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Abstract

A systematic method for evaluation of MALDI profiling and imaging was developed and applied
to the use of three surfactants, sodium dodecyl sulfate (SDS), Triton X-100, and Tween 20, on
rat brain tissue. For profiling studies, mass spectra were acquired from regular arrays of spots
with manually deposited surfactant and matrix. The studies recorded the total number of peaks in
the mass spectra from 2 to 20 kDa and compared the number of peaks and peak intensities with
and without surfactant. It was found that SDS decreases the total number of peaks at all
concentrations but does lead to an increase in the number of peaks below 5 kDa. Triton X-100 at
0.05% concentration yielded the highest number of peaks and highest number of new peaks, with
the best results above 5 kDa. Correlation of the increase in signal with the estimated
hydrophobicity suggests that Triton X-100 improves mass spectrometry quality through an
increase in the intensity of hydrophobic protein peaks. Tween 20 provided good performance at
0.05% concentration across all mass ranges. For imaging studies, multiple images were obtained
and the integrated intensity ratio for images obtained with and without surfactant was compared
for 10 selected peaks. It was found that SDS tends to degrade imaging performance whereas
Triton X-100 and Tween 20 improved performance compared to no surfactant, especially above

7 kDa.
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Introduction

Since its introduction nearly two decades ago [1], matrix-assisted laser desorption ionization
imaging mass spectrometry (MALDI-IMS) has been used for identification and determination of
the spatial distribution of proteins, peptides, lipids, metabolites, and other biomolecules in tissue
[2-10]. For MALDI-IMS, tissue is cut using a microtome into 10 pm thick sections that are
mounted on a conductive microscope slide. A matrix solution is added either by droplet or spray
deposition and the slide is mounted on a holder before being loaded into the mass spectrometer
for analysis. Mass spectra are acquired sequentially at regular spatial intervals and the signal
intensity for an ion of a particular mass is used to generate a heat map that indicates the
molecule’s location and concentration within the section. The lateral resolution is limited by the
laser beam diameter, the raster step size, and the diffusion of the biomolecules due to matrix
addition [11], The mass range is determined by mass analyzer and detector [12] as well as the
method of sample preparation [13]. Digestion of proteins directly on tissue [14, 15] or after
extraction from it [16-18] can be used to extend the effective mass range and aid in compound

identification.

One of the most important factors affecting MALDI MSI performance is sample preparation
and, in particular, the addition of the matrix to the tissue sample [19, 20]. The matrix solution
must be efficient at extracting biomolecules from the tissue for co-crystallization with the matrix
while at the same time maintaining the analyte localization within the tissue, which is critical for
good imaging resolution. Deposition of matrix droplets allows for efficient material extraction
but limited lateral resolution and is often used in mass spectrometry profiling of selected tissue

regions in what is known as profiling mode [21]. Spray deposition produces an even coating of
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matrix and is used for imaging mode at higher lateral resolution [22]. However, over wetting of

the surface can lead to analyte delocalization.

Surfactants have been used in MALDI sample preparation to increase the signal intensity and
number of peaks observed for hydrophobic biomolecules such as lipids and membrane proteins
[23-27] and can improve the performance of MALDI mass spectrometry for complex mixtures of
biomolecules. For example, when used with cell lysates, the mass range of MALDI analysis of
cells was extended to 150 kDa and the spectral quality markedly improved [28]. The addition of
surfactants to whole cell bacteria analysis leads to new peaks observed in the mass range from 2
to 80 kDa [29]. Surfactants can improve the performance of MALDI imaging as well. The
nonionic surfactant Triton X-100 at a concentration of 0.5% was found to increase the number of
peaks observed from 25 to 50 kDa in MALDI imaging of rat and mouse kidney, heart, lung and
brain tissue [30, 31]. Surfactants can also be used in conjunction with in situ trypsin digestion to

aid protein identification [32, 33].

Despite the broad use of surfactants in MALDI and MALDI MSI, there have been limited
systematic evaluations of surfactant performance. In the study described below, we have
developed a method for systematic assessment of MALDI-MSI and have applied it to the use of
three surfactants: the anionic surfactant sodium dodecyl sulfate (SDS), the nonionic polyethylene
oxide chain surfactant Triton X-100, and the nonionic polysorbate surfactant Tween 20. The
surfactants were added to rat brain tissue sections by droplet deposition for profile mode analysis
and pneumatic spray deposition for imaging mode from solutions containing sinapic acid matrix.
The optimum concentration was determined and the relative performance of the surfactants was

assessed based on the mass spectral peak count and peak intensity in different mass ranges and
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image quality. The performance improvement was correlated with the hydrophobicity index of

identified proteins.

Experimental

Tissue samples were obtained from 4-6 week old breeding rats at the LSU School of
Veterinary Medicine Division of Laboratory Animal Medicine (DLAM). The animals were
sacrificed by CO; (5 psi) exposure and brain samples were collected, washed in 50 mM
ammonium bicarbonate buffer for 30 seconds, and frozen in dry ice. Frozen samples were stored
at -80 °C. Thin sections were prepared with a Leica CM1850 cryostat (Leica Microsystems,
Wetzlar, Germany) directly from the frozen tissue. The tissue was fixed on a cryostat support
with optimal cutting temperature compound (OCT), avoiding contact of the OCT solution with
the exposed side of the tissue. Coronal or horizontal rat brain sections were cut at a thickness of
10 pm, thaw-mounted on indium tin oxide (ITO) coated microscope slides (Bruker Daltonics,
Billerica, Massachusetts), and stored at -80 °C until use. Horizontal sections were used for
MALDI profiling whereas coronal sections were used for the imaging experiments. The tissue
sections were vacuum dried for 10 min and washed with 70% ethanol and 95% ethanol for 30
seconds each followed by a chloroform wash for 15 seconds. The sections were vacuum dried for
10 min before matrix application.

For tissue profiling experiments, matrix was applied to tissue sections by manual spotting for
profiling mode and by spraying for tissue imaging. For tissue profiling, a 3x3 array of spots with
2 mm spacing was selected on six consecutive tissue sections. Alignment of the spots from
section to section was achieved by visual inspection. The matrix solution comprised 10 mg/ml of
sinapic acid in a 2:1 (v/v) mixture methanol and 0.1% TFA and surfactant in ultrapure water.

TFA was added to the mix to a final concentration of 0.1%. A 200 nL volume of this solution

5



O©CO~NOOOTA~AWNPE

was deposited on each spot and allowed to dry. This process was repeated five times for each
spot. For each of the spots in the array, ten individual mass spectra were obtained summed.

Data analysis of profiling mode spectra was conducted using FlexAnalysis 3.0 software
(Bruker). Spectra were baseline subtracted and smoothed using the Savitsky-Golay smoothing
filter set at 10 Da width over three cycles. Identification was performed in centroid mode and
peaks with signal-to-noise below 3 were not considered. MALDI images were processed using
FlexImaging (Bruker) using the same peak detection method described above. Images were
produced by integration of signals in a window of 0.2% of the m/z of a detected peak.

For tissue imaging experiments, the matrix was spray deposited for tissue imaging using a
pneumatic nebulizer that was constructed using a 200 uLL micropipette tip, a 0.25 in. stainless
steel compression fitting (Swagelok, Solon Ohio), and a 75 pm LD. and 360 um O.D. silica
capillary. The flow rate of the matrix solution was 100 pL/min and the nitrogen gas pressure was
10 PSI. The matrix was sprayed at a distance of 8 cm from the tissue and 14 spray cycles of 20 s
each were used. The matrix was allowed to dry between each spray cycle.

MALDI mass spectra were recorded in positive ion linear mode with a tandem time-of-flight
mass spectrometer (UltrafleXtreme, Bruker, Bremen, Germany). The instrument is equipped
with a 355 nm Nd:YAG laser operating at a repetition rate of 1 kHz. For profiling mode data
acquisition, the laser was set to randomly irradiate an area of 0.05 mm® around the selected
position. A total of 100 laser shots were employed and ten individual mass spectra were recorded
and summed to obtain the final spectrum of each spot. For imaging experiments, mass spectra
were acquired over ca. 100 mm? regions of tissue sections using a step size of 150 pm and 500
laser shots per spectrum. After data acquisition, images were reconstructed using FlexImaging

software (Bruker). A mass range of 2000-20,000 m/z was used for all experiments.
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The reagents chloroform, trifluoroacetic acid (TFA), ethanol, and methanol were purchased
from Thermo Scientific (Waltham, Maryland). Sinapic acid (SA), sulfonyl dodecyl sulfate
(SDS), and Triton X-100 and ammonium bicarbonate (ABC) were purchased from Sigma-—
Aldrich (St. Louis, Missouri). Tween 20 was purchased from Amresco (Solon, Ohio). Ultrapure

water (18MQcm) was produced in-house.

Results and Discussion

Initial experiments were conducted in profiling mode to ascertain the optimum concentration
and identify a set of peaks useful for quantifying the relative performance of the different
surfactants. Mass spectra were obtained from horizontal sections with 1 pL of matrix solution
containing surfactants ranging from 0.001% to 0.50% concentration manually spotted on the
tissue. A total of three mass spectra at each concentration were used to quantify the number of
peaks in the range between 2000 and 20,000 m/z. Surfactant concentration above 0.1% resulted
in a lower number of peaks (approximately one-half of that observed at lower concentrations)
whereas surfactant concentration below that value resulted in a higher number of peaks for all
surfactants. For the experiments described below, surfactant concentrations 0.075% and below
were used.

Profiling mode experiments were conducted using surfactant concentrations of 0%, 0.001%,
0.025%, 0.050%, and 0.075%. Five consecutive horizontal tissue sections were prepared as
described above, each with a 3x3 array of spots. Three spots on each section were used for the
three surfactants: Section 1 had no surfactant, Section 2 had 0.075% surfactant, Section 3 had
0.050%, Section 4 had 0.025%, and Section 5 had 0.001%. Figure 1 shows mass spectra obtained

with surfactant compared to the same spot location with no surfactant. Figure 1a shows SDS at a
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surfactant concentration of 0.025%, Figure 2b shows Triton X-100 at 0.050%, and Figure 3c
shows Tween 20 at 0.050%, the optimum concentration for each surfactant. The addition of SDS
led to a lower mass spectrum quality compared to the other surfactants. Triton X-100 produced
substantial changes in spectrum intensity for many of the peaks; in addition, new peaks were
detected. The mass spectrum with Tween 20 closely resembles the solvent-free mass spectrum
although there are measurable peak intensity differences. The proteins that were identified in the
mass spectra are pro-neuropeptide Y (MW 3464) [34], thymosin 4 (MW 4963) [34], COX8&B
(MW 4990) [35], COX8A (MW 5455) [35], PEP 19 (MW 6718) [34], neurogranin (MW 7531)
[36], ubiquitin (MW 8566) [34], COX6B (MW 9979) [34], myelin basic protein (MW 14,127)
[37], and rMAL (MW 16,331) [38].

To quantify the changes in the mass spectra upon addition of surfactant, the total number of
peaks between 2000 and 20,000 m/z for surfactants SDS, Triton X-100 and Tween 20 was
measured. Figure 2 displays the results from the evaluation conducted on the spectra from the
profiling mode experiments. SDS reduced the number of peaks detected: at 0% concentration, 51
peaks were observed, but this number was roughly halved with a surfactant concentration of
0.050% and above (Figure 2a). For Triton X-100 and Tween 20, the number of peaks observed
was comparable at all concentration ranges.

Although in most cases the mass spectra had comparable numbers of peaks at the different
surfactant concentrations, these peaks were not the same. The addition of surfactant often led to
the loss of peaks compared to the comparable surfactant-free mass spectrum as well as the
appearance of new peaks in the surfactant mass spectra. The number of peaks detected in the
surfactant mass spectra compared to the corresponding surfactant-free spectra (“new” peaks) is

shown in Figure 2b. For SDS, almost half of the total peaks detected at surfactant concentrations
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higher than 0.001% are new peaks that are unique to these mass spectra, whereas for Triton X-
100 and Tween 20, the number of new peaks observed at the same surfactant concentrations is
about one-third.

It was found that the appearance of new peaks as well as an increase in the intensity of
existing peaks is dependent on the m/z region selected. Figure 3 shows the number of peaks that
are new or have a greater intensity in the presence of surfactant in different mass ranges. A peak
was considered to have a greater intensity if its height was greater than that of the peak in the
corresponding surfactant-free mass spectrum plus one standard deviation. It can be seen that
most of the new and enhanced peaks for SDS are between 2-5 kDa (assuming singly charged
ions). Triton X-100 produces new and enhanced peaks above 5 kDa, particularly in the 5 to 10
kDa region. The new and enhanced peaks for Tween 20 are comparable in all mass ranges.

The addition of proteins of known concentration as internal standards was used to assess the
effect of the surfactants on proteins of known concentration deposited on the tissue. If the
addition of surfactant primarily affects extraction of proteins from the tissue and not other
MALDI parameters such as co-crystallization, the intensity of a protein internal standard could
be used for quantification in profiling and imaging experiments. Four consecutive tissue sections
were spiked as described above using a matrix solution containing the protein standards insulin,
cytochrome C and myoglobin. A total of 9 position were arrayed on each of the four sections.
Three spots on each section were used for the three protein standards. The first section had no
surfactant, the second had 0.025% SDS, the third had 0.050% Triton X-100, and the fourth had
0.050% Tween 20. Figure S1 shows the average intensity for the [M + H]" peak for each protein
and the different surfactants. As can be seen from the figure, the effect of the surfactant depends

on the protein standard used. For example, insulin has 46% of the no surfactant control signal
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with SDS and 2% with Triton X-100, whereas cytochrome C has 7% of the control signal with
SDS and 205% with Triton X-100. Some of the results are similar to those obtained for the
tissue-bound proteins in the profiling experiments. For example, SDS improved the signal for
lower molecular weight proteins (Figure 3a) whereas Triton X-100, and to a lesser extent Tween
20, performed better for higher molecular weight proteins (figure 3b and 3c). This is consistent
with SDS improving the insulin signal whereas Triton X-100 and Tween 20 improve the signal
for the higher molecular weight cytochrome ¢ and myoglobin. These results suggest that the
surfactants influence the solubilization and matrix co-crystallization in addition to tissue
extraction. Due to the fact that effect of the surfactant depends strongly on the protein standard
used, internal standards were not used for the subsequent experiments.

The results shown in Figures 2 and 3 were used to identify the concentrations of surfactant
suitable for the imaging experiments. For the three surfactants, concentrations of 0.025% and
0.050% give the best results in terms of number of peaks and new and enhanced peaks in the
mass spectra. The SDS surfactant performs better at lower concentrations and thus a
concentration of 0.025% was used for the imaging experiments and 0.050% was used for Triton
X-100 and Tween 20.

Imaging experiments were done by spraying matrix mixture on 10 um rat brain sections
using the pneumatic sprayer described in the Experimental section above. MALDI images
constructed from selected m/z values (5009, 6222, 6646, 6758, 8565, 8601, 9975) corresponding
to the centroids of several common intense peaks are shown in Figure 4. For each set of images
two sections were mounted on a slide; one was sprayed with matrix solution containing

surfactant and the other with a solution containing no surfactant. The spray solution contained
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0.025% SDS (Column 1), 0.050% Triton X-100 (Column 2), and 0.050% Tween 20 (Column 3).
Imaging experiments were repeated three times for each surfactant with comparable results.

The relative intensity of ten peaks was determined from triplicate sets of MALDI images by
integrating the peak height and dividing by the image area. The ratios of the integrated intensities
with surfactant to the integrated intensities without surfactant are shown in Figure 5. The SDS
surfactant images have a lower integrated signal compared to surfactant-free, a result similar to
that from the profiling experiments. Triton X-100 has a higher integrated intensity for most of
the m/z values, particularly for those in the m/z range above 7500, a result that follows the same
trends seen in the profiling experiments. The Tween 20 intensities are largely unaffected by the
surfactant with the exception of 9975 and 12,131 m/z, again a result similar to the profiling
study.

Figure 6 shows pairs of images obtained from m/z 6720, 7573 and 14135 for each surfactant;
the left image for each pair was obtained without surfactant. The m/z 6720 image corresponds to
the PEP 19 protein and the m/z 14,135 to myelin basic protein. The composite image in the right
column is an overlay of the three images for the three proteins.

Our general observations in both profiling mode and imaging mode indicate that Triton X-
100 had the best overall performance in terms of number of peaks, new peaks observed, and
mass spectrum intensity, particularly in the mass range above 5 kDa. Our results are consistent
with previous reports of Triton X-100 as the best performing surfactant for brain tissue [31].
Tween 20 had good performance across all of the mass ranges, consistent with previous reports
[28, 31], although it should be noted that the relative performance of the surfactants depends on
tissue type and the matrix deposition method [31]. We observed that the addition of SDS tended

to degrade performance both in profiling as well as imaging mode. In prior studies, SDS has

11
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been shown to improve performance for liver and heart tissue [31] and relatively high
concentration of SDS has been shown to improve MALDI performance [25]. The surfactant SDS
has been used successfully in conjunction with careful sample preparation including vortexing to
disrupt micelle formation [27]; however, degraded performance is often observed [39, 40]. Our
observation that SDS provides relatively poor performance for profiling and imaging of brain
tissue is consistent with these previous results.

The correlation between protein hydrophobicity and signal increase on surfactant addition
can be assessed using an amino acid hydrophobicity scale. The hydrophobicity of ten proteins
observed in profiling mode was estimated using a Kyte-Doolittle scale and a window size of 21
[41]. The percent increase in peak intensity for proteins in profiling mode mass spectra (Figure
2) for ten proteins was plotted against the hydrophobicity index of the proteins. The plots for the
three surfactants are shown in supplementary Figure S2. The slope of the plot for Triton X-100 is
92.5 with an R-squared value of 0.8, indicating that the addition of surfactant leads to improved
signal for the more hydrophobic proteins. The correlation for Tween 20 is weaker with a slope of
0.21 and R-squared value of 0.3. For SDS, the slope is 1.8 with an R-squared value of 0.02,
suggesting no significant correlation. These observations suggest that the Triton X-100
consistently improves the performance of MALDI imaging by enhancing the signal observed for
hydrophobic proteins, leading to more peaks and higher intensities.

The proposed mechanism for surfactant enhancement of MALDI imaging performance is
that the surfactant prevents protein aggregation [28]. The surfactant forms smaller micelles
containing the hydrophobic species with surfactant forming micelles that co-crystallize with the
matrix as the carrier solvent evaporates. However, the micelle may also displace cytoskeletal and

extracellular proteins that help maintain the tissue porosity, resulting in lower extraction

12
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efficiency [30]. The effect of the various surfactants on various tissue types leads to the different
performance observed [30, 31]. When combined with the dependence on surfactant composition,
matrix, solvent and deposition method, these differences lead to an overall wide variation in

performance of the surfactants.

Conclusions

We have developed a method for systematic evaluation of tissue profiling and imaging by
MALDI and have applied the approach to the use of surfactants for improved signal intensity and
detection of new peaks in the mass spectra from rat brain tissue analysis. For profiling, the total
number of peaks observed and the number of new peaks detected at different surfactant
concentrations up to 0.075% were recorded. For imaging, the relative intensities of selected
peaks with and without surfactant were obtained. We found that the nonionic surfactant Triton
X-100 gave the best performance for both profiling and imaging and that this is due to higher
signal from hydrophobic proteins. Triton X-100 was particularly useful for proteins above 5 kDa
in mass. Tween 20 had good performance across the mass range from 2 to 20 kDa. The anionic
surfactant SDS tended to degrade performance under most conditions. Future studies will apply
this approach to additional tissue types and sample preparation methods. In situ trypsin digestion
will be used to aid protein identification and parallel LCMS/MS analysis using serial consecutive

sections will allow further validation of the quantitative results obtained.
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Figure Captions

Figure 1. Profiling mode mass spectra without surfactant (upper) and with surfactant (lower) for

a) SDS at 0.025%, b) Triton X-100 at 0.050%, and c) Tween-20 at 0.050%.

Figure 2. Number of peaks observed in MALDI profiling between 2000 and 20,000 m/z with
different concentration of surfactant: a) total number of peaks and b) number of peaks in

surfactant mass spectrum that do not appear in the surfactant-free mass spectrum.

Figure 3. Number of new peaks and higher intensity peaks found in MALDI profiling sorted by

mass range: a) SDS; b) Triton 100; ¢) Tween 20.

Figure 4. Pairs of MALDI images of rat brain coronal sections obtained with surfactant (right)

and without surfactant (left) for selected m/z and surfactant.

Figure 5. Intensity ratio of ten selected peaks obtained from MALDI images with and without

surfactant.

Figure 6. Pairs of images corresponding to 6720, 7573 and 14135 m/z for SDS, Triton X-100,

and Tween 20 surfactants on rat brain coronal sections; the left image for each pair was obtained

without surfactant.
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Figure 2
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Figure 3
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Figure 4
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Figure 6
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