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Nanostructure imaging mass spectrometry (NIMS) with fluorinated gold NIMS with f-AuNPs
nanoparticles (f-AuNPs) is a nanoparticle assisted laser desorption/ionization approach that
requires low laser energy and has demonstrated high sensitivity. Here we describe NIMS with £-
AuNPs for the comprehensive analysis of metabolites in biological tissues. F-AuNPs assist in
desorption/ionization by laser-induced release of the fluorocarbon chains with minimal
background noise. Since the energy barrier required to release the fluorocarbons from the
AuNPs is minimal, the energy of the laser is maintained in the low pJ/pulse range, thus limiting
metabolite in-source fragmentation. Electron microscopy analysis of tissue samples after f-
AuNP NIMS shows a distinct “raising” of the surface as compared to matrix assisted laser
desorption ionization ablation, indicative of a gentle desorption mechanism aiding in the
generation of intact molecular ions. Moreover, the use of perfluorohexane to distribute the f-
AuNPs on the tissue creates a hydrophobic environment minimizing metabolite solubilization
and spatial dislocation. The transfer of the energy from the incident laser to the analytes
through the release of the fluorocarbon chains similarly enhances the desorption/ionization of
metabolites of different chemical nature, resulting in heterogeneous metabolome coverage. We performed the approach in
a comparative study of the colon of mice exposed to three different diets. F-AuNP NIMS allows the direct detection of
carbohydrates, lipids, bile acids, sulfur metabolites, amino acids, nucleotide precursors as well as other small molecules of
varied biological origins. Ultimately, the diversified molecular coverage obtained provides a broad picture of a tissue’s
metabolic organization.

nanostructure imaging mass spectrometry, perfluorinated gold nanoparticles, mass spectrometry imaging, metabolomics,
gut microbiome, mice, fiber free diet

ass spectrometry imaging (MSI) was designed to

detect and spatially localize molecules on surfa-

ces.'~* Many MSI strategies have been proposed, of
which currently the most employed is matrix-assisted laser
desorption ionization (MALDI) coupled to time-of-flight mass
spectrometry (TOF-MS).”® This approach leverages the
cocrystallization of the sample with a highly volatile UV-
adsorbing matrix, usually sinapinic acid (SA), a-cyano-4-
hydroxycinnamic acid (CHCA), or 2,5-dihydroxybenzoic acid
(DHB), which transfers the energy from an incident laser
beam to the analytes,”® thus aiding the soft ionization and
desorption of analyte molecules.
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MALDI-MS can provide high throughput analysis; however,
its application for comparative metabolomics MSI studies, for
example in systems biology or personalized medicine, remains
limited.”™"" This is primarily due to signal variability stemming
from the uneven formation of the matrix-analyte crystals in so-
called “sweet spots”,'”

. . 13
molecules of diverse chemical nature.” Moreover, the

and little ionization consistency for
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generation of background ions from the matrix can interfere
with the detection of low molecular weight molecules (m/z <
700 Da), including metabolites and drugs.l‘?”14 Although a
more even crystallization of the matrix on the surface of the
sample can be achieved by sublimation,'>'® the noise deriving
from the ionization of the matrix significantly suppresses the
detection of small molecules, thus complicating the application
of MALDI for comparative global metabolomics and
pharmaceutical studies.

Over the last two decades, several efforts have been made to
minimize MALDI background interference, leading to the
further development of existing matrix-free secondary ion mass
spectrometry (SIMS), and multiple new approaches including
desorption electrospray ionization (DESI), laser ablation
electrospray ionization (LAESI),'” and nanostructure imaging
mass spectrometry (NIMS).>'® SIMS desorbs and ionizes the
analyte by focusing an ion beam on the surface of the sample,
typically a collated primary high-energy atomic ion beam of
Ga¥, Cs*, O,", or a ion cluster beam of Cg,", Au;", Ar,g," or
Bi;".""7*' While the use of an atomic ion beam calls for a
trade-off between spatial resolution and in source fragmenta-
tion events and generates complex spectra,s’20 the use of a
cluster ion beam (cluster projectiles) significantly reduces this
issue.”>** For example, SIMS with argon gas clusters has been
successfully applied for 2- and 3-dimensional in depth profiling
of drugs and metabolites at single cell level with exquisitely
high spatial resolution (up to 10—100 nm).”*~*® However, it
remains unknown whether the approach covers the detection
of central carbon metabolites, which are of key relevance in
metabolomics studies. Additionally, by using large clusters such
as Ar,s5" the desorption can be very efficient, however the
ionization less so, as well as the use of high lateral resolution
may bias the detection toward the most abundant and easily
ionizable molecules in the sample (eg, lipids in biological
tissues).

DESI is characterized by a very soft desorption/ionization
(D/1)*” operated under ambient conditions where a sample
can be directly analyzed without any prior preparation. A
stream of charged solvent droplets are electrosprayed directly
onto the sample surface, solvating and liberating the analytes as
gaseous ions that are then focused into the mass
spectrometer.”® DESI allows for real-time monitoring of
biological and industrial processes.”””° However, ambient
conditions are not always desirable as they are often
incompatible with the stability of the analyte toward, for
example, oxidation, and metabolic biotransformations may
occur after sampling. Furthermore, the use of droplets limits
the spatial resolution and requires the optimization of the
solvent depending on the specific type of sample and targeted
molecules.”"

NIMS is an alternative approach for surface assisted laser
desorption ionization (SALDI) of small molecules and
metabolites'® also applied to MSL>*~*° It originally employed
etched porous silicon surfaces nanostructured with a thin layer
of an initiator molecule (e.g, heptadodecafluoro-1,1,2,2-
tetrahydrodecyl-tetramethyldisiloxane). In the resulting clath-
rate structures, the energy is transferred from the incident laser
to the initiator, which is vaporized from the surface, thus
facilitating the D/I of the analytes. This approach can also be
coupled with SIMS ion sources using, for example, Bi;" or Ga*
ion beams (nano-NIMS),'® thus offering the possibility to
reach lateral resolution on the nanometer scale. However, the
classic NIMS protocol involves the use of hydrofluoric acid
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(HF), an extremely hazardous chemical that can be handled
only under special safety protocols in certified laboratories. We
have therefore recently developed an improved approach for
NIMS based on functionalized gold nanoparticles (f-
AuNPs).*¢

Different types of carbon, silica or metal nanostructured
surfaces and nanoparticles have been previously employed for
the enhancement of the D/I of small molecules and lipids, as
these can offer extended dynamic ranges thanks to the ample
surface area and efficient energy transfer properties combined
with reduced background noise.! 374 Among these, AuNPs
are particularly appealing for MSI because of their biocompat-
ibility and interesting physical properties.*> For instance, bare
AuNPs have been applied for the D/I of carbohydrates*® and
amino acids,*” aminothiols,*® fatty acids and nucleobases,* or
for the selective detection of glutathione.*” Despite these
benefits, AuNPs require high laser energies for the D/I of
metabolites, with associated laser-induced fragmentation as
well as adsorption of metabolites at the NP surface.’**”*
These limitations have prevented their widespread application
for the simultaneous detection of a broad range of metabolites
in space.

By contrast, the use of AuNPs functionalized with
perfluorinated chains allows the use of lower laser energies
due to a mostly kinetic D/I enhancement effect (release of the
fluorocarbons chains), which prevents the direct contact of the
analyte with the thermal energy at the AuNP surface.”’
Moreover, the nonadherent nature of the perfluorinated layer
on the surface of the particle impedes the selective adsorption
of metabolites, making the approach amenable to the detection
of a broad range of metabolites and small molecules.

Since the first implementation and application of f-AuNPs as
a versatile approach for multimodal molecular imaging of
biological specimens by MSI, X-ray and electron microscopy
with breathable liquids,*® this technology has been further
characterized becoming a powerful tool for metabolomics MSI
directly from the surface of biological tissues, requiring
minimal sample preparation while providing low background
interference and minimal metabolite dislocation. This
approach can be considered an advanced method of nano-
particle assisted laser desorption ionization (nano-PALDI),
which leverages the NIMS concept by using nanostructured
nanoparticles as initiators of the D/I process.

Here, we present NIMS with f-AuNPs for the targeted and
untargeted analysis of metabolites from biological tissues. We
further assess the applicability of the approach for comparative
untargeted metabolomics MSI studies by exploring variations
occurring in the mouse colon under different diet regimens.

NIMS with f-AuNPs permits heterogeneous molecular
coverage, allowing the direct detection of carbohydrates, lipids,
bile acids, sulfur metabolites, amino acids, nucleotide
precursors as well as other small molecules of biological origin
with high sensitivity and minimal metabolite dislocation in
space.

RESULTS AND DISCUSSION

f-AuNPs for Metabolomics NIMS. AuNPs can be
functionalized with a variety of ligands by performing gold—
thiol reactions with straightforward synthetic protocols.”’ >
For NIMS, we functionalized the surface of octanethiol AuNPs
with 1H,1H,2H,2H-perfluorodecanethiol chains wvia dithiol
coupling in a one-step reaction.”® This led to the formation
of a highly ordered perfluorinated nanostructured monolayer
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on the surface of the AuNPs (Figure 1A), which allows the
translation of the NIMS technology directly on the surface of
the AuNPs without the use of the hazardous HF.
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Figure 1. (A) Schematic of the perfluorinated monolayer on the
surface of the f~AuNP. When the laser hits the nanoparticle, the
energy is transferred to the surface causing the thermal release of
the fluorinated chains. (B) Phase separation between the f-AuNPs
dissolved in perfluorohexane and the surface of the sample.

The formation of the perfluorocarbon layer on the AuNP
provides several advantages for the detection of metabolites
and other small molecules in biological tissues. First, the
resulting highly hydrophobic f-AuNPs can be solubilized in the
biocompatible and water-repellent solvent perfluorohexane
(PFH).>* The topical distribution of the f-AuNPs dissolved in
PFH creates a nonadherent film, which remains distinctly
separate from the hydrophilic surface of the sample (eg,
tissues, cell extracts) (Figure 1B). This aspect is of key
relevance as it prevents the solubilization and spatial
dislocation of the analytes (Figure S1), thus enabling NIMS
of metabolites at a resolution only limited by the laser spot
size. For example, by further optimization of the geometry of
the laser source, as recently reported by Kompauer et al.,” the
D/1 may be operated at smaller laser diameters (higher lateral
resolution) without reducing the incident energy. Moreover,
PFH is a stable, nonreactive and highly volatile solvent,>
which spontaneously and rapidly vaporizes from the surface of
the sample after uniform distribution of the f~AuNPs, without
chemical modification of the analytes (Figure 1B).

For analyte D/I, f-AuNPs function similarly to NIMS with
porous silicon containing initiators by providing a highly
structured surface for efficient energy transfer and facile analyte
desorption. When the laser light hits the f-~AuNPs, the energy
absorbed by the gold nanoparticle is transferred to the surface
where it cleaves the disulfide bonds (Figure 1A). The release of
the fluorinated chains further promotes the desorption of the
analytes from the surface of the sample.* Interestingly, a
portion of the laser energy is transformed into thermal energy,
as shown by the apparent melting of the f-AuNPs to form
larger particles in transmission electron microscopy (TEM)
images of the f-AuNPs after laser irradiation (Figure 2A). Since
the diameter of the f~AuNPs is on the order of nanometers, the
morphology of the tissue is also preserved during the
desorption process (Figure 2B).
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Figure 2. (A) TEM images of f-AuNPs before and after laser
irradiation. (B) SEM images obtained after laser irradiation of
mouse brain tissue only, mouse brain tissue with a@-cyano-
hydroxycinnamic acid (CHCA) matrix, and mouse brain tissue
with f-AuNPs.

Another benefit of using f-AuNPs for NIMS is linked to the
low energy required for cleavage of the disulfide bonds,>*
which enables the use of relatively low laser energy (uJ/pulse
range). This limits in-source fragmentation events and thermal
degradation of labile analytes.*® Scanning electron microscopy
analysis (SEM) of brain tissue surfaces after MALDI and f-
AuNP NIMS, shows a distinct “raising” of the tissue surfaces as
compared to MALDI ablation (Figure 2B). This is associated
with the low laser energy and the likely release of water vapor,
supporting a more gentle D/I mechanism which aids in the
generation of intact molecular ions. Therefore, f-AuNPs
promote a softer form of LDI at lower laser energies when
compared to bare AuNPs.***” Bare AuNPs primarily leverage a
thermally driven D/I mechanism prone to analyte in-source
fragmentation and the generation of metal cluster ions.
Moreover, the fluorinated surface of the f-AuNPs prevents
chemical and physical interactions that may occur between the
surface of the AuNP and the metabolites.””
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Figure 3. (A) Schematic of the in vivo study. (B) f-AuNPs NIMS workflow for metabolite imaging in mouse colon samples. (C) number of
detected features vs annotated metabolites obtained in the analysis of 5 yum mouse colon slices. Mice were fed with standard diet and

metabolome coverage is reported for each chemical class.

Compared with other approaches, the absence of the
analyte-matrix cocrystallization step, together with the uniform
distribution of the f-AuNPs on the sample and the reduced
laser energy required for the D/I, allow increased reproduci-
bility and reduced matrix interference. Interestingly, since the
f-AuNP solution in PFH possesses both hydrophobic and
lipophobic behavior, the D/I enhancement effect can be
coupled to the use of other matrices for nanoscaping—the
selective preconcentration of the analytes in the sample—
without interference. For example, anion exchange resin
nanoparticles (e.g., Dowex) can be used to selectively enhance
the signal detected from cell extracts through a pretreatment
step (Figure S2).

Altogether these aspects make f-AuNPs a viable and versatile
solution for MSI of metabolites in biological tissues, offering
high throughput detection of small molecules (<700 Da)
combined with the excellent sensitivity and minimal back-
ground noise of NIMS."®

f-AuNPs for Metabolomics NIMS of the Mouse Colon.
Currently available methods for imaging metabolites provide
limited coverage in the low molecular mass range (MW < 700
Da) and are generally biased toward the detection of the most
abundant, easily ionizable lipids.*® To address this, we explored
NIMS with f-AuNPs for the detection of different classes of
metabolites and assessed its applicability by performing the
approach for the targeted and global exploration of the
metabolic content of the mouse colon (Figure 3A). Fresh
frozen samples obtained from control mice fed with the
standard diet were embedded in optimal cutting temperature
compound (OCT) and cut to obtain 5 pm tissue sections.
Each slice was then transferred onto the surface of a clean
piranha etched p-doped silicon chip and covered with the f-
AuNPs solution in PFH (3 mg/mL) (Figure 3B). The chip
was kept in a desiccator at room temperature until direct
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analysis using a Q-TOF MS system equipped with a MALDI
source. Analytes were detected by high-resolution measure-
ments in the 25—700 m/z range in full scan positive acquisition
mode. Laser energy was optimized to reduce in source
fragmentation and to avoid the generation of gold clusters
while promoting D/I of metabolites at 30 pum lateral
resolution. The obtained m/z list was putatively annotated
against the METLIN database®” using an in-house script (+5
ppm error, considering the [M + H]" and [M — H,0 + H]*
ions and the [M + Na]* and [M + K]* adducts). Metabolite
identities were confirmed by the presence of the M + 1 and M
+ 2 isotopic peaks and other related adducts with consistent
spatial distribution, and by performing MS/MS experiments
when possible. Phosphocholine ([M + H]*, 184.0733 m/z)
was used for tissue alignment.

Overall, our approach allowed for the global profiling and
mapping of approximately 1000 features, and consistent
annotation of approximately 80 metabolites distributed over
six chemically diverse groups (Figure 3C, Table S1). Due to
the absence of chromatographic separation in MSI experi-
ments, isobaric compounds were detected as sum of intensities.
Although metabolite dislocation in the gut tissue can be
excluded due to the use of the nonadherent f-AuNPs in PFH as
D/I matrix, attention has to be paid in colon tissue slicing/
handling since slight metabolite displacements may occur in
the colon lumen due to the absence of an organized tissue
structure.

As expected, our data show that lipids are the most abundant
class among the detected metabolites, followed by the bile
acids. More interestingly, the approach also enabled the
detection of highly hydrophilic compounds as to provide
coverage for the central carbon metabolism, including
carbohydrates, amino acids, nucleotides and a variety of
related precursors (Figure 3C, Figure S3, Table S1). For
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Figure 4. Mass spectrum obtained by f-AuNPs NIMS of a 5 gm mouse colon tissue slice. The insets show the distribution of targeted
metabolites in the mice colon. Ion abundances were normalized according to the total signal in each pixel, and phosphocholine was used for

tissue alignment.

example, glucose can be targeted as its stable [M + K]* adduct,
or hydrocholesterol as its [M + Na]* adduct (Figure 4, Table
S1). Matrix interference (e.g, gold clusters) in the low m/z
range is very limited due to the low laser energy employed and
does not compromise the detection of low molecular weight
metabolites.”®

It is also worth noting that while attempting to understand
metabolic dysregulations at a systems level, under certain
conditions the activation or down regulation of a specific
metabolic pathway can be inferred by measuring the
abundance of few representative metabolites, used as proxy
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for the activity of the pathway.’*™°° Combining this

observation with the highly heterogeneous metabolome
coverage provided by the use of NIMS with f-AuNPs, we
believe that this approach enables the comprehensive
interpretation of metabolism with spatial resolution at a
system level.

In addition to metabolites of murine origin, several bacterial
metabolites were also detected in the colon samples (Table
S1). For example, butyrate and acetate were detected as [M +
H]* and [M + K]" ions. The interplay between these microbial
metabolites and the mucosa/epithelial cells of the gut has
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recently raised substantial interest, particularly with several
observed correlations with human processes. For example,
butyrate has been found to play a key role in the regulation of
stem cell differentiation.’"

In this context, our approach represents an advantageous
tool for disentangling the contribution of gut metabolism in
human health by spatially identifying the distribution of
microbial metabolites. In comparison to previously applied
approaches, NIMS with f-AuNPs provides high and, perhaps
more importantly, heterogeneous coverage of multiple
metabolite classes. This powerful tissue imaging technique
can serve as a convenient platform for global and targeted
exploration of the molecular makeup of the system with high
sensitivity and lateral resolution.

Metabolic Organization of the Mouse Colon and
Comparative Analysis of Diet-Related Rearrangements.
Low matrix interference and high reproducibility are essential
factors for comparative analysis of MSI data. However, MSI
experiments based on previously reported approaches (eg,
MALDI) usually provide poor reproducibility and high
interference in the low molecular m/z range. Here we
evaluated the suitability of NIMS with f-AuNPs for
comparative global MSI studies by elucidating the metabolic
variations occurring in the mouse colon under different dietary
conditions. The study design involved nine mice fed with three
different diets: a standard control diet (SD), a fiber deficient
diet (FDD), and a polysaccharide and fiber deficient diet
(PFD) (Figure 3A). Three biological replicates were collected
for each condition and S pm tissue slices were analyzed
according to the presented MSI protocol (Figure 3B). For
comparative analysis, metabolite intensities were normalized to
the total ion current in each pixel in the spectra and
phosphocholine was used as reference for tissue alignment.

First, we defined the overall metabolic organization of the
mouse colon under the SD diet regimen. Detected metabolites
were divided according to relevant metabolic classes. Each
class was determined by the sum of the normalized intensity
values for representative molecules and their adducts
(identified using an in-house R script to match with the
METIN database within a S ppm error window). As shown in
Figure SA, the colon lumen contains high levels of lipid
metabolites, which are of particularly high intensity in the
center of the lumen, whereas bile acids appear uniformly
distributed across the lumen as well as the colon mucosal and
epithelial layers. Bile acids are endogenous molecules
synthesized from cholesterol and further modified by gut
bacteria.”” Our approach detected primary (e.g., cholic acid and
muricholic acid as [M + H]*, [M + K]* and [M + H — H,0]",
and chenodeoxycholic acid as [M + H]* and [M + K]*), and
conjugated bile acids (e.g., taurolithocholic acid 3-sulfate as [M
+ HJ*). Primary bile acids are converted enzymatically to
secondary bile acids via 7-dehydroxylation performed by the
metabolic machinery of the gut microbiota.’” For instance, we
detected isomers of lithocholic acid and isolithocholic acid as
[M + H]* and [M + K]* and deoxycholic acid as [M + H]*
and [M + K]* (Table S1). Bile acids have both lipophilic and
hydrophilic properties and are secreted into the duodenum to
facilitate the absorption of lipids and lipo-soluble vitamins. Due
to this amphipathic nature, bile acids act as emulsifiers and can
therefore distribute evenly between the gut epithelia/mucosa
and the lumen, as demonstrated in Figure 5B.

The overall distribution of metabolites involved in
carbohydrate metabolism appears uniform in the colon
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Figure 5. Overall metabolic organization of the mouse colon under
standard diet: (A) lipids, (B) bile acids, (C) carbohydrates, (D)
SCFA. Metabolite intensities were normalized according to the
total ion signal in each pixel and reported as sum of intensities for
each metabolic class. Phosphocholine was used for tissue
alignment.

lumen and epithelia, with slightly higher relative content in
the lumen (Figure SC). Interestingly, the host-mouse does not
possess the enzymatic capability to digest plant fibers and
cellulose. However, the mouse gut harbors more than 500
bacterial species, including obligate and facultative anaerobes,
that possess a wide repertoire of fiber- and cellulose-degrading
enzymes64 (e.g., Firmicutes, Bacteroidetes, Actinobacteria,
Proteobacteria, and Verrucomicrobia).**~%" Consequently, the
presence of carbohydrate metabolites in the lumen is likely
mostly due to bacterial breakdown of dietary polysaccharides
and fibers. Moreover, microbial communities in the colon are
crucial to nondigestible carbohydrate/fiber fermentation,
which results in the formation of short chain fatty acids
(SCFA) (eg, acetate, propionate, butyrate). SCFA can be
assimilated and used by the host, or function locally as
signaling molecules involved in intestinal and immune
homeostasis.°*®® Consistent with this, we detected the
presence of SCFA in the colon lumen (Figure 5D).

To explore the metabolic variations occurring in the mouse
colon under different diets, we assessed the distribution of each
metabolic class as obtained by the sum of the single normalized
metabolite intensities (Figure 6). The carbohydrate content in
both the PFD and FDD conditions are significantly (p < 0.01)
reduced (averaged sum of normalized intensities difference
>30%) compared to the SD. The lack of fiber in the FDD and
PFD samples also results in a significant reduction of SCFA.
These observations may highlight the occurrence of metabolic
rearrangements in the mouse colon which similarly affect fiber
and polysaccharide breakdown/utilization as well as the
production of microbial fermentation end-products. The
absence of fiber or polysaccharides in the mouse diet also
induces a significant decrease in lipids, resulting in an even
layer between the lumen and the mucosa (Figure 6). This
difference is mostly due to a decrease in linoleic acid and/or
related isobars, which appear to accumulate in the lumen
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Figure 6. Metabolic rearrangement of the mouse colon under different diet regimen [standard diet (SD), fiber depleted diet (FDD) or
polysaccharides and fiber depleted diet (PFD)]. Metabolite intensities were normalized according to the total ion signal in each pixel and
reported as sum of intensities for each metabolic class. Phosphocholine was used for tissue alignment.

center (Figure S4). Of note, the detected bile acids are only
slightly affected by different diet regimens, which may indicate
that the diet does not affect gut microbial regulation of bile
acid production. We also revealed large presence of sulfur
metabolites in the SD regimen, and their substantial decrease
under FDD, and, to a lesser extent (p < 0.01, averaged sum of
normalized intensities difference <30%), under the PFD
(Figure 6). In this case, the difference is linked to a decrease
in sulfate intensity (SD vs FDD) and/or distribution (SD s
FDD and SD vs PED) (Figure 6 and Figure S5). Gut microbes
play a major role in the metabolism of sulfur in the colon
lumen” as they can reduce sulfate while oxidizing organic
compounds. Gut microbiota rearrangements involving sulfate-
reducing bacteria, or increased degradation of the colonic
mucus barrier resulting in enhanced sulfate release by
mucinolytic bacteria,”' may be at the basis of this observation.

Much is still unknown about the role of the gut microbiota
in the digestion of dietary polysaccharides and fibers,”
although several recent studies point to its key functional
contribution and interaction with host metabolism. In
particular, some commensal bacteria have adapted to switch
between multiple different substrates, while others exhibit
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more selective behavior.”> For example, Ruminococcus
flavefaciens and Fibrobacter succinogens can degrade poly-
saccharides and cellulose and members of the genus Bacteroides
can break down a wide range of plant polysaccharides.
Interpreted in this scenario, our data point to the occurrence
of important microbiome remodeling in the mice colon driven
by the absence of dietary fibers or polysaccharides. These
rearrangements may ultimately reflect in the spatial organ-
ization of intestinal metabolism, as here unraveled on the
micrometer scale by using NIMS with f-AuNPs for
comprehensive metabolome profiling in space.

NIMS with f-AuNPs leverages nanostructured gold surfaces
functionalized with perfluorinated alkanes to facilitate the
detection of small molecules by LDI mass spectrometry. This
approach assists in the ablation process and can catalyze the
D/T of metabolites directly from the surface of the sample, with
minimal noise from the nanoparticles. This results in an
increase in D/I efliciency accompanied by a decrease in the
energy required for desorption. The use of perfluorohexane to
distribute the f-AuNPs also creates a nonadherent environment
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which remains homogeneous and separate from the hydro-
philic surface of the sample, permitting MSI metabolomics
experiments at a lateral resolution only limited by the diameter
of the laser. Comparing with previous NIMS protocols for
MSI, NIMS with functionalized gold nanoparticles does not
involve the use of HF or other highly hazardous chemicals,
thus facilitating the translation of the approach to the
laboratory routine.

When applied to the comparative exploration of the mouse
colon, our approach allowed for the direct detection of more
than 1000 features, of which approximately 80 metabolites
were consistently annotated among biological replicates. F-
AuNPs provided heterogeneous metabolome coverage, includ-
ing chemically diverse small molecules of both animal and
microbial origin. Moreover, the approach unraveled significant
rearrangements in the metabolic organization of the mouse
colon, stimulated by a fiber and/or polysaccharide depleted
diet. In particular, the decrease in carbohydrate, SCFA, lipid
and sulfate in the polysaccharide and/or fiber depleted diets
may be linked to variations in the relative composition of the
colon microbiota.

In summary, the versatility of f-AuNPs NIMS can provide a
comprehensive view on the distribution of metabolites in
biological samples. We believe that this approach can offer a
means to gain a mechanistic understanding from functional
comparative MSI metabolomic studies. Our current and future
efforts are in the direction of interfacing f-AuNPs NIMS with
LDI sources with optimized laser focusing geometry,” and with
ion beam cluster ion sources (e.g, Bi;* cluster ion source) to
explore the potential of this technology for the detection of
metabolites localization at the single cell level.

METHODS

Nanoparticles Synthesis. F-AuNPs were synthesized as
previously described.’® Briefly, 1 mL of 2% (v/v) octanethiol
functionalized gold nanoparticles (2—4 nm diameter, 20 mg/mL in
toluene, Sigma, Milwaukee, WI) were washed with 20 mL neat
ethanol, followed by 20 mL acetone, sonicated for 1 min and
centrifuged for 20 min at 3000 rpm between each wash. The washing
steps were repeated three times. After removal of the supernatant, 1
mL hexane was added to the gold nanoparticles. The solution was
tested for the presence of tetraoctyl ammonium ions (466 m/z),
which can contaminate commercially available octanethiol function-
alized gold nanoparticles. Next, 200 uL of 1H,1H,2H,2H-perfluor-
edecanethiol was added under N, flow and the resulting solution
stirred for 72 h with a magnetic stir bar in a capped 30 mL glass vial.
Glass is necessary to prevent contamination of nanoparticles for high
resolution mass spectrometric measurements. After the reaction was
complete, the solvent was evaporated under N, flow and the f-AuNPs
were washed with hexane (three times), acetone (three times), and 1/
1/1 methanol/acetone/water (two times). The particles were
sonicated for 30 s and centrifugated at 3000 rpm at 4 °C between
each wash. The supernatant was removed and the nanoparticles were
dried at 90 °C in the oven and stored. A solution of f-AuNPs in PFH
(3 mg/mL) was prepared and tested for contaminants before use. The
f-AuNPs in PFH were stored in glass vials at room temperature until
use.

Mass Spectrometric Conditions. Metabolites were detected
using a Waters Synapt G2-Si quadrupole time-of-flight (Q-TOF) mass
spectrometer equipped with a MALDI source (Waters, Milford, MA).
HDImaging v1.4 and MassLynx v4.2 software, were used for data
acquisition. Tissue samples were imaged with a 30 ym step size using
a solid state Nd:YAG laser operating at 35S nm (laser energy 175,
sampling rate 3 s, and repetition rate of 2500 Hz). Untargeted
measurements were performed in resolution MS mode, in the 25—700
m/z range in positive mode. Calibration was performed prior analysis
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using red phosphorus clusters as a reference standard, and during
spectra acquisition using tryptophan (205.0105 m/z) as internal lock
mass. The nanoscaping data (Figure S2), obtained from cell extracts,
were acquired on a Bruker Microflex MALDI-TOF MS with the MSP
Biotarget adapter (Bruker Daltonics, Billerica, MA) at 35% laser
power.

Metabolite identification was based on the accurate mass of the
molecule matched against the METLIN database, observed isotope
pattern and presence of related adducts at consistent spatial
distribution. MS/MS experiments were performed to confirm
metabolite identities when possible.

In Vivo Study. Mice colon samples were obtained in the frame of a
study investigating the spatial architecture of the mice colon. The
study obtained the approval by the relevant institutional ethics
committee and was conducted in accordance with the protocols
approved by the Austrian laws (BMWF-66.006/0032-WF/V/3b/
2014). In brief, mice were housed 12 h/12 h day/night cycle in a
controlled environment, providing free access to food and water. Nine
wild-type CS57BL/6 mice maintained on a standard diet (R/M-H
Ssniff, Germany) were divided in three groups (n = 3 per group) and
fed for 1 week under a standard control diet (SD), a fiber-deficient
diet (FDD), or a polysaccharide- and fiber-deficient diet (PFD)
(Ssniff, Germany). Mice were sacrificed on day 7, and the colon was
cryopreserved in optimal cutting material (OCT, Thermo Scientific,
USA) and samples stored at —80 °C until analysis. Mouse brain
tissues for SEM analysis were obtained in compliance with the
National Institutes of Health and institutional guidelines (TSRI,
International accredited). CB17-PrkdcSCID mice were euthanized by
overdose of isoflurane. Mouse brain tissues were cryopreserved in
OCT and samples stored at —80 °C until analysis.

Cell Extracts. Bacteroides fragilis cell extracts were kindly donated
by the Forest Rohwer’s lab, at San Diego State University. Briefly,
cells were grown in brain heart infusion (BHI) media until 0.8 OD600
and then centrifuged at 13000 rpm and 4 °C, the supernatant was
removed, and cells were washed twice in minimal media and flash
frozen in liquid nitrogen.

Sample Preparation. The frozen tissue samples were embedded
in OCT and cryosectioned to obtain tissue slices (S ym thickness)
using a Leica 1900 cryostat (Buffalo Glove, IL). During this step
attention should be posed to avoid any contact between the OCT
material and the surface of the sample (ie, via the cutting blade),
since some OCT component may contaminate the surface of the
sample and contribute to the MS background noise. The slices were
thaw-mounted on a piranha etched p-type silicon chip and the f-
AuNPs solution in PFH (3 mg/mL) was topically distributed on the
surface of the sample. Standard solutions of analytes were also
prepared, deposited on the piranha etched p-type silicon chip,
evaporated and covered with the f-AuNPs solution in PFH. Each chip
was kept under vacuum at room temperature until analysis. Bacteroides
fragilis cells were resuspended in 2/2/1 acetonitrile/methanol/water
and underwent three freeze/thaw cycles in liquid nitrogen/ice cold
water bath. After centrifugation the supernatant was evaporated and
resuspended in 1/1 acetonitrile/water. The Dowex 200—400 mesh
anionic resin particles (BioRad, Richmond, CA) were suspended in 1/
1 acetonitrile/water (1 mg/mL). After mixing with the Dowex resin,
samples were spotted (1 uL) and dried on the plate for MS analysis.

Transmission Electron Microscopy. F-AuNPs were deposited
on 400 mesh copper grids and characterized by a Philips CM100
electron microscope (FEI, Hillsborough, OR) at 80 kV before and
after irradiation (355 nm, laser energy 6.6 mJ, 2000 shots). Images
were collected using a Megaview III CCD camera (Olympus Soft
Imaging Solutions, Munster, Germany).

Scanning Electron Microscopy. SEM analysis were obtained
with a Hitachi S4800 SEM at 5 kV. f-AuNPs were distributed on the
surface of a clean piranha etched p-type silicon chip or one drop of
the f-AuNPs solution in PFH (3 mg/mL) was topically distributed on
the surface of a tissue slice. PFH was dried under vacuum at room
temperature and the sample irradiated by a MALDI source with a
laser with a 250 um step size (included in the AB SCIEX TOF/TOF
5800 MS system).
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Data Analysis. Data analysis was performed in HDImaging v1.4
software (Waters, Milford, MA), also used to preprocess and
normalize metabolite intensities. Statistical analysis was performed
on normalized ion intensities for each metabolic class between
different diet conditions (two sided t test, assuming unequal variance
distribution). The significance threshold was set at p < 0.01.
Metabolite abundances were considered different for statistically
significant (p < 0.01) variations >30% (averaged intensity), as
semiquantitative estimation of the variation. The obtained data sets
were putatively annotated against the METLIN database based on a
mass deviation of S ppm using an in-house R script. MS/MS data
were processed in MassLynx v4.2 software. Data analysis was
performed in the KNIME Analytics Platform (Konstanz, Germany).
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