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e Chapter 11

Toward Single Cell Molecular Imaging by Matrix-Free
Nanophotonic Laser Desorption lonization Mass
Spectrometry

Sylwia A. Stopka and Akos Vertes

Abstract

In recent years, innovations in mass spectrometry imaging (MSI) have enabled simultaneous detection and
mapping of biomolecules and xenobiotics directly from biological tissues and single cells. Matrix-assisted
laser desorption ionization (MALDI) has been the most widely embraced MSI technique. However, this
technique can exhibit ion suppression effects hindering metabolite coverage and possesses a narrow
dynamic range. Nanophotonic platforms, e.g., silicon nanopost array (NAPA) structures, can be used as
an alternative for matrix-free imaging of biological tissues. Here, we present a protocol for MSI of large and
small adherent cell clusters by laser desorption ionization from NAPA with minimal sample preparation.

Key words Mass spectrometry imaging, Cell culture, Cell clusters, Metabolites, Nanopost array,
NAPA, Molecular imaging

1 Introduction

The stochastic nature of gene and protein expression results in
cellular heterogeneity within complex biological tissues, and can
also manifest in fluctuations of metabolite levels [1]. To capture a
true snapshot of the molecular composition of a single cell with
minimum perturbation, technological advancements are needed.
Mass spectrometry (MS) is a promising tool for the detection,
quantification, and identification of an array of biomolecules. How-
ever, general MS measurements of biological tissues include bulk
measurements that mask individual cell signals, or require sample
preparation, which obscures the spatial information for molecular
distributions. To overcome these challenges, MS imaging (MSI)
techniques have been introduced based on, for example, matrix-
assisted laser desorption ionization (MALDI) [2, 3]. Over the
years, improvements in sensitivity and lateral resolution have
made it possible to perform tissue imaging with cellular resolution
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and capture the spatial distributions for an array of biomolecules,
e.g., metabolites, lipids, proteins, and xenobiotics, from single cells
[4, 5]. However, spectral interferences and ion suppression are
sometimes observed due to the application of the matrix, hindering
small molecule analysis [6]. Quantitation by MALDI-MSI also
remains a challenge because of the limited dynamic range of the
MALDI signal.

Several emerging matrix-free platforms have demonstrated suc-
cessful MSI of small molecules from biological tissues using laser
deposition ionization LDI [7]. These ionization sources rely on the
interaction between the laser radiation and a nanostructure to
induce LDI. Among these only a few have been demonstrated for
MSI, including desorption ionization on porous silicon (DIOS)
[8], nanostructure initiator mass spectrometry (NIMS) [9-11]
and silicon nanopost array (NAPA) platforms [12-14]. Due to
the exquisite sensitivity and dynamic range exhibited by these
ionization sources for small molecule analysis, detection of meta-
bolites in single yeast cells was achieved [15, 16]. Furthermore,
these silicon structures can be a promising substrate for culturing
cells and microfluidics applications.

Over the years, biocompatible materials have gained increasing
interest. For example, porous silicon possesses unique chemical and
physical properties that are conducive for use as a substrate for cell
growth [17, 18]. Silicon is often used in biosensors, as a substrate in
lab-on-a-chip designs or as tissue engineering scaffolds [ 19-22]. Sil-
icon nanostructure arrays have also been used to investigate cellular
morphology, and can be tuned to capture circuiting tumor cells
[23,24].

Adherent mammalian cells can be a model system to study
human diseases, drug interactions, and cellular heterogeneity in
situ [25-27]. However, current practices for handling these cells
include cell lysis and enzymatic digestion, which may alter their
biochemical composition and rely on bulk measurements. In this
contribution, we present a protocol that uses silicon NAPA as a
platform for culturing the cells and MSI with minimal cell
manipulation.

2 Materials

2.1 Reagents
and Chemicals

1. Cell culture medium consists of Eagle’s Minimum Essential
Medium (EMEM) (30-2003; ATCC, Manassas, VA) supple-
mented with 10% fetal bovine serum (FBS) (30-2020; ATCC,
Manassas, VA) and 1% Penicillin-streptomycin (ThermoFisher,
Waltham, MA).

2. Trypsin-EDTA (0.25%) (ThermoFisher, Waltham, MA) for cell
detachment.
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2.2 Biological
Samples
and Equipment

2.3 NAPA Imaging
Chips

24 Mass
Spectrometer
and Supplies

3.

4.

Trypan blue solution (0.4%) (ThermoFisher, Waltham, MA)
for cell counting.

70% ethanol can be used to sterilize the NAPA chip.

. Cryogenic stock of human hepatocarcinoma cells (HepG2/

C3A; CRL-10741, ATCC, Manassas, VA) derived from liver
(see Note 1).

. A humidity-controlled cell incubator (HeraCell; Thermo Sci-

entific, Waltham, MA) that operates at a constant 5% CO, and
37 °C.

. Automated cell counter (Countess; Invitrogen, Eugene, OR).
. 35 cm diameter polystyrene Petri culture dishes.

. Optical microscope with DIC option and scanning electron

microscope.

. Patterning for nanofabrication of the NAPA substrate is per-

formed on low resistivity p-type silicon wafers by either e-beam
lithography (EBL) or deep UV projection lithography
(DUV-PL). The former is a much lengthier process and is not
conducive to making large area NAPA imaging chips.

. Both fabrication methods of the silicon NAPA are described in

detail in our previous work [12, 28].

. Briefly, for DUV-PL a layer of SiO, is developed by thermal

oxidation followed by spin coating a negative tone photoresist.
The wafer then undergoes DUV-PL exposure at 248 nm wave-
length to create the nanopost pattern.

. The photoresist is then developed and the exposed SiO, is

etched away to form a hard mask for the nanoposts.

. The remaining photoresist is striped, leaving only a layer of

SiO, hard mask protecting the positions of the nanoposts.
Using a mixture of etchant gases, the silicon surrounding the
nanoposts is etched away in a deep reactive ion etching (DRIE)
process.

. The fabricated nanoposts are 1000 nm in height, 150 nm in

diameter, and 337 nm in periodicity. The NAPA imaging chips
were produced to a size of 4 x 4 mm? to accommodate
biological tissue sections.

. Oil-free vacuum desiccator system (813-600; Ted Pella, Inc.,

Redding, CA) to dry the sample on the NAPA chip prior to
analysis.

2. Dry box for NAPA storage.

. Double-sided carbon tape to mount the chips onto a MALDI

plate (see Note 2).
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4.

A linear ion trap-orbitrap hybrid mass spectrometer fitted with
a MALDI ion source (MALDI LTQ-Orbitrap XL; Thermo
Fisher Scientific Inc., Bremen, Germany) can be used for
NAPA-LDI-MSI experiments. Ion assignments are facilitated
by tandem MS (MS/MS). The nitrogen laser within the source
operates at a wavelength and repetition rate of 337 nm and
60 Hz, respectively.

2.5 Software 1. Xcalibur (3.0.63) (ThermoFisher Scientific Inc., Bremen, Ger-
many) for the interpretation of mass spectra.
2. ImageQuest (1.1.0) (ThermoFisher Scientific Inc., Bremen,
Germany) for molecular image processing and the reconstruc-
tion of chemical images.
3 Methods

3.1 CGulturing
of Mammalian Cells
on NAPA Substrates

. A stock of HepG2 /C3A cells should be maintained by cultur-

ing them in a T75 flask in the supplemented EMEM medium.
Grow the cells till 70-80% confluence. To detach the cells from
the flask surface, aspirate the medium out completely, wash
with 1x PBS, aspirate the PBS solution, and add 4 mL of
pre-warmed trypsin EDTA (Fig. 1(1)).

. Place the flask into the humidity-controlled incubator for

10 min for the digestion of the extracellular matrix to be
complete; tap the flask gently to insure cell detachment.

. Deactivate the trypsin with the addition of fresh pre-warmed

EMEM media and centrifuge (1000 x g) the cell suspension to
form a cell pellet (Fig. 1(2)). Aspirate the trypsin and medium
solution from the cells and resuspend the cell pellet with 2 mL
of fresh medium.

. To avoid cell clumping, gently aspirate the cell suspension up

and down ten times with a pipette.

. Measure the cell density by mixing, the cell suspension and

trypan blue solution 1:1 (v/v) and use a cell counter to mea-
sure the cell numbers. Dilute the cell suspension to ~5 x 10*
cells/mL.

. Sterilize a 4 x 4 mm? NAPA chip with 70% ethanol and place

the chip in a 35 mm culture dish.

. Pipet 15 pL of the diluted cell suspension onto the NAPA chip,

resulting in a seeding density of ~750 cells per 4 x 4 mm?

NAPA chip (Fig. 1(3)).

. Place the NAPA chip covered by the cells in the incubator for

15 min to allow the cells to adhere to the silicon substrate.
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Fig. 1 Workflow of sample preparation and MSI analysis for mammalian cells
cultured on NAPA imaging chips. A flask of hepatocarcinoma cells is first
(1) trypsinized to detach the cells from the flask followed by centrifugation to
form a cell pellet. (2) The cell pellet is then dispensed onto the NAPA structure
and (3) cultured for six days. Once the cells are ready for analysis, the NAPA chip
is (4) water washed, (5) vacuumed dried, and (6) affixed onto a standard MALDI
plate for MSI. (7) Imaging experiments are performed by rastering over the
cultured cells with a laser with mass spectra acquired at every pixel. Molecular
images (8) are constructed from the MSI experiment by plotting ion intensity
distributions for biomolecules directly from the cultured cells

9. Gently fill the 35 mm dish containing the NAPA chips with %
EMEM medium and place them in the incubator. Change out
the medium every other day and monitor the cell growth daily
using optical microscopy (Fig. 1(3)).

1. After 6 days of culturing the cells on the NAPA structure,
remove the chips from the Petri dish with tweezers. Rotate
the chip to vertical orientation and gently wash it with water
to remove any excess media (see Note 3) (Fig. 1(4)).

2. Place the NAPA chips containing the cells inside an oil-free
vacuum desiccator (at ~75 Torr pressure) for 10 min for the
cells to dry on the NAPA substrate (Fig. 1(5)).

3. Throughout culturing, washing, and vacuum drying, the cells
should be inspected using optical microscopy to insure that
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Fig. 2 Optical images of the HepG2C3A cells cultured on NAPA substrate in (a) culturing medium, (b) after a
gentle water wash, and (¢) after drying the cells for analysis

3.3 Optimization
of NAPA-MSI Signal

their morphology is unchanged and no physical damage has
been inflicted (Fig. 2a—c).

. Once the NAPA chip is dry, using a double-sided carbon tape,

affix it to a standard MALDI plate (Fig. 1(6)) and insert it into
the mass spectrometer for LDI-MSI acquisition (Fig.1(7, 8)).

. To obtain robust and stable signal during the MSI run, several

parameters need to be optimized on a test NAPA chip that has
undergone similar sample preparation steps and contains
adherent cells.

. Since these are imaging experiments and the ions are collected

as discrete packets at each pixel, the automatic gain control
(AGC) feature is turned off.

. The laser energy for MSI experiments should be optimized by

firing varied fluences directly on the cell cluster surface ranging
from 60 to 100 mJ/cm? (sez Note 4). Optimization of the
NAPA-MSI signal is complete when its intensity is the highest
and in-source fragmentation is at the minimum.

. The number of laser shots per pixel should be configured, as

well. Once the laser fluence is optimized, adjust the number of
shots between 2 and 10 per pixel. Once again select the config-
uration that provides the best signal.

. Lastly, for cell cluster imaging a spatial resolution of <50 pm is

recommended; based on the laser spot size in the mass spec-
trometer, oversampling maybe required. In this protocol, the
laser spot size is 100 x 80 pum?, thus oversampling may be
needed.

. Mass resolving power can be varied between R = 30,000 and

100,000 and its selection is dictated by the application. Longer
acquisition times and loss in sensitivity can be expected at
higher resolving powers.
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3.4 NAPA Imaging

3.5 Data Processing
and Inspection of Cells
After LDI

1.

. Scan the region of interest, in this case the whole 4 x 4 mm

In order to obtain molecular images by LDI from NAPA, mass
spectra are collected for all the pixels that are later rendered as
false color images based on the ion intensities. A motorized
stage translates the sample in two dimensions to obtain a mass
spectrum at each pixel. Below are the steps for obtaining the

molecular images.
2

NAPA chip, to produce the optical image needed for
co-registration.

. Input the optimal experimental parameters for the number of

laser shots per pixel, laser fluence, and step size (e.g., 50 pm).

4. Start the MSI data acquisition.

. Once the analysis is complete, place the instrument in

standby mode.

. Using the Xcalibur software, all of the pixels from the NAPA

area are averaged to show the overall signal quality (Fig. 3). In
both positive and negative ion modes, small metabolites and
lipid species are detected from the adherent HepG2 /C3A cells.

. (Optional) Using SEM, the NAPA chips are inspected before

and after LDI-MSI (Fig. 4). Prior to laser irradiation, the cells,
including their lamellipodia, are attached to the silicon sub-
strate (Fig. 4a).
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Fig. 3 Averaged mass spectra for HepG2C3A cells cultured directly on a NAPA
substrate in (@) positive and (b) negative ion modes. Small metabolites and lipids
are detected
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Fig. 4 (a) An SEM image of cells attached to the NAPA surface before LDI analysis. (b) After LDI analysis, SEM
images revealed desorption of cellular material due to laser irradiation. (¢) Zoomed-in region shows nanopores
in the cell material that are similar in diameter and periodicity to the underlying NAPA posts

3.
3.6 Large Cell 1.
Population Imaging

2

3

(Optional) After laser exposure, a zoomed in SEM image shows
that cellular material is removed in the LDI process (Fig. 4b).
Closer inspection of the exposed cell indicates a pattern of
nanopores that follows the nanopost positions, indicating the
role of nanopost heating in material desorption (Fig. 4c¢).

A cell population containing ~2000 adherent cells on a NAPA
chip can be analyzed.

. Prior to LDI-MSI, the dried NAPA chip is imaged using optical

microscopy to locate the cell clusters (Fig. 5a).

. To produce molecular images based on ion intensities, the

whole NAPA chip is rastered using 50 pm step size. This results
in a total of 6724 pixels to form images based on the ion
intensities for particular m/z values at each pixel.

. A few hundred biomolecules can be detected and their ion

intensities can be spatially mapped to show their localization
within the whole cell population (Fig. 5b, ¢). For example, the
distributions of [ glutathione + K]"and [cholesterol + H-H,O[*
are observed throughout the whole cell population.

. Background ions from the NAPA chip can also be spatially

mapped (see the blue composite image in Fig. 5d).

. The images of these two biomolecules and the NAPA back-

ground ions can be overlaid to observe their distributions in
relation to each other (Fig. 5¢).
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[glutatl.'lione+K]’ [cholesterol+H-H,0]*

500 pm
L]

NAPA background a - ov:erla'y__

Fig. 5 (a) Optical image from mass spectrometer camera of NAPA imaging chip containing ~2000 HepG2/C3A
cells. Molecular images based on metabolite ion intensities, e.g., (b) glutathione and (¢) cholesterol can be
spatially correlated with the location of cell clusters. Selection of (d) NAPA-related background peaks can
reveal the exposed NAPA substrate. (e) Superimposed molecular images reveal overlaying spatial distributions
from the cell clusters as well as the NAPA substrate

3.7 Small Cell 1.
Cluster Imaging
2
3.
4

Regions of interest from the co-registered optical and molecu-
lar images can be selected to show the distribution of biomo-
lecules from small cell clusters (Fig. 6).

. Using the optical image the number of adherent cells can be

counted for each small cell cluster.

Molecular images can be used to assess the signal and the
resolution of spatial mapping based on the pixels
corresponding to cell clusters.

. Several metabolites and lipids can be localized to clusters of

~10 cells. For example, [phosphocholine]*, [PE(36:2) + K],
[TG(54:3) + K]", and [glutathione + K]* were all detected in
the small cell clusters (Fig. 6b—e).

. Clusters of # < 10 cells result in no signal, indicating that the

sensitivity of this LDI platform is reached. However, surface
silanization or use of bowtie configured NAPA posts can
improve ionization efficiency and could ultimately be used for
single cell analysis.
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[PE(36:2)+K]* [TG(54:3)+K]* [glutathione+K]*

Fig. 6 (a) Optical image of small cell clusters attached to NAPA substrate. (b—e) Corresponding molecular
images of small metabolites and lipid species detected from the cell clusters. Signal was only observed in cell
clusters of n = 10 or larger

4 Notes

1. The HepG2/C3A cells require biosafety level one (BSL-1)
environment and all cell handling and culturing should be
performed in a BLS-1 rated hood. All equipment and instru-
ments that may come in contact with the cells should have
biohazard sign posted.

2. Depending on the type of mass spectrometer, make sure there
is enough clearance for the carbon tape and NAPA chip to be
inserted into the instrument.

3. When pipetting directly onto the NAPA chips, avoid touching
the nanostructure with the pipette tip. Touching the surface
will damage the posts, resulting in poor signal within that area.
For example, in Fig. 5 the lower right corner of the chip was
damaged with a pipette tip and poor signal in that area can be
seen in the molecular images.

4. Due to the rapid heating of the nanoposts, in-source fragmen-
tation of labile compounds is observed. To minimize this
effect, use lower laser fluences. Direct analysis of a standard
compound mixture can be used to assess the amount of
in-source fragmentation for those specific compounds.
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