detected
as [M + H]* and [M + Na]" adducts in positive mode (Figure
3b). Neutral lipid TAG(48:0) was detected as [M + Na]*
adducts in positive mode (Figure 3c). The averaged intensity
of these ions by three repeated scans on different substrates
were compared (Figure 3d—f). The results indicate that
NGQD@MoS,/SiNWs achieves the best LDI efficiency for the
standard lipids with different ion polarities.

Another important aspect as an alternative LDI-MSI
substrate is to obtain a uniform signal on the surface without
sweet-spots. To investigate this effect, 2 uL of each standard
solution was spotted on NGQD@MoS,/SiNWs or SiNWs
substrate, respectively. The molecular mass intensity images of
deposited region were acquired with a 150 ym laser width. As
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shown in Figure 3g, the images obtained on NGQD@MoS,/
SiNWs show a more homogeneous signal distribution than
that on SiNWs. The relative standard deviation (RSD) of lipid
signal intensity obtained from every pixel was calculated to
evaluate the variation of signal intensity distributed on the
substrate surface (Figure S7). The RSD of NGQD@MoS,/
SiNWs substrate is 15%~48% for the three lipid molecules,
while for SiNWs substrate, the RSD value is between 65% and
84%. Thus, the NGQD@MoS,/SiNWs substrate has great
advantage of avoiding sweet-spots. The formation of a
homogeneous sample spot with relatively uniform mass peak
intensities might be ascribed to the delocalization of laser
energy after bridging the tip of SINWs by a thin layer of 2D
NGQD@MoS, nanoflakes. The specific properties of the
NGQD@MoS,/SiNWs make it an ideal MSI substrate for
quantitative analysis and authentic visualization of lipids
distribution for tissue sample.

Synergistic Effect and Mechanism of NGQD@MoS./
SiNWs Substrate. To verify the synergistic effect of NGQD@
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Figure 4. (a) Chemical structure and mass spectrum of indigo molecule. (b) Total ion intensity (TII) and ion distribution map of indigo
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the charge transfer in the laser desorption and ionization process. (e) Chemical structure and mass spectrum of BP molecule. (f and g)
Desorption efficiency (DE) and survival yield value (SY) of the BP molecule on four different chips with different laser energies.

MoS,/SiNWs composites in LDI-MS, indigo was selected as a
model molecule to investigate photoinduced electron and
proton transfer process on different substrates.””** In negative
ion mode, charge transfer plays a major role in LDI process.
Indigo has two sites that can accept electrons and lose protons,
producing a series of negative ions including [M] ™, [M + H],
[M — H]", and [M — 2H]™ at m/z 262.077, 263.083, 261.068,
and 260.056, respectively (Figure 4a). The total ion intensity
(TII) of these ions obtained on the NGQD@MoS, /SiNWs
substrate is 40, 9, and 93 times higher than those obtained on
SiNWs, NGQD/SiNWs, and MoS,/SiNWs, respectively
(Figure 4b). In contrast, the intensity of the indigo peak
generated on MoS,, NGQD, or NGQD@MoS, without
SiNWs substrate is far less than that generated on the
nanomaterials with SINW (Figures S8 and S9). The results
confirm the critical role of SiNWs and the synergestic effect
between NGQD@MoS, and SiNWs in the LDI process. We
also find that NGQD@MoS,/SiNWs exhibits a lowest energy
threshold and greatest signal enhancement, as shown in Figure
4c. At the same time, a slight reduction in intensities can be
observed on MoS,/SiINWs compared to those with pure
SiNWs. The formation of a n—p heterojunction between MoS,
and SiNWs may have increased the electron transfer rate.
However, due to the high rate of electron—hole pair
recombination on thick MoS, itself, the lifetime of photo-
induced electron will reduce compared to that of pure SiNWs.
NGQD have been found to be beneficial to boost the charge
transfer and restrain the recombination of photoinduced
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electron—hole pairs.* In addition, NGQDs/MoS, acts an
efficient photoelectrochemical (PEC) biosensor for enhanced
charge—carrier lifetime.”* In the present work, an improvement
of TII on NGQD/SiNWs is observed compared to that on
SiNWs, confirming the role of NGQD in charge transfer. By
decoration of NGQD on MoS, nanoflakes, the n—p
heterojunction can further facilitate the electron transfer rate
and inhibit the recombination of electron—hole pairs, resulting
in a significant improvement of photoinduced electron transfer
on the NGQD@MoS,/SiNWs interface. This mechanism for
depicting the synergistic effect is illustrated in Figure 4d.
Investigating the relationship of LDI efficiency and internal
energy transfer could provide useful information on mining the
factors to govern the desorption/ionization process. Referenc-
ing previous works,”” benzylpyridinium (BP) salts were
adopted as the “thermometer chemical” to investigate the
effects of various substrates on the ion desorption efficiency
(DE = I[BP]* + I[BP-pyridine]*) and to probe the extent of
internal energy transfer in the desorption process on the basis
of the survival yield (SY = I(BP*)/[I(BP*) + I[BP-
pyridine]*]), as showin Figure 4e. In general, the higher DE
and SY values are associated with more effective desorption
and less fragmentation of analyte, thereby increasing the
sensitivity in MS detection. The DE and SY values obtained on
four different substrates under different relative laser energies
(from 15% to 75%) were measured with a BP probe (Figure
4f,g). The results indicate that the SY of BP on SINWs is 54%,
whereas it increases to 65% on MoS,/SiNWs and further
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increases to 71% on NGQD@MoS,/SiNWs under a relative
laser energy of 35%. This could attribute to the synergistic
effect of thermal conductivity between MoS, and SiNWs and
the sp® domains as a thermal sink during the rapid
thermalization of laser-excited electrons,® leading to the
decrease of internal energy transfer and increase of SY values.
In contrast, the DE value on the NGQD@MoS,/SiNWs is
lower than that on the SiNWs, due to the dissipation of
absorbed laser energy. The significant reduction in the
desorption efliciency of MoS,/SINWs and NGQD/SiNWs
might be ascribed to the poor photothermal performance.
These results indicate that the desorption efficiency and the
degree of fragmentation are dependent on the materials of the
substrate. NGQD@MoS,/SiNWs show a great advantage of
reducing fragments, despite the undesired but suitable
decreasing of desorption efliciency, which could greatly
enhance the mass ion signal intensity to detect lipids with
longer fatty acid chains.

TCSI-MSI of Lipid Molecules Imprinted from Mouse
Lung Tissues. After successful construction of the TCSI-MSI
substrate, another main objective of this work is to verify the
capability of the NGQD@MoS,/SiNWs substrate to imprint
tissues lipids for further LDI-MS imaging. As a proof of
concept, a mouse lung tissue was used to analyze lipid
molecules transferred from lung tissue. The imprinting
technique for MSI has several advantages including time-
saving, low laser energy requirement, and high anti-
interference capability.”” To demonstrate the performance of
the NGQD@MoS,/SiNWs substrate for tissue-imprinted
TCSI-MS], sliced mouse lung sections with 50 pm thickness

6922

were separately imprinted on to NGQD@MoS,/SiNWs,
MoS,/SiNWs, NGQD/SiNWs, and SiNWs substrates using
an optimized workflow (Figure Sa) and then analyzed in
positive ion mode, respectively. The overall average mass
spectra are shown in Figure Sb. The peak numbers and total
ion intensity obtained on the NGQD@MoS,/SiNWs substrate
are significantly higher than the other three types of substrate
(Figure Sc). The peak numbers (MS signals with a signal-to-
ratio larger than S between m/z 700—1000) obtained on
NGQD@MoS,/SiNWs is ~4 times greater than those on
SiNWs. The total ion intensity of lipid signals on NGQD@
MoS,/SiNWs is ~5 times greater than that on SiNWs. Among
them, more than 20 lipid species were putatively annotated,
mainly in H* adduct forms. Most of these ions have already
been reported.’® The results could be contributed to the
stronger LDI efficiency and high affinity of the NGQD@
MoS,/SiNWs substrate for tissue lipids.>

The spatial resolved distribution of sliced mice lung sections
was further evaluated by the tissue imprinting TCSI-MSI in
positive ion mode with a laser width of 150 ym (Figure 5d).
The ion images clearly display cavities (red dashed circle) in
lung tissues, which can match with the real morphology of
tissue sample, indicating that the workflow of sample
preparation by the NGQD@MoS,/SiNWs substrate has
good control of the lateral diffusion of analytes. It is worth
noting that phosphatidylcholines were only detected as the
protonated molecules. In MALDI or most LDI-MSI, they were
usually detected in various forms such as [PC + H]*, [PC +
Na]*, and [PC + K]* ions, which may cause isobaric
interferences.”’ The washing step in the protocol removes
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(HCA) of normal and tumorous tissues.

salts and therefore eliminates these cationized species that
overlap with other isobaric species, hence simplifying spectra
interpretation and showing beneficial imaging of lipids
imprinted from tissues. Compared to another LDI-MSI
method for lipid using traditional crystalline matrixes (2,5-
dihydroxybenzoic acid (DHB),>” etc.) and nanoparticles (Au,"”
Ag,> etc.), which need a complex matrix spray and deposition
process on an additional supporting substrate such as indium
tin oxide (ITO) glass and stainless steel plates, the 2D
nanoflake-capped SiNWs composite structure can be used as
both a high-performance marix-free LDI substrate and effective
sampling chip, taking only ~10 min for sample preparation
before MS imaging. In addition, the convenient and non-
destructive tissue imprinting procedure requires low laser
energy and has high anti-interference capability, which can be
better integrated and coordinated with clinical research toward
precision medicine.

Lipid Profiling and Imaging of Non Small Cell Lung
Cancer (NSCLC) Tissues. Lung cancer is one of the most
widely spread cancers worldwide, accounting for the highest
rate of cancer-related mortality.”* Clinical lipidomics has
demonstrated that the expression of lipid in lung tissue is
highly correlated with metabolic diseases and subtypes of lung
cancer.* To prove the applicability of the NGQD@MoS,/
SiNWs as the tissue imprinting TCSI-MSI substrate for lung
cancer biomarker discovery, 30 pairs of clinical NSCLC tissues
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and corresponding adjacent normal tissues were collected. All
of the sample demographic information has been summarized
in Table S1. The mass spectra of each sample were obtained by
complete detection mode in the imprinted region on substrates
and averaged by three scans. Mass ion images were obtained
with 150 pum spatial resolution. As shown in Figure 6a,
significant differences are observed in the mass spectra of tissue
lipids between the tumor tissue and adjacent normal tissue.
Most of acquired peaks at the range m/z 700—1000 are
identified as phosphatidylcholine (PC), a major lipid class that
occurred in the microenvironment of lung tissue.”> On the
basis of orthogonal partial least-squares discriminant analysis
(OPLS-DA), a clear group separation between NSCLC tissues
and the adjacent normal tissues was observed (Figure 6b). We
further performed S-plot and ¢ test to discover reliable lipid
biomarkers. As a result, seven lipids with a variable importance
in projection (VIP) score >1 and a P value <0.0001 were
selected as the feature panel (Table S2), and their structure
was indentified (Table S3). Hierarchical clustering analysis
based on a feature lipid panel also confirmed the successful
differentiation of tumor tissue from the adjacent tissue (Figure
6¢c). To validate the reliability of these putative lipid
biomarkers, the receiver operating characteristic (ROC)
analysis was performed. The area under the curve (AUC)
values were calculated for all potential biomarkers (Figure 6d),
within the range 0.73—0.95. Then, all biomarkers were
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combined by binary logistic regression for ROC analysis to
evaluate discrimination performance. The combined lipid
panel shows the best discrimination between tumor and
normal tissue with an AUC of 0.982 (Figure 6e). Furthermore,
to evaluate whether these features can be used for precisely
predict NSCLC tumor tissue, an artificial neural network
(ANN) was conducted with the workflow shown in Figure
S10. Using 48 clinical NSCLC tissue and the adjacent normal
tissue samples as modeling construction, a sensitivity of 100%
and a specificity of 100% with an overall accuracy of 100% can
be accomplished in the training, validation and test subsets
using the selected seven features as a biomarker panel (Figure
S1la). In addition, another 12 clinical NSCLC tissues and the
adjacent normal tissue samples were analyzed and predicted as
a test group using this ANN model. In this test, a 91.7%
prediction accuracy can be obtained (Figure S11b), verifying
that the selected lipid panel can accurately diagnosis NSCLC
tissues.

After the discovery of a feature lipid panel, their spatial-
resolved distribution on the sliced lung tissure was visualized
with TCSI-MSI (Figure 7a). The MS peaks at m/z 758.57
(PC(34:2)), 760.58 (PC(34:1)), 782.57 (PC(36:4)), and
784.58 (PC(36:3)) reveal a upregulation trend in tumor tissue
while m/z 734.57 (PC(32:0)) reveals a downregulation trend
(Figure 7b). In previous reported literatures,”*” similar trends
of PC 34:1 and PC 32:0 have also been found for
distinguishing lung cancer tissues. Meanwhile, it is worth
noting that the ratio of saturated lipids to monounsaturated
lipids (MUPC) (PC32:0 (m/z 734.57)/PC32:1(m/z 732.57))
shows a significant downregulation trend in tumor tissues,
indicating that NSCLC tissues have a higher expression of
MUPC than normal tissues as reported previously.”® The
results could be caused by the action of stearoyl-CoA
desaturase-1 (SCD-1) converting saturated lipids into
MUPCs, which is thought to play an important role in cancer
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progression.”” Compared with the corresponding H&E-stained
sections, the tumor cells region is clearly observed in the MS
imaging. Therefore, the accuracy of the histopathological
diagnosis of tumors could be improved by mapping the
distribution of multiple biomarkers. This result emphasizes
that MS images of lipid biomarkers discovered via tissue
imprinting TCSI-MSI could clearly delineate the tumor and
normal tissue, showing an extraordinary superiority for the
discrinmination of tumor tissues. While the obtained results
revealed the diagnostic potential of TCSI-MS]I, further studies
are necessary to validate the results with a larger sample cohort
to provide a more robust diagnosis model.

In summary, we have developed a TCSI-MSI platform based
on 2D nanoflakes-capped SiNWSs as a tissue imprinting
substrate for lipidomic imaging and cancer diagnosis. Using
NGQD as both an intercalation agent and dispersant, stable
and few-layered 2D MoS, nanoflakes were obtained by
forming NGQD@MoS, composites. The 2D NGQD@MoS,
nanoflakes could be homogeneously loaded on the top of
vertical SINWSs via a simple self-assembly process to construct
a 2D nanoflake-capped vertical nanowire structure. Owing to
its good affinity for lipids and enhanced LDI ability benefitng
from the interplay between different nanostructure, the
NGQD@MoS,/SiNWs could serve as a high-performance
TCSI-MSI substrate for imprinting lipids from tissues and
detect them without the need of a matrix spray as required for
MALDI-MSL In addition, the LDI efficiency on the whole
surface of NGQD@MoS,/SiNWs chip is more homogeneous,
thereby eliminating the sweet-spots and displays a more
uniform mass signal over the chip surface. These advantages
guarantee the authentical mapping of molecular spatial
distribution in a sliced tissue sample. As a proof of concept,
we demonstrated the capability of the NGQD@MoS,/SiNWs
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substrate as an efficient TCSI-MSI platform for discovery,
profiling, and imaging of lipid biomarkers distributed in
NSCLC tissue. With the assistance of machine learning
algorithm, precise discrimination of NSCLC tissues from the
adjacent normal tissues was successfully achieved. We believe
that the present work promises great potentials as a universal
platform for precision diagnosis and drug discovery.

EXPERIMENTAL SECTION

Materials. Silicon wafers (p-type, thickness of 500 ym, resistivity
of 5—10 Q-cm) were purchased from Lijing Silicon Materials Co.
(Quzhou, China). Hydrofluoric acid (HF, 40%) was purchased from
Sinopharm Chemical Reagent Co. (Shanghai, China). Silver nitrate
(AgNO;), 3-aminopropyltriethoxysilane (APTES), l-aminopyrene,
and MoS, powder were purchased from Aladdin Co. (Shanghai,
China). 1,2-Dipalmitoyl-sn-glycero-3-phosphoethanolamine
(PE(32:0)), 1,2-distearoyl-sn-glycero-3-phosphocholine (PC(36:0)),
1,1',1"-(1,2,3-propanetriyl) ester (TAG(48:0)), indigo, and thiaben-
dazole analytical standards were purchased from Sigma-Aldrich Co.
(Shanghai, China). Carboxymethyl cellulose (2.5%, CMC) was
obtained from LEAGENE Co. All other reagents used in this
experiment were of analytical grade and used without further
purification.

Fabrication of NGQD@MoS,/SiNWs Substrate. For the
preparation of vertical SiNWs substrate, a metal-assited chemical
etching (MACE) method was used to fabricate vertical SiNWs. In
brief, a Si wafer (p-type, resistivity of S—10 Q-cm) was cleaned with
O, plasma for 10 min and then etched in solution containing 4.8 M
HF and 0.02 M AgNO; for 10 min (CAUTION: HF is highly toxic
and volatile, which is harmful to the respiratory system and skeleton.
Contact of HF with skin should be avoided, and all the etching
experiments need to be handled carefully in the fume hood). After
etching, the wafers were washed repeatedly with water and then were
immersed in dilute HNO; (HNO;/DI water = 1:1) for 1 h to dissolve
the Ag catalyst followed by a thorough wash with ultrapure water.

The preparation method of NGQD has been previously reported.*
1-Aminopyrene (2 mg/mL) was added to 200 mL of ammonia (0.4
M). The mixture was added to the torrefaction reactor, followed by a
reaction of 8 h under 200 °C of temperature and high pressure.
Afterward, the prepared solution was filtered through a 0.22 ym
cellulose filter to remove particles with a large diameter. Then,
adequate dialysis was conducted (cutoff >3500 Da, < 500 Da) to
remove small molecules. After freeze-drying of the obtained solution,
NGQD solid dispersion was prepared.

NGQD@MoS, nanoflake was synthesized by NGQD-assisted
liquid phase exfoliation of MoS, powder. The MoS, powders were
dispersed in 50% EtOH with a concentration of 7.5 mg/mL. In the
meantime, a slight excess of NGQD suspension (1 mg/mL) was
added to be 3.75% of the final volume. The dispersions were
sonicated by using a point probe (flathead sonic tip) for 120 min with
a power output of 250 W (JY88-IIN, SCIENTZ, Ningbo, China),
followed by centrifugation at 7000 rpm for 20 min to remove
unexfoliated MoS,. After centrifugation, the top two-thirds of the
dispersions was removed by gently pipetting into a separate tube. The
supernatant was collected and centrifuged at 14 000 rpm to separate
the exfoliated NGQD@MoS, nanoflakes. The NGQD@MoS,
nanoflakes were washed with water three times and then dispersed
in water.

To improve NGQD@MoS, nanoflake adhesion, the surface of
SiNWs substrates was premodified with 4% APTES in toluene
solution for 20 min, sonicated in toluene for 2 min, washed with
ethanol, and dried under a stream of nitrogen. Afterward, the
modified SiNWs substrates were immersed in 0.5 mg/mL NGQD@
MoS, nanoflakes suspension for S—60 min and subsequently rinsed
by DI water. These NGQD@MoS,/SiNWs chips were washed with
water and ethanol and dried under a stream of nitrogen before use.

Characterization. The morphology of NGQD@MoS, nanoflakes
was observed by transmission electron microscopy (TEM, H-7650,

Hitachi Co., Tokyo, Japan). The size and morphology of NGQD@
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MoS, nanoflakes were obtained with an AFM (Park Systems, NX10,
Suwon, Korea). The hydrodynamic diameter and ¢ potential of
NGQD@MoS, nanoflakes were measured by dynamic light scattering
(DLS, ZEN 3600, MALVERN, Worcestershire, UK). The morphol-
ogy of NGQD@MoS,/SiNWs substrate was characterized by a
scanning electron microscope (SEM, SU8010, Hitachi Co., Tokyo,
Japan). X-ray photoelectron spectroscopy (XPS) spectra were
obtained using Escalab 250Xi, Thermo. The UV—vis DRS spectra
were recorded on a Shimadzu UV-3150 UV—vis spectrophotometer
(Shimadzu, Kyoto, Japan). The absorbance spectra of NGQD@MoS,
and MoS, nanoflakes in 7 days were measured to test the water
stability with a SP-7S6PC UV—vis spectrometer (Shanghai Spectrum,
Shanghai, China). The stability of NGQD@MoS, and MoS, was
calculated according to the following formula:

stability (%) = A/A, X 100, where A and A, represent absorbance
at 670 nm of the suspension at test day and O day, respectively.

Sample Preparation. For lipids standard solutions, 1 mg/mL was
prepared by diluting each solid lipid in CH;Cl Indigo (1 mg/mL)
and 0.1 mM BP standard solution were, respectively, dissolved in a
mixture of MeOH and H,0 (v/v = 1:1).

Nude mice (male, 6—8 week years old) for lung tissue imaging
were purchased from Slack Corp. (Shanghai, China). Animal studies
were performed in accordance with the guidelines of the Laboratory
Animal Center of Zhejiang University, and the animal experimental
protocols were approved by the Laboratory Animal Center of
Zhejiang University. Clinical NSCLC tissue samples, including tumor
and adjacent normal tissues, were obtained from NSCLC patients
who underwent surgery at Sir Run Run Shaw Hospital. Informed
consent was obtained from each patient and monitored by the Sir Run
Run Shaw Hospital Ethics Review Board (Ethical review No.
20210322-32). Fresh frozen tissues were stored at —80 °C in a
freezer before use. Carboxymethyl cellulose (CMC) 2.5% solution
was used for tissue embedding prior to the frozen sectioning on a
microtome cryostat. A 10 ym frozen section of each frozen tissue core
sample was stained with hematoxylin and eosin (H&E), and then, a
50 ym section was obtained immediately adjacent to the H&E section
using a CryoStar NXSO cryostat (Thermo Fisher Scientific) for
imprinting LDI-MSI analysis.

LDI-MS Analysis. Droplets of 1.5 uL were spotted in three
replicates onto substrates before detection. Mass spectra were
obtained on an UltrafleXtreme MALDI-TOF/TOF-MS instrument
(Bruker Daltonics Co.) equipped with a 35S nm Nd:YAG laser beam
(pulse energy <500 xJ with a pulse width = 3 ns). The ions that
resulted from a 100 ns pulse ion extraction were subjected to an
electric field of 2.25 kV between ion source 1 and ion source 2 and
were analyzed in reflective mode. The generated spectra were
obtained after 2000 laser shots of the spot.

Tissue Imprinting-Based TCSI-MSI Analysis. A 50 ym tissue
section was transferred onto a precooled substrate, and then, the
underside of the substrate was carefully pressed on the back of a hand.
After the warm substrate and tissue section were sufficiently warm, the
imprinting process lasted for 1 min. Immediately after, the tissue
section was removed with distilled water. The substrate was placed
under room temperature until fully dried before conducting mass
spectrometry imaging. MSI data were acquired using an Ultra-
fleXtreme MALDI-TOF/TOF-MS instrument (Bruker Daltonics
Co.) equipped with a 355 nm Nd:YAG laser beam. The basic
instrument settings are same as the LDI-MS analysis. MSI acquisitions
of lung tissues were carried out in positive ion reflective mode in
400—1000 Da mass range, with a lateral resolution of 150 gm. The
laser shots were 500 s per pixel, and the spot size was 25 um in
diameter.

Statistical Analysis. The raw MS data was analyzed by
FlexAnalysis software (Bruker Daltonics Co.). The raw MSI image
data was visualized using FlexImaging software (Bruker Daltonics
Co.), and the overall averaged spectra was exported. The mass ion
images were visualized and processed by MSiReader v1.02 (a free,
open source MATLAB user interface designed to read and process
MSI data). Intensity was normalized by total ion count (TIC), and
mass error tolerance was set to 50 ppm.

https://doi.org/10.1021/acsnano.2c02616
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For construct a prediction model, the molecular peaks with S/N >
S were selected from acquired overall averaged mass spectra. After
isotope peaks exclusion, a total of 45 molecules were selected, and
their intensities were normalized by TIC. Orthogonal partial least-
squares discrimination analysis (OPLS-DA) of all NSCLC tissues and
the adjacent normal tissues data were both conducted in SIMCA
software (Umet rics, Umea, Sweden) for features screening. Two-
sample two-sided Student’s t test (95% CI) was also completed
through the “ttest2” function in MATLAB software. Molecules that
meet the condition of VIP > 1 in OPLS-DA and p < 107 in ¢ test
were selected out, indicating a significant difference between tumor
and normal samples. To visualize the degree of discrimination,
hierarchical clustering analysis was performed on the basis od the
selected features by R 3.5.2 software. Also, an artificial neural network
(ANN) model with a multilayer perception structure (number of
hidden neurons = 10) was built in the pattern recognition tool in
MATLAB software on the basis of the feature peaks data set. In the
ANN model, data from 48 tissues were for the modeling group and 12
tissues were for the test group. The detailed workflow is presented in
Figure S10.

MS/MS experiments on MALDI-TOF/TOF MS were conducted
to identify lipids structures corresponding to feature MS peaks.
Through the LIPID MAPS database, the obtained fragmentation
information can be aligned.
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