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Current mass spectrometry (MS)-based proteomics ap-
proaches are ineffective for mapping protein expression
in tissue sections with high spatial resolution because of
the limited overall sensitivity of conventional workflows.
Here we report an integrated and automated method to
advance spatially resolved proteomics by seamlessly
coupling laser capture microdissection (LCM) with a re-
cently developed nanoliter-scale sample preparation sys-
tem termed nanoPOTS (Nanodroplet Processing in One
pot for Trace Samples). The workflow is enabled by pre-
populating nanowells with DMSO, which serves as a sac-
rificial capture liquid for microdissected tissues. The
DMSO droplets efficiently collect laser-pressure cata-
pulted LCM tissues as small as 20 pm in diameter with
success rates >87%. We also demonstrate that tissue
treatment with DMSO can significantly improve proteome
coverage, likely due to its ability to dissolve lipids from
tissue and enhance protein extraction efficiency. The
LCM-nanoPOTS platform was able to identify 180, 695,
and 1827 protein groups on average from 12-um-thick rat
brain cortex tissue sections having diameters of 50, 100,
and 200 pm, respectively. We also analyzed 100-pm-di-
ameter sections corresponding to 10-18 cells from three
different regions of rat brain and comparatively quantified
~1000 proteins, demonstrating the potential utility for
high-resolution spatially resolved mapping of protein ex-
pression in tissues. Molecular & Cellular Proteomics 17:
1864-1874, 2018. DOI: 10.1074/mcp.TIR118.000686.

Biological tissues are often highly heterogeneous, consist-
ing of a variety of cell types, subpopulations, and substruc-
tures (1). Tissue cells often generate distinct microenviron-
ments to execute biological functions, providing varied
response to external stimuli, and often resulting in distinct
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pathology. Spatially resolved and multiplexed molecular im-
aging of tissue sections is of key importance for understand-
ing biological function and pathogenesis (2, 3). The charac-
terization of the molecular landscape in tissues often relies on
targeted methods that monitor a small number of species
such as immunohistochemistry (IHC) staining, fluorescence in
situ hybridization (FISH) or imaging mass cytometry. These
methods rely on the availability of suitable probes and require
a priori knowledge of the system, thus limiting discovery.
Recent advances in RNA amplification and sequencing have
enabled the quantification of thousands of transcripts in tis-
sue sections and single cells (4). To broadly measure proteins,
peptides, metabolites and lipids across tissues in a label-free
manner, mass spectrometry imaging techniques based on
matrix-assisted laser desorption/ionization (MALDI) and other
techniques have been developed (5-8). Although MS imaging
can simultaneously measure hundreds of distinct molecular
species, broad measurements of proteins remain a challenge
because of issues related to ionization suppression and the
absence of a separation dimension.

LC-MS/MS-based bottom-up proteomics has significantly
advanced biomolecular science and can identify and quantify
>10,000 proteins in some cases (9, 10). However, the expan-
sion of proteomics to map protein expression in tissue sec-
tions with high spatial resolution has been hindered by overall
sensitivity as each sample is typically thousands of times
smaller than those used for conventional bulk measurements.
The sensitivity limitation is primarily due to protein/peptide
losses during sample isolation and processing, as well as
ionization and transmission of ions to the mass analyzer.
Substantial efforts have been devoted to improving overall
sensitivity, including nanoelectrospray ionization (11) and as-
sociated nanoflow chemical separations (12, 13), high-per-
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formance ion optics (14) and high-resolution mass analyzers
(e.g. Orbitrap). State-of-the-art systems are now capable of
measuring hundreds of proteins from single-cell-sized sam-
ples (15), but in practice much larger samples are still re-
quired to achieve in-depth proteome coverage because of
losses that occur during sample processing. Thus, the ma-
jor remaining obstacles lie primarily in sampling proteins
from tissue sections without losing spatial information, and
efficiently processing biological samples into ready-to-ana-
lyze peptides.

To this end, microsampling techniques are being developed
to extract and analyze proteins from tissue sections with high
spatial resolution and proteome coverage. One in situ method
developed by Caprioli and coworkers (16, 17) involves apply-
ing trypsin-impregnated hydrogels onto tissue sections of
interest. Proteins are digested into peptides and transferred to
the hydrogel, after which peptides are extracted from the
hydrogel and analyzed by nanoLC-MS/MS. Under optimized
conditions, >600 proteins were identified from a 260-um-
diameter region of rat liver (17). Another in situ protein extrac-
tion workflow was developed by Fournier and coworkers
(18-21) using a liquid microjunction. A picoliter dispenser
deposited protease onto a tissue section for protein digestion,
after which the liquid microjunction extracted peptides (19,
20). NanoLC-MS/MS of the extracted samples resulted in
identification of ~1500 proteins from 650 um spots (19), or
>500 proteins from regions as small as 250 um (20). Although
both approaches would most likely yield greater proteome
coverage by using latest-generation MS instrumentation,
there are inherent limitations that are likely to preclude sub-
stantial further miniaturization. For example, minimum droplet
sizes for liquid microjunction workflows are driven by droplet
volume, surface tension and contact angle, requiring careful
optimization to achieve smaller extraction regions. Careful
placement of hydrogels over tissue regions of interest is also
expected to become increasingly difficult with further minia-
turization. Further, the shape of the extracted tissues would
be difficult to match with small and irregular regions of interest
identified in histological thin sections.

Laser-capture microdissection (LCM) provides an interest-
ing alternative for microsampling because it can readily excise
tissue regions as small as single cells and with any shape as
guided by high-resolution optical microscopy (22). LCM has
been successfully integrated into workflows for spatially
resolved proteomics. For example, Wisniewski et al. (23) com-
paratively analyzed protein expression of LCM-purified nor-
mal and neoplastic colonic tissues, and 30 colon-cancer-
specific markers were identified and verified. Clair et al. (24)

" The abbreviations used are: LCM, laser capture microdissection;
nanoPOTS, nanodroplet processing in one pot for trace samples;
DMSO, dimethyl sulfoxide; DDM, n-dodecyl-B-D-maltoside; GABA,
y-aminobutyric acid; CTX, cerebral cortex; CC, corpus callosum; CP,
caudoputamen.

comprehensively studied proteome changes of dissected al-
veolar tissues during lung development, and distinct prolifer-
ation-related biological processes were revealed. McDonnell
and coworkers (25) applied an LCM-based proteomics work-
flow to study kidney substructures, and a panel of protein
markers was identified. To reduce adsorptive sample losses
during sample preparation and improve proteome coverage,
several approaches were developed including the use of car-
rier species (23), immobilized enzyme reactors (24) and vial
conditioning with BSA (25). Despite these efforts, large tissue
samples containing > 1000 cells were still required to achieve
in-depth proteome profiling.

We have recently developed an ultrasensitive proteome
processing and analysis platform termed nanoPOTS (Nano-
droplet Processing in One pot for Trace Samples) (26). Nano-
POTS significantly increased the overall sensitivity of MS-
based proteomics by reducing the sample processing
volumes to the nanoliter range, thus greatly minimizing the
protein and peptide losses to the reaction vessel surfaces.
Quantitative profiling of >3,000 proteins was achieved for as
few as 10 Hela cells, which is a level of proteome coverage
not previously attained for fewer than thousands of cells. The
nanoPOTS platform was also used to analyze laser microdis-
sected thin sections of single human pancreatic islets. How-
ever, a major challenge with the nanoPOTS platform was the
inability to directly integrate LCM-based sample isolation.
Rather, dissected tissues were manually transferred from a
vial to the nanowells using a fine tweezer under a stereomi-
croscope, which required extensive expertise, limited the
smallest tissue size to >100 um, and resulted in a loss of
spatial information for the islets within the original tissue. In
addition, the success rates of sample transfer were only
~50% and the transfer throughput was ~5 min per sample.
Special care was also needed to avoid protein contamination
from human tissues or ambient air during the transfer process.
Thus, the development of automated sample transfer directly
from LCM to the nanoPOTS chip is critical for enabling large-
scale proteomic studies of tissue microstructures with high
spatial resolution and proteome coverage.

Here we describe the seamless integration of nanoPOTS
with LCM by prepopulating the nanowells with DMSO drop-
lets (Fig. 1A). The low-vapor-pressure DMSO serves as a
highly efficient sacrificial capture solvent for dissected tissue
specimens as small as single cells. Capture efficiencies of
~90% could be achieved for both rat brain and human cancer
tissue samples. Using a 12-um-thick section of rat brain as a
model tissue, we demonstrate that the LCM-nanoPOTS work-
flow facilitated by DMSO as capture solvent can identify and
comparatively quantify ~1000 proteins with a spatial resolu-
tion of ~100 wm, corresponding to just 10-18 brain cells.

EXPERIMENTAL PROCEDURES

Reagents and Chemicals—Deionized water (18.2 m()) generated
from a Barnstead Nanopure Infinity system (ThermoFisher, Waltham,
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MA) was used throughout. Dithiothreitol (DTT) and iodoacetamide
(IAA) were from ThermoFisher, and their working solutions were
freshly prepared in 50 mm ammonium bicarbonate (ABC) buffer be-
fore use. n-dodecyl-B-b-maltoside (DDM), Mayer’s hematoxylin, eo-
sin Y (alcoholic solution), Scott’s Tap Water Substitute and dimethyl
sulfoxide (DMSO, HPLC grade) were purchased from Sigma-Aldrich
(St. Louis, MO). Trypsin (MS grade) and Lys-C (MS grade) were from
Promega (Madison, WI). Other unmentioned reagents were from
ThermoFisher.

Nanowell Chip Fabrication—The nanoPOTS chip consisted of three
parts including a nanowell-containing substrate, a spacer and a cover
plate. The nanowell substrate was fabricated with similar procedures
as described previously (26). Briefly, a glass slide (25 mm X 75 mm)
with pre-coated chromium and photoresist (Telic company, Valencia,
CA) was used as starting material. Standard photolithography and
wet etching procedures were employed to generate an array of ped-
estals with a diameter of 1.2 mm, a height of 10 um, and a spacing of
4.5 mm between adjacent pedestals on the slide. The exposed sur-
faces surrounding the pedestals were rendered hydrophobic with 2%
(v/v) heptadecafluoro-1,1,2,2-tetrahydrodecyldimethylchlorosilane in
2,2,4-trimethylpentane. After removing the chromium layer, the ped-
estals maintained the hydrophilicity of untreated glass and served as
nanoliter-scale wells for tissue collection and proteomic sample proc-
essing. The glass spacer was laser machined (Coherent Inc., Santa
Clara, CA) on a standard 1.2-mm-thick microscope slide. The ma-
chining process removed the center region of the slide, leaving an
~5-mm-wide frame. The machined slide was glued to the nanowell
substrate using a silicone adhesive and served as a spacer to limit the
headspace of the nanowells after reversibly sealing to a cover plate to
minimize evaporation during incubation steps while preventing con-
tact of the droplet reactors with the cover plate. The cover plate was
produced by spin coating of a thin layer of Sylgard 184 base and
curing reagent (10:1, v/v) (Dow Corning) at a spin speed of 500 rpm for
10 s followed by 3000 rpm for 30 s. The cover plate was baked at
70 °C for 10 h to generate a ~30-um-thick polydimethylsiloxane
(PDMS) layer.

Tissue Preparation—All procedures involving animals were in ac-
cordance with protocols established in the NIH/NRC Guide and Use
of Laboratory Animals and were reviewed by the Institutional Animal
Care and Use Committee of Battelle, Pacific Northwest Division.
Pregnant female Sprague-Dawley rats (gestational day 22, ~250 g)
were purchased from Charles River Laboratories Inc. (Wilmington,
MA). Rats were housed in solid-bottom cages with hardwood chips
under standard laboratory conditions. Rat pups post-natal day 17,
were euthanized using carbon dioxide as asphyxiant. Brains were
rapidly removed, quickly rinsed in phosphate buffered saline, and
flash frozen in liquid nitrogen. The brains were stored at —80 °C until
use. A cryostat (NX-70, ThermoFisher) was used to cut tissues to a
thickness of 12 um. The chuck and blade temperatures were set at
—16 °C and —20 °C, respectively. The tissue sections were deposited
on PEN membrane slides (Carl Zeiss Microscopy, Germany) and
stored at —80 °C.

Before the hematoxylin and eosin (H&E) staining procedures, the
tissue section was removed from the freezer or dry ice box and
immediately immersed into 70% ethanol to fix proteins. The tissue
was then rehydrated in deionized water for 30 s and stained in
Mayer’s hematoxylin solution for 1 min. Excess dye was rinsed with
water and the tissue was blued in Scott’s Tap Water Substitute for
15 s. Next, 70% ethanol was used to dehydrate the tissue and a 50%
diluted eosin Y solution (v/v in ethanol) was applied for 1-2 s by a
quick dip. The tissue sample was further dehydrated by immersion
twice in 95% ethanol for 30 s, twice in 100% ethanol for 30 s, and
finally in xylene for 2 min. All procedures were performed in a fume
hood and the slide was blotted on absorbent paper between different

solutions to minimize carryover. The processed tissue could be di-
rectly used for LCM or stored at —80 °C until use.

WHIM2 patient-derived xenograft tissue sections with a thickness
of 12 um were obtained from Dr. Sherri Davies at Washington Uni-
versity School of Medicine. All human tissues for these experiments
were processed in compliance with NIH regulations and institutional
guidelines and approved by the institutional review board at Wash-
ington University. All animal procedures were reviewed and approved
by the institutional animal care and use committee at Washington
University in St. Louis. The tissue sections were fixed as described
above and stained with hematoxylin only.

Laser Capture Microdissection—Unless mentioned otherwise, an
array of DMSO droplets with a volume of 200 nL were deposited on
nanowells using a nanoliter-dispensing robotic system (Fig. 1B) (27,
28). A PALM MicroBeam laser capture microdissection system (Carl
Zeiss Microlmaging, Munich, Germany) was employed. The nanowell
chip was fixed on a standard microscope slide adapter (Slide-
Collector 48, Carl Zeiss Microlmaging) and mounted on the robotic arm
of the LCM system (Fig. 1C). Both the rat brain and breast cancer
tissues were cut at an energy level of 42 and catapulted into the
DMSO droplet using the “CenterRoboLPC” function with an energy
level of delta 15 and a focus level of delta 10. Tissue samples in the
nanowell chip could be processed directly or stored at —20 °C.

NanoPOTS Proteomic Sample Processing—Before processing,
DMSO droplets were evaporated to dryness by keeping the nanowell
chip in a vacuum desiccator for 10 to 15 min (Fig. 1E). Reagent
dispensing was performed using the robotic system as described
previously (27). Briefly, 100 nL of PBS buffer containing 0.2% DDM
surfactant and 5 mm DTT was added to each nanowell. The chip was
incubated at 70 °C for 1 h for protein extraction and denaturation.
Proteins were then alkylated by adding 50 nL of 30 mm IAA in 50 mm
ABC in each reaction and then incubating for 40 min in the dark. A
two-step digestion was performed at 37 °C with Lys-C and trypsin for
4 h and 8 h, respectively. Finally, the digested peptide samples were
collected and stored in a fused silica capillary (4 cm long, 200 um i.d.,
360 wm o.d.). Each nanowell was washed twice with 200 nL of 0.1%
formic acid aqueous buffer and the wash solution was also collected
into the same capillary to maximize sample recovery. To prevent
residual PEN membrane pieces from being drawn into the collection
capillary, the distance between the capillary distal end and the nano-
well surface was kept at 100 um during the sample aspiration proc-
ess. The capillary was sealed with Parafilm M (Sigma Aldrich) at both
ends and stored at —70 °C until analyzed.

nanoLC-MS/MS—Samples in the collection capillary were desalted
and concentrated on a solid phase extraction (SPE) column (75-um-
i.d. fused silica capillary packed with 3 um diameter, 300 A pore size
C18 particles, Phenomenex, Torrance, CA) (29). Peptides were sep-
arated using a 60-cm-long, 30-um-i.d. nanoLC column with the same
C18 particles and with an integrated electrospray emitter (Self-Pack
PicoFrit column, New Objective, Woburn, MA) (26, 30). A nanoUPLC
pump (Dionex UltiMate NCP-3200RS, Thermo Scientific, Waltham,
MI) was used to deliver mobile phase to the LC column. To obtain
reproducible and smooth gradient profiles, a tee interface was used
to split the LC flow rate from 300 nL/min to 50 nL/min for the
30-um-i.d. LC column. A linear 100-min gradient starting from 8%
Buffer B (0.1% formic acid in acetonitrile; Buffer A: 0.1% formic acid
in water) to 22%, followed by a 15-min linear increase to 35% Buffer
B. The column was washed with 90% Buffer B for 5 min and re-
equilibrated with 2% Buffer B for 20 min prior to the subsequent
analysis.

Peptides were ionized at the nanospray source using a potential of
2 kV. An Orbitrap Fusion Lumos Tribrid mass spectrometer (Thermo-
Fisher) operated in data dependent mode to automatically switch
between full scan MS and MS/MS acquisition with a cycle time of 2 s.
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The ion transfer capillary was heated to 250 °C to accelerate desol-
vation and the S lens was set at 30. Full-scan MS spectra (m/z
375-1600) were acquired in the Orbitrap analyzer with 120,000 res-
olution (m/z 200), an AGC target of 3 X 10°, and a maximum ion
accumulation time of 246 ms. Precursor ions with charges from +2 to
+7 were isolated with an m/z window of 2 and were sequentially
fragmented by high energy dissociation (HCD) with a collision energy
of 30%. The AGC target was set at 1 X 10%. MS/MS scan spectra
were acquired in the Orbitrap with an ion accumulation time of 502 ms
and a resolution of 240,000 for 50-um-diameter tissue samples, an
ion accumulation time of 246 ms and 120,000 resolution for 100-um-
diameter tissue samples, and an ion accumulation time of 118 ms and
60,000 resolution for 200-um-diameter tissue samples.

Data Analysis—Raw data were analyzed by MaxQuant 1.5.3.30 as
described previously (31). Briefly, Andromeda engine was used to
search MS/MS spectra against a UniProtKB/Swiss-Prot database for
Rattus norvegicus, which contained a total of 31,816 entries with
8020 reviewed entries when downloaded on Jan 4, 2018. For WHIM2
patient-derived xenograft samples, the raw files were searched
against a combined UniProtKB/Swiss-Prot database containing
20,129 reviewed homo sapiens entries (Dec 29, 2016) and 16,844
Mus musculus entries (Jan 28, 2017). Trypsin was specified for pro-
tein digestion with two missed cleavages allowed for each peptide.
Carbamidomethylation was set as a fixed modification, and n-termi-
nal protein acetylation and methionine oxidation were set as variable
modifications. Recalibrated MS/MS spectra were matched with a
tolerance of 5 ppm on precursor mass and 20 ppm on fragment
mass. The minimum peptide length was set at 6 amino acids, and
maximum peptide mass was 4600 Da. A false discovery rate (FDR)
of 1% was applied for both peptide and protein filtering. For the
spatially resolved study of brain tissue samples, Match Between
Runs (MBR) was activated to enhance identification sensitivity. The
time windows for feature alignment and matching were 20 min, and
0.7 min, respectively. Label-free quantification (LFQ) was per-
formed in each parameter group containing tissue samples of sim-
ilar size.

Contamination and reverse identifications were filtered with Per-
seus (version 1.5.6.0) (32). The results were exported to a table and
visualized with OriginPro 2017 and an online tool powered by R
language (http://www.omicsolution.org/wu-kong-beta-linux/main/).
The mass spectrometry proteomics data have been deposited to the
ProteomeXchange Consortium via the PRIDE (33) partner repository
with the dataset identifier PXD008844 and 10.6019/PXD008844.

Experimental Design and Statistical Rationale —Both DMSO evalu-
ation and sensitivity evaluation experiments were repeated in tripli-
cate to generate three biological replicates (supplemental Table S1
and S2). To reduce sample heterogeneity, all tissues were dissected
from the same region. Full injection without technical replicates was
employed to improve analytical sensitivity for each small tissue sam-
ple. For spatially resolved quantitative proteome mapping experi-
ments, four biological replicates were used for each tissue region
(supplemental Table S3). For relative quantification, the LFQ intensi-
ties were transformed with log2 function and then filtered to contain
>70% valid values in at least one group. The missing values were
imputed by normal distribution in each column with a width of 0.5 and
a down shift of 2. To identify significant differences, ANOVA multiple
sample testing with permutation-based FDR control was used. p
value <0.01, g-value <0.05, and fold change >4 (S, = 2) were
required to obtain significant proteins.

RESULTS

DMSO as Tissue Capture Liquid—Following dissection in a
conventional LCM system, tissue pieces may be collected
into microtubes by gravity or catapulted into tube caps pre-

filled with extraction solution or an adhesive coating, depend-
ing on the instrument vendor and configuration. However,
these collection approaches cannot be adapted to the nano-
POTS system because the rapid evaporation of nanoliter-
scale extraction solution and the prohibitive absorptive losses
of proteins onto adhesive silicone coatings (34). To address
this challenge, we prepopulated nanowells in the nanoPOTS
chip with DMSO droplets to serve as a sacrificial capture
medium for small tissue samples (Fig. 1A). This approach has
several attractive merits. First, DMSO has a very low vapor
pressure (0.8 mbar at room temperature) and evaporates
slowly under ambient conditions, which allows for long work-
ing times and uninterrupted sample collection. As shown in
Fig. 2A, the evaporation times of 100-300 nL DMSO droplets
were 194 min to 416 min, which were >50 times longer than
for water droplets in our laboratory conditions. Such pro-
longed times are sufficient to collect up to hundreds of tissue
samples in each chip. Second, DMSO can be completely
removed by gentle heating or vacuum, eliminating any possi-
ble interference during subsequent sample processing and
analysis steps. Third, compared with other low-vapor-pres-
sure solvents such as dimethylformamide (DMF), DMSO has
lower toxicity, and is thus widely used as a storage solvent for
drug candidates and cells. Fourth, the freezing point of DMSO
is 18.5 °C, which should facilitate chip and sample transfer
between histology and analytical labs without the risk of sam-
ple mixing or losses during shipping. Finally, during this study
we have found that DMSO significantly increases the sensi-
tivity of protein identification in brain tissues, which we as-
cribe to improved protein extraction efficiency as discussed
below.

We first evaluated the capture efficiency with square tissues
having side lengths of 20 um, 50 um, 100 wm, and 200 um
using both rat brain and breast cancer tissue sections with a
thickness of 12-um as model samples (35). For smaller tissue
samples with square side lengths from 20 um to 100 um, a
total of 75 cuts for each size were collected. For the 200 um
tissue samples, a total of 27 cuts were collected. The “Center-
RobolLPC” function, in which the catapult laser pulse was
applied at the centroid of pre-cut tissue piece, was used
instead of commonly-used “RoboLPC.” We observed that the
“CenterRoboLPC” function provided better control on the
catapult trajectory of tissue pieces from slide to DMSO drop-
lets. Under optimized conditions, the capture efficiencies
ranged from 87 % to 99% for smaller tissue samples (20 um to
100 wm), indicating most LCM tissues can be collected (Fig.
2B). When tissue diameters were equal to or larger than 200
wm, all were successfully collected. With the increase of tis-
sue sizes, the dissection time increased from 6 s to 15 s per
tissue sample, which is still much faster than the manual
transfer method (26). The high-speed dissection and high
capture efficiencies, along with batch sample processing
should enable many applications requiring high-throughput
proteomic studies such as large-scale mapping of heteroge-
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Fic. 1. A, schematic diagram showing the direct integration of LCM with nanoPOTS using DMSO droplets for tissue capture. B, Image of a
nanoPOTS chip with an array of 200-nL prepopulated DMSO droplets. C, Direct mounting of a nanoPOTS chip on a slide adapter for a PALM
MicroBeam LCM system. D, Microdissected tissue section and E, the corresponding tissue pieces collected in nanowells with square lateral
dimensions from 20 um to 200 um. A 12-um-thick rat brain coronal section was used as model sample.

neous tissues. It should also be noted that tissue pieces with
a diameter of 20 um correspond to nearly single cells in most
mammalian tissues, demonstrating the potential of the pres-
ent approach for single-cell isolation and analysis.
Proteomic Analysis of LCM-isolated Rat Brain and WHIM2
Patient-derived Xenograft Tissues—To determine whether
DMSO adversely affected tissue analysis, we analyzed rat
cortex tissue samples collected with DMSO droplets and
compared with those obtained using manual transfer without
DMSO (supplemental Table S1). Surprisingly, we observed a
54 and 49% increase in average and total unique peptide
identifications, respectively, resulting in a corresponding re-
spective 33 and 26% increase in protein identifications, when
DMSO was used for tissue collection (Fig. 3A). A Venn dia-
gram of total protein identifications indicates that most of the
proteins obtained from DMSO-free samples were included in
DMSO-collected samples (Fig. 3B). This demonstrates that
the use of DMSO droplets improves proteome coverage for
small tissue samples without any negative effects on the
proteomic analysis. A possible explanation for this is that
DMSO increases overall protein extraction efficiency by dis-
rupting the lipid content within tissues. Protein extraction from
tissue samples was found to be more challenging than for
cultured cells (36), especially for tissues with high lipid content
such as brain. Various approaches have been developed to
address this challenge by employing strong detergents (37) or
organic solvents (38) in the extraction buffer. As an organic
solvent, DMSO is expected to solubilize most lipids prior to
protein extraction. Compared with commonly used detergent
approaches, sample losses in detergent removal steps includ-

ing buffer exchange (23, 37) and spin columns were avoided
using our approach. These merits of DMSO have thus pro-
vided an added benefit in the workflow of spatially resolved
proteomic analysis.

We next tested the sensitivity of the LCM-nanoPOTS sys-
tem with DMSO as capture solvent on proteomic analysis of
small tissue samples. Circular regions from rat cortex tissue
with diameters of 50 um, 100 um, and 200 um were obtained
as model samples. Based on hematoxylin staining of cell
nuclei, the corresponding cell nhumbers were ~2-6, 10-18,
and 30-50 for the three different tissue diameters, respec-
tively. Fig. 3D and 3E show the nearly linear increase of unique
peptide and protein identifications with tissue size. As ex-
pected, almost all peptides and proteins identified in the
smaller tissues were also identified in larger tissues (Fig. 3D),
demonstrating that analytical sensitivity was the dominant
factor in determining proteome coverage. The present system
can identify an average of 180 = 22, 695 = 115, and 1827 =
29 protein groups (n = 3) from cortex tissues with diameters
of 50 um, 100 uwm, and 200 um, respectively. With the same
4-fold increase in tissue area, we observed a 286% increase
in protein identification of tissues with diameters from 50 to
100 um, and a 163% increase from 100 to 200 um, indicating
that the overall sensitivity is a main limiting factor for pro-
teome coverage at the low end of tissue areas. Compared
with previous spatially resolved proteomic studies of brain
tissues (17-20, 39-41) in which at least 0.65 mm-sized tis-
sues were required to obtain a coverage of >1000 proteins,
the LCM-nanoPOTS system provided >9 times improved
spatial resolution with improved proteome coverage.
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Fic. 2. A, comparison of evaporation times for water and DMSO
droplets. n = 5 for each condition. B, Evaluation of the capture
efficiency of LCM tissue samples using DMSO droplets. A patient-
derived xenograft and a rat brain section (12 um thick) were used as
model samples. The replicate numbers were 75, 75, 75, and 27 for
tissues having lateral dimensions of 20 wm, 50 um, 100 um, and 200
um, respectively. 200 nL DMSO droplets pre-deposited in nanowells
with a diameter of 1.2 mm were used for tissue collection.

The total 2098 proteins identified from 200-um-diameter
cortex tissues were submitted for Gene Ontology cellular
component (GOCC) analysis (42). As shown in Fig. 3G, we
observed a high percentage (27.1%) of annotated membrane
proteins, suggesting robust coverage of membrane proteins
in our workflow. It is interesting to note that we observed
6.5% dendrite proteins and 5.8% axon proteins (Fig. 3G),
which are vital for brain function. In brain, glutamate and
GABA are two major neurotransmitters, which play excitatory
and inhibitory functions, respectively. Interestingly, we iden-
tified three types of GABA receptors (GABRA1, GABRA2,
GABRB2, GABRB2, and GABRG?2) and a large family of glu-
tamate receptors including GRIA1, GRIA2, GRIA3, GRM2,
GRMS3, GRM5, GRIN1, GRIN2a, and GRIN2b, all of which are
transmembrane proteins.

We also tested the proteome coverage of WHIM2 patient-
derived xenograft tissues with side lengths of 200 um. An
average of 10,345 and total 16,210 unique peptides, corre-
sponding to an average of 2325 and total 2613 protein groups

were identified in experimental triplicate. The average protein
groups decreased to 1719 when 2 peptides were required for
identification (supplemental Table S2). A 27% increase in
protein identifications over those of brain cortex tissue sam-
ples was observed, which could be attributed to the fact that
more cells/proteins were contained in the breast cancer
tissues.

Spatially Resolved Quantitative Proteomic Analysis of Rat
Brain Tissue—To evaluate the potential utility of the LCM-
nanoPOTS system for spatially resolved quantitative pro-
teomic tissue analysis, we performed a proof-of-concept ex-
periment by dissecting and analyzing three different rat brain
regions (cerebral cortex (CTX), corpus callosum (CC), and
caudoputamen (CP)) from a 12-um-thick coronal section (Fig.
4). Tissue samples were dissected as circular regions with a
diameter of 100 um, corresponding to an area of ~0.008
mm?. The spatial distances (center to center) were from 116
pwm to 716 um within the same brain region, and from 424 um
to 1727 um across different brain regions (Fig. 4A). For each
region, four samples were processed and analyzed by LC-
MS/MS (Fig. 4B).

To increase the number of quantifiable proteins, we used
the Match Between Runs (MBR) algorithm of MaxQuant (13,
31) wherein the peptides were identified based on accurate
masses and LC retention times, similar to the AMT concept
originally reported by our group (43, 44). A total of 2059
proteins were identified and 1484 (72.1%) were common
across all the three brain regions. After stringent filtering for
valid log2-transformed LFQ values, 1103 protein groups were
quantifiable (supplemental Table S3). As expected, relatively
high correlation coefficients from 0.95 to 0.99 were observed
between biological replicates of the same brain regions (Fig.
4C). Between different tissue regions, CTX and CP displayed
lower correlation coefficients from 0.94 to 0.97, whereas CC
had lowest correlations (from 0.83 to 0.92) with the other two
regions. Such differences are also consistent with the mor-
phology of the brain tissue (Fig. 4A).

Next, we examined whether the quantitative proteome data
obtained from the LCM-nanoPOTS system could clearly dif-
ferentiate the three brain tissue regions. We used unsuper-
vised principal component analysis (PCA) to process the LFQ
intensity data from the 12 samples. As shown in Fig. 5A, the
three tissue regions were clearly segregated based on com-
ponent 1 and component 2, which accounted for 38.5% and
13.8%, respectively. All four biological replicates were well
clustered within the corresponding tissue region without over-
lap with other regions, suggesting the present system can
effectively distinguish differences in cell or tissue types based
on their protein expression levels.

To identify differentially expressed proteins among the
three tissue regions, we employed ANOVA test with permu-
tation-based FDR algorithm using the Perseus data analysis
platform (32). Using a fold-change of 4 and an FDR level of
0.05, 244 out of 1103 total quantifiable protein groups were
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FiG. 3. A-C, unique peptide (A) and protein (B) identifications for rat brain cortex tissue samples obtained by LCM followed by DMSO
and DMSO-free sample collection. C, Venn diagram of total protein identifications. Tissue size: 200 um in diameter and 12 um in depth.
D-F, Evaluation of the sensitivity of the LCM-nanoPOTS system in proteomic analysis of small rat cortex tissue samples. The relationship
between tissue size and unique peptide (D) and protein (E) identifications, and (F) the overlap of total protein identifications in different
sizes. G, Gene Ontology cellular component analysis of the 2098 proteins identified from 200-um cortex tissues using the online tool
DAVID (42). All peptide and protein identifications were based on MS/MS spectra with Match Between Runs disabled. Each condition was

analyzed in triplicate.

revealed to have significant differences in expression among
the three regions (supplemental Table S3). The most abun-
dant proteins, such as Tubalb, Tubb2a, Actb, Sptan1, Cltc,
and Atp5b, were found to have no difference in LFQ intensity,
which agrees well with previous findings (45). For the 244
significant proteins, we observed 67, 34, and 70 proteins
groups enriched in CTX, CC, and CP regions, respectively,
with a log2 abundance ratio >2 over the mean value for
each protein across all samples. To visualize the protein
expression differences, we applied unsupervised hierarchi-
cal clustering analysis (HCA) on the significant proteins with
mean-centered log2 transformed abundances (Fig. 5B). Like
the PCA plot, each of four replicates from the same region
was clustered together. In addition, each region has a dis-
tinct cluster of proteins with higher abundances relative to

other regions, indicating different biological functions for
each brain region.

Fig. 5C shows a panel of selected differentially expressed
proteins in each tissue region. Sodium- and chloride-depend-
ent GABA transporter 1 (SLC6A1) was enriched in CTX region.
SLC6A1 removes GABA from the synaptic cleft, which was
found to have an important role in the development of neu-
rological disorders such as Schizophrenia. SH3 and multiple
ankyrin repeat domains protein 2 (SHANK?2) belongs to the
Shank family of synaptic proteins, which function as molecu-
lar scaffolds in the postsynaptic density. Calbindin 1 (CALB1)
was observed to be highly expressed in CTX compared with
the other regions. CALB1 has the function to buffer entry of
calcium upon stimulation of glutamate receptors and the loss
of CALB1 protein is found in patients with Huntington disease
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resolution of 100 wm in diameter. B, The corresponding microscopic
images of the tissue regions after dissection. C, Pairwise correlation
plots with log2-transformed LFQ intensities between 12 tissue sam-
ples from the three regions. The color codes indicate the relatively
high correlations between the same tissue regions and relatively low
correlations between different regions.

(46). In CC, several myelin-related proteins (MBP, PLP1, MAG,
and MOG) were highly expressed. The myelination of CC
axons is highly active during the development of mouse brain
(47), which agrees well with the age of the rat model (17 days
old). In another recent report, MBP was clearly shown to be
highly expressed in the corpus callosum (48). In the CP
region, we observed the elevated expression of two phos-
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Fic. 5. A, principle component analysis of protein expression in
CTX, CC, and CP regions of rat brain section as shown in Fig. 4. B,
Hierarchical clustering analysis (HCA) of the significant proteins. C, A
panel of selected differentially expressed proteins among the three
regions.

phodiesterases (PDE1B and PDE10A). PDE10A is well-stud-
ied dual-substrate phosphodiesterase capable of hydrolyz-
ing cAMP and cGMP. A previous immunohistochemical
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study has indicated its high expression in the CP region of
rat brain (49). We also observed the high expression of two
phosphatase 1 regulation proteins (PPP1R1B and PPP1R9A),
tyrosine 3-monooxygenase (TH), and a-kinase anchor pro-
tein 5 (AKAPS5).

DISCUSSION

Spatially resolved proteome mapping of healthy or patho-
logical tissue sections can provide important insights into
physiology or pathophysiology. The ability to map the pro-
teome (the abundances of thousands of proteins) with rela-
tively high spatial resolution across tissue regions provides a
fundamental way to understand tissue microenvironment,
substructure, and cellular organization from a global pro-
teome perspective. Moreover, this approach can easily be
integrated with other spatially resolved measurement meth-
ods such as immunohistochemistry staining, FISH, spatial
transcriptomics (4), and MALDI imaging (5) to provide a more
complete molecular atlas of tissue sections.

The described LCM-nanoPOTS platform significantly ad-
vances spatially resolved proteomics by improving the spatial
resolution and increasing the sensitivity. The use of DMSO
droplets not only served to efficiently capture dissected tissue
pieces as small as 20 um in diameter (single-cell scale) into
nanowells, but also significantly improved the proteome cov-
erage. The whole workflow can be fully automated without
manual transfer, and thus sample loss and protein contami-
nation are minimized. The extension to formalin-fixed paraffin-
embedded (FFPE) tissues could potentially be achieved by
incorporating paraffin removing and antigen retrieval steps
after sample collection. We anticipate this platform will play an
important role in clinical tissue characterization at the pro-
teome level. The technology should also be broadly applica-
ble to other research areas such as microbial communities
and plant science. With further advances of LC-MS sensitivity,
we anticipate proteome mapping at single cell resolution will
be achievable. Finally, the LCM-nanoPOTS platform should
be readily extended to other omics studies requiring tissue
isolation and nanoscale processing, such as transcriptomics,
lipidomics, and metabolomics.

Compared with IHC staining and MALDI-MS imaging, the
bottom-up proteomics approach is low in throughput, as each
LC-MS analysis requires at least 1 h. This will limit the capac-
ity for comprehensive mapping of whole tissue sections at
high resolution. Nevertheless, the LCM-nanoPOTS platform is
unique for potentially obtaining spatially resolved mechanistic
insights of tissue pathology because of the depth of proteome
coverage. Further improvement in throughput could be
achieved by using multiple LC/MS systems (50), employing
sample multiplexing based on isobaric chemical barcoding
(25), or potentially by using rapid and high-resolution ion
mobility separations in place of LC (51, 52). Alternatively, to
mitigate this throughput limitation, well-developed staining
and MALDI imaging techniques (41) can be combined with the

LCM-nanoPOTS platform by guiding pathological regions and
tissue substructures for in-depth proteome mapping.
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