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ABSTRACT: There is increasing interest in developing in-depth
proteomic approaches for mapping tissue heterogeneity in a cell-
type-specific manner to better understand and predict the function
of complex biological systems such as human organs. Existing
spatially resolved proteomics technologies cannot provide deep
proteome coverage due to limited sensitivity and poor sample
recovery. Herein, we seamlessly combined laser capture micro-
dissection with a low-volume sample processing technology that
includes a microfluidic device named microPOTS (microdroplet
processing in one pot for trace samples), multiplexed isobaric
labeling, and a nanoflow peptide fractionation approach. The
integrated workflow allowed us to maximize proteome coverage of
laser-isolated tissue samples containing nanogram levels of
proteins. We demonstrated that the deep spatial proteomics platform can quantify more than 5000 unique proteins from a
small-sized human pancreatic tissue pixel (∼60,000 μm2) and differentiate unique protein abundance patterns in pancreas.
Furthermore, the use of the microPOTS chip eliminated the requirement for advanced microfabrication capabilities and specialized
nanoliter liquid handling equipment, making it more accessible to proteomic laboratories.

Biological tissues contain a wide variety of cell types and
unique microenvironments with distinct functions and

interaction networks.1,2 Proteome analysis aims to better
understand basic biology and disease processes in specific
tissue types, as well as to identify novel disease biomarkers and
potential therapeutic targets.3 However, widely used bulk
analysis approaches average out localized biological processes
and signaling across whole cell populations and as such,
obscure cellular heterogeneity and spatial localization.4 Thus,
examining cellular diversity and tissue heterogeneity while
retaining spatial information is of great interest in biomedical
research. Therefore, single-cell and spatial proteomic tech-
nologies are becoming increasingly important to understand
and discern cellular heterogeneity.4

Recently, increasing attention has been focused on enabling
spatially resolved proteomic profiling of low-input samples.5−13

A significant effort has been made to scale down bulk
proteomics techniques to enable processing of mass-limited
samples.14 Even though the various techniques use different
cell isolation approaches and processing platforms,7,15−24 the
common goal of them is to minimize sample loss and enhance
proteome profiling of low-input samples. Miniaturization of
tube-based bottom-up processing enabled innovative and

sensitive technologies for proteome measurements of low cell
numbers,20,21,23−27 yet the automation of manual workflows is
still needed. On the other hand, droplet- or nanowell-based
sample preparation techniques illustrate the power of
automated sample processing miniaturization, yet they utilize
technology that is not easily accessible to the broader research
community. Therefore, we modified the previously developed
processing platform called nanodroplet processing in one pot
for trace samples (nanoPOTS), which demonstrated the ability
to effectively analyze bottom-up proteomic samples with
limited numbers of cells and even down to a single mammalian
cell.1,10,18,28,29 We scaled up our nanoPOTS platform to
microdroplet volume by designing larger-sized microwells,30

which can accommodate tissue sample processing from near
single-cell to multicell levels in up to 2 μL processing volume.
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By developing a microvolume device that operates in low-
microliter range and utilizes commercially available laboratory
micropipettes, we overcame barriers to adoption that we faced
with the nanoPOTS platform, such as the cleanroom usage for
the chip fabrication and demand for a highly customized
nanoliter liquid handling robot and highly skilled personnel to
operate the specialized platform.30,31 The microdroplet
processing in one pot for trace samples (microPOTS)
technology has the potential to be affordable, accessible, and
easy-to-use for a wide research community. Previously, the
microPOTS technology was employed for the analysis of ∼25
cultured HeLa cells and ∼10 cells from mouse liver thin
sections, where ∼1800 and 1200 unique proteins were
identified, respectively, with high reproducibility.30 The
microPOTS technology was also utilized to identify proteomic
changes in ∼200 Barrett’s esophageal cells, where >1500
protein groups were confidently identified, achieving a high
reproducibility with a Pearson’s correlation coefficient of R >
0.9 among replicates.31

To optimize the discovery potential and obtain mechanistic
insights from spatial proteomics measurements, the depth of
proteome coverage needs to be maximized to include low-
abundance proteins. In-depth proteome profiling of low-input
samples poses a significant challenge due to low sensitivity and
throughput of analytical methods.32 Peptides are typically
identified using a data-dependent acquisition label-free
approach, which is biased toward selecting peptides with the
strongest signal for fragmentation;33 hence, the low-abundance
protein quantification is unreliable due to a small number of
MS/MS spectra being identified.34 Although a data-independ-
ent acquisition label-free approach has shown promising results
in detecting low-abundance peptides,27,35 its throughput lags
behind multiplexing approaches.11 A widely used multiplexing
approach designed to enable the identification and precise
quantitation of peptides is tandem mass tag (TMT) isobaric
labeling. Several variations on the standard TMT approach
have been developed to improve the detection of less abundant
proteins7,10 and post-translational modifications.5 Common to
all those approaches is the addition of a carrier channel to the
multiplex, which contains a mixture of cells or tissues that
mimics the experimental samples with a ratio (ratio between
the carrier channel and the sample channel) of 30−500-fold.10
Another approach that was recently developed that reduces
sample complexity and hence enables a dramatic increase in
proteome coverage and enhancement of MS detection
sensitivity is a multidimensional liquid chromatography (LC)
separation that includes nanoflow fractionation with an online
concatenation process. Previously, a coverage of >6000
proteins has been obtained from ∼650 HeLa cells and 10
single human pancreatic islets (∼1000 cells) utilizing a
nanowell-mediated two-dimensional (2D) LC approach.13

Our in-house-built nanoflow Fractionation and Automated
Concatenation (nanoFAC) 2D LC platform enabled in-depth
proteomic analysis of small-sized samples allowing compre-
hensive proteome characterization of >6600 proteins with only
a 100 ng HeLa digest, equivalent to ∼500 HeLa cells.12
In this article, we addressed the difficulties of in-depth

proteome profiling of low-input samples by advancing and
integrating the existing technologies. We further enhanced our
microPOTS technology by integrating the TMT carrier
channel concept into the sample prep workflow, then
combined it with our in-house-built nanoflow fractionation
system to further improve the overall proteome coverage. This

effort resulted in a unique platform that can provide deep
proteomic profiling of micron-scale tissue samples. Successful
implementation of our advanced microdroplet processing
technology resulted in quantification of 53,710 unique peptide
sequences that mapped to >5000 unique proteins from a
125,000 μm2 rat pancreas tissue voxel. Subsequently, we
employed the same technology to image a specific tissue region
of a human pancreatic tissue section to gain biological insights
into the pancreatic islet microenvironment. Using the
optimized microdroplet processing protocol with the TMT
carrier concept, we were able to dramatically increase the
sensitivity and depth of the proteome coverage. Hence, from a
60,000 μm2 laser-captured microdissected human pancreas
tissue section, we identified 52,000 unique peptide sequences
that map to >5500 unique proteins.

■ EXPERIMENTAL SECTION
Reagents and Chemicals. Polypropylene microwell chips

with a 2.2 mm well diameter were manufactured on
polypropylene substrates by Protolabs (Maple Plain, MN).
LC−MS-grade water, formic acid (FA), iodoacetamide (IAA),
triethylammonium bicarbonate (TEAB), TMT-10plex and
TMT11−131C reagents, anhydrous acetonitrile, tris(2-
carboxyethyl)phosphine hydrochloride (TCEP-HCl), and
50% hydroxylamine (HA) were purchased from Thermo
Fisher Scientific (Waltham, MA). N-Dodecyl β-d-maltose
(DDM), dimethyl sulfoxide (DMSO) (HPLC grade),
phosphate-buffered saline (PBS), and Periodic Acid-Schiff
(PAS) staining kit were purchased from Sigma-Aldrich (St.
Louis, MO). Both Lys-C and trypsin were purchased from
Promega (Madison, WI). Ethanol was purchased from Decon
Laboratories (King of Prussia, PA).
Tissue Collection. To evaluate and demonstrate the utility

of our enhanced microPOTS technology, we used rodent and
human models of pancreas tissue. Sprague−Dawley rats (Crl/
CD[SD]) were obtained from Charles River Laboratories and
were 7−8 weeks of age when the pancreas was collected.
Animals were euthanized by exsanguination while under
isoflurane gas anesthesia, and the pancreas was collected
immediately and snap-frozen in an optimal cutting temperature
compound (OCT). For the alkylation optimization experi-
ments, we used rat gastrocnemius muscle tissue from Sprague−
Dawley rats housed at Pacific Northwest National Laboratory
according to NIH and institutional guidelines for the use of
laboratory animals. Dissected tissues were immediately plunge-
frozen in LN2 and stored at −80 °C until use. All protocols for
this study were reviewed and approved by the Institutional
Animal Care and Use Committee of Battelle, Pacific Northwest
Division. Human pancreas tissue that was used for microPOTS
imaging application was obtained from a 17 year old male
donor. The donor was selected based on our eligibility
criterion (https://dx.doi.org/10.17504/protocols.io.
yxmvmnye5g3p/v2). Organ recovery and tissue processing
were performed per our standard protocol (https://dx.doi.org/
10.17504/protocols.io.n2bvj6dnblk5/v1). Briefly, the pancreas
was sliced into 0.5 cm-thick tissue segments, subdivided, and
immediately frozen in carboxymethylcellulose (CMC, prepared
per https://dx.doi.org/10.17504/protocols.io.br4fm8tn) in
cryotray molds that were prechilled on dry ice/isopentane
slurry. Frozen CMC tissue blocks were stored at −80 °C until
sectioning.
Cryosectioning. OCT-embedded rat pancreas tissue was

cryosectioned to 12 micrometer-thick sections using a cryostat
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and thaw-mounted onto polyethylene naphthalate (PEN)
membrane slides. The OCT was removed from the tissue
sections by immersing slides into 50% ethanol for 30 s
followed by immersion into the gradient of ethanol solutions
(70, 96, and 100% ethanol) for 30 s each change, to fix the
tissue sections.
CMC-embedded human pancreas tissue was cut to ten

micrometer-thick slices using a cryostat and collected on PEN
membrane slides. Samples were washed with the gradient of
ethanol solutions (70, 96, and 100% ethanol, respectively) for
30 s each change, to dehydrate the tissue sections and to
remove embedding material.
Laser Capture Microdissection. Sample dissection and

collection were completed using a PALM Technologies (Carl
Zeiss MicroImaging, Munich, Germany) which contains a
PALM MicroBeam and RoboStage designed for high-precision
laser micromanipulation in the micrometer range and a PALM
RoboMover that collects dissected samples directly into
microwells of the microPOTS chip. For sample collection,
microwells were preloaded with 2 μL of DMSO that served as
a capturing medium for excised tissue sections.1

First, we used rat pancreatic tissue sections to assess our
platform for deep spatial proteomics profiling in terms of
robustness and reproducibility. We collected five replicates of
each acinar and islet tissue, with a total tissue area of 125,000
μm2 per replicate, roughly 60 ng of proteins. For islet tissue
replicates, this corresponds to 4−5 islet voxels, while acinar
tissue replicates contained a single tissue voxel. In our
experimental design, we also included a carrier sample of
roughly equally distributed islet and acinar tissue volume,
containing 16-fold more tissue material than in individual
samples, which was approximately 2,000,000 μm2 of the total
tissue area split among two microwells, each processed as an
industrial carrier sample and later pooled.
For the microPOTS imaging experiment, we first stained a

10 μm-thick human pancreas section using the PAS staining
kit, following the manufacturer’s protocol. Informed by the
islet localizations from the serial PAS-stained section, a 3 × 3
grid was used to collect an islet and surrounding acinar tissue.
The grid was positioned to capture the whole islet in one 200
× 300 μm pixel and the surrounding acinar tissue in the other
8 pixels. Voxels were dissected in grid mode and collected into
corresponding microwells of the chip. One carrier sample was
also obtained, containing a similar-sized islet and surrounding
acinar tissue with a total area equivalent to the entire grid size,
which was 540,000 μm2.
Proteomics Sample Processing in a Microdroplet. The

whole sample prep workflow including the subsequent TMT
labeling was carried out on-chip by a manual pipetting
protocol. Evaporation was minimized through the combination
of chip cooling during dispensing of reagent solutions and
using a humidified chamber for the incubation steps, where the
chip was previously sealed with a contactless cover and
wrapped in aluminum foil.
Rat pancreas tissue voxels collected in the microPOTS chip

were incubated at 75 °C for 1 h to dry out remaining DMSO
solvent. After DMSO was completely evaporated, 2 μL of
extraction buffer containing 0.1% DDM, 0.5 × PBS, 38 mM
TEAB, and 1 mM TCEP was dispensed to each well of the
chip, following incubation at 75 °C for an hour. Next, 0.5 μL of
an IAA solution (25 mM IAA in 100 mM TEAB) was added to
the samples, and the samples were allowed to incubate at room
temperature for 30 min. All samples were subsequently

digested by dispensing 0.5 μL of an enzyme mixture (10 ng
of Lys-C and 40 ng of trypsin in 100 mM TEAB) and
incubating at 37 °C for 10 h. TMT-10 and TMT-11 isobaric
mass tag reagents were resuspended in anhydrous acetonitrile
to a concentration of 6.4 μg/μL. For all samples, 1 μL of
appropriate TMT tag was dispensed to the corresponding well.
Since the carrier sample was equally distributed between two
microwells, 1 μL of 126 TMT tag was dispensed to each
microwell. The peptide−TMT mixtures were incubated for 1 h
at room temperature, and the labeling reaction was quenched
by adding 1 μL of 5% HA in 100 mM TEAB and incubated for
15 min at room temperature. Next, all samples were pooled
together into one Eppendorf tube, brought up to the final 1%
FA, then centrifuged at 12,300 rcf for 5 min at 25 °C to spin
down the precipitate. The supernatant was then transferred to
an autosampler vial, dried, and stored in −20 °C.
Human pancreas tissue samples, collected for the proteomics

imaging experiment, were processed following the aforemen-
tioned protocol, with a slight modification of the alkylation
step and TMT labeling strategy. Informed by the over-
alkylation of the previously processed rat pancreas samples, we
used 0.5 μL of a 10 mM IAA solution in 100 mM TEAB to
reach a final concentration of 2 mM IAA in the reaction.
Following our experimental design, peptides were labeled using
a TMT 11-plex, leaving the 130N channel empty and using the
131N channel for the carrier sample; the 128N channel was
used for the islet voxel and the other 8 channels for the acinar
tissue voxels.
Nanoflow LC Fractionation. Sample was resuspended in

62 μL of 0.1% FA in water. The first-dimension high-pH
fractionation was performed off-line by loading 50 μL of the
sample onto a precolumn (150 μm i.d., 5 cm length) using
0.1% FA in water at a flow rate of 9 μL/min for 9 min. The
sample was then transferred on an LC column (75 μm i.d., 60
cm length). Precolumn and column were packed in-house with
5 and 3 μm Jupiter C18 packing material (300 Å pore size)
(Phenomenex, Terrence, USA), respectively. An Ultimate
3000 RSLCnano system (Thermo Scientific) was used to
deliver gradient flow to the LC column at a nanoflow rate of
300 nL/min. 10 mM ammonium formate (pH 9.5) in water
was used as mobile phase A and acetonitrile as mobile phase B.
The peptides were eluted using the following increasing
gradients: from 1 to 8% of mobile phase B in 11 min and then
to 12% mobile phase B in 18 min, followed by an increase to
30% mobile phase B in 55 min, then to 45% mobile phase B in
22 min, to 65% mobile phase B in 6 min, and finally to 95%
mobile phase B in 5 min. Peptides eluted from the high-pH
nano-LC separation were fractionated using a HTX PAL
collect system into the vials preloaded with 25 μL of 0.1% FA
in water, containing 0.01% (m/v) DDM. The PAL
autosampler allowed us to automatically perform the
concatenation by robotically moving the dispensing capillary
among 12 collection vials; hence, a total of 96 fractions were
concatenated into 12 fractions. The vials were stored at −20
°C until the following low-pH LC−MS/MS analysis.
LC−MS/MS Peptide Analyses. Fractionated samples were

separated in the second dimension, using the Ultimate 3000
RSLCnano system (Thermo Scientific), by being injected fully
into a 20 μL loop and loaded onto a precolumn using 0.1% FA
in water at a flow rate of 7 μL/min for 5 min. A 3 cm-long
Jupiter trapping column with 150 μm i.d. was in-house packed
using a 5 μm C18 packing material (300 Å pore size,
Phenomenex, Terrence, USA). The sample was then trans-
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ferred on an LC column (1.7 μm Waters BEH 130 75 μm i.d.
× 30 cm) that was heated at 45 °C. Chromatographic
separation was performed at 200 nL/min using the following
gradient: 1−8% (2.3−12.6 min), 8−25% (12.6−107 min),
25−35% (107.6−117.6), 35−75% (117−122.6 min), and 75−
95% (122.6−125.9 min) of buffer B (0.1% FA in acetonitrile).
Separated peptides were introduced to the ion source of a Q
Exactive HF-X (Thermo Scientific) instrument, where high
voltage (2200 V) was applied to generate electrospray and
ionize peptides. The ion transfer tube was heated to 300 °C
and the S-Lens RF level was set to 40. Similar acquisition
parameters were used for analysis of the two different pancreas
tissue models. A full MS scan of rat pancreas tissue sample
fractions was acquired across a scan range of 300 to 1800 m/z
at a resolution of 60,000, combined with a maximum injection
time (IT) of 50 ms and automatic gain control (AGC) target
value of 3 × 106. Sixteen data-dependent MS/MS scans were
recorded per MS scan, at a resolving power of 60,000
combined with a maximum IT of 120 ms and AGC target value
of 2 × 105, with an isolation window of 0.7 m/z. A dynamic
exclusion time was set to 45 s to reduce the repeated selection
of precursor ions. For the human pancreas tissue fractions,
precursor ions from 300 to 1800 m/z were scanned with a
mass resolution of 60,000 combined with an IT of 20 ms and
(AGC) target of 3 × 106. The MS/MS spectra were acquired
in data-dependent mode where the 12 most intense precursor
ions were fragmented and recorded at a resolving power of
45,000 combined with a maximum IT of 100 ms and AGC
target value of 1 × 105, with an isolation window of 0.7 m/z. A
dynamic exclusion of 45 s was used.

Data Analysis. Thermo RAW files were processed using
mzRefinery to correct for mass calibration errors.36 Spectra
were then searched with MS-GF + v988137,38 to match against
the Uniprot human database downloaded in March 2021
(20,371 proteins), combined with common contaminants (e.g.,
trypsin and keratin). A partially tryptic search was used with a
±20 ppm parent ion mass tolerance. TMT global proteomics
data processing was performed as we previously described.39

Gene set enrichment analysis was performed on rat pancreas
data using the gseGO40 function of the ClusterProfiler R
package in conjunction with genome-wide annotations for rats
(available from org.Rn.eg.db), with the Gene Ontology
Biological Process41,42 as the reference database. To obtain
the ranked list, we used the MSnSet.utils (https://rdrr.io/
github/vladpetyuk/vp.misc/) and limma R43 package to
compute a t-test comparison between acinar and islet samples,
then filtered the original 5021 genes down to those with BH-
adjusted p-values below 0.05, leaving 2339 differentially
expressed genes. Finally, we ranked the differentially expressed
genes according to the log-fold change of islet minus acinar, in
descending order, to obtain the input for the GSEA.
Human pancreas data was visualized using a Python class

designed for proteomics imaging data.
Data is available through MassIVE (https://massive.ucsd.

edu), a full partner of ProteomeXchange, through the following
database accession: MSV000093925; password: Nano4427.

■ RESULTS AND DISCUSSION
MicroPOTS Platform for Deep Spatial Proteomics.

Figure 1 depicts the workflow for our deep spatial proteomics

Figure 1. Schematic overview of the deep spatial proteomics analysis pipeline.
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platform, which combines the laser capture microdissection
(LCM)-based sample isolation with the microPOTS sample
preparation approach for high sample recovery, a TMT carrier
channel strategy, and a nanoscale fractionation system with
automated concatenation to dramatically increase the depth of
proteome coverage. This approach combines in-depth
quantitative information on protein abundance with spatial
context for untargeted investigations of biological tissues. The
coupling of the microPOTS chip with LCM provides simple,
robust, and efficient voxel collection. Using the chip with larger
well diameters, such as microwell chips with a 2.2 mm well
diameter, ensures a higher collection success rate allowing a
high-precision capture of tissue voxels into the corresponding
microwells, compared to 1.2 mm nanowell collection. Similar
to the nanoPOTS chip, the microPOTS chip allows the direct
visualization of the sample with an LCM microscope to
confirm sample capture (Figure S1). In terms of sample
processing, the microPOTS platform retains some advantages
of the nanoPOTS platform, ensuring good digestion kinetics
while reducing contaminants and side reactions. As opposed to
our nanodroplet-based proteomic approach, which requires

highly customized sample processing equipment, our micro-
droplet-based proteomic approach operates in the low-
microliter range; hence, the samples can be processed manually
using standard pipettes. As such, microPOTS is a low-cost
technology, designed to be easily adopted by other research
laboratories.
Next, we utilized a multiplexing strategy by combining TMT

isobaric labeling and a TMT carrier channel with microPOTS
technology to improve proteome depth. Collection and
labeling of large enough samples enabled us to utilize our
custom-built nanoscale fractionation 2D LC system. The
resolving power and overall peak capacity are dramatically
increased by using 2D separation, which decreased sample
complexity in each of the fractions and therefore enabled us to
maximize proteome coverage of small-sized samples. In
addition, 2D LC has been shown to significantly reduce ratio
compression when using isobaric labeling approaches in
complex samples.44

Implementation and Evaluation of Our Deep Spatial
Proteomics Platform. To demonstrate that our recently
developed platform for microscale proteomics can provide in-

Figure 2. Evaluation of the deep spatial proteomics platform. (a) Median log10 intensities in the 11-plex set. (b) Fraction count in which a given
peptide was detected. (c) Sampling depth (peptide count) for each fractionation. (d) Median CVs calculated across 5 replicates of each of the two
pancreas functional units.
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depth quantitative analyses of limited sample amounts, we
employed it to compare proteome profiles of two distinct
pancreatic tissue types. Exocrine pancreas tissue (acinar) and
endocrine pancreas tissue (islet) were dissected and collected
directly into a microPOTS chip following the experimental
design detailed in the Experimental Section. To assess the
robustness of our platform, we first looked at various analytical
figures of merit. We found that the microPOTS sample
processing approach provided great efficiency with a missed
cleavage rate < 15%. TMT evaluation of the peptides labeled
with TMT on the internal serine, threonine, and tyrosine
residues revealed 1.3−6.8% of of peptides were over-labeled.
peptide-spectrum match. Also, TMT labeling efficiency was
evaluated by comparing the number of unlabeled peptides with
the labeled peptides,45 and the labeling efficiency was >99%,
demonstrating that the microPOTS platform provides as
highly efficient TMT labeling as the nanoPOTS platform.
Looking across the data set, the sample channels showed
between 15- and 26-fold median abundance difference when
compared to the carrier channel loaded with a 16-fold excess
sample by area (Figure 2a). Additionally, we looked at missing
data at the peptide and protein levels of the 11-plex set. Among
the identified, >99% of proteins and >95% peptides were
quantified without any missing values in the channels,
demonstrating good data completeness achievable using
TMT with a carrier channel, which is especially important

considering that peptide loading amounts were at the low-μg
level.
We also assessed the performance of our custom nano-

fractionation system. We identified 53,710 unique peptide
sequences that correspond to 5202 unique proteins, whereas
78% of unique peptide identifications were found within a
single fraction and 95% of peptides were found in two or fewer
fractions, indicating high fractionation efficiency (Figure 2b).
Peptides were also evenly distributed across the fractions, with
each fraction yielding between 5300 and 6200 peptides,
showing low fraction-to-fraction variation (Figure 2c).
Furthermore, we computed the coefficient of variation (CV)
for 5 islet and 5 acinar tissue replicates at the protein level
(Figure 2d), and the results showed that variation among the
islet replicates was comparatively small, median CV < 15%,
indicating good reproducibility of the platform. We found that
the CV for the acinar replicates, median CV 27%, was much
higher relative to the islet. One potential reason for the
different grouping of the acinar replicates and their high CV is
that samples were collected from different tissue locations,
indicating that the acinar tissue is not as homogeneous as we
expected it to be, whereas each islet sample replicate consisted
of 4−5 whole islets, creating a more homogeneous sample.
After assessing the microPOTS figures of merit, we

compared proteomic profiles generated to evaluate the
platform’s ability to accurately identify biological differences.
Principal component (PC) analysis (PCA) was employed on

Figure 3. (a) PCA showing sample variation in 2D PC space for islet and acinar proteomic profiles. (b) Heat map depicts hierarchical clustering of
top 50 differently expressed genes in 2 functional units of the pancreas. (c) Gene set enrichment analysis for 2339 genes differentially expressed in
endocrine and exocrine pancreas.
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the data from all 10 samples to visualize whether a clear
separation exists between the islet and acinar proteomic
profiles. This analysis clearly separated islet and acinar tissues
forming two separate clusters in the first PC, accounting for 2/
3 of the variability in the data set (Figure 3a). While the five
islet replicates clustered closely together, the second PC
separated acinar replicates into two groups, accounting for 10%
of the variation. Next, we used linear models for microarray
data to compare the two different tissue types. As expected,
given the disparate functions of these tissue types, we found
2339 differentially expressed proteins. We then took the genes
with an adjusted p-value below an FDR of 0.05; hierarchical
clustering was used to identify differences in gene expression
between the islet and acinar tissue types. The gene expression
heat map, depicted in Figure S2, shows a distinct cluster of
genes, indicating different biological functions of the two tissue
types. A heat map of the top 50 clustered genes differentially
expressed among the islet and acinar tissue is shown in Figure
3b. As expected, islet-specific endocrine hormones insulin and
glucagon46 were upregulated in the islet samples as well as islet

amyloid polypeptide.47 On the other hand, digestion enzymes
chymotrypsin-like elastase family member 2A and pancreatic
lipase-related protein 2 were upregulated in the acinar
samples.46 Next, we linked overexpressed genes to biological
processes (Figure 3c). Acinar tissue was enriched in biological
processes, such as translation ribosomal assembly, digestion,
and metabolic terms, which is in line with the previous
publications,48,49 and islet samples overexpressed genes related
to inter- and intracellular signaling, protein secretion, and
hormone-level regulation, as reported previously.50

In-Depth Proteome Imaging of the Human Islet
Microenvironment. Having established the quality of our
microPOTS platform, we sought to demonstrate its utility as a
proteome imaging platform. To do this, we imaged a region of
pancreas tissue containing an islet and proximal acinar cells.
We captured the entire islet in one pixel and acinar tissue in
the other 8 pixels in order to investigate changes at the
proteome level of the islet and the surrounding acinar
microenvironment, Figure 4a. From 200 × 300 μm pancreas
tissue, we reliably identified 52,000 unique peptide sequences

Figure 4. Proteome imaging data obtained using our advanced microPOTS platform for deep spatial proteomics profiling. (a) Optical image of the
10 μm-thick PAS-stained pancreas section with the regions selected for LCM-proteome imaging. (b-f) Colored maps with scaled protein log2
abundance values (yellow−high and red−low), as examples of protein abundance changes across all 9 imaged pixels.
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that map to >5500 unique proteins. We then mapped known
tissue-specific proteins to see whether the localization of these
markers aligns with the functional role. As depicted in Figure
4b, endocrine hormones insulin and glucagon were predom-
inantly present in the islet tissue region. On the other hand,
digestive enzymes alpha-amylase 2B and pancreatic triacylgly-
cerol lipase were highly abundant in the acinar tissue voxels of
the imaged pancreas section (Figure 4c). Next, we leveraged
our advanced microPOTS platform to look at the low-
abundance proteins and gain molecular and spatial insights
into distinct expressions of proteins throughout the imaged
pancreas tissue. Syntaxin, which promotes fusion of insulin
granules in pancreatic β cells,51 and Ca2+/calmodulin-depend-
ent protein kinase type II subunit beta, which regulates insulin
secretion and neurotransmitter release,52 were profiled with the
higher abundance in the islet (Figure 4d). ERP27, a member of
the protein disulfide isomerase family of endoplasmic
reticulum proteins,53 showed high widespread expression in
the imaged voxels related to acinar cells (Figure 4e). In
addition to demonstrating changes in the proteome level
between the islet and surrounding acinar tissue area, we sought
to validate our profiling capability by looking at the proteins
that are expected to be uniformly distributed across all the
pixels. As depicted in Figure 4f, phosphatidylinositol 3-kinase
catalytic subunit type 3 protein was efficiently profiled with
medium abundance across all pixels, which is in line with the
Human Protein Atlas54 reporting (https://www.proteinatlas.
org/ENSG00000078142-PIK3C3/tissue/pancreas). This
imaging experiment demonstrates the platform’s ability to
provide proteomic profiles at a high spatial resolution, allowing
us to image an important region of the pancreas with
unprecedented depth of proteomic coverage. Further charac-
terization of specific biological pathways that are uniquely
expressed in pancreatic islet cells shows the ability of the
microPOTS spatial proteomics platform to be exploited in a
clinical setting.55

■ CONCLUSIONS
Here, we introduce a novel platform that combines LCM,
microPOTS processing, multiplex labeling with a carrier
channel, and nanoFAC to dramatically increase the sensitivity
and depth of proteome coverage for small, spatially resolved,
samples. We have demonstrated the performance and
reproducibility of our platform by obtaining deep protein
coverage and matching functional units of the pancreas with
their protein profiles at a 200 μm spatial resolution.
Our advanced microPOTS technology can be applied to

virtually any other tissue sample, and hence, it can be broadly
applied across biomedical research. Microliter sample prepara-
tion technology can be performed with a micropipette without
the requirement of a nanoliter liquid handling robot. Thus, this
low-cost technology is easily implemented and adopted by
other research laboratories. Furthermore, the nanoFAC system
is assembled from commercially available instrumentation and
parts. Currently, this technology uses a TMT 11-plex study
design; future experiments can take advantage of TMT 18-plex
reagents to further increase the throughput and proteome
coverage.
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