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ABSTRACT OF DISSERTATION

Single Cell Analysis and Tissue Imaging by Laser Ablation and Mass
Spectrometry

The direct analysis of biochemicals in tissues and single cells is critical for
understanding living organisms. Due to excellent selectivity and sensitivity, mass
spectrometry (MS) has proven to be an invaluable tool for the analysis of the
biomolecules. Recent developments in atmospheric pressure direct ionization sources
have enabled the 7z situ analysis of biological samples without external influences (e.g.,
purification, extraction, matrix addition etc.) that might alter their biochemical makeup.
The work presented in this dissertation shows my efforts to utilize two novel
atmospheric pressure (AP) direct ionization methodologies, AP infrared (IR) matrix-
assisted laser desorption ionization (MALDI) and laser ablation electrospray ionization
(LAESI) MS, for metabolomics, tissue imaging and single cell analysis.

Chapter 1 introduces analytical techniques used for the analysis of tissues and
single cells. The fundamental aspects of IR laser ablation and its utilization in two direct
ionization techniques, AP IR-MALDI and LLAESI, are reviewed.

Chapter 2 introduces AP IR-MALDI for MS. It presents proof-of-principle
molecular imaging of mock peptide samples at atmospheric pressure. The utility of AP

IR-MALDI for plant tissue imaging and metabolomics are also discussed.
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Chapter 3 describes the AP IR-MALDI analysis of various pharmaceuticals
directly in their commercial formulations, as well as endogenous metabolites, exogenous
drug metabolites and synthetic polymers in urine.

Chapter 4 presents the application of mid-infrared laser ablation for molecular
imaging. The dynamics of the ablation plume and ion production in AP IR-MALDI and
LAESI are compared.

In Chapter 5 metabolites and lipids are identified in mouse brain sections using
MS with AP IR-MALDI and LAESI ion production. Reactive LAESI relies on
interactions between the laser ablated species and reactants, e.g., Li*, introduced through
the electrospray. This new modality of LAESI enables the analysis of samples with
otherwise low ion yields.

Chapter 6 discusses the metabolic analysis of single cells by MS at atmospheric
pressure. This breakthrough is made possible by the tight focusing of mid-IR laser light
through an etched optical fiber tip and accurate aiming of cells for ablation through
visualization and micromanipulation. Similar to conventional LAESI, the ablated plume
is postionized by an electrospray.

Chapter 7 surveys the major challenges in the field of atmospheric pressure ion
production based on mid-IR laser ablation. The need for the analysis of smaller cells,
reactive LAESI-MS, ultrahigh resolution LAESI-MS, and the potential application of

LAESI-MS in laser surgery are discussed.
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FOREWORD

The understanding of nature comes through the development of new analytical
tools and the new insight they bring. Humanity has been probing the nature of “matter”
since antiquity. The notion of four elemental substances—earth, air, fire and water—had
been accepted until Boyle dispelled it based on observations with the analytical tools of
his time.! The development of the mass spectrometer by Joseph John Thomson and his
student Francis William Aston, approximately a century ago, commenced a way to

investigate the nature of matter by analyzing its ions.? 3
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CHAPTER 1

INTRODUCTION

Chemical analysis of metabolites directly from biological tissues and single cells is
critical in the understanding of living organisms. The analysis of the metabolome
complements genomics and proteomics analysis by elucidating biochemical pathways for
small molecules in organisms.!* Based on current genomic, biochemical, and
physiological knowledge, the number of metabolites range from 584 in Saccharomyces
cerevisiae to ~200,000 in the plant kingdom.* > An initial study of the human metabolome
suggests even higher diversity and complexity.

A robust chemical analysis tool capable of sensitive, selective, high throughput
and direct analysis is desired for metabolomics, the emerging field of the systematic study
of all metabolites in an organism. Many techniques, such as infrared spectroscopy,
Raman spectroscopy, fluorescence spectrometry and nuclear magnetic resonance,
provide useful and complementary information on the chemical composition of
tissues.o8

Mass spectrometry can be used to study the biomolecules in tissues and cells by
analyzing the mass-to-charge ratios (7/3) of the related ions with high sensitivity and
selectively.” Molecular weight analysis of a biomolecule by mass spectrometry requires an
intact ion. Until the introduction of two soft ionization techniques, electrospray
ionization (ESI) and matrix-assisted laser desorption ionization (MALDI), ionization of a

biomolecule without fragmentation presented a major challenge.!!? In recognition of



the breakthrough achievements enabled by these techniques, "for their development of soft
desorption ionization methods for mass spectrometric analyses of biological macromolecules” the Nobel
Foundation awarded the 2002 Nobel Prize in chemistry to John Bennett Fenn and
Koichi Tanaka.

ESI mass spectrometry (MS) enables the analysis of large biomolecules through
the production of multiply charged ions.! However, as a liquid phase technique, ESI
requires the solubilization of the sample. MALDI-MS has also been used as a tool for the
analysis of thermally labile biomolecules. However, the analysis of small molecules, such
as metabolites, was often limited due to interferences from the applied organic matrix
ions.

In 1999 Siuzdak ez a4l introduced a matrix-free soft laser desorption method
called desorption ionization on silicon (DIOS).13 DIOS and other matrix-free laser
ionization platforms, such as laser-induced silicon micro-column arrays (LISMA), have
successfully demonstrated the analysis of biomolecules by MS without the addition of an
external matrix.!

Conventionally, MALDI ionization is performed in vacuum with an ultraviolet
(UV) laser at 337 nm (nitrogen laser) or at 355 nm (frequency tripled Nd:YAG laser)
wavelengths. Hillenkamp ¢# a/. demonstrated the use of infrared (IR) MALDI to produce
intact ions of large molecules by using ice as a matrix.!> Due to the lack of affordable and
stable mid-IR lasers, IR-MALDI did not offer unique advantages over the UV version
until the development of atmospheric pressure (AP) MALDI by Laiko and coworkers.!6
With the introduction of AP MALDI, IR excitation became more attractive because it

enabled the investigation of aqueous solutions.



Conventional mass spectrometric methods usually require extensive sample
preparation. Multiple samples also involve extended analysis time due to the need to
introduce them into the vacuum. Moreover, these requirements exclude the possibility of
in vivo biochemical analysis. This limitation can be overcome by producing ions directly
from the sample at atmospheric pressure.

The multitude of recently introduced atmospheric pressure or ambient ionization
methods including AP IR-MALDI,!'” desorption electrospray ionization (DESI),!® direct
analysis in real time (DART),”” desorption atmospheric pressure chemical ionization
(DAPCI),? electrospray-assisted laser desorption ionization (ELDI),?! extractive
electrospray ionization (EESI),? plasma-assisted desorption ionization (PADI),?% 23 laser
assisted electrospray ionization (LAESI)?, probe electrospray ionization (PESI),* and
desorption electrospray metastable-induced ionization (DEMI)?* have demonstrated the
capability of ion production directly from various samples at atmospheric pressure
without extensive sample preparation.

The major component in most biological tissues and cells is water. For example,
the average water content in small rodent tissue was determined to be 76%, with the
highest percentage found in the testes at 86% and the lowest in the adipose tissue at
18%.%7 Similarly, the average water content in typical plant tissues, e. g., in apple plantlets,
was found to be 78%.% Due to the strong absorption peak of water at 2940 nm
wavelength (see Figure 1.1), the native water content in tissues and cells can serve as an
efficient matrix to couple the laser energy into the sample. The absorption coefficient of

water increases six orders of magnitude, from an average of 7.0X10-* cm! in the visible



Figure 1.1 Absorption coefficient of water made at room temperature(~ 20°C) in the wavelength range between 200 nm and 200 pm
based on the experimental data compiled by Irvine and Pollack in 1968.2° The arrow shows the absorption coefficient peak at the

wavelength of 2940 nm.
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Figure 1.2 Bright-field time-resolved images of atmospheric pressure water ablation at 2940 nm wavelength by a Q-switched
Er:YAG laser pulse (70 ns pulse duration, 0.12 J/cm? fluence, and an ablation spot size of 1 mm in diameter). Reprinted with

permission by Springer-Verlag from Figure 1a of I. Apitz. and A. Vogel, Material ejection in nanosecond Er:YAG laser ablation of

watert, liver, and skin, Appl Phys. A, 81, 2005, 329.
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range (400 to 760 nm) to ~1.2X10% at 2940 nm.?” The resonance of the symmetric
stretch mode, asymmetric stretch mode and symmetric bend mode of water molecules at
wave numbers 3652 cm!, 3756 cm! and 1595 cm’!, respectively, affect the absorption
spectrum of water. The indicated vibration modes and their combination modes result
in absorptions peaks at 0.96, 1.44, 1.95, 2.94, 4.68, and 6.1 pm wavelengths.3

The work presented in this dissertation discusses my efforts to directly analyze
tissues and single cells by mass spectrometry at atmospheric pressure using mid-IR laser
ablation. The mid-IR laser ablation based methods were chosen because a focused laser
beam can sample a well defined and sufficiently small volume of the specimen and the
native water content in tissues and cells can provide an efficient means of coupling the
laser energy.

The interaction of mid-IR laser radiation with water and water-rich targets, such
as sections of soft tissues, exhibits three overlapping temporal phases (see Figure 1.2).3!
At the beginning of the laser pulse, non-equilibrium surface evaporation occurs and leads
to the gradual removal of material. For nanosecond laser pulses, fast energy deposition
into the water target leads to temporary superheating beyond the boiling point. When the
temperature reaches the spinodal limit, the liquid water is abruptly transformed into a
mixture of vapor and liquid droplets. The resulting increase in volume leads to the
ejection of material from the target through phase explosion. This phase explosion and
other fluid instabilities, in turn, induce a recoil pressure causing secondary material
removal by the recoil-induced material expulsion. This process results in increased
ablation efficiency and can often last up to one second after the laser pulse, which is

~108 times longer than the pulse that caused it. 3233



Figure 1.2 shows the consequences of all three phases of the mid-IR ablation at a
laser fluence of 0.1 J/em?, which is similar to the values used in my work. The first phase
of the ablation lasts for one to two ps (microseconds), when a spherical plume is created
through surface evaporation and phase explosion. This plume induces strong shock
waves?? and is decelerated and eventually (at around 5 us) stopped by the background gas
(air) pressure. In the third phase lasting up to tens of microseconds, the recoil pressure
expels additional material in the form small particulate matter. The analytically useful
information for AP IR-MALDI stems from the initial hemispherical plume because it
directly produces ions for analysis, whereas the LAESI process relies on the secondary
material ejection that can be post-ionized by ESI.

Atmospheric pressure ionization methods, such as DESI, have been successfully
used to produce ions directly from biological samples, such as tissues (e. g., human liver,
plant tissue, rat brain sections and histological sections of rat lung), bodily fluids (e. g.,
urine and blood), human skin, etc.3% 35 Application of ELDI-MS was reported for direct
chemical analysis from tissue sections (e. g., porcine liver and heart), dried bodily fluids
(e. g., blood, saliva and tear), cell cultures, etc. 2!

AP IR-MALDI has been utilized to directly analyze plant tissues, animal tissues,
and human bodily fluid providing detailed information on metabolites and lipids. 3¢-38
The detailed study of biological tissues with the AP IR-MALDI method is discussed in
Chapters 2, 3, 4 and 5. LAESI-MS has been used to directly analyze chemicals in various
plant organs, human bodily fluids, the electric organ of torpedo fish, and rodent brain
tissues.?» 341 The details of LAESI-MS analysis of biological tissue are provided in

Chapters 5 and 6.















219



Analysis of smaller cells

Typical eukaryotic cell sizes range from ~10 to ~100 um. For example, human
erythrocytes, epidermal cells, and neurons are ~8 pm, ~30 um and 5-100 um in diameter,
respectively. One of the earlier limitations in the analysis of these smaller cells by LAESI-
MS was the difficulty in focusing the mid-infrared (IR) laser pulse. Using conventional
optics, the focal spot size is limited by the diffraction limit, the divergence of the laser
beam and the aberrations of the focusing lens. Using the near field from the etched tip of
an optical fiber, the ablated spot size can be reduced beyond the diffraction limit. Indeed,
high sensitivity MS in combination with ultraviolet laser ablation using a scanning near-
field optical microscopy (SNOM) probe was demonstrated for sample analysis beyond
the diffraction limit with a few hundred nanometer lateral resolution.”

Currently in LAESI-MS we are not limited by the ablation spot size but by the
amount of material presented for the MS analysis. We have successful demonstrated the
analysis of metabolites from a single sea urchin egg with a diameter of 90 um and with a
calculated volume of 382 femtoliters.® The smallest animal cells, e.g., red blood cells at
~10 um, are only one order of magnitude smaller in diameter. However, these 10 um
cells have volume of 524 attoliters, which corresponds to approximately three orders of
magnitude less material available for the analysis. The detection of ions from these small
volumes by the mass spectrometer remains a challenge. Therefore improving the ion
production and collection efficiency is required to analyze the smaller cells.

Gradual reduction in cell sizes can help to map the limits of the current
technology. Human skin cells and certain leaf epidermal cells are between 30 and 50 um

in diameter. The volume of a single 50 pm diameter cell is 65 femtoliters, which is only
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factor of 6 lower than the currently analyzed smallest volume. As further reductions in
the analyzed cell sizes are realized, new classes of tissues become amenable for cell-by-

cell inquiry.

Laser Surgery and MS

During surgery the time consuming histological identification of the demarcation
between diseased and healthy tissues is often necessary. Takats ez a/ have recently
demonstrated the real time monitoring of lipid ions produced from biological tissues
during electrosurgery by using a mass spectrometer. 8 Exposure to the high-frequency
electrical current during electrosurgery produced different lipid ion profiles for a tumor
and for the healthy tissue.

Just three years after its invention in 1967, a carbon dioxide laser (10.6 um), was
used to remove corneal tissue.” By the mid-1980s, mid-IR lasers, such as the hydrogen
fluoride laser (3.0 um) and the Er:YAG laser (2.94 pm), were used, to perform corneal
incisions in eye surgery and to surgically remove atherosclerotic plaques in human
arteries, respectively.!® 1! Due to the O-H vibrations, the strongest absorption band of
liquid water, the primary constituent of most human tissues, is at 2.94 pm wavelength.
The relatively short optical penetration depth of a few micrometers at 2.94 um
wavelength also provides a lower collateral thermal damage, which is desirable in laser
surgery.!> Smaller penetration depth also helps to achieve precise ablation due to the
confinement of the deposited laser energy in a small volume. Other factors, however,
such as the laser pulse duration and the mechanical properties of the tissue also affect the

precision. 12
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The combination of surgical infrared laser ablation methods and LAESI-MS can

be utilized to perform laser surgery and simultaneously monitor the metabolic profile of

the tissue. Ultimately, the endoscopic visualization and laparoscopic ablation of tissues

through fiber optic cables coupled with remote sampling methods can be used to

perform minimally invasive mid-IR laser surgery and LAESI-MS identification of tumor

boundaries inside the body.
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