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Abstract

We have employed matrix deposition by sublimation for protein image analysis on tissue sections
using a hydration/recrystallization process that produces high quality MALDI mass spectra and
high spatial resolution ion images. We systematically investigated different washing protocols, the
effect of tissue section thickness, the amount of sublimated matrix per unit area and different
recrystallization conditions. The results show that an organic solvent rinse followed by ethanol/
water rinses substantially increased sensitivity for the detection of proteins. Both the thickness of
tissue section and amount of sinapinic acid sublimated per unit area have optimal ranges for
maximal protein signal intensity. lon images of mouse and rat brain sections at 50, 20 and 10 um
spatial resolution are presented and are correlated with H&E stained optical images. For targeted
analysis, histology directed imaging can be performed using this protocol where MS analysis and
H&E staining are performed on the same section.
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MALDI imaging mass spectrometry (IMS) of tissue sections provides spatial information
for a wide variety of compounds in a given section and plays an important role in discovery
because it does not require target specific reagents such as antibodies.! The imaging process
involves sequential steps of tissue sectioning, matrix deposition, data acquisition and image
construction.1& 2 For protein analysis, matrix is usually deposited on the surface of a tissue
section by spraying or microspotting. With spraying techniques, the spreading of liquid on
the surface can be minimized by not allowing the tissue to become overly wet and this is
typically accomplished by applying the matrix in cycles with drying between cycles. With
microspotting techniques, potential delocalization is limited to the diameter of the matrix
spot. Each protocol has particular attributes: spraying is capable of producing higher spatial
resolution to about 10-20 um,3 but is less sensitive because of limited protein extraction.
Microspotting provides increased sensitivity through higher extraction efficiency but is
generally limited to a spatial resolution of the size of the spot, or about 100-200 pm with
current spotters. It has been reported that matrix application using a modified desktop inkjet
printer can obtain 3 pL droplet volumes. However, the size of matrix spot on the surface is
tens of microns due to diffusion, giving a spatial resolution of 20 pum or greater.
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In order to image at cellular and subcellular levels, both smaller laser spot sizes (1-5 pm)
and suitable sample preparation methods must be developed that provide minimal
delocalization and achieve crystal sizes smaller than the diameter of the laser beam on
target. MALDI profiling and imaging of peptides has been reported at the “cellular length
scale”, with matrix applied by spray coating giving crystal sizes generally ranging from 10—
50 pum diameter.> However, more efficient sample preparation protocols are needed for
routine protein imaging at cellular and subcellular levels.

Sublimation of matrix was introduced for lipid imaging at a spatial resolution up to 5 um by
Hankin et al.,® but this has not been effective for protein imaging due to poor analyte
extraction. A recrystallization step after sublimation has been reported where MALDI MS
was used for the analysis of a structured silica target for analytes less than m/z 2000.”
However, sublimation for imaging analytes larger than m/z 2000 from thin tissue sections
has not been demonstrated.

We describe here a sample preparation method for protein imaging using sublimation for
analytes up to m/z 30,000 at high spatial resolution. The sample preparation protocol
consists of two phases: first, washing (fixing) of the tissue to optimize sensitivity, and,
second, matrix deposition and recrystallization. We systematically investigated each step of
the protocol with thin tissue sections with respect to washing conditions, section thickness,
amount of sublimated matrix per unit area, and recrystallization parameters. With the
optimized protocol, ion images of mouse and rat brain at high spatial resolution were
acquired with high sensitivity up to m/z 30,000. We further developed a histology directed
imaging method on tissue for targeted high spatial resolution imaging.

Material and methods

Ethanol, methanol, acetonitrile (ACN), and acetic acid were purchased from Fisher
Scientific (Suwanee, GA), trifluoroacetic acid (TFA) and xylene from Acros (Morris Plains,
NJ), chloroform, isopropanol, n-butanol and tert-butanol (t-BuOH) from Sigma-Aldrich
(Milwaukee, WI1). Sinapinic acid (SA) was purchased from Oakwood Products, Inc (SC) and
recrystallized twice with 70% ACN. Conductive indium tin oxide (ITO) coated microscope
glass slides were purchased from Delta Technologies (Stillwater, MN) and stainless steel
plates from Applied Biosystems (Carlsbad, CA).

Carnoy’s fluid was prepared from of 60 mL of ethanol, 30 mL of chloroform, and 10 mL of
acetic acid. Fresh frozen mouse brain, rat brain and chicken liver were purchased from Pel-
Freez Biologicals (Rogers, AZ) and were sectioned at 12 um thickness unless otherwise
noted using a Leica CM3050 cryostat (Leica Microsystems GmbH, Wetzlar, Germany).
Frozen tissue sections were thaw mounted on cold ITO coated microscope slides and stored
in a desiccator until needed.

Rinsing procedure

Rinsing of the tissue section on the slide is important in order to obtain optimal sensitivity
and high quality ion images. Several protocols were tested and are listed below. All rinse
steps were carried out for 30 seconds except for the step with Carnoy’s solution which was
for 2 minutes. A ‘no rinse’ control was used for comparison.

(Rinse Protocol A): no rinsing (control)
(Rinse Protocol B): 2 step rinse: 70% ethanol, 100% ethanol
(Rinse Protocol C): 4 step rinse: H,0O, 70% ethanol, 100% ethanol, Carnoy’s fluid
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(Rinse Protocol D): 6 step rinse: 70% ethanol, 100% ethanol, Carnoy’s fluid, 100%
ethanol, H,0, 100% ethanol

Matrix sublimation procedure

The sublimation apparatus was purchased from Chemglass Life Sciences and fits a plate
diameter of 70 mm. The apparatus was coupled to a rough pump and a digital thermocouple
vacuum gauge controller and was placed on a sand bath heated by a hot plate (Corning
6795-200). The temperature was monitored by a digital thermometer.

Indium tin oxide (ITO) coated glass slide were used as target mounts for instruments having
high voltage sources. For tissue sections mounted on shortened ITO microscope glass slides
(2.5 x 6 cm), sublimation was performed using 300 mg of sinapinic acid at 145°C and 25
mtorr vacuum. The amount of matrix coating per unit area with these conditions was
controlled by time to obtain a coating at 0.2 mg/cm?, assessed by weight. In terms of time, a
shorten microscope slide takes 18 min to coat using this procedure.

Matrix recrystallization conditions

Recrystallization conditions tested are listed in Table 1. An inexpensive recrystallization
chamber was fashioned using a normal glass Petri dish (100 mm diameter x 15 mm deep,
Fisher, 3160101). The slide with sublimated matrix was attached to a stainless steel plate
(used as a heat sink), and the plate was attached to the underside of the top part of the Petri
dish using a heat conductive copper tape (Electron Microscopy Sciences, 77801). This was
placed into a pre-heated oven (set at a temperature noted in Table 1) for 2 min. A piece of
filter paper was placed in the bottom part of the Petri dish, and one of several solutions
(Table 1) was pipetted onto the paper to subsequently create a vapor for the recrystallization
process. The Petri dish was reassembled so as to form a hydration chamber, sealed using a
tape (Fisher, 35901R) and left in the oven for the time indicated in Table 1. The Petri dish
was then opened to allow the slide to dry in the oven.

Analysis of a standard protein solution

The standard protein stock solution contained a mixture of following proteins: bovine
pancreas insulin (0.5 pmol/uL), equine heart cytochrome c (2 pmol/uL), equine
apomyoglobin (4 pmol/uL), and bovine pancreas trypsinogen (8 pmol/uL).

One microliter of the standard protein solution (5 pL of stock solution was diluted in 25 pL
of H,0) was pipetted onto four clean glass slides. The slides were sublimated with SA to
form a coating containing 0.2 mg/cm?. Recrystallization was carried out with conditions 1-4
in Table 1.

Tissue analysis

Serial sections of chicken liver sectioned at 1, 2, 3, 4, 6, 8, 10, 12 and 16 pum thickness were
placed on a ITO-coated microscope slide, rinsed with Rinse Protocol (D), sublimated with
sinapinic acid at 0.2 mg sinapinic acid/cm?2, and recrystallized with Recrystallization
Condition (3) in Table 1.

Amount of matrix deposited per unit area

Serial sections of chicken liver of 12 um thickness were subjected with Rinse Protocol (D)
and then sublimated with SA for different amounts of time: 8, 12, 18, 20, 24, 30, 36, 40, and
45 min. The weight of the slide before and after sublimation was measured with a Toledo
analytical balance to obtain the average amount of matrix per cm? that was deposited. The
slides were then treated with Recrystallization Condition (3).

Anal Chem. Author manuscript; available in PMC 2012 July 15.
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Matrix coating thickness measurement

A slide with sublimated matrix at 0.214 mg/cm? was irradiated by the laser of an Autoflex
MALDI Speed mass spectrometer to produce an array of 100-120 um diameter holes in the
surface (60 holes were placed, center to center 2 mm, within a 10 x 28 mm size area on the
slide). The thickness of the matrix coating was measured using the 3D stack function of an
Olympus BX50 microscope (Olympus America Inc., Center Valley, PA) by focusing at the
surface near the holes and the bottom of holes.

Hematoxylin and eosin stain for imaged sections

After MALDI imaging, slides were rinsed with ethanol and acetone to remove the matrix.
The tissue sections were then subjected to a standard hematoxylin and eosin (H&E) staining
procedure.8 H&E stained sections were scanned with a Mirax slide scanner from Zeiss or
photographed with an Olympus BX50 microscope equipped with a Micropublisher 3.3 RTV
digital camera (Q Imaging, Surrey, BC, Canada).

Histology guided MS imaging

An ITO-coated slide containing a rat brain section was first stained with H&E and scanned
with the Mirax slide scanner. The slide was immersed in xylene for 20 minutes and the
cover slip of the slide removed. The H&E stain was removed by incubating the slide in 2 x
12 mL of 95% ethanol with 3% HCI for 10 minutes each on a LAB-LINE® Multipurpose
Rotator platform. The slide was then subjected to the optimized sublimation preparation and
recrystallization procedure described above.

Mass Spectrometry and Data Analysis

MALDI MS analyses of proteins were performed on a Bruker Autoflex MALDI Speed mass
spectrometer in the positive ion linear mode using FlexControl 3.3 software. Approximately
100 shots/spot were acquired with a 1 kHz repetition rate Smartbeam 11 Nd:YAG laser.
Image acquisition was carried out using FlexImaging 2.1 and spectral analysis was
performed with FlexAnalysis 3.3 and ClinProTools software programs (Bruker).

Results and discussion

Characterization of the sublimated matrix layer

A glass slide with a matrix coating at 0.214 mg/cm? covering an area of 10 x 28 mm was
measured for thickness using ablated 100-120 pum diameter holes at 2 mm steps. The
average thickness of the matrix coating was measured at 2.09+0.14 pum using the 3D stack
function of the microscope. A total of 60 ablated spots evenly distributed across the entire
slide were measured in this evaluation and each spot was measured 4 times.

Optimization of tissue washing

To optimize tissue washing conditions prior to sublimation, we employed serial sections of a
rat brain and a series of different washing conditions. Commonly used tissue washing
(fixing) protocols,® e.g., rinsing the tissue section first with 70% ethanol for 30 seconds and
then 95 or 100% ethanol for 30 seconds, did not significantly improve sensitivity for protein
analysis using matrix deposition by sublimation (Figure 1 B). Two new protocols were
tested that gave high quality mass spectra as shown in Figure 1 (C and D). All the spectra
were acquired from the same location on each serial section with 100 laser shots at the same
laser intensity.

Rinse protocol D gave the best results where the tissue was rinsed with 70% ethanol
followed by 100% ethanol in order to fix the section, a standard protocol used in classical
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histology. Carnoy’s fluid then efficiently removed most of the lipids from the section,
followed by washing with 100% ethanol to remove the remaining chloroform from Carnoy’s
fluid (this step can be replaced by placing the slide under a vacuum for 2 min). Next, a water
rinse removed salts and a final step of 100% ethanol removed excess water. The mass
spectrum obtained using this procedure (Rinse Protocol D) shows a robust protein profile
and mass range over 25kDa.

Optimization of matrix recrystallization conditions

The process of incorporation of analytes into the sublimated matrix using water vapor has
been previously reported for species less than m/z 3000 with DHB as the matrix,”: 10
however, none of these methods was developed for imaging analytes on thin tissue sections.
In the current work, we have developed a recrystallization procedure with sinapinic acid
suitable for imaging proteins on thin tissue sections that can be accomplished quickly (<10
min) using simple laboratory glassware, i.e., a Petri dish, a stainless steel plate as a heat sink
and a constant temperature (85°C) oven. In this process, the microscope slide is fixed to a
stainless steel plate in order to introduce a thermally conductive substrate to allow a
temperature gradient for vapor condensation. This is a key element for recrystallization so
that it can be accomplished in a short time. The optimal recrystallization time was found to
be 3—4 minutes at 85°C for water based solutions. With exposure to solvent vapor much
longer than 4 minutes, excessive water condensation was found on the surface, with the
formation of non-homogenous areas of matrix that potentially could lead to analyte
delocalization.

Four slides spotted with a standard protein solution were coated with sinapinic acid by
sublimation and recrystallization process corresponding to conditions 1-4. As shown in
Figure 2, there was no detectable signal from the slide recrystallized with water alone
(Figure 2, Panel 1) while slides recrystallized with H,O/acetic acid and H,O/methanol gave
spectra similar to those spotted manually (Figure 2, panel 2 and 3). The spectrum shown in
panel 4 employed a recrystallization process that used TFA and this was found to produce
lower intensity high mass signals.

We performed the same recrystallization condition procedures on chicken liver sections to
determine the optimal recrystallization condition for this more complex sample. Again, as in
the case of the standard protein mixture, both H,O/acetic acid and HoO/methanol gave
excellent protein profiles with the greatest number of peaks in the spectrum and the highest
peak intensities (Figure 3, 1-4).

Since sinapinic acid has a low solubility in water, we investigated methods to condense a
layer of higher organic content on the surface of the matrix. Conditions were employed
based on known azeotropic mixtures.11 For initial experiments, n-butanol, t-butanol,
isopropanol and acetonitrile were chosen for their high ratio of solvent to water at the
azeotropic point. A total of 1 mL of each azeotropic solution (see Table 1) was used to
recrystallize the sublimated serial sections of chicken liver. The oven was set up at the
temperature of the azeotropic point for each solution. We found that 2 minutes of
recrystallization with these solutions gave a satisfactory coating of solution on the surface.
The water/t-butanol mixture was optimal for the organic based vapors in that it produced the
highest number of peaks in the spectra and the highest S/N ratio compared to the other
preparations (Figure 3, 5-8).

Effect of tissue thickness and amount of matrix

Chicken liver serial sections at 1, 2, 3, 4, 6, 8, 10, 12 and 16 pum thick were prepared with
optimized Rinsing Protocol (D) and Recrystallization Condition (3) to investigate the impact
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of tissue thickness on protein profiles. The results showed that tissue sections of 4-15 pm
thick gave essentially identical protein profiles (Figure 4 (A)). Routinely, we utilize 12 pm
sections for ease of handling.

The amount of matrix per unit area was determined by weighing the slide before and after
sublimation. By keeping the temperature and vacuum constant (145°C, 25 mtorr) in the
sublimation apparatus, the amount of sinapinic acid coating per unit area was controlled by
the length of the sublimation time. It was observed that the protein profiles were essentially
identical with a coating of sinapinic acid from 0.12 to 0.27 mg/cm? (Figure 4 (B)). Below
0.055 mg/cm?, the signal intensity was poorer. A matrix coating thicker than 0.38 mg/cm?
resulted in an elevated baseline and poorer sensitivity.

Recommended protocol

A slide containing a 12 um thick tissue section was rinsed with Rinsing Protocol (D),
subsequently sublimated with sinapinic acid at 0.20 mg/cm? and finally treated with 1 mL of
5% acetic acid at 85°C for 3.5 min (Recrystallization Conditions (3)).

This recommended protocol for imaging proteins produced high quality spectra for sections
of mouse kidney, rat kidney, mouse heart, rat heart, rat pancreases, mouse embryo and rabbit
testis (data not shown). By modifying some parameters of this recommended protocol
(solvents ratio, temperature etc.), it can be optimized for any type of tissue.

To test image quality using the optimized method, we imaged a 12 um thick coronal section
of a mouse brain with a raster of 50 um steps using a laser spot diameter of about 40 um on
target. Representative ion images are shown in Figure 5 (a). The H&E stained optical image
of the same section obtained after MALDI imaging is shown in the top left of Figure 5 (a).

As a further illustration of the capability for high spatial resolution using this sample
preparation protocol, first, a 20 um raster was performed on a rostral section across
cerebellum of rat brain (Figure 5 (b)) using a laser spot size on target of 25 um. Excellent
correlation of the H&E stained optical image with ion images was observed. Next, an image
having a spatial resolution of 10 um was performed where the stage was moved at 10 pm
steps so that only a 10 x 10 um area of the tissue was ablated per pixel. The ions of
thymosin b-4 (m/z 4955), neurogranin (m/z 7528), and two isoforms of myelin basic protein
(m/z 14103, 18380) that were previously identified in our laboratory were localized on a
section of rat brain (Figure 6).

Performing histology prior to MALDI imaging

In cases where classical histology staining must be used to help define the MS imaging, we
have modified our procedure. This is similar to histology directed profiling,12 although in
this case a defined area was imaged instead of cell clusters. At high spatial resolution of 10—
35 um, adjacent tissue sections may not necessarily register or align well. Thus we have
employed a protocol whereby H&E staining and MALDI imaging are conducted on the
same section. Briefly, the section is stained by standard H&E and an optical image of this
section is annotated with the area of interest. The section is then destained and prepared with
the optimized sublimation protocol for MALDI imaging. The optical image of stained
section is then aligned with the image of destained/matrix coated section. Representative ion
images of the hippocampus in a rat brain section are presented in Figure 7, showing an
excellent correlation between the optical image and ion images. The value of this procedure
is that only the area of interest is imaged, allowing faster acquisition time and avoiding
unnecessarily large data files.

Anal Chem. Author manuscript; available in PMC 2012 July 15.
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Conclusion

A procedure is described for imaging proteins between 3-30 kDa using a sublimation-based
sample preparation protocol that allows a spatial resolution of 10 um. With histology
directed profiling, high resolution molecular analysis was carried out in a targeted manner
for high-throughput analysis. Sublimation is a solvent-free coating approach that produces
matrix crystals generally less than 1 um in diameter.13 We obtained matrix crystals of 0.5-3
um in size measured by SEM, therefore this protocol is amenable for higher spatial
resolution imaging. More importantly, the sublimated surface is homogenous under properly
controlled conditions. These characteristics make sublimation suitable for cellular level
imaging and preferred over other solvent free coating methods. Chemical bias may exist for
high molecular weight species due to poor extraction efficiency using water based solvents.
Further studies of different rehydration systems could be potentially beneficial in this regard.
Sublimation-coated tissue sections are amenable to high spatial resolution imaging and
recrystallization protocols that allow high sensitivity and high mass analysis to be achieved.
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The results of different rinsing protocols on protein profiles obtained from serial rat brain

sections of 12 um thickness. (See methods section for details)
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Figure 2.

Spectra from sublimated slides spotted with a standard protein mixture using different
recrystallization conditions. (Panel 1), H,O; (Panel 2), HoO/methanol; (Panel 3), H,O/acetic
acid; (Panel 4), H,O/TFA; (Panel 5), control, manually spotted mixture of SA (20 mg in 1:1
ACN:H,0) and standard proteins solution
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Impact of different recrystallization procedures on the protein profiles obtained from serial
sections of chicken liver of 12 pm thickness (1-8, see the recrystallization conditions in the
methods section).
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Effect of tissue thickness and amount of matrix on the protein profile of serial sections of a
chicken liver. (A) Spectra from tissue sections with different thickness; (B) Spectra of tissue
sections at 12 pum thick coated with different amounts of matrix per cm?

Anal Chem. Author manuscript; available in PMC 2012 July 15.




1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Yang and Caprioli

Page 13

(a) 50 pm spatial resolution

1 mm : I
(|

m/z: 3763 m/z: 3961 m/z: 7532 m/z: 8690

v‘/‘ I

m/z: 10708 m/z: 11831 m/z: 13462 m/z: 14511 m/z: 21663

m/z: 9173

m/z: 25350

(b) 20 pm spatial resolution

H&E Optical

m/z:11166 ) m/z:11293 . m/z:14105 m/z:18371

Figure 5.

(A) lon images from a 12 um thick mouse brain section at 50 um spatial resolution; (B) lon

images from a 12 um thick rat brain section at 20 um spatial resolution.
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Figure 6.
lon images from a 12 um thick section of rat brain at 10 um spatial resolution.
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Figure 7.

Representative ion images of the hippocampus in a 12 um thick rat brain section where

histology was used guide the area to be imaged. The spatial resolution was 35 pum.
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Table 1

Recrystallization conditions of sublimated sections

Water based recrystallization (85°C, 3.5 min) | High organic content recrystallization (2 min)

(1) 1 mL H,0 (5) 163 PL H,0, 837 uL ACN, 76.5°C

(2) 1 mL H,0, 50 pL methanol (6) 121 pL H,0, 879 pL isopropanol, 80.4°C
(3) 1 mL H,0, 50 pL acetic acid (7) 445 pL H,0, 555 pL n-BuOH, 92.4°C
(4) 1 mL H,0, 50 uL TFA (8) 120 pL H,0, 880 pL t-BuOH, 79.9°C
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