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s ABSTRACT: Spatially resolved mass spectrometry (MS)-based
6 multiomics workflows are becoming more utilized for revealing the
7 complex biology that occurs within tissues. However, these
8 approaches commonly require multiple independent tissue
9 sections to analyze the metabolite and protein compositions of
10 these samples. This poses a significant challenge in preserving cell-
11 or region-specific molecular fidelity, as variations between tissue
12 sections can compromise the accurate correlation of molecular
13 data. Here, we developed workflows for comprehensive multiomics

Spatial metabolomics via MALDI-MSIjliSpatial proteomics using LCM-MicroPOTS|

MALDI laser

v
MicroPOTS chip

14 profiling from a single tissue section (STS) using different MS modalities. We enhanced the functionality of an electrically insulated
15 substrate by employing metal-assisted approaches that enabled both MS-based untargeted spatial metabolomics and proteomics
16 from STS. This allowed metabolite imaging using matrix-assisted laser desorption/ionization-MS imaging (MALDI-MSI), without
17 compromising it for subsequent proteome profiling with laser capture microdissection (LCM)-based technology. Specifically,
18 implementing copper tape as a backing for polyethylene naphthalate (PEN) slides enabled the detection of >140 metabolites across
19 a poplar root tissue section using MALDI-trapped ion mobility spectrometry time-of-flight (timsTOF)-MS. Afterward, we detected
20 6571 unique proteins from two distinct root regions by leveraging LCM technology coupled to our microdroplet based sample
21 preparation approach. We also developed an alternative workflow utilizing gold-coated PEN substrates for imaging with MALDI-

22 Fourier-transform ion cyclotron resonance (FTICR)-MS, which permitted the profiling of >170 metabolites and the identification of

23 6542 unique proteins across a single poplar root tissue section. These results were comparable to using each omics analysis
24 independently. These approaches offer new opportunities for high-resolution molecular profiling of multiple omics levels across

25 biological tissues.

26 ll INTRODUCTION

27 The molecular landscapes in biological tissues are highly diverse
28 and heterogeneous, primarily due to the presence of various cell
29 types and unique microenvironments." Mass spectrometry
30 (MS)-based omics techniques are widely used for comprehen-
31 sive assessments of different classes of biological molecules (e.g.,
32 proteins,2 glycans,3 Iipids,4 and metabolites®), advancing our
33 understanding of molecular complexity of biological tissues.*”
34 Incorporation of the spatial dimension into MS-based omics
35 data has offered new ways of understanding tissue biology by
36 uncovering underlying molecular signatures that map cellular
37 diversity and delineate functional heterogeneity within the
38 tissue. For example, MS imaging (MSI) has been a powerful
39 technique to study the molecular composition within the full
40 spatial context of tissue microenvironments. This technique

—

~

41 enables untargeted in situ analysis, capturing molecular
4 snapshots of biological processes across and throughout
43 biological tissues.””""

44 Each omics approach reflects only a subset of the biochemical
45 processes within a sample and cannot capture the complexity of
46 molecular events and the interactions biomolecules are involved
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in.® In contrast, data combined from multiple omics levels can
provide a more holistic and comprehensive perspective of the
molecular cascades that occur within tissues.'” Thus, cross-
omics integrative approaches are crucial for achieving a more
comprehensive overview of biological processes and an in-depth
understanding of biological activities at a systemic level.”™'*
Consequently, increasing attention has been focused on
developing MSI workflows that enable multiomics character-
ization of specific cell types or regions with the full spatial
context of the tissue microenvironment.'®

Previous efforts have used a single matrix-assisted laser
desorption/ionization (MALDI)-MSI modality to profile multi-
ple omics levels on a single tissue section (STS), which
facilitated enhanced molecular characterization through the
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integration of cross-omics data.'”'® While MALDI-MSI is a
powerful technique for metabolite and lipid imaging, compre-
hensive proteome imaging by MALDI-MSI remains a challenge.
This limitation arises due to MALDI’s tendency to generate
primarily singly charged ions, which do not yield as informative
MS/MS data as multiple charged ions. Additionally, challenges
such as ion suppression due to the effect of the biological matrix
and the lack of separation make MALDI imaging of proteins
difficult and unpopular. Although protein coverage can be
improved with on-tissue digestion, in situ MS/MS peptide
identification remains challenging due to low signal-to-noise
ratios and hi%h spectral complexity that impede database
identifications.”

Alternative approaches for spatial proteome analysis, often
using laser capture microdissection (LCM), are becoming
increasingly employed. However, integrating MALDI-MSI and
LCM-based approaches for advanced molecular character-
ization necessitates the use of sequential tissue sections for
optimal data from both methods. This is because different MS-
modalities demand specific sample handling and preparation
methods, including the types of slides on which the samples are
mounted. This dependence on separate tissue sections for
multiomics profiling hinders the ability to profile the same
microanatomical regions or individual cellsacross different
molecular imaging techniques. This is particularly evident in
highly heterogeneous samples, where certain cell types may be
confined to a single tissue layer, making consecutive sections
distinctly different in composition.

Our previously published Metabolome Informed Proteome
Imaging (MIPI) workflow exemplifies this requirement.'”"
MIPI requires tissue sections to be mounted on conductive
indium tin oxide (ITO)-coated slides for lipidomic and
metabolomic profiling by MALDI-MS], ensuring efficient ion
transfer and a uniform signal across the entire tissue section. For
the downstream LCM-based proteomic profiling, tissue sections
must be mounted on PEN-membrane slides to facilitate region-
specific cell collection using an ultraviolet (UV) LCM system
that is seamlessly combined with microdroplet processing in one
pot for trace samples (microPOTS) technology. A combination
of these two techniques can enable multimodality to achieve
enhanced molecular characterization from an STS, and there has
been hu%e effort of the analytical community to achieve this
goal."”~** Nevertheless, there is a notable analytical challenge of
substrate requirements. Several previous efforts have aimed to
address this issue and used the same tissue section for imaging
with different modalities.”*~>° For example, Dilillo et al. utilized
atmospheric pressure (AP) MALDI for imaging from a
nonconducive PEN slide, following the more in-depth molecular
profiling by the LCM-based approach.”* While AP-MALDI-MSI
enables routine analysis on electrically insulating samples, its
sensitivity and metabolite coverage were noticeably reduced in
comparison to conventional vacuum MALDI-MSL”’ Alter-
natively, Mezger et al. employed UV ablation for MSI-guided
proteomics from a single conductive slide, where the tissue
section was directly mounted on the ITO-coated slide instead of
a PEN membrane.”” Although this method is feasible and
practical, the reported proteome coverage from ITO slides was
significantly lower than the coverage obtained from PEN
membrane slides for both frozen and formalin-fixed paraffin-
embedded (FFPE) tissue samples. Additionally, another report
found that UV ablation using the LCM instrument had lower
reproducibility, even under the optimized conditions, poten-
tially due to its strong dependence on the characteristics of the

biological surface being sampled.”® Hendriks at al. presented an
innovative MALDI-MSI-guided liquid chromatography (LC)-
MS/MS lipidomics and proteomics workflow from a single
section of glioblastoma multiforme brain tumor.”' They
assessed the influence of different slide types (i.e,, PEN, ITO,
and IntelliSlides) for downstream proteomics and lipidomics
analyses, but the corresponding MALDI-MSI data and identity
of lipids detected by MALDI-MSI from PEN and other slide
types were not evaluated. The feasibility of performing MALDI-
MSI using nonconductive substrates was also investigated by
other groups, along with exploring the potential for enhancing
signal intensity through the addition of metal.”*~**

Herein, we demonstrate enhancement of the functionality of
an electrically insulative PEN substrate to more optimally enable
its application for MALDI-MSI followed by LCM-based
proteomics. This resulted in efficient and reproducible
untargeted spatial metabolomics and untargeted spatial
proteomics workflows from a STS. We optimized PEN-
mounted slides for MALDI analysis on both trapped ion
mobility time-of-flight (timsTOF)-MS and Fourier-transform
ion cyclotron resonance (FTICR)-MS instrument platforms
using several slide preparation procedures, including backing the
PEN slide with copper (Cu) tape and sputtering gold (Au) for
increasing conductivity. We additionally evaluated how these
sample preparations and MALDI-MSI analysis affected down-
stream proteomic analyses, and we compared these results to
each omics analysis performed independently.

B EXPERIMENTAL SECTION

Plant Growth and Harvesting. Nisqually-1 cuttings were
used in this study. Small cuts (approximately 5—8 in.) were
made from stock (mother) plants maintained in a Conviron
walk-in growth chamber at 24 °C (16 h per day/8 h per night)
with a light intensity of 400 yM/sec. The stem base of cuttings
was treated with commercially available rooting powder
(Rhizopon AA#2, Hortus USA Corp., NY, USA) and planted
in soil pots (4 in. square pots) to enable the rooting process.
Small stem cuttings were grown under plant growth conditions
similar to those described above. After 21 days, the stem cuts
were checked for newly formed roots and then transplanted onto
bigger soil pots (4 in. X 4 in. X 9.5 in.) containing Pro-mix BX
soil and fertilized. The cuts were allowed to establish root system
in another 2 weeks until harvesting. The entire root system was
gently and quickly soaked and washed with water; the primary
(longest) root was excised from the stem in a mixture of 7.5%
hydroxypropyl methylcellulose (HPMC) and 2.5% polyvinyl-
pyrrolidone (PVP) and then snap froze the sample in
isopropanol chilled on dry ice and stored the tissue at —80 °C.
For the first demonstration of our MIPI-STS workflow, we used
freshly harvested samples. For demonstration of alternative
workflow that utilized gold coating, we used old poplar root that
was embedded in HPMC with PVP and stored at —80 °C for
two years.

Cryosectioning. The embedded samples were cut into 10
um thick sections using a CryoStar NX70 (Thermo Fisher) with
a blade temperature of —14 °C and specimen temperature of
—16 °C. Replicate sections were thaw-mounted onto PEN slides
(ZEISS) and ITO slides (Bruker Daltonics), dried under
vacuum, and stored at —80 °C in vacuum-sealed bags with
desiccant until analyzed.

MALDI Matrix Spraying Protocols. An MS Sprayer (HTX
Technologies, Chapel Hill, NC) was used for the application of
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185 all matrices and on-target chemical derivatization (OTCD)
186 agents.

187 For OTCD in positive ion mode, aqueous solutions of 6 mg/
188 mL 1-ethyl-3-(3-(dimethylamino)propyl)carbodiimide (EDC)
189 and 2 mg/mL 4-(2-((4-bromophenethyl)dimethylammonio)-
190 ethoxy)benzenaminium bromide (4-APEBA) were sprayed
191 consecutively using the same parameters: 25 yL/min flow
192 rate, a nozzle temperature of 37.5 °C, four cycles at 3 mm track
193 spacing with a crisscross pattern, a 2 s drying period, 1200 mm/
194 min spray head velocity, and 10 PSI of nitrogen gas. Immediately
195 after EDC and 4-APEBA application, the MS Sprayer was used
196 to spray the MALDI matrix with 2,5-dihydroxybenzoic acid
197 (DHB) (Fisher Chemical; Fair Lawn, NJ). DHB was prepared at
198 a 40 mg/mL concentration in 70% MeOH and sprayed at 50
199 pL/min flow rate. The nozzle temperature was set to 70 °C, with
200 12 cycles at 3 mm track spacing with a crisscross pattern. A 2 s
201 drying period was added between cycles, and a linear flow was
202 set to 1200 mm/min with 10 PSI of nitrogen gas. This resulted in
203 matrix coverage of ~667 jig/ cm? for DHB.

204  For negative ion mode, naphthyl ethylenediamine dihydro-
205 chloride (NEDC) was prepared at a concentration of 7 mg/mL
206 in 70% MeOH and sprayed at a 120 #L/min flow rate. The
207 nozzle temperature was set to 70 °C, with eight cycles at 3 mm
208 track spacing in a crisscross pattern without a drying period
209 between cycles. A linear flow was set to 1200 mm/min with 10
210 PSI nitrogen gas and a 40 mm nozzle height. This resulted in
211 matrix coverage of ~187 pug/cm?” for NEDC.

212 Gold (Au) Coating Protocol. For our alternative workflow
213 that utilized gold coating for MALDI-MSI on the FTICR, Au
214 was coated over a PEN slide with a NEDC matrix. PEN slide was
215 fixed on a tilted rotary stage within a Cressington HR 208
216 (Watford, UK) sputter coater loaded with a 0.5 mm gold target
217 (4N, Espi Metals, Ashland, OR). The chamber was adjusted to
218 0.1 mbar, the sample stage was rotated at maximum speed, and
219 sputtering of a 10 nm layer of gold was completed at 20 mA
220 controlled by a Cressington MTM-20 (Watford, UK) thickness
221 controller over the course of several minutes. A flatbed scanned
222 image of Au-coated slide is provided in Figure S1.

223 MALDI-timsTOF-MSI Analyses. Slides were mounted
224 either on a polished steel MTP PAC adapter (Bruker Daltonics)
225 by securing the slide with doubled-sided copper tape (3-6-1182;
226 3 M USA) or on an MTP Slide Adapter II (Bruker Daltonics),
227 designed to accommodate 75 mm X 25 mm glass slides.

228 Analyses were performed on a timsTOF Flex, equipped with a
229 SmartBeam 3D (355 nm) Nd: YAG laser (Bruker Daltonics).
230 The instrument was calibrated using an Agilent Technologies
231 ESI-L Low Concentration Calibration Standard Tuning Mix.
232 For OTCD/positive ion mode analysis, the instrument collected
233 ions from m/z 200 to 1200, with 1 burst of 200 shots per pixel at
234 frequency of 10 kHz. For negative ion mode, the instrument was
235 operated to collect ions from m/z 50 to 650 with 1 burst of 400
236 shots at a frequency of 10 kHz. The step size for all analyzes was
237 20 pm, using “Single” smart beam setting, with 16 ym scan
238 range, and resulting field size 20 ym, and TIMS was off. For each
239 tissue section, the Z Position was manually adjusted so that the
240 difference in height at the current position was within +1 gm.

241 MALDI-FTICR-MSI Analyses. Analyses were performed on
242 a 12T solariX FTICR MS, equipped with a ParaCell and an
243 Apollo II ESI and MALDI source with a 2 kHz SmartBeam II
244 frequency-tripled (355 nm) Nd:YAG laser (Bruker Daltonics,
245 Bremen, Germany).

246 For OTCD analyses, the acquisition methods used a lock
247 mass to the molecular ion of [APEBA-H,0]" (C,3H,,N,OBr) at

—

—

m/z 363.10665. All spectra were acquired in positive ion mode, 248
with broadband acquisition from m/z 147.42 to 1000.00 with a 249
file size of 2 million points per spectrum (2M), at 1000 Hz, and 250
acquisitions resulted in recording of 0.8389 s transients with 100 251
laser shots per pixel using default small focus and a smart walk 252
pattern of 25 ym. This resulted in an estimated mass resolving 253
power of ~190,000 at m/z 400. 254

For NEDC sprayed slides, the acquisition method used lock 255
mass to the NEDC peak at m/z 256.77695. All spectra were 256
acquired in the negative ionization mode, with broadband 257
acquisition from m/z 98.3 to 1100.00 with a file size of 2M, at 258
1000 Hz, with 200 laser shots per pixel using default small focus 259
and a smart walk pattern of 25 ym. This resulted in an estimated 260
mass resolving power of ~130,000 at m/z 400. 261

MALDI MSI Data Processing, Annotation, and Anal- 26
ysis. FTICR and timsTOF MALDI-MSI data collected with 263
FlexImaging (Bruker Daltonics, Bremen, DE) were imported 264
individually into SCiLS Lab (v2025a Premium 3D, Bruker 265
Daltonics, Bremen, DE), where centroided data sets were 266
exported to imzML for annotation by METASPACE. FTICR 267
and timsTOF data sets were annotated with sub-3 ppm and sub- 268
12 ppm mass error, respectively, and searched with the possible 269
chemical modification of [+C,4H,,N,Br] for OTCD, and as 270
[M—H]™ and [M+Cl]~ adducts for NEDC analyses, against the 271
KEGG database and are reported with an FDR of <20%. 272
Additionally, all annotated m/z values from FTICR data sets 273
were imported back into SCIiLS of respective timsTOF data sets, 274
where the manual peak-by-peak inspection was performed to 275
add timsT OF annotations that METASPACE did not pick. Only 276
symmetrical baseline-separated peaks were taken into account. 277
All MALDI-MSI data, annotations, and ion images reported in 278
this manuscript can be visualized and browsed in METASPACE: 279
https://metaspace2020.0rg/project/cSbf916e-6ee3-11ef-a046- 280
Sbtb2255949c?tab=datasets. 281

Matrix Removal and Tissue Fixation. The MALDI matrix 282
was removed by submerging the slide in 70% methanol for 1 283
min, followed by fixation in a gradient of ethanol solutions (70%, 28+
96%, and 100% ethanol, respectively) for 30 s each. The slide 285
with tissue sections was then dried under the vacuum for 15 min. 286
PEN slides with control tissue sections were gradually 287
dehydrated with ethanol, as described above. 288

Laser Capture Microdissection (LCM). Cell-type specific 289
populations of poplar root tissue, ranging from 150,000 to 290
250,000 ﬂmz, were excised using a PALM MicroBeam system 291
(ZEISS) and collected in the corresponding microwells of the 292
microPOTS chip, which were preloaded with 2 yL of DMSO to 293
serve as a capturing medium for the excised tissue voxels. For our 294
initial assessment of the multiomics workflow on proteome 295
coverage, we independently collected entire region of vascular 296
cells (V) and similarly sized region containing populations of 297
epidermal and cortical cells (C+E) from a single tissue section. 298
We collected replicates (n = 4) of each region of interest (ROI) 299
from control sections and replicates (n = 3) of each ROI from 300
post-MALDI sections analyzed on timsTOF using both OTCD 301
and NEDC workflows. 302

For demonstration of alternative workflow, we separately 303
collected three ROIs: the entire vascular (V) region, the entire 304
cortical (C) region, and the entire epidermal (E) region from a 30s
single tissue section. We collected replicates (n =2) of each ROI 306
from control sections, as well as replicates (n = 2) of each ROI 307
from post-MALDI-MSI sections coated with gold and analyzed 308
on the FTICR. Additionally, a single replicate of each ROI was 309
collected from post-MALDI sections analyzed by timsTOF, 310
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Figure 1. Two alternative strategies of the advanced MIPI approach that combine two complementary microscale spatial modalities for metabolomics
and proteomics analyses from a single tissue section. (A) Overview of the workflow that utilizes Cu-tape back-coated PEN slide for MALDI imaging
using timsTOF instrument and downstream proteome profiling using LCM-microPOTS approach. (B) Overview of the workflow that utilizes a PEN
slide with MALDI matrix and coated Au for MALDI imaging using an FTICR instrument and subsequent proteomics analysis utilizing LCM-

microPOTS approach.
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311 since this condition had been previously assessed in our earlier
312 experiments.

313 Proteomics Sample Processing in a Microdroplet and
314 LC-MS/MS Peptide Analysis. Sample processing was carried
315 out on chip using a previously published manual pipetting
316 protocol.”” The microPOTS chip and its cover were incubated
317 at 75 °C for 1 h to dry the DMSO solvent. Next, 2 uL of
318 extraction buffer containing 0.1% DDM, 0.5 X PBS, S0 mM
319 TEAB, and 1 mM DTT was dispensed into each well of the chip.
320 The chip was incubated at 75 °C for 1 h. Thereafter, 0.5 yL of
321 IAA solution (10 mM IAA in 100 mM TEAB) was added to the
322 corresponding wells with the samples, followed by incubation at
323 room temperature for 30 min. All samples were subsequently
324 digested by adding 0.5 yL of an enzyme mixture (10 ng of Lys-C
325 and 40 ng of trypsin in 100 mM TEAB) and incubating at 37 °C
326 for 10 h. Following digestion, peptides were acidified by adding
327 5% FA to each sample to a final concentration of 1% FA. Each
328 sample was collected and dispensed into a 4 uL aliquot of LC
329 buffer A (water with 0.1% FA), centrifuged at 10,000 g for S min
330 at 25 °C, and transferred (~7.5 uL) to an autosampler vial
331 coated with 0.01% DDM. To minimize droplet evaporation,
332 during every manipulation of the sample, the microPOTS chip
333 was placed on an ice pack. Also, during each incubation, the
334 microPOTS chip was sealed with the chip cover, wrapped in
335 aluminum foil, and incubated in a humidified chamber.

336 Liquid chromatography separation was performed using a
337 Vanquish Neo LC (Thermo Scientific), running a 70 SPD
338 (samples per day) separation method with each sample run
339 having a 14 min active gradient and 6 min for sample loading and
340 column equilibration. The Vanquish Neo was configured to run
341 in trap-and-elute mode, utilizing the PepMap Neo Trap
342 Cartridge (Thermo Scientific) for sample trapping and reverse
343 flow unto the analytical column. A PepMap ES906 analytical
344 column (Thermo Scientific) was used for the reverse phase
345 elution of the peptides. The gradient method used for the
346 separation is detailed in Table S1. The analytical column was
347 interfaced to an Orbitrap Astral mass spectrometer (Thermo
348 Scientific) by using an EASY-Spray source. The ion source

—
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conditions were 2.2 kV and 300 °C for the spray voltage and Ion 349
transfer tube temperature, respectively.

For MS analysis, full scan spectra were acquired using the 3s1
Orbitrap analyzer in the scan range of m/z 380 to 980, and at a 3s2
resolution of 240,000. The normalized AGC target was set at 353
500%, with a maximum injection time at 5 ms, and the RF lens 3s4
was set at 45%. For nDIA acquisition, data was acquired in the 3ss
mass range of m/z 380 to 980, DIA window type set to “Auto”,
window placement optimization set to “On”, window overlap set 3s7
at 0, and isolation window set at 2 m/z. Higher-energy collisional 3ss
dissociation was performed at a normalized collision energy of 3s9
25%, and the scan range was set to #/z 150 to 2000. RF lens was 360
set at 40%, AGC target set to “Custom”, normalized AGC target 361
set at 500%, and the maximum injection time was set at 3 ms. 362
Loop control was set at 0.6 s. 363

The proteomic data raw files were processed by DIA-NN 364
(version 1.9.2)** and searched against the Populus trichocarpa 365
UniProt protein sequence database (UP000006729, accessed 366
03/2018). The search settings included FASTA digest for 367
library-free search/library generation, deep learning-based 368
spectra, RTs and IMs prediction, and trypsin as the protease 369
with allowance for one missed cleavage. Carbamidomethylation 370
was set as a fixed modification, and variable modifications 371
included oxidation of methionine and N-terminal acetylation.
Match between runs was enabled, and protein inference was 373
grouped on genes. Machine learning utilized the single-pass 374
NNs mode, and quantification utilized a high precision strategy.
The cross-run normalization was set as RT-dependent, and 376
library profiling employed smart profiling techniques. The 377
remaining parameters were kept as the default settings for this 378
analysis.

Data are available through MassIVE (https: //massive.ucsd.
edu), a full partner of ProteomeXchange, through the following 3s1
database accession: MSV000098730; password: Tissue6833.

B RESULTS AND DISCUSSION

Herein, we integrated two complementary MS-based spatial 384
modalities to achieve cross-omics molecular profiling from a 385
STS. Our newly developed MIPI-STS addresses key challenges 386
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Figure 2. Example ion images of flavonol diglucoside and argininosuccinate, demonstrating consistent spatial distribution across varying experimental
conditions. These include substrates (PEN and ITO slides) and workflows (NEDC and OTCD), with corresponding signal intensities captured using
timsTOF and FTICR. The microscopy image of a 10 ym thick poplar root cryosection.

387 associated with the need for serial sections and substrate
3ss incompatibilities between the modalities (i.e., MALDI-MSI and
339 LCM-based spatial MS). Based on previously reported MALDI-
390 MSI analysis from nonconductive substrates, we developed two
391 MIPI-STS workflows, which can be adapted based on the
392 specific MALDI instruments available in the lab. Implementa-
393 tion of a conductive copper tape adhesive approach onto an
394 insulated substrate that is suitable for LCM-based MSI allowed
395 us to achieve MALDI-timsTOF data quality matching to the
396 data quality from ITO slides (Figure 1A). Alternatively, the gold
397 coating approach was employed for MALDI imaging on the
398 FTICR, utilizing a substrate that remains compatible with the
399 downstream LCM-microPOTS pipeline for proteome profiling
400 (Figure 1B). As such, we overcame the difficulties of combining
401 MALDI-MSI and LCM-based MSI for comprehensible
402 multiomics characterization from an STS. To benchmark our
403 approach, we utilized poplar root tissue, since we already
404 demonstrated cell-specific metabolic activities using MALDI-
405 MSI in this system, accompanied by the internal database
406 generated using MALDI-FTICR.”> While MIPI-STS is specif-
407 ically designed for the characterization of highly heterogeneous
408 samples, for workflow development and assessments, we used
409 poplar root tissues due to their minimal section-to-section
410 variation. This choice allowed us to perform multiple analyses
411 and establish robust controls, enabling accurate comparisons
412 and assessments that would otherwise be difficult with highly
413 heterogeneous samples.

414 MIPI-STS Workflow for Metabolomic Imaging by
#15 MALDI-timsTOF and Downstream LCM-microPOTS Pro-
416 teomics Analysis. Figure 1A depicts our MIPI-STS workflow
417 with a PEN membrane slide and the timsTOF data acquisition.
418 A 10 pum thick cryosection of the embedded poplar root tissue
419 was placed on a PEN slide. The back side of the slide was
420 covered with copper tape and analyzed using MALDI-MSI for
421 spatial metabolomics to visualize metabolites across different
422 cell regions and identify areas of interest for subsequent
423 proteomics. Post-MALDI-MSI sections were washed for matrix
424 removal and subjected to LCM-based spatial proteomics
425 leveraging our microPOTS approach to profile enzymes from
426 the mapped regions.

To establish an effective MALDI-MSI protocol, we evaluated 427
different chemical matrices for imaging the metabolome of 428
poplar root tissue. Specifically, we tested two commonly used 429
MALDI matrices in our laboratory for plant metabolomics 430
imaging: NEDC and DHB were used for negative and positive 431
ion mode imaging, respectively, with an important note that 432
OTCD was performed before spraying the DHB matrix. We 433
previously showed that OTCD using EDC and 4-APEBA 434
derivatization agents enhance sensitivity and expand coverage of 435
carbonyl phytocompounds,® therefore we incorporated it into 436
our workflow. Metabolomic imaging results were benchmarked 437
by comparing them to the results obtained using traditional 438
conductive ITO-coated glass slides in a standard MTP slide 430
holder. 440

Since the used PEN slide was dimensionally incompatible 441
with the commercially available Bruker MTP slide holder, our 442
initial experimental setup involved securing the PEN slide onto 443
an MTP PAC adapter. Our initial metabolomic imaging on 444
MALDI-timsTOF from PEN slide secured on the MTP PAC 445
adapter yielded comparable results using both matrices, DHB- 446
OTCD and NEDC, relative to control sections on ITO slides. 447
The use of the NEDC matrix resulted in annotation of an 44s
identical number of features (~210) on PEN and ITO slides 449
(Table S4). It also showed high repeatability annotation- and 4s0
intensity-wise (Figure S2). Similarly, the OTCD workflow with 451
the DHB matrix provided consistent performance across 4s2
sections on PEN and ITO slides, each detecting ~140 annotated 4s3
features. In terms of metabolome coverage, a total of 62 4s4
metabolites overlapped between the NEDC and OTCD 4ss
workflows, while other metabolites were unique for each 4s6
workflow, reflecting their differing specificities, which is 4s7
consistent with our previous findings regarding the distinct 4ss
analytical profiles of the two approaches.”” MALDI-MSI using 459
the 4-APEBA OTCD workflow effectively captures both 460
derivatized and underivatized molecules, as depicted in Figure 461 f2
2. For instance, argininosuccinate, an intermediate in the 462
arginine biosynthesis pathway, was detected in the vascular 463
region, and it was captured in its derivatized form. On the other 464
hand, flavonol diglucoside was captured in its endogenous, 46s
underivatized form, showing accumulation in the cortex with 466
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Figure 3. Profiling of region-specific enzymes using LCM-microPOTS processing. (A) LCM collection of microscale regions from MALDI-imaged
sections analyzed by timsTOF. (B) Bar graph depicting the effect of MALDI-MSI analysis on proteome coverage, comparing samples obtained using
NEDC and OTCD workflows and untreated control samples. (C) Venn diagram showing high overlap of proteins across V and C+E ROIs for both
post-MALDI-timsTOF workflows and control samples. The number of unique proteins is counted across all replicates per condition.

notably higher abundance in the epidermis. Similar signal
intensities were obtained for both metabolites when imaged
from the PEN setup and the control ITO slide. By leveraging the
NEDC workflow, the flavanol diglucoside was imaged with
identical signal intensity and spatial localization from PEN and
control ITO on the timsTOF, cross validating the reliability of
our workflows. Furthermore, the imaging results showed the
same spatial patterns when compared to previous imaging
results obtained by FTICR from poplar root cryosections on an
ITO slide, which was used for internal database curation.

Next, we visually inspected the post-MALDI tissue section to
assess the sample-destructive properties of the timsTOF system
across both workflows. The level of tissue ablation depends on
various laser parameters (such as shot count, frequency, and
laser energ)r),36’37 as well as the chemistry, size, and distribution
of the matrix crystals, with larger crystals requiring higher laser
power for ionization compared to smaller crystals.*® Nonethe-
less, both workflows demonstrated their effectiveness in
enabling minimal destructive sampling, thereby preserving the
integrity of the sample (Figure S3).

To assess the effect of MALDI-MSI on subsequent spatial
proteome analysis, we microdissected metabolome-informed
tissue regions from post-MALDI-MSI sections on PEN slides
analyzed on the timsTOF. As depicted in Figure 3A, we
independently collected entire regions of vascular cells (V) from
replicate sections along with replicates of similarly sized regions
containing populations of cortical and epidermal cells (C+E). As
a control, we collected replicate ROIs from serial sections that
were not subjected to the MALDI-MSI metabolomics workflow.
All samples were then processed utilizing our microPOTS
approach, which allowed us to detect more than 6500 proteins
(listed in Table S2) across all samples. Figure 3B shows the
number of identified proteins detected across the replicates with
error bars indicating the standard deviation of replicate
measurements. As indicated in Figure 3B, the number of
proteins between samples collected from the control slide and
the PEN slide with the NEDC matrix analyzed by MALDI-MSI
was very similar, while the number of identified proteins from

the PEN slide with OTCD treatment was lower. Among the
identified proteins, >91% in the V ROI and >92% in the C+E
ROI overlapped between the NEDC workflow and the control,
while >88% in the VROI and >82% in the C+E ROI overlapped
between the OTCD workflow when compared to the control.
This implies that MALDI-MSI and subsequent washing
procedures have a negligible impact on protein coverage in
downstream proteomics analysis. The slightly lower protein
coverage observed with the OTCD workflow is likely due to the
use of EDC, a zero-length carbodiimide cross-linker, which may
impair trypsin digestion and lead to mismatches during protein
identification. Notably, a significant overlap in detected proteins
was observed between the V and C+E regions (Figure 3C). This
highlights the potential of a cross-omics integrative approach to
uncover active pathways and metabolic conversions with greater
precision at a specific time point. For instance, while
argininosuccinate lyase (an enzyme critical for root elongation
and overall plant growth due to its role in catalyzing the
breakdown of argininosuccinate into arginine and fumarate) was
detected in both V and C+E regions across all samples,
metabolomics integration indicates that active conversion is
occurring exclusively in the V region at that specific time point,
as depicted in Figure 2.

Alternative MIPI-STS Workflow for Metabolomic
Imaging by MALDI-FTICR and Downstream LCM-micro-
POTS Proteomics Analysis. Our initial experiment success-
fully demonstrated the feasibility of obtaining cross-omics data
from poplar root tissue using a single tissue section while
retaining the sensitivity of all modalities. Although MALDI-
timsTOF demonstrated promising results for imaging on
nonconductive slides, the necessity for manual data processing

due to the limited mass resolution and the inability of s36

METASPACE to reliably annotate features in timsTOF-
generated data pose a challenge and can introduce ambiguity.*®
To address this, we aimed to enhance the workflow by
employing metabolic imaging using the 12T-FTICR instrument,
which is a gold standard for untargeted spatial metabolomics,
offering much higher mass resolving power and mass accuracy in
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Figure 4. Profiling of region-specific enzymes using LCM-microPOTS processing. (A) Example ion image of metabolites demonstrating consistent
spatial distribution and signal intensities obtained from Au-coated PEN slide and control ITO slide by MALDI-FTICR. Color bars for each m/z ion
image pair (two types of slides) are placed at the same intensity scale. (B) Microscopy images of LCM-collected regions from poplar root sections after
MALDI analysis, utilizing the PEN slide with a Cu-tape approach for timsTOF imaging and the PEN slide with Au-coating for the FTICR instrument
imaging. (C) Venn diagram showing overlap of proteins identified across samples processed using both MIPI-STS workflows (analyzed with timsTOF
and FTICR instruments) and control samples, for each ROL The number of unique proteins is counted across all replicates per condition.

comparison to the other analyzers coupled with the MALDI
source.

Therefore, we conducted another imaging experiment
utilizing the Cu tape approach, but in this setup, we used a
PEN slide specifically sized to fit within the slide holder,
alongside a control ITO slide. The PEN slide was backed with
Cu tape, which was extended over the top edges, covering the
area underneath the washers of the slide adapter to ensure good
conductive contact between the metal adapter and the Cu-tape-
backed PEN slide. Given our previous successful demonstration
of the NEDC matrix for application in multiomics imaging, we
employed the NEDC workflow to test MALDI-MSI on the
FTICR instrument but also on timsTOF as a reference.
Consistent with our first experiment, imaging on the timsTOF
using the new setup provided consistent performance across
sections on both PEN and ITO slides, detecting ~160 annotated
features. While the timsT OF demonstrated comparable imaging
results between conductive and nonconductive slides, MALDI-
12T-FTICR was significantly less effective for imaging on Cu-
tape-backed PEN slides and did not provide satisfactory

metabolomic coverage. Specifically, we annotated ~40 unique
features from the PEN slides compared with ~360 unique
features from control ITO slides. As an alternative, we decided
to enhance the conductivity of the PEN slide and thereby
improve the MSI performance on the FTICR by using some
other metal-assisted approach. As such, the specially sized PEN
slide was covered with NEDC matrix, following sputter-coating
of a nanolayer of gold.”* This approach allowed us to visualize
metabolites across and throughout poplar root section by using
MALDI-12T-FTICR. Leveraging the METASPACE annotation
platform to search against KEGG, we annotated 176 metabolites
(listed in Table S3) from PEN slides using NEDC and Au-
coating approach, compared to the control sample on an ITO
slide with the NEDC method that profiled 180 metabolites.
Their overlap was ~90%, indicating that gold-coating did not
affect MALDI-MSI outputs. Moreover, comparison of the
spatial patterns and signal intensities in MALDI-FTICR data
between control (ITO-FTICR) and our Au-sputtered workflow
revealed consistent spatial patterns of metabolites, as well as
comparable signal intensities across the tested approaches, with
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ss3 only slightly higher signal intensities for control slides (1—2.6
ss4 times) (Figure 4A).

sgs  Additionally, we evaluated the sample-destructive properties
586 of MALDI analysis in the two proposed approaches, NEDC-Au-
587 FTICR and NEDC-Cu-tape-timsTOF, from PEN membrane
s8s slides. Notably, the gold-coated substrate from MALDI-FTICR
s89 exhibited a higher degree of sample destruction compared with
s90 the workflow employing Cu-tape on timsTOF (Figure 4B).

591  To assess the impact of MALDI-MSI on subsequent spatial
s92 proteome analysis, we microdissected metabolome-informed
593 tissue regions from sections analyzed using both the timsTOF
594 and FTICR workflows. Selected ROIs were large, distinct, and
s9s identifiable as being histologically different, allowing them to be
s96 easily outlined for subsequent LCM work. As illustrated in
so7 Figure 4B, entire regions of V, epidermal (E), and cortical (C)
so8 cells were independently collected from replicate sections
599 analyzed via the FTICR workflow and from control sections
600 that were not subjected to the MALDI-MSI metabolomic
601 workflows. Additionally, we processed a single replicate of each
602 ROI from sections analyzed using the timsTOF workflow as an
603 additional control, given that we had already demonstrated that
604 this workflow has an inconsequential impact on proteomic
605 coverage.

606 From the excised post-MALDI and control tissue voxels, we
607 identified over 6500 proteins across all samples (listed in Table
608 S2). Detailed overlap of the proteins across the approaches is
609 indicated in Figure 4C. Depending on the ROIs, between 83%
610 and 86% of the detected proteins were shared between post-
611 MALDI and control samples analyzed on the timsTOF.
612 Similarly, the gold-coating approach combined with FTICR
613 analysis demonstrated a high overlap of 83—84% (dependent on
614 the ROI), when compared to untreated control poplar root
615 samples. Among nonoverlapping proteins, in all cases, there
616 were 4—10 times more proteins detected in the control
617 compared to the post-MALDI samples. This small number of
618 nonoverlapped proteins detected in post-MALDI samples could
619 be ascribed to the technical variability of the LC-MS
620 proteomics”” as well as to the biological variance and the fact
621 that analysis was performed on two different tissue sections,
622 underscoring the importance of conducting MIPI on a single
623 tissue section to accurately capture relevant processes at a
624 specific time and location. All these together indicate that the
625 gold-coating method, along with the apglied energy of MALDI
626 SmartBeam II laser coupled to FTICR,"” has a negligible impact
627 on proteome coverage.

62s Il CONCLUSION

629 Here, we successfully overcame the challenges of integrating two
630 spatial MS modalities, enabling comprehensive multiomics
631 characterization from a single tissue section. We developed two
632 robust workflows that deliver results comparable to those of
633 individual omics analyses performed under ideal conditions.
634 These workflows can be easily implemented and adapted by
635 other research laboratories depending on the availability of
636 FTICR, timsTOF, or other instruments for MALDI imaging.

637 Although we demonstrated MIPI-STS workflows on plant
638 tissue, our workflows can be applied to virtually any complex
639 heterogeneous tissue sample, including mammalian tissue. As
640 such, these workflows offer broad utility and significant potential
641 for advancing multiomics research across diverse areas of
642 biomedical and biological investigation. Future applications are
643 expected to address not only specific scientific questions but also

—

the potential of employing different chemical matrices, thereby 644
further enhancing the flexibility and versatility of this workflow. 645
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