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Desorption Ionization Platforms
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Abstract: Mass spectrometry imaging (MSI) is a comprehen-
sive tool for the analysis of a wide range of biomolecules. The
mainstream method for molecular MSI is matrix-assisted laser
desorption ionization, however, the presence of a matrix results
in spectral interferences and the suppression of some analyte
ions. Herein we demonstrate a new matrix-free MSI technique
using nanophotonic ionization based on laser desorption
ionization (LDI) from a highly uniform silicon nanopost
array (NAPA). In mouse brain and kidney tissue sections, the
distributions of over 80 putatively annotated molecular species
are determined with 40 um spatial resolution. Furthermore,
NAPA-LDI-MS is used to selectively analyze metabolites and
lipids from sparsely distributed algal cells and the lamellipodia
of human hepatocytes. Our results open the door for matrix-
free MSI of tissue sections and small cell populations by
nanophotonic ionization.

M olecular distributions in cells and tissues, in correlation
with anatomical features, can provide insight into disease
mechanisms, facilitate clinical diagnosis, and reveal the
localization of pharmaceuticals. In recent years, new mass-
spectrometry-based technologies have been developed for the
spatial mapping of metabolites, lipids, proteins, and xeno-
biotics in tissue sections."?! Targeted techniques, such as
autoradiography and histological staining, require radioactive
or fluorophore labeling resulting in a limited number of
analytes that can be visualized in a single experiment.’! In
contrast, mass spectrometry imaging (MSI) can simultane-
ously provide spatial distributions for hundreds of metabo-
lites, lipids, proteins, and drugs in a non-targeted fashion.**!

Among the established vacuum-based ionization meth-
ods, secondary ion mass spectrometry (SIMS)!®! and matrix-
assisted laser desorption ionization (MALDI)"™! have been
extensively applied for MSI, single cell, and subcellular
analysis. In most implementations, SIMS does not require
a matrix and can achieve <100 nm spatial resolution, how-
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ever it is known to induce a considerable amount of
fragmentation for large molecules. In contrast, MALDI
requires the addition of an organic matrix that can contribute
to ion suppression and spectral interferences in the low mass
range. Emerging atmospheric-pressure MSI techniques,
including desorption electrospray ionization (DESI)!'” and
laser ablation electrospray ionization (LAESI) allow for
direct tissue imaging with minimal sample preparation but
typically provide limited spatial resolution."

To overcome the challenges associated with matrix
heterogeneity and interferences in the low m/z region,
a significant number of matrix-free LDI techniques have
been introduced.” Despite the large variety of these plat-
forms (surface-assisted LDI (SALDI))," carbon nano-
tubes,™ porous alumina,'” platinum nanoflowers,' dia-
mond nanowires,'” nanostructured gold thin film,'® and zinc,
tungsten, and rhenium oxide nanoparticles!*), only a few of
them, for example, desorption ionization on porous silicon
(DIOS),?"?! and nanostructure initiator mass spectrometry
(NIMS)® have been broadly explored for MSI. In a limited
number of applications, other matrix-free techniques, includ-
ing LDI from laser engineered graphene paper,*"! carbon-
substrate-assisted LDI,™! silica plate imprinting followed by
LDI, nanowire-assisted LDI (NALDIT),”" and SALDI,**"
were also explored for MSI. The most tested system among
these platforms, NIMS, was demonstrated for tissue and cell
imaging %

Earlier studies showed that silicon nanopost array
(NAPA) structures, produced with precise control over the
height, diameter, and periodicity of the posts, could be
optimized for enhanced LDI yields.*~"! For example, adjust-
ing the aspect ratio of the nanoposts resulted in extreme
sensitivity with a limit of detection in the zeptomole range,
and a dynamic range of over three orders of magnitude,
whereas imprecisions in the periodicity had negligible influ-
ence.’ The ultratrace detection and quantitation capabilities
of NAPA provided insight into metabolic changes in single
yeast cells induced by oxidative stress.* These features
indicate that the NAPA substrate is an appealing candidate
for MSI.

In nanophotonic ionization, the geometrical features of
the nanostructure are commensurate with the wavelength of
the laser light used to induce LDI. This results in a unique
interaction between the nanostructure and the laser radiation.
The two most important consequences of nanophotonic
ionization are the polarization dependence of the ion
yield® and the ability to adjust the internal energy of the
produced ions through the laser fluence.*” These unique
features of NAPA provide opportunities to control the ion
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yield of the LDI process and the internal energy of the
produced ions that offer new opportunities in imaging
experiments.

To produce larger NAPA surfaces required for MSI, the
earlier patterning technology, based on electron-beam lith-
ography, was replaced by deep UV projection lithography,
a high throughput nanofabrication method.®” This nano-
precise fabrication technique produced NAPA substrates that
were uniform throughout an entire wafer (ca. 100 mm in
diameter), and exhibited heterogeneity only on the submi-
crometer scale.

Herein we demonstrate the first molecular imaging
experiments using LDI-MS from silicon NAPA for the
detection and spatial mapping of metabolites and lipids in
various biological samples, for example, tissue sections. The
ability to selectively target thin cellular features by LDI from
NAPA is utilized for the metabolic analysis of lamellipodia.
The mechanism of material removal in NAPA-LDI-MSI is
illuminated by scanning electron microscope (SEM) obser-
vations of the pores in the tissues produced by the underlying
nanoposts heated by laser radiation.

To demonstrate MSI capabilities from NAPA, 10 um
coronal sections (0.3 to 0.9 mm anterior from bregma) of
mouse brain tissue were transferred by thaw-mounting onto
NAPA chips and imaged in positive and negative ion modes
(Figure 1). As shown in Figure S1 in the Supporting Informa-

Figure 1. a) Optical image of coronal mouse brain tissue section on a NAPA chip before LDI-MSI.
Combined distributions of b) [ST(24:1)—H]~ and [PE(P-38:4)—H]~, c) [octadecenoic acid—H]™ and
[PE(P-38:6)—H] ™, d) [eicosenoic acid—H]™ and [PE(34:0)—H]", e) [docosatetraenoic acid—H]™ and
[docosahexaenoic acid—H]~, and f) [PE(P-18:2/18:1)—H] ™ and [PE(36:4)—H]™ derived from nega-
tive-ion spectra and presented on (red) and (green) false color scales, respectively. g) Optical image
of coronal mouse brain tissue section on a NAPA chip before LDI-MSI. Red line indicates the edge
of the NAPA chip. Composite distributions of h) [cholesterol—H,0 +H]* and [DG(P-32:1) + H]",

i) [PI—Cer(18:0/18:0) + H]" and [PC(32:0) + K], j) [PC(18:0/16:1) + Na]" and [PA(38:2) + K], k) [PI-
Cer(40:0) + H]" and [PE(P-40:6) + K]*, and I) [PI-Cer(38:0) + H]" and [PE(38:6) + K]" from positive-
ion spectra presented on (red) and (green) false color scales, respectively.

tion, the mass spectra in both ion modes showed high signal-
to-noise ratios with very low interference from the back-
ground. After de-isotoping, the negative- and positive-ion
spectra contained 163 and 198 different ionic species, respec-
tively. The laser fluence required for desorption of a 10 um
thick sample on a NAPA substrate was approximately
100 mJecm ™2 In comparison, for a 12 um mouse-embryo
section the original version of NIMS needed a laser etching
step with 400 mJcm™ fluence followed by NIMS analysis at
10 mJ cm 21 More recently, the need for laser etching has
been eliminated by cutting thinner tissue sections (2—4 pm)
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and NIMS imaging is performed at around 100 mJ cm 2"

Overall, the need for thinner sections or higher fluences for
NIMS suggests that desorption is more efficient from NAPA
structures.

A total of 80 metabolites and lipids were putatively
annotated and spatially mapped from a coronal mouse-
brain section (see Table S1 and S2). For example, the negative
ion at m/z 888.6258 assigned as [ST(24:1)—H]™ and [eicose-
noic acid—H]™ appearing at m/z 309.2795 were more abun-
dant in the corpus callosum (CC) and the anterior commis-
sure (aco), whereas the ion at m/z 718.5453, corresponding to
[PE(34:0)—H]~, was localized to the caudoputamen (CP) and
the cortex (see panels b—f in Figure 1).

To ascertain that the MSI signal was directly correlated
with the NAPA substrate, a brain section was deposited at the
interface between the chip and the unprocessed silicon wafer
(see panels g-1 in Figure 1). The molecular images clearly
show that the presence of the NAPA structure is required for
signal generation.

To determine the spatial resolution of tissue imaging by
NAPA-LDI-MSI, a 10 pm section of the cerebellum was
mapped using oversampling with 25 um step size and a laser
fluence of around 100 mJcm™ (see Figure S2). Anatomical
features of the arbor vitae fiber tracts from the granular layers
were discernable in the optical microscopy images (see
Figure S2a). Molecular imaging on NAPA (Figure S2b)
revealed spatial resolution of
approximately 40 um. The main
reason behind the modest spatial
resolution was the laser focal spot
size in the commercial instrument.
Based on the high sensitivity pro-
vided by the NAPA structures and
the uniform post distribution, with
better focusing, a submicrometer
spatial resolution seems ultimately
achievable. Direct comparison with
MALDI-MSI (see Table S3) indi-
cates that currently this long-estab-
lished technique offers better ulti-
mate spatial resolution but the
dynamic range of quantitation by
NAPA is greater.

Surface characterization of the
tissue sections after laser exposure
by SEM showed the development of
distinct pores (see Figure 2). The
pores exhibited average diameters
and periodicities of 146 +19 nm and 332+36 nm, respec-
tively that closely matched the 150 nm diameter and 337 nm
periodicity of the nanoposts. This observation provided
insight into the mechanism of ion production from thin
tissue sections resting on a NAPA structure. Nanophotonic
interactions between the silicon structure and the laser
irradiation result in fast heating of the posts.***? The hot
tips of the posts induce rapid local evaporation resulting in
volatilization of the tissue material. Ionization of adsorbates
on NAPA upon laser irradiation has been attributed to the
enhanced electromagnetic field in the tip region. Our results

www.angewandte.de

An dte

Chemie

4559


http://www.angewandte.de

4560

Figure 2. a) An SEM image of a 10 um thick coronal mouse-brain section on a NAPA chip after
exposure to 10 laser pulses per position at a fluence of 100 mjcm ™2 Step size between the
exposed areas is 50 um. The altered tissue as a result of laser desorption in a single pixel is
highlighted by a red ellipse. b) Higher-magnification SEM image showing pores (see arrow)
generated by tissue removal as a result of the hot nanoposts heated by the laser radiation.

also show the uniformity of ion generation down to submi-
crometer scale, however owing to the uncontrolled relative
position between the nanoposts and tissue features, selective
sampling cannot be achieved on that scale.

To investigate the versatility of nanophotonic structures as
an imaging platform, another tissue type with higher tensile
strength, and cell deposits from an algal culture were
subjected to NAPA-LDI-MSI. A 10 um sagittal mouse-
kidney section was mounted onto a NAPA chip and imaged
in positive ion mode (Figure 3). Imaging of the algal cells is
discussed in the Supporting Information. Localization of
certain metabolites and lipids in the kidney section was
apparent from higher ion abundances from specific anatom-
ical regions. For example, as shown in Figure 3b, the heme b
cation at m/z 616.1771 was detected primarily from the
vascular features of the kidney, including capillaries, clearly
visible in the composite image in Figure 3e. The ion assigned
as [PE(40:8) + K]" at m/z 826.4779 was mainly localized to
the renal medulla and the lipid ion [PC(32:0) +K]" was
detected mainly in the renal cortex (Figure 3¢,d). Similar to
mouse brain imaging, the mass spectrum from the kidney (see
Figure S3) did not show background interferences.

Subcellular variations in composition are masked when
chemical analysis is carried out on entire cells. Many cells
contain structures known as lamellipodia that are responsible
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for cell motility and extend from the
cell body as an approximately 0.2 um
thin layer of cytoplasm at the front end
of a moving adherent cell.’! Analysis
of metabolites and lipids in these thin
cellular structures is a largely unex-
plored field.

To explore the capability of NAPA-
LDI-MS for the analysis of lamellipo-
dia, HepG2/C3A human hepatocarci-
noma cells were cultured directly on
NAPA chips. (Invertebrate neurons
had been cultured and analyzed on
DIOS chips.*!) After six days of incu-
bation, SEM imaging revealed the
attachment of the cells to the nanoposts
(Figure S4). Owing to the large differ-
ence in thickness between the cell body
and the lamellipodia, at moderate fluences the laser radiation
can only heat up the underlying nanoposts for the lamellipo-
dia, and facilitate rapid vaporization of the thin cellular
material. (The cell body can also be analyzed at higher laser
fluences.) Indeed, observations by SEM after irradiation at
a laser fluence of about 24 mJcm™ revealed small pores
where the posts touched the lamellipodia (see Figure 4a).
From the lamellipodia, among other ions [phosphocholine +
H]", [glucose +Na]*, [cholesterol-H,O +H]*, [TG(50:8)+
K]*, and [PE(38:4)+K]" were detected. For clusters of
12 cells, irradiation at a fluence of approximately 24 mJcm
gave rise to 27 peaks in the mass spectrum (see Figure 4b)
that after background subtraction, de-isotoping, and dis-
counting the molecular adducts corresponded to 13 cellular
components.

These results demonstrate the first applications of NAPA-
LDI-MS for putative annotation and imaging of over
80 molecular species in animal organ sections and microbial
cell deposits. Analysis of 13 metabolites and lipids from
lamellipodia was made possible by the selective heating of the
nanoposts under these thin structures. These examples show
the utility of nanophotonic ion production from biological
specimens through the interactions of nanopost arrays and
laser radiation. Future work can explore the possibility of
selective interactions between nanostructures and cells for
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Figure 3. a) Optical image of a 10 um thick mouse kidney section deposited on a NAPA chip. Spatial distributions of b) [heme b]*,
c) [PE(40:8) +K]", d) [PC(32:0) + K]* produced by NAPA-LDI-MSI. The PE(40:8) + K]* and [PC(32:0) +K]" correlate with the renal medulla and the
cortex, respectively. Veins, arteries, and capillaries are clearly visible in e) the composite plot including all three ions.
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Figure 4. a) SEM image of a HepG2/C3A cell on NAPA, exposed to approximately 24 mjcm™
laser fluence, with pores (see arrow) in the lamellipodia induced by the irradiated nanoposts.
b) Corresponding mass spectrum indicates metabolite and lipid ions originating selectively

from the lamellipodia. Background ions from NAPA are marked by *.

molecular analysis and imaging. Molecular imaging of disease
biomarkers and drug candidate distributions in tissue sections
can also benefit from this matrix free platform.

Experimental Section

Nanofabrication of the NAPA substrate involved deep UV projection
lithography and deep reactive ion etching on low resistivity, p-type
silicon wafers. The produced nanoposts had dimensions of 150 nm in
diameter, 337 nm periodicity, and a height of 1100 nm. Typical
imaging chips were 25x25 mm? in size and comprised of 5.5x 10’
posts. Biological tissue sections and other samples were transferred
onto the NAPA platform for LDI-MS analysis. All experiments were
performed using a LTQ-Orbitrap XL mass spectrometer equipped
with an intermediate pressure MALDI ion source. The laser focal
spot size was approximately 100 x 80 um?, and oversampling was
employed for LDI imaging. Additional experimental information is
provided in the Supporting Information.
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