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Zusammenfassung

Die Weiterentwicklung minimal-invasiver chirurgischer Eingriffe, raumlich auf-
geloster Massenspektrometrie und von Bioanalysen mit hohem Durchsatz, be-
diirfen neuartiger Methoden um Gewebe zu schneiden und zur Extraktion von
biologischen Molekiilen ohne Verdnderung der molekularen Struktur. In die-
ser Arbeit wird ein lasergestiitzer Ablationsprozess verwandt, der in der Lage
ist prazise Gewebeschnitte mit minimalem Kollateralschaden auszufiihren und
auflerdem biologische Komplexe unter Erhalt der biologischen Funktionalitdt
aus dem Gewebe extrahiert. Die Methode basiert auf dem erst kiirzlich entwi-
ckelten Picosekunden Infrarotlaser (PIRL). Dieser ist speziell dazu entwickelt
worden um selektiv die Vibrationsmoden von Wasser anzuregen und dabei die
Bedingung von ultraschneller Desorption durch stofiartige Vibrationsanregung
(DIVE) zu erfiillen. Die grundlegende Funktionsweise ist, dass die selektiv an-
geregten Wassermolekiile als Treibmittel dienen um ganze biologische Struk-
turen aus der Oberflache herauszuldsen. Der Extraktionsprozess verlduft dabei
schneller als alle thermischen schaddlichen Effekte oder Fragmentation welche
die Eigenschaften der Molekiile verdndern wiirden.

Die Ablation unter der DIVE Bedingung wird erstmals auf sechs verschie-
dene Gewebe des Auges angewandt und erzielt dabei prizise, gut kontrollier-
bare, reproduzierbare und minimal-invasive Schnitte. Unter anderem konn-
te die beriihrungslose und aplanationsfreie Hornhauttrepanation gezeigt wer-
den. Massenspektrometrie und andere analytische Methoden zeigen, dass ei-
ne grofse Anzahl von Proteinen unterschiedlichster molekularer Massen durch
die PIRL Ablation aus dem Gewebe extrahiert wird und dass diese Proteine in
der Ablationswolke weder durch Fragmentation noch durch andere chemische
Prozesse verdndert sind. Mit unterschiedlichten Mikroskopie- und biochemi-
schen Analysemethoden wird gezeigt, dass nanoskalige Einzelmolekiilprote-
ine, Viren und Zellen in der Ablationswolke morphologisch und funktional
identisch mit ihren Kontrollproben sind.

Die PIRL Ablation ertffnet neue Wege fiir die Laserbehandlung in der Ophta-
mologie und kann dazu verwendet werden die chemische Aktivitat in situ und
in vivo zu erfassen. Das wichtigste Ergebnis ist die zerstorungsfreie Extrakti-
on von biologischen Komplexen, was eine raumliche kompositorische Rekon-
struktion ermoglicht, die nur durch die Grofle des Laserfokusses begrenzt ist.
Dies bietet enorme Entwicklungsmoglichkeiten fiir schnelle Hochdurchsatz-
Biodiagnosen.






Abstract

The prospects for minimally invasive surgery, spatial imaging with
mass spectrometry and rapid high throughput biodiagnosis require
new means of tissue incision and biomolecule extraction with con-
served molecular structure. Towards this aim, a laser ablation pro-
cess is utilized in this dissertation, which is capable of performing
precise tissue incision with minimal collateral damage and extract-
ing intact biological entities with conserved biological functions.
The method is based on the recently developed Picosecond Infrared
Laser (PIRL) designed to excite selectively the water vibrational
modes under the condition of ultrafast Desorption by Impulsive Vi-
brational Excitation (DIVE). The basic concept is that the selectively
excited water molecules act as propellant to ablate whole biological
complexes into the plume, faster than any thermal deleterious effect
or fragmentation that would mask molecular identities.

The PIRL ablation under DIVE condition is applied for the first time
to six types of ocular tissues, rendering precise and minimally inva-
sive incisions in a well-controlled and reproducible way. An emi-
nent demonstration is the contact-free and applanation-free corneal
trephination with the PIRL. Mass spectrometry and other analyti-
cal techniques show that great abundance of proteins with various
molecular weights are extracted from the tissue by the PIRL abla-
tion, and that fragmentation or other chemical alternation does not
occur to the proteins in the ablation plume. With various micro-
scope imaging and biochemical analysis methods, nano-scale sin-
gle protein molecules, viruses and cells in the ablation plume are
found to be morphologically and functionally identical to their cor-
responding controls.

The PIRL ablation provides a new means to push the frontiers of
laser surgery in ophthalmology and can be applied to resolve chem-
ical activities in situ and in vivo. The most important finding is the
conserved nature of the extracted biological entities, rendering com-
positional reconstruction possible at the spatial limit of the laser
focus, which has conspicuous potential in advancing rapid high-
throughput biodiagnosis.
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1 Introduction

1.1 The DIVE principle

Water, the hub of life, the driver of nature (Albert Szent-Gyorgyi). Life is water
dancing to the tunes of solids (Leonado da Vinci). The unique properties of wa-
ter, essential to sustain life, have been fascinating research through the ages.
Amongst its many features of dynamics, water possesses one especially inter-
esting peculiarity, the ultrafast relaxation of the vibrationally excited stretching
mode of the hydrogen-oxygen bond at the wave number of 3400cm™ [1, 2].
This intrinsic physical phenomenon has led to investigations on the condition
of ultrafast Desorption by Impulsive Vibrational Excitation (DIVE) [3, 4] in re-
cent years. The theoretical foundation of the studies in this dissertation is the
DIVE condition. Thorough assays on the DIVE condition can be found in the
studies of Cowan, Franjic, and colleagues [2, 3, 4]. The following is an overview
of the DIVE principle. More specific background knowledge is provided in the
subsequent chapters, corresponding to the different application scenarios of the
DIVE principle therein.

The energy of the vibrationally excited stretching mode of the OH bond is
redistributed to the intermolecular librations of the hydrogen bond network
within 200fs. The thermalization of individual vibrational excitation is com-
pleted within 1 ps. This ultrafast relaxation can be exploited to transfer optical
energy to heat. That is, a mid-infrared laser pulse could be carefully selected to
excite the vibrational stretching mode of the OH bond. After the ultrafast tran-
sition from optical energy to heat, thermally induced phase transitions of water
molecules occur, which leads to desorption, in other words ablation. As the pri-
mary component in biological systems, liquid water has the fastest vibrational
relaxation dynamics due to strong vibrational-librational coupling, and very
high density of low frequency modes in the hydrogen bond networks [2, 5, 6].
The large infrared absorption coefficient of liquid water leads to the absorption
of the incident optical energy within several micrometers at the wave number
of 3400cm™. This fact eliminates scattering, in that the absorption length is
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1 INTRODUCTION

comparable to the wavelength and that the incident radiation is absorbed in
the same volume as the one excited. As the backbone molecule, water is the
most important target for the DIVE principle.

The wavelength and the pulse duration are the most crucial parameters of
the laser pulse as the means of vibrational excitation. The wavelength of the
laser pulse should be chosen such that the corresponding wave number tar-
gets the absorption peak of the OH stretching mode at 3400 cm™! or its vicinity.
The duration of the laser pulse should be on the order of ten to a few hundred
picoseconds, in order to satisfy two criteria. Firstly, the duration of the laser
pulse should allow complete thermalization of individual vibrational excita-
tion of the OH stretching mode, which takes 1ps at room temperature, or a
few picoseconds at higher temperatures. If the laser pulse is too short to per-
mit this complete thermalization process, a series of further excitations would
take place, including vibrational ladder climbing, occurrence of highly excited
vibrational overtones, localized coherent motions of atomic nuclei, and even-
tually breaking of weaker molecular bonds [7]. Therefore, it is necessary to
choose a duration of the laser pulse longer than a few picoseconds in order to
avoid deleterious bond-breaking of fragile biological molecules and undesir-
able molecular perturbations caused by additional nonlinear effects. Secondly,
the duration of the laser pulse should be shorter than the thermal and acoustic
relaxation time spans of the excited volume, several microseconds and approxi-
mately 1ns, respectively. Otherwise, the thermoelastic stress field would not be
confined, and the thermal and acoustic transients would leak out of the excited
volume, rendering thermal and shock wave damage to the collateral region.

If the two criteria for the pulse duration are met, together with heteroge-
neous distribution of vibrational chromophores, microscopic stress confine-
ment in the excited volume induces the spread of thermoelastic energy into
a broadband acoustic spectrum containing high frequencies. The acoustic tran-
sients, especially those of high frequencies, are strongly localized due to strong
attenuation during the propagation outward. Positive and negative spikes of
stress, of large amplitudes, render strong photomechanical effects under mod-
erate laser energy. The negative tensile stress in the incident volume leads to
fractures therein, and the ablation plume is released through the front surface.
The process is made to occur faster than nucleation growth to keep nucleation
sizes to a few molecules or nano-scale volumes, in order to eliminate cavita-
tion induced shock waves and associated damage to adjacent tissue or regions.
Therefore, ablation is achieved in the DIVE process with the most efficient cou-
pling of optical energy to translation motions. Energy loss is avoided in the
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absence of thermal and acoustic transients leaking out of the excited volume,
interactions between laser pulse and ablation plume, and evaporative surface
cooling. At the same time, the occurrence of highly excited intramolecular vi-
brational or electronic states is also eliminated.

In the DIVE process, the water molecules undergo a direct transition from
the condensed phase to the gas phase, and thus act as propellant for their sur-
rounding biological complexes in biological systems. As a well confined pro-
cess with minimal shock wave damage and thermal degradation outside of the
incident volume, the DIVE principle introduces a laser based ablation mecha-
nism, where the biological complexes are ablated in an intact manner and the
procedure is minimally invasive to the surrounding tissue [8]. As a practical
approach, Picosecond Infrared Lasers (PIRL) are utilized to realize the DIVE
principle. The radiation of PIRL at the wavelength of 3 um renders an absorp-
tion coefficient of 11394 cm™ [9, 10] and is thus efficiently absorbed within the
tirst few micrometers of the incident volume. This absorption depth is com-
parable to the thickness of a single cell. Thus, it is possible to laterally and
longitudinally confine the absorbed laser energy to remove a single cell - the
fundamental (single cell) limit to surgery. The pulse durations of the PIRL mod-
els are on the order of ten to a few hundred picoseconds, sufficient to fulfill the
DIVE condition. The PIRL has recently been successfully applied as a scalpel
to numerous surgical scenarios, including phonomicrosurgery [11], laryngeal
surgery [12, 13], porcine skin [14], chicken humeral cortex [15], porcine and hu-
man corneas [16, 17] and other ocular tissues (elaborated in Chap. 2), demon-
strating minimal collateral tissue damage and most importantly the absence of
scar tissue formation [8].

1.2 Comparison with other laser-tissue interaction
mechanisms

Various types of lasers have been utilized to interact with biological systems,
tissues being the target in most cases. Mainly five types of laser-tissue inter-
actions are categorized according to Niemz [18] and the references therein,
namely photochemical interactions, thermal interactions, ultraviolet light (UV)-
induced photoablation, plasma-induced ablation and photodisrupture [18]. The
exposure time can serve as a rough distinguishing factor amongst the interac-
tion mechanisms [18], as shown in Fig. 1.1. If a more sophisticated depiction of
the categorized interaction mechanisms is desired, a modified Boulnois [19] di-
agram [18] can be employed, which incorperates parameters such as the optical
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1 INTRODUCTION

power density and the exposure time. In order to differentiate and understand
the DIVE process better, a comparison between the PIRL ablation employing
the DIVE principle and the other types of laser-tissue interaction mechanisms
is presented in the following paragraphs.
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Figure 1.1: Laser-tissue interaction mechanisms categorized according to Ref. [18].
The exposure time serves as a rough distinguishing factor amongst the interaction
mechanisms. The red solid line represents the DIVE process as a comparison to the
established interaction mechanisms.

Photochemical interactions

Most photochemical interaction mechanisms comprise chemical effects and re-
actions, which are induced by lasers with wavelengths in the visible range [18].
Injection of chromophores into tissues is required in certain scenarios, in or-
der to catalyze the reactions of macromolecules or tissues to the laser radiation.
An example is the photodynamic therapy to treat cancer [20], where a photo-
sensitizer such as hematoporphyrin derivative is injected into the patient and
cytotoxic transfer reactions are induced by the laser light. Consequently, necro-
sis occurs in the tumor cells where the photosensitizer accumulates, and the
tumor cells are specifically treated. No tissue removal is observed macroscopi-
cally during photochemical interactions. In this type of interaction mechanism,
the optical power densities are very low, typically around 1 Wcm ™2, and the
exposure can be delivered by continuous wave or pulsed lasers with a pulse
duration of at least 1s. The long exposure time ensures sufficient bleaching of
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the photosensitizers [21]. The most significant differences between the PIRL
ablation under DIVE condition and the photochemical interactions are the ne-
cessity of catalyzer, exposure times, and interaction mechanisms. The lasers
employed in the two interaction mechanisms also differ in wavelengths and
optical power densities.

Thermal interactions

Thermal interactions utilize the heat produced by the laser radiation to achieve
temperature dependent effects on tissues, such as coagulation starting at 60 °C,
vaporization at 100 °C, carbonization above 100 °C, and melting above 300 °C
[18, 19]. Both continuous wave and pulsed lasers are employed, including car-
bon dioxide (CO,) and Er:YAG lasers, with power densities between 10 W cm 2
and 10°Wcem™2. In order to produce the desired thermal effects, pulse dura-
tions between 1 s and 1ms are usually chosen for pulsed lasers. The intense
heat present in thermal interactions often causes collateral tissue damage, in-
duces overt scar formation, and limits the precision of tissue removal [3]. The
output wavelength of Er:YAG lasers at 2.94 um resides in the vicinity of the ab-
sorption peak of water at approximately 3 pm and thus excites the vibrational
modes of the OH bond as well. However, the tissue removal originated from
Er:YAG laser radiation is different from that generated by the PIRL ablation
under DIVE condition. The differences are elaborated as follows based on the
works of Franjic et al. [3] and Niemz [18]. The thermal relaxation time of the
excited microliter volumes of water is on the order of several microseconds [4].
When the pulse duration is longer than several microseconds, the absorbed en-
ergy dissipates into heat and leaks out of the excited volume [9]. Even when
the pulse duration is compressed to 10ns, thermal confinement is achieved in
the excited volume but stress confinement is still absent [4, 9]. On the contrary,
the PIRL ablation under DIVE condition removes the excited volume of tis-
sue with both thermal and stress confinement, again most importantly on time
scales too short to allow nucleation growth and associated cavitation induced
shock waves. The whole process of ablation into the gas phase can be made to
occur faster than even collisional exchange of the excited hot water molecules
with the constituent proteins of the target tissue. This latter feature enables
the dissection of biological agents with completely intact functions as will be
illustrated in this dissertation.
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UV-induced photoablation

Absorption of photons with high energies (£ > 3.1 eV') in the UV wavelength
range induces direct molecular bond cleavages, accompanied with heat gen-
eration, weakening and fracturing the targeted tissue [9]. Excimer lasers are
frequently employed to perform this photo-chemically driven ablation process.
An example is the ArF Excimer laser emitting at the wavelength of 193 nm to
remove corneal tissue during refractive sugeries, where the chemical bonds
of corneal collagen, namely the peptide bonds (O=C-N-H), are directly cleaved
[9]. This example also shines light on the characteristic dissociation mechanism
of the UV-induced photoablation, which is the tissue decomposition through
molecular bond breaking [18]. Typical pulse durations and power densities
are 10ns to 100ns and 10" Wem™2 to 10" W em ™2, respectively [18]. The dif-
ferences between the UV-induced photoablation and the PIRL ablation under
DIVE condition include the dissociation mechanisms, the wavelengths, and
the pulse durations. Although the UV-induced photoablation excises tissues
neatly and precisely without apparent thermal damage, several adverse effects
should be considered in this laser-tissue interaction mechanism. When the ArF
Excimer laser is utilized above its ablation threshold, the recoil of the ablation
products generates stress transients beyond the stress confinement, which lead
to subtle forms of collateral tissue damage [9]. In addition, since DNA strongly
absorbs the UV radiation, mutagenic effects could occur, which includes dimer
formation of DNA pyrimidine bases [18].

Plasma-induced ablation

At optical power densities between 10" Wem™2 and 10" Wem™2, the strong
electric field of the laser radiation leads to ionization of molecules and atoms,
and then to the optical breakdown in the tissue [18]. The plasma ionization
is the primary cause and intrinsic feature of this type of tissue ablation. The
plasma significantly increases absorption of the incident light. Hence, lasers
with wavelengths off the absorption peaks of tissues can still be utilized, such
as Nd:YAG, Nd:YLF and Ti:Sapphire lasers, as long as the optical power densi-
ties suffice for plasma generation. The typical pulse duration ranges from 100 fs
to 500 ps. The plasma-induced ablation renders precise incisions with mini-
mal thermal damage to collateral tissues. However, the free electrons of high
densities e.g. 10?' cm ™3, generated in the plasma ionization, can lead to cumu-
lative chemical damage [22]. During plasma generation, transient molecular
species are created, free but toxic radicals are formed, and thus neighboring
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1.2 Comparison with other laser-tissue interaction mechanisms

cells can suffer from biochemical damage [9]. Therefore, despite the structural
neatness of the ablation site, the biochemical pathways of cells are demolished
and the healing time is prolonged [23]. The plasma-induced ablation differs
from the PIRL ablation under DIVE condition in the dissociation mechanisms,
the optical power densities, and the wavelengths. There are two fundamen-
tal differences regarding the dissociation mechanisms, the pathway of energy
conversion, and the homogeneity of stress field [3]. The photon energy from
the PIRL is directly utilized to generate mechanical freedom and lattice mo-
tions in the incident volume. As a result, the DIVE-driven ablation is a highly
efficient process and the ablated biological entities remain intact. In the plasma-
induced ablation, the photon energy is indirectly used to achieve mechanical
effects that lead to ablation, which involves first the creation of free electrons
via ionization and then the recombination and inelastic scattering of these free
electrons. The initial stress field is inhomogeneous in the DIVE-driven pro-
cess owing to non-uniformly distributed vibrational chromophores and micro-
scopic stress confinement, but homogeneous in the plasma-induced ablation
due to optical breakdown being rather uniform in tissues. The inhomogeneity
of the initial stress field during the PIRL ablation also contributes to the high ef-
ticiency of the DIVE-driven photomechanical process under stress confinement

[3].

Photodisrupture

When the optical power density is increased beyond 10'* W cm™2, plasma gen-
eration and optical breakdown still occur, but mechanical effects consisting of
shock waves, cavitation, and jet formation start to exert major impact and dom-
inate the fragmentation and disruption of tissues. The requirement of high
optical power densities reaching 10'® W cm ™2 necessitates solid-state lasers like
those employed in the plasma-induced ablations, with pulse durations ranging
from 100 fs to 100 ns [18]. Due to the occurrence of plasma generation and opti-
cal breakdown, the photodisrupture inherits from the plasma-induced ablation
the adverse effects originating from ionization and the corresponding differ-
ences to the PIRL ablation under DIVE condition, as well. In addition, shock
waves and cavitation effects in the photodisrupture are not localized in the in-
cident volume, but diffuse into collateral tissues [18]. This is again in stark
contrast to the situation in the PIRL ablation under DIVE condition, where the
acoustic transients are strongly localized in the incident volume.
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Summary of laser-tissue interaction mechanisms

Compared to the five well-established types of laser-tissue interaction mecha-
nisms, the DIVE-driven ablation is a unique process, realized by the PIRL with
the wavelength of 3pum and the pulse duration on the order of ten to a few
hundred picoseconds. Exciting the vibrational stretching mode of the OH bond
at the wave number of 3400 cm™!, the DIVE-driven ablation process efficiently
utilizes the deposited energy with the low ablation threshold of approximately
1Jem™? [3, 4] for the tissue types and other biological samples mentioned in
this dissertation. The excited vibrational modes effectively couple the energy
directly to translation motions at the fastest possible time scales, i.e. the half
period of the O-O acoustic translational liquid modes of water [2, 24]. This ex-
citation process effectively directly couples the absorbed energy into the very
translational motions required for material removal. The minimized optical
energy density from the PIRL directly induces a mechanical desorption, while
thermal and stress confinement is maintained. With the selective excitation of
the OH bond, the DIVE-driven ablation imposes little damage to collateral tis-
sues and minimizes the undesired modifications of the biological complexes
[8]. Therefore, the plume compositions of the DIVE-driven ablation genuinely
represent the original samples and can be directly used for analysis and diag-
nosis.

1.3 Structure of this dissertation

Based on the theoretical background of the DIVE principle, the following chap-
ters are dedicated to different application scenarios of the DIVE-driven ablation
in surgery, analysis and diagnosis, with a summary chapter in the end.

Chapter 2 describes applications of the DIVE principle in ophthalmology.

Chapter 3 presents the combination of the DIVE principle and mass spec-
trometry for proteomics research.

Chapter 4 elaborates on an innovative method for sample extraction un-
der the DIVE principle for biological analysis and diagnosis.

Chapter 5 summarizes the studies elaborated in this dissertation and
presents a scientific outlook.



2 Applications of DIVE in
ophthalmology

2.1 Introduction

The eye, as sketched in Fig. 2.1, is one of the most delicate and complicated
organs of humans and animals. Various laser-based therapeutic methods have
been developed to treat disorders in segments of the eye, including (from the
front to the rear) cornea, sclera, trabeculum, iris, lens, vitreous body, and retina.
Conventional lasers are categorized according to their target segments of the
eye. After the brief overview of current laser-based treatments, the applica-
tions of the DIVE principle for therapeutic purposes in ophthalmology are in-
troduced, and the results of proof-of-principle studies are presented and dis-
cussed. A part of the results in this chapter is published in Ref. [16, 17].

2.1.1 Conventional lasers for ophthalmologic therapies

This section is structured according to different segments of the eye. Each seg-
ment of the eye is described for its characteristics first. Then conventional laser
technologies, employed in clinical practice, are presented as methods to treat
pathologic conditions of the corresponding eye segment. In order to provide a
general overview, a table in the end of this section is compiled from the laser
parameters available [18] with respect to the target ocular tissues and the types
of treatment.

Cornea

The cornea is the most anterior segment of the eye, providing 70 % of the to-
tal refractive power [18]. The human cornea is divided into six layers. Start-
ing from the anterior to the posterior, there are corneal epithelium, Bowman’s
membrane, stroma of cornea, Dua’s layer [25], Descemet’s membrane, and
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Vitreous body

Sclera

Trabeculum

Comea Optic nerve

Figure 2.1: Schematic sketch of a human eye [18]. Laser-based treatments are mainly
applied to cornea, sclera, trabeculum, iris, lens, vitreous body, and retina.

corneal endothelium. The corneal thickness amounts to approximately 520 pm
centrally and 650 um peripherally [26], 90 % of which is the stroma [18]. The
largest component of cornea is water, making up 70 % to 75 % of the wet weights
of the epithelium and the stroma [27].The majority of corneal solids are pro-
teins, particularly collagens, as 70 % of the dry weight of the stroma [28], whose
regular structure contributes to the transparency of cornea in the visible wave-
length range.

Corneal surgeries assisted by lasers can be categorized into two groups, re-
moval of pathologic conditions, and refractive corneal surgery [18]. One im-
portant scenario of removal of pathologic conditions in cornea is corneal trans-
plantation, or keratoplasty, where corneal trephination can be performed by
Excimer lasers or femtosecond lasers instead of traditional mechanical scalpels.
Keratoplasty using ArF Excimer lasers has shown reduction in astigmatism af-
ter suture removal compared with mechanical trephination [29]. However, this
technique demands the usage of inflexible metal masks, a relatively long radi-
ation time and intensive maintenance of the Excimer laser. Keratoplasty, using
femtosecond lasers emitting at the wavelength of about 1 um, allows different
profiles of trephination [30]. However, applanation, or other means of flatten-
ing or deformation of the cornea, is necessary for keratoplasty using femtosec-
ond lasers or mechanical scalpels, which induces a horizontal torsion as an
important determinant of high or irregular astigmatism [31]. In addition, the
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functionality of femtosecond lasers is limited in deep layers of cornea and also
in corneas that are oedematous or pathologically altered [32]. Further technical
details and comparison of different laser systems for keratoplasty can be found
in Sec. 2.3.1.

In refractive corneal surgeries, photorefractive keratectomy directly corrects
the refractive power of the eye, where significant volumes of the cornea are ab-
lated away by Excimer lasers. ArF Excimer lasers are commonly employed
with the output wavelength of 193 nm, the pulse duration of 10 ns, and the rep-
etition rate of 10 Hz. The highly localized photon-induced molecular decompo-
sition leads to cleavages of molecular bonds at electronically excited states [33].
An ablation depth of 1pm at the bovine corneal tissue can be achieved with
the optical energy density of 1Jcm™~2 [34]. Human corneas ablated by the ArF
Excimer laser exhibit a smooth surface, which is sealed with a pseudomem-
brane between 80 nm and 300 nm in thickness [35] with undulating ripples no
more than 1um [36]. Despite the ablation precision, healing after photorefrac-
tive keratectomy is similar, or even lagging, compared with that after the surg-
eries performed with conventional mechanical tools [37]. During the healing
process of human corneas after photorefractive keratectomy, two independent
types of complications occur most frequently as hindrance, namely myopic re-
gression and haze [38]. Myopic regression is caused by keratocyte-mediated
stromal rethickening, while the corneal keratocytes are specialized fibroblasts
acting in wound healing. The degree of myopic regression is proportional to
the ablation depth. Haze originates from the high number of wound healing
keratocytes and the increased cellular reflectivity.

Another standard technique of refractive corneal surgeries is laser-assisted
in situ keratomileusis (LASIK), usually consisting of three steps [18]. First, a
flap is created at the anterior part of the cornea by mechanical blades or lasers
emitting at the wavelength of about 1 um, a pulse duration between 300 fs and
500fs, and a pulse energy of a few microjoules. The femtosecond laser beam
is focused slightly underneath the corneal surface and creates a bubble-shaped
hollow spot as a result of photo damage. A continuous layer of bubbles is
obtained by scanning the laser beam and leads to the flap separation [39]. In
the second step of LASIK, the corneal stroma is ablated away by UV radiation.
In clinical practice, the UV radiation is usually generated directly by Excimer
lasers. Concerning this application scenario of Excimer lasers, the gas fill of ArF
is more favorable than that of KrF or XeCl, due to the high absorbance of cornea
at the wavelength of 193 nm [28]. The ArF Excimer laser is advantageous in the
aspects of uniform ablated edge and absent stromal melting [40]. However,

11



2 APPLICATIONS OF DIVE IN OPHTHALMOLOGY

the ArF Excimer laser is noisy and maintenance intensive, employs toxic gas
and produces low beam quality and stability [39]. As an alternative source of
UV radiation to ablate the corneal stroma, a laser emitting at the wavelength
of about 1 pm could be converted to the fifth harmonic, approaching the wave-
length of 200nm. Such attempts have been reported on corneal samples in a
few research laboratories. Collagen lamellas at the ablated edge are neatly cut
by a quintupled picosecond Nd:YLF laser at the wavelength of 211 nm [41].
Uniformly ablated edge and low thermal effects are obtained by a quintupled
nanosecond Nd:YAG laser at 213nm [40, 42]. The lateral precision of 30 um
and the surface roughness of 6 um are achieved by a quintupled femtosecond
Yb:KGW laser at 205 nm [39]. As the last step of LASIK, the flap is pulled back
to the original site by surgical tweezers.

Sclera

The sclera is the opaque white protective part of the human eye, rich in fibrous
bands and thus rigid [26]. In case of open-angle glaucoma [43], an incision in
the sclera tissue can be considered. The aim of this surgical procedure, scleros-
tomy, is to improve drainage of the aqueous humor [18], reduce the intraocular
pressure and mitigate the symptoms. Sclerostomy can be performed with a
few different types of lasers. Since the sclera tissue does not absorb strongly
in the visible and near infrared wavelength range, optical breakdown can be
induced by a few hundred pulses from a nanosecond Nd:YAG laser, resulting
in perforation of the sclera with collateral thermal damage of a few hundred
micrometers [44]. Another possibility of laser-based sclerostomy is facilitated
by visible dye lasers with the application of external inks to the sclera tissue
[18].

Trabeculum

The trabeculum, or trabecular meshwork, can cause open-angle glaucoma [43]
when malfunctioning. As a possibility of treatment, trabeculoplasty can be
performed with an argon ion laser to shrink the trabecular meshwork and im-
prove drainage of the aqueous humor, which is achieved with thermal inter-
actions between approximately one hundred laser pulses and the trabecular
meshwork. The focal diameter of the laser is on the order of 50 ym to 100 pm
[18].
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Iris

The iris is the tissue surrounding the pupil, consisting of collagen fibers and
pigment cells. The dislocation of the iris leads to blocked drainage of the aque-
ous humor and thus closed-angle glaucoma [18]. Perforation of the iris, or iri-
dotomy, can be performed with argon ion lasers for dark irises or Nd lasers for
bright irises [18]. The argon ion laser is usually employed for 0.1 s to 0.2 s, with
an optical power of 700 mW to 1500 mW and a spot diameter of 50 um, while
a pulse energy of a few millijoules are needed from nanosecond or picosecond
Nd lasers [18].

Lens

The lens, together with the cornea, achieves the refractive power of the eye,
which naturally requires its transparency. Cataracts arise from the opaque-
ness of the lens. The treatment of cataracts involves lens fragmentation, im-
plementation of lens replacement and removal of scattering membrane at the
posterior lens capsule in case of need. Lens fragmentation can be performed
with a picosecond Nd:YLF laser, and posterior capsulotomy with a nanosec-
ond Nd:YAG laser. In both cases, the threshold of optical breakdown should be
reached to avoid photo damage to the other ocular tissues [18].

Vitreous body

Since the transparent vitreous body locates directly next to the retina, it is nec-
essary to opt for thermal interactions when lasers are utilized to remove patho-
logic irregularities therein [18].

Retina

As a part of the nervous system, the retina has a delicate structure and plays
an essential role in vision acquisition. Lasers can be employed to treat reti-
nal pathologic conditions, including retinal holes, retinal detachment, diabetic
retinopathy, central vein occlusion, senile macula degeneration and retinal tu-
mors [18]. Thermal interaction between the laser beam and the retinal tissue
is utilized to coagulate the target areas. For example, an argon ion laser, emit-
ting at the wavelengths of 488 nm and 514 nm, can be applied over exposure
times ranging from 0.1s to a few seconds with an optical power of 0.1 W to
1 W and a spot diameter of 200 pm to 1000 pm [18]. A krypton laser serves the
coagulation purpose, with its emission wavelengths of 568 nm and 647 nm pretf-
erentially absorbed by different retinal components [45]. Care should be taken
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2 APPLICATIONS OF DIVE IN OPHTHALMOLOGY

to avoid undesired vaporization, carbonization and severe vision loss owing to
coagulation of the macula [18].
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2 APPLICATIONS OF DIVE IN OPHTHALMOLOGY

Table 2.1: Conventional lasers for ophthalmologic therapies, compiled from Ref. [18].
The laser parameters frequently stated are wavelength A, pulse duration 7, pulse en-
ergy I, number of pulses, optical power I and optical power density.

2.1.2 DIVE for ophthalmologic applications

The PIRL ablation under DIVE condition introduces a new aspect of laser ther-
apeutic applications in ophthalmology. Generally rich in water content, ocular
tissues are suitable targets for the DIVE process. In light of its successful ap-
plications in phonomicrosurgery [11], laryngeal surgery [12, 13], porcine skin
[14] and chicken humeral cortex [15], the PIRL ablation is expected to render
precise incisions in ocular tissues with minimal collateral damage. Therefore,
proof-of-principle studies were performed on samples of cornea, sclera, trabec-
ular meshwork, iris, lens and retina. Emphasis is placed on cornea samples,
since the PIRL ablation under DIVE condition provides a possibility of contact-
free and applanation-free trephination and might broaden the armamentarium
of corneal transplant surgery.

2.2 Material and methods

2.2.1 The PIRL system

A PIRL, model PIRL-HP2-1064 OPA-3000 from Attodyne Inc., Canada, was
used to deliver radiation at the wavelength of 3000 = 90 nm onto the sample,
with a pulse duration of 300 ps and a repetition rate of 1kHz. A home built
optical system equipped with a scanning unit was used to deliver and focus
the PIRL beam onto the sample for ablation. The scanning unit, consisting of
a two-dimensional galvanometer scanner and a control program, allowed for
user defined scanning speeds and ablation patterns, such as circle, line, rect-
angle or disk. The PIRL beam was focused onto the sample with an optical
power of 460mW. The transverse beam diameter at the focus was approxi-
mately 140 pm. The ablation was performed by applying the linear and circu-
lar scanning patterns to the sample surface. A schematic diagram and a pho-
tograph of the experimental setup of the PIRL system are shown in Fig. 2.2.
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A Telescope Scanning unit

I
PIRL j Steering mirror

Focusing lens

Figure 2.2: Schematic diagram of the PIRL system (A). Experimental setup of the PIRL
system (B), where the white dashed line indicates the beam path from the output of
the PIRL to the sample holder. Locations of the major components of the PIRL system
are indicated by the numbers 1 to 6. 1: PIRL. 2: Telescope. 3: Scanning unit. 4: Steering
mirror. 5: Focusing lens. 6: Tissue.

2.2.2 Qdcular tissues

Freshly enucleated porcine globes were obtained from a local abattoir, kept re-
frigerated, and irrigated with a physiological solution. The ocular tissues were
excised from the porcine eye globes and used directly in the ablation experi-
ments. All ablation experiments and characterization measurements were per-
formed within 36 hours of excision.

Human donor corneas unsuitable for transplantation were obtained from
the eye bank of the University Medical Center Hamburg-Eppendorf (UKE).
Full ethical approval was obtained and the procedures were carried out in ac-
cordance with the Declaration of Helsinki [46].
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2 APPLICATIONS OF DIVE IN OPHTHALMOLOGY

2.2.3 Characterization methods

Histology

Immediately following the ablation experiments, the corresponding tissue sam-
ples were fixed in phosphate buffered 3.5 % formaldehyde. Specimens were
then embedded in paraffin, cut into 4 pm thick sections, and stained with hema-
toxylin and eosin (H.E., Merck, Darmstadt, Germany). Stained samples were
then scanned for digitization using MIRAX SCAN (Carl Zeiss Microimaging
GmbH, Jena, Germany). Microscopic width measurement and histological ex-
amination were carried out using Aperio ImageScope software (Aperio Tech-
nologies, Inc., Vista, CA, USA).

Environmental scanning electron microscopy

In order to prepare for the examination with the environmental scanning elec-
tron microscope (ESEM), the corresponding tissue samples were immersed in
1% osmium tetroxide in phosphate buffered saline (PBS) for 30 min and then
thoroughly washed. The hydrogenated tissue blocks were analyzed with the
back scattered electron (BSE) mode of the XL30 ESEM (FEI, Hillsboro, Oregon,
USA) equipped with a DISS5 digital image scanning system (Electronic Point,
Halle, Germany).

Confocal laser scanning microscopy

The corresponding tissue samples were examined with a Nikon C2+ confocal
laser scanning microscope (Nikon GmbH, Diisseldorf, Germany) and then an-
alyzed with NIS-Elements v 4.20 software (Nikon GmbH).

Infrared thermography

A thermal camera (model PIR uc 180, InfraTec, Dresden, Germany) with a spec-
tral range of 7.5 um to 13 um was used in order to avoid capturing the thermal
signal of the PIRL beam at the wavelength of 3 um. Real-time thermal images at
the frame rate of 100 frames/s were captured during the ablation experiments
at corneas using the circular pattern. Maximal temperature within the ablation
path was measured. In addition, temperatures were also measured at points 1
mm and 2 mm away from the ablation path, and at a baseline far away from
the irradiated area. The data acquired were analyzed with IRBIS 3Plus software
(InfraTec).
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2.3 Results and discussion

2.3.1 Cornea

Imaging and histological analyses

Both linear and circular scanning patterns were applied during the PIRL ab-
lations under DIVE condition of porcine and human cadaver corneal tissues,
which rendered contact-free incisions accordingly. The linear ablations were
configured with a length of 4mm, a scanning speed of 120mm s~ and a scan-
ning repetition rate of 15 Hz. The scanning speed was determined according to
the beam diameter of the PIRL at focus, in order to minimize spatial overlap-
ping of consecutive pulses on the tissue and to avoid gaps between the pulses.
A representative linear pattern of the PIRL ablation at corneal tissues is shown
in Fig. 2.3, including a photograph and images acquired with confocal laser
scanning microscope and ESEM. These images were obtained from the corneal
tissues ablated by the PIRL under identical conditions. The photograph (Fig.
2.3 (A)) shows that the ablation front proceeded in a well-controlled manner
parallel to the corneal surface until the cornea was penetrated, since air bub-
bles were observed in the anterior chamber after the Descemet’s membrane
was perforated.
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Figure 2.3: Photograph (A), confocal laser scanning microscope (B) and ESEM (C) im-
ages of linear ablation patterns at human post mortem corneal tissues performed with
the PIRL. The length of the linear ablation pattern was 4 mm. The time span of the PIRL
ablation was 5s. The arrow heads in (A) indicate the region where the ablation front
proceeded in a well-controlled manner parallel to the corneal surface. Identical PIRL
ablations were applied to the corneal tissues which were analyzed afterwards with the
confocal laser scanning microscope and the ESEM. The scale bar represents 300 pm.

The circular ablations were configured with diameters varying between
4mm and 8 mm, in order to test the feasibility of contact-free and applanation-
free corneal trephination by the PIRL ablation under DIVE condition. A rep-
resentative circular pattern of the PIRL ablation at corneal tissues is shown in
Fig. 2.4 including a photograph and images acquired from confocal laser scan-
ning microscope and histological analysis. These images were obtained from
the corneal tissues ablated by the PIRL under identical conditions. The images
from the confocal laser scanning microscope and the ESEM confirm the preci-
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sion of the deep incisions performed by the PIRL ablation at corneal tissues.
Moreover, the histological analysis verifies the minimal damage to collateral
tissue, as shown in Fig. 2.4 (C). No collateral damage is observed in the corneal
epithelium. There is also no visible damage at the front edge of the incision, or
in other words the bottom of the post-ablation opening, in the corneal stroma.
The average collateral damage at the vertical edges of the post-ablation open-
ing remains on the single cell level, and the maximum dimension of damage
does not exceed 25 um. The expansion of collateral damage resides on the same
order of magnitude as previous studies on PIRL ablations of laryngeal tissues
[11, 12, 13] and chicken humeral cortex [15]. The residual collateral damage can
be attributed to two factors. One factor is that the PIRL beam does not have a
top-hat transverse beam profile. Part of the side wings of the transverse beam
profile can have the optical power below the ablation threshold of the DIVE
process. Hence, this part of the optical power is insufficient to achieve abla-
tion. Instead, it induces thermal effects in the tissue. The other factor is that the
PIRL beam was focused manually onto the sample surface for ablation, since
currently there is no auto-focusing mechanism available. The fact that the fo-
cusing might not remain optimal for each laser pulse during the ablation could
result in minor thermal effects in the irradiated tissue. It should, however, be
emphasized that the noted damage, even with present limitations in beam de-
livery, is still on the order of a single cell boundary and more than an order
of magnitude smaller than the damage zones of conventional lasers, notably
infrared lasers, used for surgery.
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Figure 2.4: Photograph (A), confocal laser scanning microscope (B) and histological
(C) images of circular ablation patterns at corneal tissues performed with the PIRL.
The diameter of the circular ablation pattern was 4 mm. Identical PIRL ablations were
applied to the corneal tissues which were analyzed afterwards with the confocal laser
scanning microscope and the histological procedure. The artefact on the lower part of
the sample in (B) was observed on the tissue before the PIRL ablation. Measurements
were taken during the histological analysis (C), namely the widths of the upper and
lower parts of the PIRL incision, the depth of the incision, and the dimensions of the
two largest sites of collateral damage.
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Tissue temperature during PIRL ablation

The infrared thermal camera was employed to measure the temperatures of the
PIRL ablation sites at corneal tissues in order to acquire more thermal proper-
ties of this process. The circular ablation pattern with the diameter of 4 mm
was applied to six porcine corneas over the ablation time spans of 2, 4s and
6s, two samples for each time span. A representative set of temperature mea-
surements is shown in Fig. 2.5, which depicts the temperatures measured at
the ablation path, 1 mm and 2mm away from the ablation path, and the base-
line, during the PIRL ablation over 6s. The temperature measurements were
recorded over a time span long enough to include the entire ablation process as
well as the subsequent stabilization. The temperature at the ablation path in-
creased first quickly compared with the other measurement sites at the start of
the ablation process, then gradually reached a plateau during the latter part of
the ablation process, and then decreased swiftly when the ablation process ter-
minated. Insignificant temperature increases, starting from 15 °C and reaching
20 °C in maximum, were also observed at the measurement sites 1 mm away
from the ablation path. Even smaller temperature increases were observed at
the measurement sites 2 mm away from the ablation path. After the quick post-
ablation decrease, the temperature at the ablation site stabilized towards the
ambient temperature. During all measurements, the maximal temperatures at
the ablation sites over the ablation time spans of 2s, 4s and 6s were 33.5°C,
35.1°C and 34.2°C, respectively.
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Figure 2.5: Temperature measurements with the infrared thermal camera during the
PIRL ablation of porcine cornea. The diameter of the circular ablation pattern was
4mm. The ablation time was 6s. The temperatures measured at the ablation path,
Imm and 2mm away from the ablation path are depicted in black, red and blue, re-
spectively. The baseline temperature is depicted in magenta. Five-point Fast Fourier
Transform was applied to each curve for smoothing.

Although the temperature at the ablation sites increased during the PIRL
ablation, it did not exceed the body temperature and remained in the physi-
ological range, which theoretically would not lead to thermal degradation of
biological complexes like proteins. Such insignificant temperature increases at
the ablation sites were also reported in previous studies on PIRL ablations of
laryngeal tissues [13], porcine skin [14] and chicken humeral cortex [15]. It is
necessary to note that the data from the thermal camera should be interpreted
with caution, as the frame rate of the thermal camera could be too low to de-
tect fast temperature changes due to the PIRL ablation. On the other hand, the
histological analysis revealed thermal effects on collateral tissues with similar
appearance in all samples and at the single cell level on average. The thermal
effects on collateral tissues were also independent of the ablation time and the
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maximum temperature during the ablation process. An exemplary image from
the histological analysis is shown in Fig. 2.4 (C). These findings indicate that
the DIVE-driven ablation process does not impose a hostile environment to the
tissue in the aspect of temperature, which contributes to the minimal collat-
eral damage and the fact that the biological complexes are ablated in an intact
manner.

Ablation depth with respect to ablation time

In order to further characterize the PIRL ablations of corneal tissues, the cor-
relation between the ablation time and the ablation depth was investigated.
Eight different ablation time spans, 1s to 8s, were applied to a total of forty
porcine corneas, five samples for each time span. Apart from the ablation time
span, other experimental parameters were identical during the PIRL ablations
and the processing of the samples, including the optical power, the linear abla-
tion pattern measuring 4 mm in length, and the scanning speed. Following the
PIRL ablations, the porcine corneas underwent identical histological analysis,
and the depths of the incisions resulting from the PIRL ablation were mea-
sured. The average depths of the PIRL ablations with respect to the ablation
time spans are summarized in Tab. 2.2 and Fig. 2.6.

Ablation time | Average ablation depth | Standard deviation of the
[s] [pm] average ablation depth
[pum]
1 139 15
2 215 24
3 353 32
4 404 36
5 478 51
6 567 59
7 617 30
8 652 48

Table 2.2: Average depths of the PIRL ablations under DIVE condition at porcine
corneas with respect to the ablation time spans. The ablation pattern was a line mea-
suring 4 mm.
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Figure 2.6: Average depths of the PIRL ablations under DIVE condition at porcine
corneas with respect to the ablation time spans. The error bars represent the standard
deviation corresponding to each data point. The ablation pattern was a line measuring
4 mm.

Reproducible ablation depths were obtained within a given time span of
the PIRL ablation. The ablation depth increases approximately in proportion
to the ablation time span. But a decreasing slope in Fig. 2.6 is observed when
the ablation time reaches seven or eight seconds. Two factors are expected
to attribute to the decreasing slope. One factor is that the ablation front was
proceeding into the Descemet’s membrane by the ablation time of seven or
eight seconds. The Descemet’s membrane belongs to the posterior part of the
cornea and is rich in collagen, whose reduced water content renders it slightly
more difficult for the DIVE process to remove than the corneal stroma. The
other factor is the loss of optical power due to increased diffraction at the edges
of the entry point initially cut, which led to the reductions in the light on target
and in the amount of tissue ablated. The increased diffraction was explained by
the absence of external tension applied onto the corneas to widen the incisions,
as the PIRL beam progressed deep into the tissue.

The proportionality between the ablation depth and the ablation time span
from one to six seconds provides a possibility of further analysis of this abla-
tion process at the cornea. Linear fitting was applied to the data points with
the ablation time spans between one and six seconds. The slope of the linear
titting was used to calculate the ablation depth of each PIRL pulse. A simple
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model incorporating Beer-Lambert’s Law illustrates the relationship between
the ablation depth D of a single pulse, the tissue absorption coefficient «, the
absorbed fluence F, and the threshold fluence F}, [47, 48, 49].

1 F
—In(==

D—
a Fy

) (2.1)

The absorption coefficient of cornea in the mid-infrared range is depicted in
Ref. [50]. According to Eq. 2.1, the absorbed fluence was estimated as 1.1
times of the threshold fluence during this ablation process. This estimation is
coherent with the experimental results, in light of the successful PIRL ablations
at the cornea.

Another observation from Tab. 2.2 and Fig. 2.6 is that the standard devia-
tion of the average ablation depth is approximately 10 % of the corresponding
average ablation depth for the ablation time of 1s to 6s, and less than 10 % for
longer ablation time spans. This investigation on the ablation depth with re-
spect to the ablation time establishes the PIRL ablation under DIVE condition
as a reliable and reproducible method for corneal incisions. In the aforemen-
tioned scope of ablation parameters, the tissue volume ablated per unit time is
stable and the amount of tissue removal can be controlled by the user-defined
ablation time.

Suitability to PIRL ablation

Water and collagen are the two dominating components of soft tissues by mass
and also the most abundant chromophores in such tissues in the infrared spec-
tral region [9]. The vibrational modes of water and collagen dominate the
absorption spectra. Water has two significant absorption peaks at the wave-
lengths of 2.9 pm and 6.1 pm [10, 51]. Collagen also has two important absorp-
tion peaks at the wavelengths of 6.1 um for the amide I-band and 6.4 um for the
amide II-band of collagen [9]. As a typical "extracellular matrix-continuous"
soft tissue, the cornea has collagen fibrils as the main mesoscopic structural
element [9], whose regular size and spacing contribute to the cornea’s opti-
cal transparency at the visible wavelength range [26]. Due to the abundance
of water therein, the cornea is a suitable target for the DIVE process. Based
on the above proof-of-principle studies, the PIRL ablation under DIVE condi-
tion serves as a reliable and reproducible method to perform contact-free and
applanation-free linear incisions and trephinations at the cornea with minimal
collateral damage.
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Comparison to preceding laser therapeutic methods

ArF Excimer lasers and femtosecond lasers have been well established in the
market for ophthalmologic applications. In order to perform corneal trephina-
tions, it is necessary to apply an inflexible metal mask [29, 52] to the patient’s
eye, when the ArF Excimer laser is utilized. When the femtosecond lasers are
opted for corneal trephinations, a glass lens or a standard microscope coverslip
[32, 53] is used to applanate the cornea in order to facilitate this procedure. The
applanation device imposes potential side effects of residual glass particles in
the cornea after keratoplasty [54]. The applanation during the trephination for
keratoplasty with the femtosecond lasers can result in an oval shaped recipient
bed, which limits the theoretical perfect congruence of the donor and recipient
[55]. The reduction of post-operative astigmatism is not confirmed for the fem-
tosecond lasers-assisted trephination compared to the mechanical trephination
[31, 55]. In comparison, the PIRL ablation performs incisions including trephi-
nation at the cornea in a contact-free and applanation-free manner, which is
free from the necessity and the potential side effects of metal masks and appla-
nation devices.

In healthy and pathological cornea and sclera, the dominating phenomenon
in the tissue optics is Rayleigh scattering as a result of the interaction between
the incident laser beam and the spatial distribution of the collagen fibrils [54].
An nontrivial part of the laser radiation at the wavelength of 1 m is scattered
in oedematous cornea (40 %) and sclera, and the beam quality is significantly
degraded [54]. Therefore, the femtosecond lasers currently on the market have
limited surgical applications in oedematous cornea and sclera. The scattering
is strongly reduced and the residual absorption dominates for the wavelength
range of 1.6 ym to 1.8 pm [54]. Optimization of the corneal surgery is shown
in Ref. [32] with a femtosecond laser at the wavelength of 1.6 pm. On the con-
trary, the laser radiation at the wavelength of 3 um is strongly absorbed in the
tirst few micrometers of tissues, as elaborated in Chap. 1, which eliminates
the problem of scattering. Hence, the PIRL ablation under DIVE condition en-
ables penetrating incisions deep into the corneal stroma and does not present
any limitation to corneal transplant surgery without applanation of the cornea.
Moreover, the PIRL ablation also easily renders precise incisions at oedema-
tous cornea, scarring cornea, and sclera, the last of which is elaborated in the
following section. The characteristic technical parameters of different commer-
cial laser systems and the PIRL system for keratoplasty are summarized in Tab.
2.3.
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2 APPLICATIONS OF DIVE IN OPHTHALMOLOGY

As a research facility, the free electron lasers with microsecond pulses at the
wavelength range of mid- and long-infrared produce ablations of soft biologi-
cal tissues including the cornea with high efficiency [57, 58] and minimal col-
lateral damage, for example 10 um to 20 um, at the wavelength of 6.0 pm [59].
However, the free electron lasers have not been employed in clinical use, ow-
ing to their huge space consumption and immobility which are unsuitable for
patient treatment. As a table top system, the PIRL consumes much less space
and can in principle be further reduced in size. Even a mobile PIRL system
should be possible. In addition, the long integrated macro-bunch of the free
electron lasers” pulse structure represents really a microsecond excitation pro-
cess under these conditions, where it is well known that unarrested nucleation
growth and cavitation shock wave damage occur. PIRL’s picosecond excitation
process completely avoids this problem in collateral damage. Therefore, the
PIRL ablation under DIVE condition has the potential for patient treatment in
the operation theatre.

2.3.2 Sclera

The linear scanning pattern measuring 4 mm in length was applied during the
PIRL ablations under DIVE condition of porcine sclera. The incisions were per-
formed without difficulty, although the sclera is more mechanically stable and
rigid due to a higher percentage of fibrous bands therein than the cornea. Since
the DIVE process does not involve molecular bond cleavage or optical break-
down, a few collagen fibrils that were not ablated away can still be observed in
the ESEM image of the PIRL incision at the sclera, as shown in Fig. 2.7 (A). Ina
tissue rich in collagen like the sclera, the presence of the few unablated collagen
tibrils at the PIRL incision indicates that the DIVE process is a gentle ablation
procedure that reduces modifications of the biological complexes to the mini-
mum. In order to selectively remove collagen, it is possible to selectively excite
the collagen vibrational modes as well to soften this tissue constituent for re-
moval as needed.

The correlation between the ablation time and the ablation depth was in-
vestigated in the PIRL ablations of porcine sclera. Five different ablation time
spans, 1s to 5s, were applied to a total of twenty porcine scleras, four sam-
ples for each time span. Apart from the ablation time span, other experimental
parameters were identical during the PIRL ablations and the processing of the
twenty porcine scleras, including the optical power, the linear ablation pattern
and the scanning speed. Following the PIRL ablations, the porcine scleras un-
derwent identical histological analysis and the depths of the incisions resulting
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2.3 Results and discussion

from the PIRL ablation were measured. The average depths of the PIRL abla-
tions with respect to the ablation time spans are shown in Fig. 2.7 (B). Technical
limitations of the histological analysis led to the fact that only one sclera sample
was suitable to measure the ablation depth for the ablation time of 1s. Thus,
there is no error bar based on standard deviation available for this data point
with the ablation time of 1s. The accuracy of the measurement itself is within
this point area shown. The PIRL ablation under DIVE condition renders repro-
ducible incisions at the sclera, whose average depth is approximately propor-
tional to the ablation time. In light of the characteristics of the DIVE process,
the PIRL ablation can be utilized to perform incisions at the sclera in the op-
eration theater, for example in sclerostomy where an incision starting from the
exterior proceeding to the interior is required.
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Figure 2.7: Representative ESEM image of the PIRL ablation under DIVE condition
at porcine sclera (A). Part of the linear incision with one end is shown from the top
view. Collagen fibrils not ablated away were visible on the bottom of the post-ablation
opening. The scale bar is 200 pm. Average depths of the PIRL ablations under DIVE
condition at porcine scleras with respect to the ablation time spans (B). The error bars
represent the standard deviation corresponding to each data point. The ablation pat-
tern was a line measuring 4 mm. Four sclera samples were ablated by the PIRL for each
ablation time span. Owing to technical limitations of the histological analysis, only one
sclera sample was suitable to measure the ablation depth for the ablation time of 15,
which results in the non-availability of error bar based on standard deviation for this
data point. The accuracy of the measurement itself is within the point area shown.

2.3.3 Other ocular tissues

The linear scanning pattern was applied during the PIRL ablations under DIVE
condition of porcine trabecular meshwork, lens, iris, and retina. The length of
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2 APPLICATIONS OF DIVE IN OPHTHALMOLOGY

the ablation pattern was 2mm at the trabecular meshwork, 2mm at the lens,
3mm at the iris, and 2 mm at the retina. The ablation time was 5s for all the
samples. For each type of the ocular tissues, the incisions were performed by
the PIRL under identical conditions and examined with the ESEM. The con-
focal laser scanning microscope was employed to obtain images of the PIRL
incisions at the trabecular meshwork and the lens. The incisions at the tra-
becular meshwork exhibit neat and precise edges, as shown in Fig. 2.8. Thus
the PIRL ablation could be utilized when incisions are needed at the trabecular
meshwork, which could be potentially developed to a new technique to treat
open-angle glaucoma.

Figure 2.8: Representative ESEM image of the PIRL ablation under DIVE condition
at porcine trabecular meshwork (A), where part of the linear incision is shown from
the top view. The scale bar represents 300 pm. Representative confocal laser scanning
microscope image of the PIRL ablation under DIVE condition at porcine trabecular
meshwork (B), where part of the linear incision is shown from the top view.

Top views of the PIRL incisions at the lens are shown in Fig. 2.9. The two
side edges, cut open by the PIRL, lead to the bottom of the incised channel in
the middle of Fig. 2.9 (A). The surface of one edge and a part of the channel
bottom are depicted in magenta and blue, respectively, in Fig. 2.9 (B). It is
observed that the organization of the lens fibers was well preserved at the side
edges and the bottom of the incised channels, which confirms the gentleness of
the DIVE process. Well preserved collagen fibrils are also present at the bottom
of the incised channels at the iris and the retina, as shown in Fig. 2.10. Due to
the fact that the retina is on average only 0.5 mm or even less in thickness [18],
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2.3 Results and discussion

the PIRL ablation with the duration of 5s penetrated the retina and proceeded
into the sclera underneath.

Figure 2.9: Representative ESEM image of the PIRL ablation under DIVE condition at
porcine lens (A), where part of the linear incision is shown from the top view. The
scale bar represents 300 um. Representative confocal laser scanning microscope image
of the PIRL ablation under DIVE condition at porcine lens (B), where part of the linear
incision is shown from the top view.
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2 APPLICATIONS OF DIVE IN OPHTHALMOLOGY

Figure 2.10: Representative ESEM image of the PIRL ablation under DIVE condition
at porcine iris (A), where part of the linear incision is shown from the top view. Repre-
sentative ESEM image of the PIRL ablation under DIVE condition at porcine retina (B),
where part of the linear incision with one end is shown from the top view. The PIRL
ablation penerated the retina and proceeded into the sclera underneath. The scale bars
represent 200 pum.

From the empirical point of view, there is no principal difference between
the PIRL ablation under DIVE condition at the aforementioned ocular tissues
and that at the cornea and the sclera. The precise and neat incisions are con-
spicuously observed together with minimal collateral damage in all these tis-
sues. This is easily comprehensible, in light of the similar compositions of these
soft tissues in the eye. Naturally, further investigations are necessary to char-
acterize the PIRL ablation at these ocular tissues. As preliminary outlook on
application scenarios, the PIRL ablation should not be limited to the aforemen-
tioned contact-free and applanation-free corneal keratoplasty. It could also be
employed to perform incisions and excisions at the sclera, the trabecular mesh-
work, the lens, the iris and the retina, especially when precision and minimal
collateral damage are of preeminent demand. Due to the strong absorption of
the laser radiation at the wavelength of 3um by tissues, when an incision is
required not at the tissular surface but inside the eye globe or other organs, it
is worthwhile to consider using a fiber to deliver the PIRL beam to the surgical
site.
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3 DIVE mass spectrometry for
proteomics

3.1 Introduction

Apart from the surgical application as a laser scalpel, another substantial ap-
plication scenario for the PIRL ablation resides in its combination with vari-
ous analytical techniques, including but not limited to chemical analyses, mass
spectrometry and biomedical microscopy, for further advancement in the cor-
responding fields. This chapter elaborates on pilot experiments performed to
test the combination of the PIRL ablation under DIVE condition and conven-
tional mass spectrometry techniques. The combination of the PIRL ablation,
biochemical analyses and biomedical microscopy is discussed in Chap. 4. The
pilot experiments in this chapter aim at answering two major questions. The
tirst question is whether the PIRL ablation is a sample specific process to ex-
tract and introduce protein samples to analytical procedures. In other words, it
is necessary to investigate the range of proteins that could be successfully ex-
tracted and introduced by the PIRL ablation for chemical analyses. The second
question is whether fragmentation and other changes in the chemical and enzy-
matic properties would occur in the protein species ablated by the PIRL. Given
that mass spectrometers were intensively utilized in the pilot experiments, a
brief introduction in the following paragraphs provides a general sketch of this
type of analytical apparatus with emphasis on the specific variations employed.
The interested readers are referred to more thorough literature, e.g. [60], for fur-
ther information. Subsequently, the pilot experiments and the results, part of
which are published in Ref. [61], are presented. Based on the results, further
possibilities to combine the DIVE process and mass spectrometry are discussed
in the scope of current trends of research in mass spectrometry for biological
samples.
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3 DIVE MASS SPECTROMETRY FOR PROTEOMICS

3.1.1  Working principle of mass spectrometers

A mass spectrometer measures the mass of a sample more precisely than other
techniques and provides information on its chemical structure [60, 62]. How-
ever, it does not directly weigh the mass of an analyte, but rather measures the
mass-to-charge ratio (m/z) of a charged particle. With the number of charges
known, the atomic mass could be calculated from the m/z value [60, 63]. The
general working principle of a mass spectrometer is sketched in Fig. 3.1. An
analyzing process of mass spectrometer typically consists of the following con-
secutive steps.

e The sample is introduced from gas, liquid or solid phase into the appara-
tus.

e Since the mass spectrometer only measures charged particles, ionization
of the sample is a crucial step either in parallel to or after the sample
introduction.

e The charged particles undergo specific trajectories in the electric and/or
magnetic fields implemented in the mass analyzer.

o The signals generated by the detector are translated into m/z values ac-
cording to the specific type of mass analyzer.

High vacuum, or very low pressure, typically 1072 Pa to 10~° Pa [63], is ap-
plied to the ion source, the mass analyzer and the detector in order to eliminate
background molecules. Otherwise, the collision, scattering and neutralization
of ions would impair the measurements, as the ions might be deflected, frag-
mented or eliminated [60, 63]. The results on measured m/z values are col-
lected and compiled into mass spectra. Special attention should be paid to the
interpretation of data in order to obtain credible results. For example, in the
case of peptide identification, it is usually necessary to manually validate the
search results by comparing the recorded mass spectra and the database, in-
stead of blindly trusting the computer software [62]. The constituent steps of
the analytical process are further described in the next paragraphs with empha-
sis on the techniques utilized in the experiments. For an extensive review, the
interested readers are kindly referred to standard textbooks on mass spectrom-
etry such as Ref. [60, 63, 64, 65].
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3.1 Introduction

lon Mass Data
Source — Analyzer w=p | Detector | mmp System

High Vacuum System

Inlet |mmp

Figure 3.1: Working principle of a mass spectrometer in sketch. The arrows indicate
the sequential process that an analyte undergoes through different components of the
mass spectrometer.

3.1.2 Sample introduction

The inlet unit introduces analytes into the mass spectrometer. The appropriate
configuration of the inlet unit is determined by the sample, together with its
aggregate state and thermal chemical properties. Samples in the gas phase can
be directly introduced using a direct vapor inlet or gas chromatography. Ther-
mally labile analytes can be introduced from the condensed phase with liquid
chromatography or a direct insertion probe. Direct ionization techniques are
frequently employed to introduce samples of thermal instability or insignifi-
cant vapor pressure [63].

High-Performance Liquid Chromatography/Mass Spectrometry (HPLC/
MS) benefits from the introduction of nonvolatile and/or polar samples [60]
via liquid chromatography. In liquid chromatography, a solvent, or the mo-
bile phase, first takes up the analyte, and then they move together through a
column with packing material, or the stationary phase. Components of the
analyte are separated chromatographically in the column according to their
different affinities to the mobile and stationary phases [66, 67]. Interfaces for
HPLC/MS commonly employ atmospheric pressure ionization, including elec-
trospray ionization [68], as elaborated in the next paragraphs.

3.1.3 Sample ionization

Sample ionization is an essential step that transforms the analyte molecule from
its neutral form to a charged form, which facilitates the analytical process by
the mass spectrometer. The ionization can only be bypassed if the analyte is
naturally charged, e.g. certain types of lipids [69, 70]. When an electron is re-
moved, a cation is formed from the neutral analyte molecule; when a proton
is added, an adduct ion is formed from the neutral analyte molecule and the
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3 DIVE MASS SPECTROMETRY FOR PROTEOMICS

additional proton [63]. The analyte molecule can be multiply charged, depend-
ing on the specific ionization technique employed. Various ionization tech-
inques have been developed, including inductively coupled plasma, electron
ionization, chemical ionization, electrospray ionization, Matrix-Assisted Laser
Desorption/Ionization (MALDI), fast atom bombardment, secondary ion mass
spectrometry, and variations of each type. Fragmentation commonly occur de-
pending on the ionization energy, which complicates the mass spectra but pro-
vides structural information of the analyte [63].

In inductively coupled plasma, the analyte is introduced into an argon plas-
ma consisting of Ar* and free electrons in a glass torch, where the correspond-
ing cation is produced [62].

Electron ionization is the most commonly used ionization technique for an-
alytes in the gas phase in mass spectrometry [60]. Electrons from thermal emis-
sion are accelerated by an electric field between the cathode and the anode.
The analyte molecules traveling through the ionizing electron beam are ion-
ized when an electron is removed from the molecule, since its electron cloud is
distorted by an ionizing electron passing and then the electron is ejected [63].
The cations are generated not only from the intact molecules but also from their
fragments. In case of extensive ionization energy, ions from the intact molecules
can be eliminated and only those from fragments are detected. Although the
abundance of fragmentation provides structural information during the inter-
pretation, electron ionization is not suitable to analyze proteins, in that this
technique breaks chemical bounds and that the excessive fragmentation ren-
ders overwhelmingly complicated mass spectra [62].

In chemical ionization, reagent gas is implemented in the ionization cell
which is slightly modified from that for electron ionization. The reagent gas is
converted to a cloud of reagent ions by the ionizing electron beam. For positive
chemical ionization, proton transfer reaction takes place between an analyte
molecule and a reagent ion, resulting in an adduct analyte ion. For negative
chemical ionization, electron capture reaction leads to the analyte carrying a
negative charge. Little excessive energy is applied during the process of chem-
ical ionization, rendering reduced fragmentation and intensified signals from
the analyte during the measurements. Therefore, chemical ionization is termed
as a "soft" ionization technique.

Due to the difference in fragmentation during the ionization process, elec-
tron ionization and chemical ionization are complementary to each other. The
former can be selected when the fragments are needed as "fingerprints" to com-
pare with or screen in the database. The latter can be utilized when the ions

38



3.1 Introduction

corresponding to the intact analyte molecules, termed as the molecular ions,
are required for swift and reliable identification [62].

Electrospray ionization is another "soft" technique to produce analyte ions
continuously in atmospheric pressure. The analyte is introduced in solution
through a capillary with a cone at its end. A high voltage is applied between
the capillary and the skimmer of the mass analyzer. Droplets are formed when
the analyte solution is released from the capillary, whose size is reduced on
the way to the orifice. While the mechanism of electrospray ionization is still
under discussion [60, 63], one school of thoughts involves a continuous and
repetitive process of desolvation and droplet fission. Desolvation is casued by
the evaporation of the solvent, while the application of drying gas accelerates
this process. Since the electrosprayed droplets are charged, fission is induced
by electric repulsion between the excessive charges, or Coulomb explosion of
the droplets. The continuous and repetitive desolvation and droplet fission
lead to analyte molecules with multiple charges in the end [62]. As an example
of further development and variation of electrospray ionization, nanoelectro-
spray ionization utilizes a refined capillary with reduced sample consumption
and flow rate, which reduces the loss of biomolecules, signal suppression and
adduct formation. Due to its "softness", electrospray is suitable for analysis of
proteins, even those of large masses. Since the analyte is multiply charged, the
m/z value might be reduced such that large biomolecules can be dealt with
using inexpensive mass analyzers. Deconvolution or other means of simpli-
fication is helpful for interpretation of the measured m/z values, where the
analyte is presented in multiple signals with different charge numbers [60, 62].

MALDI produces analyte ions in a "soft" but discrete manner. First the ana-
lyte is mixed in solution with a certain type of matrix that facilitates ionization.
The mixture is applied to a target plate, where it is dried and the matrix crystals
form. A pulsed laser, usually in the UV wavelength range, radiates the target
surface. The energy of the laser pulses is absorbed by the matrix molecules,
which leads to the ejection of singly protonated analyte ions in most cases [62].
Despite the controversy over its exact working mechanism [60, 63], MALDI
has been used to analyze molecules in the mass range of 500 Da to 500 000 Da
with the choice of matrices made through empirical experience. On one hand,
MALDI is advantageous in generating singly charged analytes, especially with
large masses. On the other hand, it is difficult to remove the background signals
from the matrix and to stabilize the signal intensities, which hinders quantiza-
tion of this process [62].

In fast atom bombardment, a solution consisting of the analyte and a matrix
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3 DIVE MASS SPECTROMETRY FOR PROTEOMICS

is introduced by a target as well. The target is bombarded by a fast atom beam
of energetic rare gas neutrals. The desorbed ions originate from not only the an-
alyte and its fragments but also the matrix. Fast atom bombardment typically
produces analyte ions in the mass range of 300 Da to 6000 Da [62].

In secondary ion mass spectrometry, a beam of energetic ions is focused on
to the analyte in the solid phase without any matrix, which sputters and ionizes
the analyte molecules into the gas phase [63].

3.1.4 Mass analysis

After sample ionization, the analyte ions are guided into a mass analyzer, where
they are separated according to their m/z values. Different types of mass an-
alyzers utilize different motional features of ions in electric and/or magnetic
fields to achieve such separations in space or time. Then the signal intensi-
ties detected correspond to the abundances of the separated ion groups. Com-
monly used types of mass analyzers include Time-Of-Flight (TOF), quadrupole,
ion trap, orbitrap and Fourier Transform Mass Spectrometer (FTMS),together
with their combinations and variations [60].

A TOF mass analyzer is basically a flight tube with an backing plate at one
end and a detector at the other end. An electric field is applied between the
backing plate and an acceleration grid [63]. After entering the flight tube, the
ions are accelerated in the electric field, complete the travel distance and arrive
at the detector with time delays determined by their m/z values. According to
Newton’s second law of motion, the kinetic energy of the ion could be denoted
as

E= %va =eVz (3.1)

with e as the elementrary charge, V' as the accelerating potential and v as the
ion velocity. The flight time of the ion is denoted as

m 1

L
t=_"=1 i 3.2
v z 2eV (3.2)
Rewriting Eq. 3.2 delivers the m/z value with respect to the flight time.
m t?
=2V — ~ 2 .
. eV 72 (3.3)

Therefore, ions with lower m/z values travel faster and are detected earlier,
while those with higher m/z values travel slower and are detected later. The
TOF mass analyzer has theoretically no upper limit for the m/z value and the
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capacity for fast averaging. It is also compatible with pulsed ion sources like
MALDI [60]. The TOF mass analyzer can be configured in a few different man-
ners, such as a linear and a reflectron configurations shown in Fig. 3.2. Mass
resolution is a drawback of the linear configuration of the TOF mass analyzer
[63]. A single stage gridded ion mirror, or a reflector, could be added into the
flight tube at the end opposite to the entrance for ions, which applies a repul-
sive electric field to the ions and thus reflects them. When initial energy spread
occurs to a group of incoming ions with identical m/z value, the reflected tra-
jectory compensates the initial energy spread. The compensation consequently
improves the resolution of the reflectron configuration of the TOF mass analyz-
ers [62].

A |
._,: |
|
‘_'_j [ | : '. ] ¢
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B Detector
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‘ Reflector
L Y ]
Acceleration Drift
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Figure 3.2: Linear (A) and reflectron (B) configurations of the TOF mass analyzer. Po-
tential ion trajectories are depicted in both sub-figures.

A quadrupole mass analyzer incorporates four cylindrical electrodes with a
static and a Radio Frequency (RF) electric field applied to them, where the elec-
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3 DIVE MASS SPECTROMETRY FOR PROTEOMICS

trodes are arranged in parallel, but across each other, such as shown in Fig. 3.3.
The incoming analyte ions follow complicated three-dimensional trajectories
determined by their m/z values and the electric fields. The electric fields selects
only one m/z value, so that a stable trajectory is established for the correspond-
ing ions in between the electrodes. Ions with other m/z values follow unstable
trajectories and deviate from the electrodes. Therefore, the quadrupole mass
analyzer functions as a mass "filter" [60]. The quadrupole mass analyzer is ad-
vantageous in simplicity, robustness, expense and interfacing possibilities. In
the meanwhile, there are limitations in its resolution, accuracy, upper limit of
m/z value and scanning speed to cover the measuring range of m/z values.
The combination of electrospray ionization and the quadrupole mass analyzer
can extend the mass range of samples for measurements, since electrospray
ionization renders multiply charged ions [62].

RF+
RF-_\RF-

RF+

& O

Figure 3.3: A quadrupole mass analyzer in sketch. The dashed curve depicts a possible
ion trajectory in between the electrodes. The polarities of the RF voltages are marked
out for only one half of the RF cycle, which are exchanged for the other half cycle.

An ion trap could be seen as a three-dimensional quadrupole mass ana-
lyzer, consisting of two end-cap electrodes and a ring electrode in the middle,
with static and RF electric fields applied to the electrodes as well. In addition,
dampening gas like helium is required. Different from the one-dimensional
quadrupole mass analyzer, the ion trap mass analyzer could store all incoming
ions with various m/z values in the equipment. The ejection of ions with a cer-
tain m/z value is performed by the choice of the electric fields [62]. Despite of
its convenience, the ion trap mass analyzer consumes a long time for detection;
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it has limited resolving power ! and the upper m/z value around 6000; and the
dampening gas may induce undesired collisions of the stored ions [60].

In an orbitrap mass analyzer, the motions of all incoming ions take place
in the space between an inner spindle-shaped and an outer barrel-shaped elec-
trodes coaxial to each other. A static electric field is applied to the two elec-
trodes [60]. Due to the carefully engineered shapes of the electrodes and the
electric field, the ions circle radially around and oscillate axially along the in-
ner electrode at the same time. Only the axial oscillation frequency w is related
to the m/z value but independent from other variables,

P L 5 (3.4)
> m

with k as an instrumental constant. Fourier Transform is applied to the mea-
sured signals of the axial oscillations, in order to distinguish different oscilla-
tion frequencies of ions with different m/z values [62]. Although it requires
the lowest pressure, in other words the highest vacuum, the orbitrap mass an-
alyzer has been commercialized to the length of three one-Euro coins (Thermo
Electron Corporation), offering the resolving power of more than 70 000 [60].

A Fourier Transform mass analyzer has its core in a cell for ion cyclotron
resonance, as shown in Fig. 3.4. Different from the mass analyzers described
previously, a static and uniform magnetic field is applied to the cell, which
leads to the cyclotron motions of all incoming ions along circular orbits. The
angular frequency of an ion’s cyclotron motion is related only to the magnetic
flux density B and the m/z value,

W =

5_ .= (3.5)
> m

with e as the elementary charge. In order to excite ions of one m/z value, an
RF voltage can be applied to the side panels of the cell, whose frequency is
identical to the cyclotron frequency of the ions of interest. The excited ions pro-
cess with increasing cyclotron radii but their angular frequency is maintained.
When the ions approach the upper and bottom panels with electrodes, their an-
gular frequency is detected as the oscillation frequency of the induced current
at the electrodes [63]. In order to excite ions of various m/z values, a chirped
signal with various frequencies can be employed [60]. Due to the various fre-

The resolving power R is a specific m/z value divided by the difference in the m/z value
Am that can be distinguished by the mass spectrometer. R = % [60].
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quency components of the detected signals, Fourier Transform is applied to ob-
tain the angular frequencies, from which the m/z values are calculated. Com-
pared to other mass analyzers, the Fourier Transform mass analyzer offers the
highest resolution and accuracy [62]. However, its high price and significant
space consumption restrict its usage mainly to research laboratories.

V4

\ Detector

Signal source for excitation

Figure 3.4: A Fourier Transform mass analyzer in sketch. The magnetic field is denoted
by B. The two side panels of this cell are connected to the signal source for excitation
of the ions. The top and bottom panels are connected to the detection device. Part of
an ion’s precessing trajectory is depicted in a dashed curve.

In order to obtain structural information on the analyte, the precursor ions
are dissociated in the mass spectrometer and then the product ions are further
measured of their m/z values. Tandem mass spectrometry could achieve this
goal, utilizing single or multiple mass analyzers. The ion trap, the orbitrap and
the FTMS as stand-alone mass analyzers can perform tandem mass spectrom-
etry in the time domain [60]. Multiple identical or hybrid mass analyzers, e.g.
TOF-TOE, quadrupole-TOF and so on, can fulfill this purpose in the space do-
main. In the latter case, a collision cell is usually built in between the mass
analyzers.

After being separated in the mass analyzer according to their m/z values,
the ions arrive at the detector, where signals are generated by their charge
or momentum. Traditionally photographic plates were used, and a Faraday
cup is a classical solution for large signals [63]. Modern instruments employ
an electron multiplier as the detector, due to its advantages in low noise and
high speed [62]. The electron multiplier offers good precision and significantly
higher sensitivity compared to the Faraday cup [60].
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Owing to the flourishing computer technology, the data system and the in-
terpretation of mass spectra have been significantly advanced. For example,
the probability based matching searches and compares the "fingerprints" of the
analyte with a library or database [63], which brings along significant conve-
nience and ease to researchers. However, it is necessary to understand and
verify the interpretation of mass spectra and not to blindly trust the computer
based searches.

3.1.5 Applications of mass spectrometers

In light of the capabilities to measure mass precisely and to provide structural
information, various types and combinations of mass spectrometers are uti-
lized in the fields of analytical chemistry, biochemistry, clinical diagnosis and
others. The analytes can be inorganic or organic and of a wide range of mass.
Amongst the manifold application scenarios, mass spectrometers are of special
importance in proteomics. Proteomics is the identification, study and assess-
ment of all the proteins expressed and modified during the lifetime of a cell
[60, 62]. In the scope of the biological dogma from DNA to RNA and then
to protein, proteomics is coherently in accordance with the central dogma and
the associated fields of study, such as genomics. With respect to genomics,
proteomics is complementary but more complicated. Several contributing fac-
tors are the great abundance of proteins expressed by the limited number of
genes, post translational modifications, environmental influence and gene mu-
tations [71]. Since proteins compose the main functional machinery in cells,
proteomics can lead to significant and time-saving advancements in drug de-
velopment and discoveries of prognostic markers, taking proteins as targets
[71, 72].

The central focus of a proteomic study usually resides on a complex protein
mixture. Mass spectrometry provides a precise solution to the analysis of such
a protein mixture. After the protein mixture is either first separated and then
digested (termed as top-down), or first digested and then separated (termed as
bottom-up or shot-gun), the eventual assembly of peptides are analyzed with
mass spectrometers and identified according to their m/z values and their dis-
sociated components [60, 62]. Due to their "softness", electrospray ionization
and MALDI are frequently used to introduce and ionize the peptides into the
conjunctive mass analyzers, where tandem mass spectrometry is commonly
employed in order to identify the peptides from their constituents [72, 73]. The
technical features render mass spectrometry an appropriate tool in the pilot ex-
periments to answer the two questions, posed in the beginning of this chapter,
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concerning the effects of the PIRL ablation on proteins. The pilot experiments
and the results, elaborated in the following sections, serve as a solid founda-
tion to discuss not only the effects of the PIRL ablation on proteins, but also
further integration of the PIRL ablation in mass spectrometry. Owing to the
characteristics of the DIVE process, the PIRL ablation can potentially be com-
bined with mass spectrometric technologies and utilized in the aforementioned
application scenarios.

3.2 Material and methods

In the pilot experiments, tissue samples and proteinous molecules in solutions
were ablated by the PIRL and the ablation plume was collected. Biochemical
techniques were used to examine the abundance of proteins in the collected
ablation plume of tissue samples. Furthermore, conventional mass spectrom-
etry techniques were utilized to compare the chemical compositions of the ab-
lated molecules and the corresponding controls, in order to investigate poten-
tial fragmentations as well as chemical or enzymatic changes induced by the
PIRL ablation.

3.2.1 The PIRL ablation

The PIRL system is described in Chap. 2. The following are the parameters uti-
lized during the pilot experiments on the application of the PIRL ablation un-
der DIVE condition in mass spectrometry. The optical power of the PIRL beam
at the sample surface was approximately 450 mW. The optical energy density
per pulse at the sample surface was 3.39] cm 2. The peak power density was
1.13 x 10" W em™—2, which at 1kHz gives an average focused power density
of 3.39 x 10 Wem—2. However, the PIRL beam was scanned at the speed of
130mms~! during the ablation process. The beam scanning was fast enough to
sample a new spot between shots such that the focused fluence of 3.39] cm ™
is the relevant parameter. In order to investigate whether the PIRL ablation
is specific to protein species, a piece of mouse muscle tissue was ablated by
the PIRL in a square pattern measuring 5mm x 5mm over an ablation time
of 5min. In order to examine with mass spectrometers possible fragmentation
and chemical alternation in proteins ablated by the PIRL, aliquots of Ribonu-
clease A (RNase A) solution, trypsin solution and human blood plasma were
utilized and transferred onto caps of reaction vials. The PIRL ablation was per-
formed on the surface of the sample solutions in the square pattern measuring
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4mm x 4 mm, until the aliquot was completely ablated away.

3.2.2 Samples and corresponding ablation plume collection

Mouse muscle tissue

The mouse muscle tissue was directly used for the PIRL ablation without any
sample preparation or treatment. The ablation plume was captured in a home
built cryo-trap using liquid nitrogen, as shown in Fig. 3.5. This cryo-trap con-
sisted of a vacuum pump unit (MZ 2C VARIO and CVC 2000, Vacuubrand
GmbH + Co KG, Germany), a tubing system and a conical centrifuge tube
(Falcon™ 50 ml, Thermo Fisher Scientific Inc., USA). The ablation plume was
condensated at the bottom of the conical centrifuge tube due to the suction ac-
tivated by the vacuum pump and the cooling by the liquid nitrogen.

PIRL incident beam l

e
/

Ablation plume —

Tissue—s r
L
/<——— Ablation product
Figure 3.5: Schematic diagram of the setup to collect the ablation plume with a cryo-
trap using liquid nitrogen. The vacuum pump activates a suction mechanism, through

which the ablation plume is collected in the conical centrifuge tube. As the tube is
cooled by liquid nitrogen, the ablation plume is condensated at its bottom.

RNase A solution

RNase A was purchased from Sigma-Aldrich BioChemie GmbH, Germany. The
concentration of the RNase A solution was 5.9ugul~'. The volume of 300 ul
from the RNase A solution was transferred to a reaction vial’s cap and ablated
by the PIRL. The ablation plume was captured with a home built trapping de-
vice. This trapping device utilized the vacuum pump, the tubing system and
a plastic housing containing a C8 reversed-phase extraction membrane disc
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(3M Empore™ SPE, Sigma-Aldrich). Before the PIRL ablation and the plume
collection were performed, the extraction disc was conditioned with 300 pl of
pure acetonitrile (ACN) (HPLC-grade, Merck, Germany) and equilibrated with
0.1% Formic Acid (FA) (Sigma-Aldrich, Germany) using the vacuum pump.
During the PIRL ablation, the ablated RNase A molecules were trapped on the
reversed-phase membrane due to the suction of the ablation plume activated
by the vacuum pump.

As a control sample, un-ablated RNase A solution with the volume of 300 ul
was transferred onto another extraction disc and vacuumed over the reversed-
phase membrane.

The reversed-phase membranes with the ablated RNase A molecules and
the un-ablated control were placed into P-200 tips and washed with 200 ul of
0.1 % Trifluoroacetic Acid (TFA) (Sigma-Aldrich). Elution was achieved with
200l of 70% ACN, 0.1% TFA (dissolved in HPLC-H,O). The samples were
subsequently vaporized with a vacuum concentrator. The dried samples were
dissolved in 20 pl of 0.1 % FA for further mass spectrometric analysis.

Trypsin solution

Trypsin (non-sequencing grade, Sigma-Aldrich) was dissolved in 100 mmol
NH,HCO; rendering the concentration of 4.55 ugpl=!. A volume of 300 ul from
the trypsin solution was transferred to a reaction vial’s cap and ablated by the
PIRL. The ablation plume was captured with the cryo-trap using liquid nitro-
gen, as condensate at the bottom of a conical centrifuge tube (Thermo Fisher
Scientific Inc.).

Human plasma serum

Human plasma serum was obtained from donation in accordance to the ethics
committee of the medical association Hamburg. A volume of 300 pl from the
human plasma serum was transferred to a reaction vial’s cap and ablated by
the PIRL without any further treatment. The ablation plume was collected in
the cryo-trap using liquid nitrogen.

3.2.3 Analytical methods

Gel elctrophoresis of ablated mouse muscle tissue

The concentration of proteins in the collected ablation plume of the mouse mus-
cle tissue was determined with a NanoDrop 1000 spectrophotometer (Thermo
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Scientific, USA) as 19.33 pgul ™. In order to perform Sodium Dodecyl Sulfate-
Polyacrylamide Gel Electrophoresis (SDS-PAGE), 7.5l of the collected ablated
mouse muscle was dissolved in 5 ul of four times concentrated sample buffer,
1pl of 20 times concentrated reducing agent and filled up to 20 ul with HPLC-
H,O. The sample was incubated at 95°C for 5min and loaded onto a 10 %
Criterion™ XT Bis-Tris gel (Bio-Rad, Germany). The proteins were separated at
a constant voltage of 120 V for 45 min. The gel was stained over night according
to Dyballa and Metzger [74] and destained with 40 % methanol.

Alpha-casein digestion of ablated trypsin solution

In order to test its enzyme activity, 1l of the condensate collected during the
PIRL ablation of the trypsin solution was dissolved in 79 pl of trypsin resuspen-
sion buffer (Promega GmbH, Germany). For the purpose of tryptic digestion,
2.9mg of alpha-casein (Sigma-Aldrich) was dissolved in 100 pl of urea (6 mol).
For reduction, 2.3l of dithiotreitol (Sigma-Aldrich) (100 mmol, dissolved in
100 mmol NH,HCO; (Sigma-Aldrich)) was added and incubated for 10 min at
56 °C. Afterwards, 2.3 pl of iodacetamide (Sigma-Aldrich) (300 mmol, dissolved
in 100 mmol NH,HCO;) was added and incubated for 30 min in the dark. Then
850 ul of NH4HCO; (100 mmol) was added. Finally, the trypsin digest solution
(80 pl) was added and the sample was digested over night at 37°C. The di-
gest was acidified with FA and evaporated. The sample was dissolved in 70 ul
of 0.1 % TFA and desalted with home-made Oligo R3 (Life Technologies, Ger-
many) micro-column as described in Ref. [75]. After desalting, the sample was
evaporated and dissolved in 20 ul of 0.1 % FA for nano Ultra Performance Lig-
uid Chromatography-Electrospray Ionization-Quadrupole-Time-Of-Flight tan-
dem mass spectrometry (UPLC-ESI-QTOF-MS/MS) analysis.

As a control sample, intact alpha-casein was dissolved in 0.1 % FA, render-
ing the concentration of 1 pgul~! and analyzed without further trypsin incuba-
tion by nano UPLC-ESI-QTOF-MS/MS analysis.

Angiotensin | incubation of ablated human plasma serum

The amount of 4.752 pug from the human plasma serum collected from the abla-
tion plume was incubated with angiotensin I (Ang 1-10, with the concentration
of 107° mol, dissolved in MS-H,0) at 37 °C. After defined incubation time spans
(0h, 6 h and 24 h), aliquots with the volume of 0.5 pul were used for MALDI-TOF
MS analysis.
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MALDI-TOF MS analyses

MALDI-TOF MS analyses were performed on model Reflex IV (Brucker, Ger-
many) equipped with an N,-laser in positive ion-mode. Measurements on the
RNase A sample were carried out in the linear mode with 2,5-dihydroxyaceto-
phenone (DHAP) as matrix. In order to prepare the matrix, 7.6 mg of DHAP
was dissolved in 375l of ethanol. After vortexing and sonification, 125 ul of
diammonium citrate was added. The volume of 2 pl from the dissolved sample
was mixed with 2l of 2% TFA and 2l of the DHAP solution in a tube with
the volume of 0.5ml. Due to friction on the tube surface, crystallisation seeds
were created with a small pipette tip. The volume of 1 pl from the solution was
loaded on a MALDI anchor chip target.

Measurements on the angiotensin I incubated with the ablated human plas-
ma serum were carried out in the reflector mode. The sample was prepared
according to the dried-droplet method with 2,5-dihydroxybenzoic acid (DHB)
as matrix. The matrix solution consisted of DHB with the concentration of
20mgml~* and ACN: 0.1 % TFA with the volume to volume ratio of 30:70, dis-
solved in HPLC-H,O. The volume of 0.5l from the angiotensin I incubated
with the ablated human plasma serum was mixed with 0.5 pl of the DHB ma-
trix solution and utilized for measurements with the MALDI-TOF mass spec-
trometer.

LC-MS/MS analyses

LC-MS measurements were performed by injecting the samples onto the nano
UPLC-ESI-QTOF (nanoACQUITY, Waters, UK and QTOF Premier, Micromass/
Waters, UK) mass spectrometer. The samples were loaded at the rate of
S5ulmin~!ona trapping column (nanoACQUITY UPLC PST trap column, C18,
180 pm x 20 mm, 5pum, 100 A, Waters, UK; buffer A: 0.1% FA in HPLC-H,O;
buffer B: 0.1 % FA in ACN) with 2 % buffer B. After sample loading, the trap-
ping column was washed for 5 min with 2 % buffer B at the rate of 5 pulmin—"'.
The peptides were eluted at the rate of 200 nl min~! onto the separation column
(nanoACQUITY UPLC Ethylene Bridged Hybrid (BEH) column, C18, 75 pm x
150mm, 100 A; gradient: 2% to 50 % B in 30 min in case of the short gradient,
or in 90min in case of the long gradient). The spray was generated from a
fused-silica emitter (I.D. 10 um, New Objective, USA) at a capillary voltage of
1520V, a source temperature of 100 °C and a cone voltage of 40V in positive
ion mode. For MS/MS measurements, data were recorded in the data depen-
dent acquisition mode. MS survey scans were performed over an m/z range
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of 400 to 1500 with a scan time of 0.6s and an inter-scan delay of 0.05s. The
two most abundant signals were used for fragmentation. MS/MS spectra were
obtained over an m/z range of 100 to 1500 with a scan time of 0.95s and a colli-
sion ramp of 22eV to 30eV. An online exclusion was used to prevent multiple
fragmentation events with the exclusion time of 20 s and the exclusion window
of + 2.

Full scan MS spectra were recorded for measurements on intact proteins
over an m/z range of 500 to 3000. A lock-spray spectrum was recorded for cal-
ibration every 10s with 1 pmol pl~* of [Glul] Fibrinopeptide B (Sigma-Aldrich,
Germany) over an m/z range of 100 to 1500 using a collision energy of 22eV.

3.3 Results and discussion

3.3.1 Results

The PIRL ablation was applied to the mouse muscle tissue, the solutions of
RNase A and trypsin, and human plasma serum, in combination with conven-
tional analytical techniques including mass spectrometry, in order to investi-
gate sample specific requirements and alternations of proteins during the DIVE
process.

Over the ablation time of 5 min, the PIRL ablated away a piece of the mouse
muscle tissue measuring 5 mm x 5 mm x 1.5 mm. No treatment was required for
the mouse muscle tissue before the PIRL ablation. The collected ablation plume
of the mouse muscle was condensated in the conical centrifuge tube, render-
ing a volume of 50 ul with a protein concentration of 19.33 pgul~'. Therefore,
0.9665 mg of proteins was extracted by the PIRL ablation from 37.5 mm? of
mouse muscle. The volume of 7.5 pl from the collected ablation plume was di-
rectly used for SDS-PAGE without any further processing. A significant num-
ber of bands were observed on the SDS-PAGE, ranging from a few kDa to a
few hundred kDa, as shown in Fig. 3.6. Therefore, great abundance of differ-
ent protein species was directly extracted by the PIRL ablation from the mouse
muscle tissue.
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Figure 3.6: SDS-PAGE of proteins collected from the PIRL ablation of mouse muscle,
reproduced from Ref. [61] with permission. Left: protein standards. Right: 145ng
of proteins from the mouse muscle ablated by the PIRL. Protein species with a large
variety of molecular weights are present.

As a standard model protein commercially available, RNase A in solution
was ablated by the PIRL and the ablation plume was collected and analyzed
with a MALDI-TOF mass spectrometer and a LC-ESI-QTOF mass spectrome-
ter. The un-ablated RNase A in solution was analyzed in the identical way as
the control. The MALDI-TOF mass spectra in Fig. 3.7 present signals corre-
sponding to the ablated and un-ablated RNAse A protein species doubly and
triply protonated. Using the MALDI-TOF mass spectrometer, the spectra of the
ablated and un-ablated RNase A molecules are almost identical to each other.
The LC-ESI-QTOF mass spectrometer was employed as an alternative analysis
to compare the ablated and un-ablated RNase A protein species. Due to the
electrospray ionization employed, multiply protonated RNase A molecules are
presented in the LC-ESI-QTOF mass spectra in Fig. 3.8 for both the ablated and
the un-ablated samples. As a zoom-in of Fig. 3.8, deconvoluted spectra ? of
ablated and un-ablated RNase A molecules are shown in Fig. 3.9. All signals
detected in the mass spectra of the ablated RNase A molecules were also found
in the mass spectra of the un-ablated control, and vice versa. According to the
mass spectrometry analyses, the ablated RNase A protein species was virtually
identical to the un-ablated control. No fragmentation or chemical alternation
was found for the RNase A molecules through the PIRL ablation.

?Deconvoluted mass spectrum presents a desired signal or desired signals extracted from a
mass spectrum including the signal(s) but complicated, or convolved in other words, in certain
ways [76].
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Figure 3.7: MALDI-TOF mass spectra of RNase A in solution ablated by the PIRL (A)
and the un-ablated control (B). Matrix: 2,5-DHAP. Signals corresponding to the RNase
A protein species doubly and triply protonated are marked out. The important features
are the mass peaks. The differences in baseline and relative peak intensities are normal
variations seen with matrix preparation in the MALDI method.
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Figure 3.8: LC-ESI-QTOF mass spectra of RNase A in solution ablated by the PIRL (A)
and the un-ablated control (B). Signals corresponding to the RNase A protein species
six to fourteens times protonated are marked out.
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Figure 3.9: Deconvoluted LC-ESI-QTOF mass spectra of RNase A in solution ablated
by the PIRL (A) and the un-ablated control (B). The most intensive signals correspond
to RNase A protein species nine times protonated.

In addition to possible fragmentation and chemical alternation, it was stud-
ied whether the enzymatic activity of proteins would be preserved through the
PIRL ablation. Trypsin and human blood plasma were selected for this pur-
pose. Trypsin in solution was ablated by the PIRL, the ablation plume of which
was collected and incubated with alpha-casein and analyzed with nano UPLC-
ESI-QTOF-MS/MS. Alpha-casein not incubated with trypsin was analyzed in
the identical procedure as a control sample. In the chromatogram of alpha-
casein incubated with the ablated trypsin, no signals of the intact alpha-casein
were observed, and a number of tryptic peptides were detected, as shown in
Fig. 3.10 (A). For the non-incubated alpha-casein, the intact alpha-casein was
observed but no tryptic peptides were detected, as shown in Fig. 3.10 (B).
Hence, alpha-casein was digested during the incubation by the ablated trypsin,
and on the contrary it remained intact without incubation. Therefore, trypsin
maintained its enzymatic activity through the PIRL ablation.
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Figure 3.10: Base Peak-Chromatograms of the nano UPLC-ESI-QTOF-MS/MS analy-
ses of alpha-casein digested by the ablated trypsin (A) and alpha-casein not incubated
with trypsin (B), reproduced from Ref. [61] with permission. In chromatography, dif-
ferent components of the analyte are separated with respect to the retention time. In
the base peak-chromatogram, a mass spectrum is recorded at each measuring point of
the retention time, and the ion signal with the highest intensity in the mass spectrum
is plotted in the chromatogram with respect to the retention time [76].

As a second model to investigate the potential effects of the PIRL ablation
on enzymatic activities, human blood plasma serum was ablated and the col-
lected ablation plume was incubated with Ang 1-10. The MALDI-TOF mass
spectrometer was used to analyze the incubation results after 0h, 6h and 24h,
as shown in Fig. 3.11. After six hours of incubation, Ang 1-8 and Ang 6-10 were
observed. After 24 hours of incubation, Ang 4-10 and Ang 1-7 were observed.
These angiotensin peptides were generated from the precursor Ang 1-10 dur-
ing the metabolizing proteolytic activities of enzymes in human blood plasma
[77]. Therefore, the enzymatic activities of proteins in human blood plasma
were maintained through the PIRL ablation.
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Figure 3.11: MALDI-TOF mass spectra of ablated human blood plasma serum incu-
bated with Ang 1-10 for Oh (A), 6h (B) and 24 h (C), reproduced from Ref. [61] with
permission. Matrix: 2,5-DHB. Angiotensin peptides generated in the incubation were
marked out.
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3.3.2 Discussion

Analyses using conventional biochemical and MS techniques provided infor-
mative insight into the PIRL ablation plume of tissue samples and proteins in
solutions. The pilot experiments provide answers to the two questions posed
in the beginning of this chapter, concerning the effects of the PIRL ablation on
proteins.

The first question is answered by investigating the proteins in the ablation
plume of tissue. Great abundance of proteins was extracted by the PIRL ab-
lation from the mouse muscle tissue, ranging from less than 10kDa to almost
250kDa, as shown in the SDS-PAGE in Fig. 3.6. The huge variety of the pro-
teins extracted from the mouse muscle tissue indicates that the PIRL did not
impose any sample specific requirements.

The answer to the second question is derived from the analyses of the abla-
tion plumes of RNase A solution, trypsin solution, and human plasma serum.
The absence of fragmentation and chemical alternation during the PIRL abla-
tion of RNase A in solution was verified against the un-ablated control with
two types of mass spectrometers, MALDI-TOF and LC-ESI-QTOEF. The mass
spectra of the collected ablated RNase A samples were virtually identical to
those of the un-ablated control in both cases, as shown in Figs. 3.7, 3.8 and
3.9. Therefore, RNase A molecules in solution did not suffer from detectable
fragmentation or chemical change during the PIRL ablation. Furthermore, the
enzymatic activities of proteins in the DIVE condition were examined using
two models, trypsin and human plasma serum. The trypsin collected through
the PIRL ablation maintained its enzymatic activity and digested alpha-casein
completely into peptides during the incubation, as shown in Fig. 3.10 (A). The
enzymes in human plasma serum maintained their Ang 1-10 metabolizing pro-
teolytic activities throughout the PIRL ablation. During the incubation of the
ablated human plasma serum with Ang 1-10, the presence of angiotensin pep-
tides, i. e. Ang 1-8 and Ang 6-10 after 6h as well as Ang 4-10 and ang 1-7
after 24 h, verifies the preserved enzymatic activities of corresponding plasma
proteases in the ablated human plasma serum, as shown in Fig. 3.11. Conse-
quently, no deviation was observed in the enzymatic functions of trypsin and
proteases in human plasma serum corresponding to Ang 1-10 metabolizing
proteolysis, in the cases of trypsin and human plasma serum collected from
the PIRL ablation plumes.

Both the physical principle of the DIVE process and the pilot experiments
indicate that the PIRL ablation has great potential as a sampling technique to
introduce proteins and other biomolecules to mass spectrometers, where in situ
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and in vivo investigation could be envisioned. This aspect is further discussed
in the following paragraphs.

The demand from analytical science and daily practice is an ever increasing
request for mass spectrometry, especially on biological samples whose proper-
ties should be taken into account during analyses with mass spectrometers. It
is necessary to adapt the instrumental configurations of mass spectrometers to
the features of the biological analytes and the conditions of their origins. De-
spite of their "softness", electrospray ionization and MALDI are unsuitable for
many types of biological samples, in that electrospray ionization requires the
analyte dissolved in a solvent and that MALDI employs a denaturing matrix
and high vacuum. Such necessities of electrospray ionization and MALDI are
especially in conflict with in vivo investigations [78]. Derivations and variations
of these two ionization techniques have emerged to ionize and introduce bio-
logical samples to mass analyzers, including Desorption Electrospray Ioniza-
tion (DESI), Atmospheric Pressure Infrared MALDI (AP IR MALDI) and Laser
Ablation Electrospray lonization (LAESI).

In DES], the charged solvent spray is applied to the unprepared samples
on a substrate. There the samples are then desorbed, ionized and introduced
into a mass analyzer [79]. An exemplary combination of DESI and an ion trap
mass analyzer has provided information on lipids in human brain specimens,
which could potentially intraoperatively guide brain tumor surgery according
to tumor cell concentration [80]. AP IR MALDI utilizes oftentimes either an
Er:YAG [81], or Nd:YAG [82], or Yb:YAG [83] laser pumped optical parametric
oscillator to desorb the biological molecules, with the laser pulse duration on
the order of nanoseconds. Combined with ion trap or TOF mass analyzers, AP
IR MALDI has produced strong ion signals of peptides, metabolites and small
carbonhydrates with artificial matrix [81, 83] or even in native water [82]. The
LAESI technique established by Nemes and Vertes [84] also employs lasers at
the wavelength of 2.94 pm with nanosecond pulses to ablate water-containing
biological samples into the gas phase, which are ionized by the electrospray.
Studies on proteins, lipids and small metabolites have been performed in situ
and in vivo with LAESI and mass analyzers like TOF and QTOF [78, 84, 85,
86, 87, 88]. During LAESI, fragmentation of biological molecules is claimed
to be practically absent, and the internal energy of the ejected molecules and
particulates is not significantly larger than that of electrospray ionization [88].

The integration of the PIRL ablation, a certain ionization mechanism (e.g.
electrospray ionization) and a mass analyzer has the potential to set a foothold
in the analysis of biological molecules and tissue samples, owing to the charac-
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teristics of the DIVE process. As elaborated in Chap. 1, the PIRL ablation takes
place with the confinement of thermal and acoustic transients and the thresh-
old fluence of approximately 1] cm™? [3] for the biological samples in this study.
In a stark contrast, the optical fluence in the LAESI experiments is higher, e.g.
from 1.9Jcm™2 to 2.2J em ™2 [78] to even around 15]Jcm 2 [88], and the pulse
width is much longer i.e. on the nanosecond scale. Since the shock wave dy-
namics affects the ejection of particulates and the internal energy of product
ions [88], the PIRL ablation, with thermal acoustic confinement and low opti-
cal fluence directly coupling to translation motions for ablation, is more likely
to ensure the production of molecular ions and the absence of fragmentation.
Moreover, when the PIRL ablation is employed to introduce biological samples
to mass spectrometers, there is no need to treat the sample in advance. This
result is particularly important that one does not have to dissolve the sample
in a solution, or to apply an external matrix. Therefore, the PIRL ablation can
facilitate in situ and in vivo analyses with mass spectrometers. In the mean-
while, further investigations are necessary to gain a deeper understanding of
the plume dynamics of the PIRL ablation, in order to optimize the combination
with ion source and mass analyzer.

Not only the exact chemical compositions but also their spatial distributions
are crucial to understanding complex biochemical processes at any point of an
organism’s life cycle [89]. Imaging mass spectrometry provides such a possi-
bility in two dimensions or even potentially in three dimensions, exempting
chemical tagging and antibodies [90]. MALDI is frequently coupled to ion trap
or QTOF mass analyzers to perform tissue imaging [89, 91]. DESI with ion
trap [80] or hybrid ion source with Fourier Transform mass analyzer [92] are
also employed to probe brain, heart, and lung tissues. LAESI facilitates inves-
tigations on plant metabolic characteristics via molecular imaging and depth
profiling as well [78]. A deterministic factor of the spatial resolution of imag-
ing mass spectrometry is the focal diameter of the laser beam on the sample
surface. Imaging mass spectrometers based on MALDI usually operate with
the spatial resolution of 50 pm to 100 um, while the example based on LAESI
has a lateral resolution of 350 pm and a depth resolution of 50 pm [78]. The
PIRL parameters can be adjusted to give 10 um lateral and micron longitudinal
resolution due to the complete confinement of the absorbed energy and trans-
duction to translational motions driving the ablation.

In this regard, tissue imaging is another niche to pursuit, amongst the many
application possibilities of the PIRL ablation in mass spectrometry. When a
translation stage and the corresponding control loop are added, the integration
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of the PIRL ablation, the ionization mechanism and the mass analyzer could be
configured to register mass spectra with respect to the location of the PIRL ab-
lation. From one ablation site to the next, the PIRL ablation provides a means
to scan through the region of interest on the tissue. Afterwards, the spatial
distributions of the chemical compositions could be obtained from the tissue,
with the DIVE process lending a hand in securing the intactness of the chem-
ical compositions. Similar to the established laser-based techniques for tissue
imaging, reducing the diameter of the focal spot of the PIRL beam could lead
to the increase in spatial resolution. The PIRL beam can in principle be focused
to the diffraction limit on the order of its wavelength, approximately 3 um. As
elaborated in Chap. 1, the PIRL radiation is absorbed within the first few mi-
crometers of the tissues. These two dimensions can be reckoned as the opti-
mal lateral and vertical resolution in the case of tissue imaging with the PIRL
ablation. Furthermore, potential combinations of the PIRL ablation and large-
scale analytical methods such as tissue microarrays [93] have a very positive
outlook on advancing the research on not only large molecules like proteins
and peptides but also drug metabolites and lipids. It is naturally necessary to
fine-tune the instrumental details, including ablation parameters, ion source,
measurement parameters, data acquisition and comparison, in order to gauge
the specific samples and the aims of experiments.
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4 Towards ultimate limit of
biodiagnosis

4.1 Introduction

The extraction of biological complexes from their native environment is the first
essential step towards biochemical analysis and disease diagnostics. Specific
techniques must be employed to extract samples effectively. These techniques
are highly dependent upon the biological complex, biomolecular, viral or cellu-
lar, and the medium from which the extraction is performed [94, 95]. Such ex-
traction techniques involve homogenization, elution and concentration of sam-
ples like blood [96], feces [96], urine [97], plant tissues [98, 99] and suspected
foods for pathogen detection [100]. Further processing of such samples can
be time consuming and involve complicated specific biochemical purifications,
before subsequent analytical and diagnostic procedures can be performed. In
certain scenarios, including determination of inflammatory or cancerous con-
ditions, biopsies are employed to obtain cells or tissues. However, the biopsies,
especially when incisions or needles are used to remove macroscopic quanti-
ties, commonly result in secondary infections [101, 102], pain [103, 104] and
prolonged healing time [104]. This chapter elaborates on the development and
characterization of a laser based extraction method capable of removing vol-
umes as small as a few cells with the integrity of the constituent material fully
preserved. The method is free from mechanical intervention, which signifi-
cantly reduces the complexity and time required for the extraction of biological
entities, compared to conventional extraction methods. The potential of this
method is also demonstrated to substantially increase the speed for biological
analysis and disease diagnosis.

Laser based methods to extract biological samples have been under devel-
opment for a number of years [105], where laser radiation has been frequently
utilized as a tool for the excision of tissue [106, 107, 108, 109]. The CO, laser
is a common solution used in laser cone biopsy [107] and endoscopic laser ex-
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cisional biopsy [108] in the operation theater. Laser cutting microdissection
techniques employ a UV laser [110, 111] to excise the region of interest, af-
ter which downstream molecular analysis is performed on the obtained sam-
ple. Laser capture microdissection techniques isolate specific tissue regions for
biopsy, utilizing an infrared wavelength of 10.6 um (CO, laser) to melt a plastic
membrane on top of the tissue and then lifting off the region of interest [109].
These laser based extraction methods result in similar benefits and drawbacks
that are incurred for a given laser’s application to surgical cutting. As typical
for CO; laser cutting, excessive tissue removal and thermal damage can lead to
prolonged healing time and complications [112].

In contrast to conventional medical lasers, the PIRL scalpel under DIVE
condition has been demonstrated to cut at the fundamental (single cell) limit
for minimally invasive surgery, effectively without scar tissue formation [8] by
taking advantage of the extremely high absorption of the vibrational stretch-
ing mode of water [1, 9, 10] in the 3 ym wavelength range. The pulse duration
of PIRL, on one hand, avoids excessively high peak powers of the incident ra-
diation that would lead to multiphoton ionization and plasma formation with
accompanying massive fragmentation and loss of the identity of the constituent
material, and on the other hand, minimizes shock wave damage and thermal
degradation. Applications of the PIRL ablation under DIVE condition, further
beyond the surgical ones, can be derived from the characteristics of the ablation
process.

In this chapter, the DIVE process is specifically exploited for the purposes of
rapid extraction of biological systems, which can lead to numerous applications
for high speed, on-the-fly detection, of micrometer scale biopsies of sample vol-
umes as small as 10?1 or less (sub-picolitre). Several methods were employed
to investigate the higher order integrity and functionality of the biological enti-
ties ablated by the PIRL under DIVE condition from frozen concentrated aque-
ous solutions or suspensions and also from their natural environment. The an-
alytical techniques include high-resolution microscope imaging, western blot
analysis, colony development and inoculation tests, in order to examine the
integrity and activity of collected ablated biological complexes. To ensure spa-
tially homogeneous samples, the biological complexes were prepared in pure
solutions or suspensions as samples for the PIRL ablation and plume collection.
The examinations following ablation and collection revealed intact high order
structure of the intercellular globular protein ferritin, intact structural integrity
and sustained fluorescence of the commonly used fluorescent labeling protein
recombinant Green Fluorescence Protein (rGFP), and intact biological activities
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of Tobacco Mosaic Virus (TMV, Family Virgaviridae, Genus Tobamovirus) and Sac-
charomyces cerevisiae (S. cerevisiae) cells. Especially for the infectious agent TMV,
the gentleness of this laser extraction method is further verified by successfully
inoculating the TMV collected from the ablation plume into the live leaves of
Nicotiana glutinosa L. Furthermore, it is demonstrated that the PIRL ablation is
capable to extract infectious agents like TMV from its natural environment, e.g.
systematically infected tobacco leaves, and that the extracted sample (the col-
lected ablation plume) maintains its biological activity, validated by the inocu-
lation test. These results confirm that the ablation plume collected during the
DIVE process serves as a valid sample for analysis and biodiagnosis, establish-
ing the PIRL ablation under DIVE condition as a direct, simple, and effective
method for the soft extraction of biological entities. A part of the results in this
chapter is published in Ref. [113].

4.2 Material and methods

4.2.1 The PIRL ablation

The PIRL system has been described in Chap. 2. In the experiments related
to this chapter, the PIRL beam was focused onto the sample with an optical
power of 350mW. The transverse beam diameter at the focus was approxi-
mately 130um. The energy density at the focus was 2.64] cm ™2, which was
above the threshold of 1Jcm ™2 for the DIVE condition [114] regarding to the
biological samples in this study. The PIRL beam was scanned in a square pat-
tern measuring 4 mm x 4 mm at the speed of 200 mm s, so that the consecutive
pulses did not overlap. The ablation was performed by applying the scanning
pattern to the sample surface. The aqueous samples were kept frozen with dry
ice during the entire ablation process. Dark field imaging of the PIRL abla-
tion of ice was used to verify the minimization of recoil or splashing from the
sample, as shown in Fig. 4.1.
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Figure 4.1: Dark field imaging [114] of the PIRL ablation under DIVE condition of
ice (courtesy of Jing Zou [115], reproduced with permission). No recoil or splashing
was observed up to 10 s after ablation, which is consistent with the ablation plume
measurement carried out on liquid water [114]. Small particles with a size less than
10 pm were observed at times later than 10 us and were significantly fewer in number
and size compared to measurements performed on liquid water [114]. Images were
acquired with a camera (D3100, Nikon, Japan) following the PIRL ablation with delay
times of 94 ns, 400 ns, 1 ps, 10 ps and 500 ps. Similar to the setup described by Franjic &
Miller [114], a multimode fiber (M37L02, Thorlabs Inc., US) delivered the illumination
light with a pulse duration of 100 ps and a pulse energy of 200 1] at the wavelength of
526 nm onto the ablation site. All delays were carried out with the same illumination
source. The ablation was performed by focusing the PIRL beam with a pulse duration
of 100 ps and a pulse energy of 130 pJ at the wavelength of 2.91 pm to a spot with the
diameter of 100 pm (1/e? intensity level). The ice sample was 18.0 M2 nanopure water
cooled with dry ice, kept in a stainless steel well with the inner diameter of 6 mm and
the depth of 4 mm. The scale bar represents 200 pm.
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4.2.2 Samples

Ferritin was purchased from Serva Feinbiochemica GmbH & Co. KG, Germany,
2x crystallized, ultra-pure, 10 % sterile aqueous solution from equine spleen.
rGFP was purchased from Takara Bio Europe/Clontech, France, catalog num-
ber 632373, 1 mgml~'. The ferritin and rGFP samples were used without fur-
ther purification. A final concentration of approximately 40 mgml~' TMV-T1
[116] was purified from Nicotiana tabacum L. cv. Samsun according to Good-
ing & Hebert [117] and a 10 % to 40 % (weight/volume) sucrose gradient. The
source of S. cerevisiae cells was food-grade fresh baker’s yeast, purchased from
E. X. Wieninger GmbH, Germany. A suspension of S. cerevisiae cells was ob-
tained after centrifugation of 0.552 g of the yeast paste and 1 ml of water. The
above samples, namely solutions of ferritin, rGFP and TMV and suspension of
S. cerevisiae cells, were frozen before the PIRL ablation. Tobacco leaves system-
atically infected with TMV were used directly for the PIRL ablation without any
treatment. The source of Tyrolichus casei mites was food-grade mite cheese, pur-
chased from Wiirchwitzer Milbenké&se, Schmelzer & Poschel GbR, Germany. A
suspension of Tyrolichus casei mites was obtained after centrifugation of 0.375 g
of the matrix with the mites and 1ml of water. The suspension of Tyrolichus
casei mites was frozen before the PIRL ablation.

4.2.3 Ablation processes and analyses of collected ablation plume

Ablation and TEM imaging of ferritin

The ablation plume from ferritin was collected directly onto Transmission Elec-
tron Microscope (TEM) grids (carbon film on 400 square mesh copper, Electron
Microscopy Sciences, USA), which were placed obliquely above and parallel
to the ablation site with the PIRL beam propagating in vicinity, over an abla-
tion time of 50ms. An aliquot of un-ablated ferritin was deposited onto the
TEM grids and dried as a control. The grids and samples were then nega-
tively stained with 1 % uranylacetate (Merck KGaA, Germany). The TEM grids
used to image the collected ablation plume of ferritin and the un-ablated con-
trol were glow discharged with a formvar carbon film (Electron Microscopy
Sciences). TEM imaging was performed on an FEI Tecnai G20 microscope
(FEI company, The Netherlands) equipped with a 2K wide angle CCD camera
(Veleta, Olympus Soft Imaging Solutions GmbH, Germany) using an accelera-
tion voltage of 80kV. The line tool of the software Image]
(http:/ /imagej.nih.gov/ij/ Wayne Rasband, National Institute of Health, USA)
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was used to measure the diameters of ferritin particle in the TEM images of fer-
ritin collected from the ablation plume and the un-ablated control.

Ablation and fluorescence microscopy of rGFP

The ablation plume from rGFP was collected directly onto microscope glass
slides (Superfrost, Glaswarenfabrik Karl Hecht KG, Germany), which were
placed above and parallel to the ablation site with the PIRL beam propagat-
ing through the slides, over an ablation time of 30s. The un-ablated control
was deposited directly onto microscope glass slides. Fluorescence images were
acquired with a Nikon Ti-U inverted microscope (Nikon GmbH, Germany)
equipped with a 40x objective with a Numerical Aperture (NA) of 0.6 (CFI S
Plan Fluor ELWD 40X, Nikon GmbH) and a Nikon DS-Vil CCD camera (Nikon
GmbH). An ultra-high pressure 130W mercury lamp (Intensilight, Nikon
GmbH) with a 450 nm to 490 nm bandpass filter was used for sample illumi-
nation and excitation. Fluorescence images of the sample were taken with a
505nm long-pass dichroic mirror and filtered with a 515nm long-pass filter
(B2-A, Nikon GmbH).

Ablation and fluorescence spectroscopy of rGFP

The ablation plume from rGFP was collected directly onto microscope glass
slides, which were placed above and parallel to the ablation site with the PIRL
beam propagating through the slides, over an ablation time of 50s. The un-
ablated control was deposited directly onto microscope glass slides. Fluores-
cence spectra were then acquired with a confocal laser scanning microscope
equipped with a spectral detector (LSM 510 META FSC, Carl Zeiss Microscopy
GmbH, Germany) using a 10x objective with an NA of 0.3 (Plan Neofluar 10x,
Carl Zeiss Microscopy GmbH). The 488 nm laser line of an argon laser (LASOS
Lasertechnik GmbH, Germany) was used for excitation.

Ablation and western blot analysis of rGFP

The ablation plume from rGFP was collected in a glass bottom dish (MatTek
Corporation, USA) placed upside down above the ablation site during an ab-
lation time of 120 s. The MatTek glass bottom dish containing the collected ab-
lation plume was washed with 100 ul Laemmli-Buffer which was then loaded
onto a 15 % SDS-PAGE. After the electrophoresis the protein was transferred
onto a Hybond enhanced chemiluminescence nitrocellulose membrane (Code:
RPN3032D) and incubated in a GFP-horseradish peroxidase antibody (Santa
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Cruz, SC-8334). The signals were detected using the SuperSignal West Femto
Maximum Sensitivity Substrate (Pierce) and Amersham Hyperfilm™ (Product
Code 28906837). The film was digitalized with an Epson Perfection 4870 Photo
scanner.

Ablation and TEM imaging of TMV

The ablation plume of TMV was deposited directly onto TEM grids over the
ablation time of 110s. An aliquot of un-ablated TMV control was deposited
onto the TEM grids and dried. TEM grids used to image the collected ablation
plume of TMV and the un-ablated control were glow discharged with the form-
var carbon film, and negatively stained with 1 % uranylacetate. TEM imaging
was performed on the FEI Tecnai G20 microscope equipped with the 2K wide
angle CCD camera using an acceleration voltage of 80 kV.

Ablation and inoculation test of TMV

A micro scrubber bottle (Bohlender GmbH, Germany) was filled with 2ml of
sodium phosphate buffer (10 mmol, pH 7) to collect the ablation plume of TMV
over an ablation time of 720 s with the gas-washing mechanism enabled by the
vacuum pump unit (Vacuubrand GmbH + Co KG). The concentration of the
ablation plume of TMV collected in the micro scrubber bottle was estimated as
0.2mgml~! in optical extinction measurements according to Brakke [118] using
Pico Drop (Pico Drop Ltd, UK). Leaves of Nicotiana glutinosa L. at the four to
six leaves stage were inoculated with 20 pl of the collected ablation plume. The
phosphate buffer was used as a negative control. The leaves were incubated
for 96 hours until local lesions were observed.

Ablation of systematically infected tobacco leaves and inoculation test of col-
lected plume

The micro scrubber bottle was filled with 2ml of sodium phosphate buffer
(50 mmol, pH 7) containing 2 % (weight/volume) polyvinylpyrrolidon and 0.2 %
(weight/volume) sodium sulfite, in order to collect the ablation plume of to-
bacco leaves systematically infected with TMV over an ablation time of 1430's
with the gas-washing mechanismenabled by the vacuum pump unit (Vacu-
ubrand GmbH + Co KG). One of the systematically infected leaves after the
PIRL ablation is shown in Fig. 4.2. Leaves of Nicotiana glutinosa L. at the four to
six leaves stage were inoculated with 20 pl of the collected ablation plume. The
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phosphate buffer was used as a negative control. The leaves were incubated
for 96 hours until local lesions were observed.

Figure 4.2: Representative tobacco leaf systematically infected with TMV after the
PIRL ablation. Since the square scanning pattern was applied during the ablation pro-
cess, the rectangular features imprinted on the leaf were those ablated away by the
PIRL.

Ablation and confocal microscopy of S. cerevisiae cells

The ablation plume from S. cerevisiae cells was collected directly onto micro-
scope glass slides over an ablation time of 120s. The microscope glass slides
were fixed with 2 % (volume/volume) paraformaldehyde (Electron Microscopy
Sciences) in phosphate buffered saline (PAA Laboratories GmbH, Austria) im-
mediately after the PIRL ablation. The collected ablation plume containing S.
cerevisiae cells was stained with Cell Mask orange plasma membrane stain (Life
technologies, Germany) and DRAQ5 DNA stain (BioStatus Limited, United
Kingdom). The samples were embedded in Mowiol 4-88 (Art.-No. 0731, Carl
Roth GmbH + Co. KG, Germany) and imaged with a confocal laser scanning
microscope (LSM 510 META FSC, Carl Zeiss Microscopy GmbH) using a 40x
objective with an NA of 1.3 (Plan Neofluar 40x, Carl Zeiss Microscopy GmbH).

Ablation and microscope imaging of S. cerevisiae cells collected on growth
medium

The Yeast-Extract-Peptone-Dextrose (YEPD) growth medium [119] was poured
into petri dishes, leaving an open window in the center. The petri dishes were
placed upside down above and parallel to the ablation site with the PIRL beam
transmitted through the window. The ablation plume containing S. cerevisiae
cells was deposited directly onto the YEPD growth medium over an ablation
time of 120s. S. cerevisiae cells collected from the ablation plume were cultured
on the YEPD growth medium and colonies developed over 120 hours. Images
of the yeast colonies were acquired in oblique illumination mode using a Nikon
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AZ 100 multizoom microscope (Nikon GmbH) equipped with a Nikon DS-Ril
digital camera (Nikon GmbH).

Ablation and microscope imaging of Tyrolichus casei mites

In order to capture the ablated Tyrolichus casei mites, double-sided adhesive
tape was applied to microscope glass slides, leaving a window in the center.
The microscope glass slides were placed above and parallel to the ablation site
with the PIRL beam transmitted through the window and the adhesive tape
facing the ablation site. The ablation plume containing Tyrolichus casei mites
was deposited directly onto the microscope glass sides over an ablation time of
240s. Immediately after the ablation process, the microscope glass sides were
examined using a light microscope Nikon AZ 100 (Nikon GmbH) with a Nikon
DS-Ril CCD camera (Nikon GmbH). The un-ablated control was deposited on
to the microscope glass slides and examined with the light microscope directly.

4.3 Results and discussion

4.3.1 Results

The PIRL ablation under DIVE condition was applied to frozen aqueous so-
lutions or suspensions of four biological entities: ferritin, rGFP, TMV and S.
cerevisiae cells. The ablation plume was collected, analyzed and compared with
the corresponding control, where the structural integrity and biological activity
of the samples were verified. It was demonstrated that these biological entities
in the ablation plume maintained their integrity and function. Furthermore, the
PIRL ablation was applied to tobacco leaves systematically infected with TMV,
where the ablation plume was collected and inoculated onto host plants. The
biological activity of TMV shown by the successful inoculation test confirmed
that the PIRL ablation is a simple and direct method to extract pathogens like
TMV from the natural environment.

Proteins

Representative TEM images, as shown in Fig. 4.3, present negatively stained
ferritin collected directly from the ablation plume onto TEM grids and the un-
ablated control deposited and dried onto TEM grids. The toroidal structure of
ferritin protein surrounding the iron core is clearly visible in the images from
both samples. No significant structural variation was observed in the ferritin
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complexes collected from the ablation plume. Corresponding structure and
characteristics were also observed in the un-ablated ferritin control. The mea-
sured average diameters of the ferritin complexes were 12.6 & 0.6nm for the
ablated and 12.6 4= 0.8 nm for the un-ablated samples. Consequently, the over-
all high order structure of the ferritin complex was preserved through the PIRL
ablation under DIVE condition.

Figure 4.3: Representative high-resolution TEM images of the PIRL-ablated ferritin
protein complexes and the un-ablated control, reproduced from Ref. [113] with permis-
sion. The ferritin protein complexes in the ablation plume (A) were collected during
the PIRL ablation under DIVE condition from frozen aqueous solution directly onto
TEM grids. The un-ablated ferritin protein complexes (B) were deposited directly from
solution onto TEM grids. The scale bars represent 50 nm.

The rGFP samples collected directly from the ablation plume onto micro-
scope slides exhibited fluorescence under a light microscope with an intensity
comparable to that of the un-ablated control, which was deposited directly onto
microscope slides, as shown in Fig. 4.4. The fluorescence emission spectra
of rGFP collected directly from the ablation plume and the control rGFP de-
posited from solution onto microscope slides are shown in Fig. 4.5 (A). The
spectra from both samples resulted in the characteristic emission maximum at
the visible wavelength of 506 nm and the shoulder at 520nm. Any changes in
the protein structure would lead to shifts in the spectrum or even complete loss
of fluorescence. No significant differences were observed between the fluores-
cence spectra of rGFP collected from the ablation plume and the un-ablated
control under identical excitation conditions (488 nm). The spectra are in good
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agreement with those previously reported [120] and demonstrate that the rGFP
collected from the ablation plume remained functional.

Figure 4.4: Representative fluorescence images of the PIRL-ablated rGFP and the con-
trol, reproduced from Ref. [113] with permission. The rGFP collected directly from the
PIRL ablation under DIVE condition (A) and the un-ablated control (B) were deposited
onto microscope slides. The images were acquired with an inverted light microscope.
The scale bars represent 50 pm.
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Figure 4.5: Characterization of rGFP integrity following the PIRL ablation under DIVE
condition from frozen aqueous solution, reproduced from Ref. [113] with permission.
Fluorescence emission spectra (A) were taken from rGFP collected from the ablation
plume (black solid line) and the un-ablated control (red dash line). The excitation
wavelength was 488 nm. The fluorescence intensity was normalized to unity individ-
ually for each curve. Cubic spline interpolation of 1024 points was applied separately
to each curve. Western blot analysis (B) was performed on rGFP collected from the ab-
lation plume. Two distinct bands were observed, one corresponding to the monomeric
form of rGFP (26.9 kDa) and the other weaker band to the dimeric form (53.8 kDa).

The collected ablation plume from frozen aqueous solutions of rGFP was
further examined by western blot analysis in order to investigate ablation-
induced protein cleavage and degradation. Two distinct bands were observed,
as shown in Fig. 4.5 (B), one band corresponding to the monomeric form
(26.9kDa) and the other weaker band corresponding to the dimeric form
(53.8 kDa) of rGFP. No evidence of protein degradation, e.g. laddering or smear-
ing, was observed in the blot. Hence, rGFP collected from the ablation plume
did not undergo peptide cleavage or degradation through the PIRL ablation
under DIVE condition.

Viruses

Representative TEM images, as shown in Fig. 4.6, present negatively stained
TMYV collected directly from the ablation plume onto TEM grids and the un-
ablated TMV control sample deposited and dried onto TEM grids. TMV viri-
ons with characteristic widths of 18 nm and lengths equal to, or greater than,
the individual TMV virion length, 300 nm, were observed in both the collected
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ablation plume and the un-ablated control. Viral filaments with a maximum
length of approximately 1.2 um (4 virion units) were observed in the ablated
samples, as shown in Fig. 4.6 (A). TEM images of the un-ablated control sam-
ple, as shown in Fig. 4.6 (B), contained a higher percentage of long viral fila-
ments and an increase in the maximum virion filament length (approximately
2.4pum, 8 virion units), as compared to the collected ablated sample. An in-
crease in the number of isolated single virions (18 nm x 300 nm) was observed
in the images of the collected ablated sample, compared to the un-ablated con-
trol. Damaged and truncated virions with a length of less than 300 nm were
observed in the TEM images of the ablated samples and the un-ablated control
with occurrences of 11 % and 12 %, respectively, of the total number of viral
particles observed. Therefore, virion destruction and truncation most likely
occurred prior to ablation during sample purification and preparation but not
during the PIRL ablation.

“f'-'.‘.' '

Figure 4.6: Representative high-resolution TEM images of the PIRL-ablated TMV and
the un-ablated control, reproduced from Ref. [113] with permission. The TMV from
the plume (A) during the PIRL ablation under DIVE condition from frozen aqueous
solution were collected onto TEM grids. The un-ablated control (B) was deposited
directly from solution onto TEM grids. The scale bars represent 500 nm.

The viability of TMV following ablation was tested by inoculating the leaves
of Nicotiana glutinosa L. with TMV collected from the ablation plume as de-
scribed in the methods section. Lesions consistent with TMV infection were
observed on the surface of the leaves, as shown in Fig. 4.7 (left), after incu-
bation for 96 hours. A representative leaf of Nicotiana glutinosa L. inoculated
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with only the corresponding phosphate buffer is shown in Fig. 4.7 (right). The
collection efficiency of the ablation plume was estimated from the volumes of
ablated and collected materials, together with the TMV concentrations before
and after ablation calculated from optical extinction coefficient measurements.
Over the ablation time of 720's, approximately 3.97 mg of TMV virions were ab-
lated from frozen aqueous solution by the PIRL beam. Approximately 0.40 mg
of TMV was collected from the ablation plume, which renders a plume col-
lection efficiency of 10.08 %. A dose of 4 g of TMV virions (dissolved in 20 ul
aqueous solution) collected directly from the ablation plume were used to inoc-
ulate the leaves of Nicotiana glutinosa L. The TMV virions retained their ability
to successfully colonize in tobacco leaves following the PIRL ablation and col-
lection.

Figure 4.7: Nicotiana glutinosa L. leaves 96 hours post inoculation with TMV collected
from the ablation plume (left leaf), reproduced from Ref. [113] with permission. The
plume was produced by the PIRL ablation under DIVE condition from frozen aqueous
solution of TMV. Several local lesions induced by the TMV infection can be observed
on the left leaf 96 hours after the inoculation with the collected ablated TMV. The arrow
points out one of the local lesions. The right leaf was inoculated only with the buffer
and thus no lesion was observed.

The capability of the PIRL ablation to extract TMV from the natural envi-
ronment was tested by the ablation of systematically infected tobacco leaves,
as shown in Fig. 4.2. The ablation plume was collected and directly inocu-
lated onto the leaves of Nicotiana glutinosa L. without any treatment. Lesions
consistent with TMV infection were observed on the surface of the leaves in-
oculated with the collected plume, as shown in Fig. 4.8 (left), after incubation
for 96 hours. A representative leaf of Nicotiana glutinosa L. inoculated with only
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the corresponding phosphate buffer is shown in Fig. 4.8 (right). Therefore, the
plume collected during the PIRL ablation of systematically infected tobacco
leaves contained TMV with preserved biological activity.

Figure 4.8: Nicotiana glutinosa L. leaves 96 hours post inoculation with TMV collected
during the PIRL ablation of systematically infected tobacco leaves (left leaf), repro-
duced from Ref. [113] with permission. Several local lesions induced by the TMV
infection can be observed on the left leaf 96 hours after the inoculation with in the
collected ablation plume containing intact TMV. The arrow points out one of the lo-
cal lesions. The right leaf was inoculated only with the buffer and thus no lesion was
observed.

Cells

A representative confocal microscope image of S. cerevisiae cells collected di-
rectly from the ablation plume and stained with plasma membrane stain (Cell
Mask orange) and DNA stain (DRAQS5, green) is shown in Fig. 4.9. The stains
were selected in order to monitor the integrity of the cellular membrane and
the DNA of the cells. Individual cells were dispersed across the collection sur-
face, more than 70 % of which retained a shape and size equivalent to viable S.
cerevisiae cells. The DNA of these cells was also confined within intact cellular
membranes, as shown in Fig. 4.9. Cells with ruptured cellular membranes were
also observed in the collected ablation plume. The stained DNA of these cells
was observed partially or completely outside the ruptured cellular membranes,
as shown in Fig. 4.9.
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Figure 4.9: Representative image of S. cerevisiae cells collected from the ablation plume
acquired with confocal microscope, reproduced from Ref. [113] with permission. Cell
Mask orange plasma membrane stain was applied to the collected ablation plume in
order to uniformly label the cell membranes. DRAQ5 DNA stain was applied to the
collected ablation plume in order to stain DNA and nuclei of the cells. The scale bar
represents 10 pm.

In order to test the viability of the S. cerevisiae cells following the PIRL
ablation under DIVE condition, cells collected from the ablation plume were
cultured on YEPD growth medium. The advanced colony development fol-
lowing 120 h of incubation is shown in Fig. 4.10 (B). The representative light
microscope image shows well developed colonies of S. cerevisiae cells which
have expanded on the growth medium. A representative light microscope im-
age of the intermediate state of colonization (20 h incubation) is shown in Fig.
4.10 (A). Therefore, S. cerevisiae cells collected directly from the ablation plume
maintained not only their structural integrity but also their biological activity
required to form and expand colonies. This observation indicates that the spa-
tial gradients within the inhomogeneous distribution of water in the cells and
the suspension generates gradients of forces on the length scale of the cells to
wholly eject the cells from the suspension. Some cell rupture is however ob-
served.
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Figure 4.10: Colony development of S. cerevisiae cells collected directly from the abla-
tion plume following 20h (A) and 120 h (B) of incubation on YEPD growth medium,
reproduced from Ref. [113] with permission. The scale bars represent 20 pm in (A) and
50 pm in (B).

Tyrolichus casei mites

Incomplete body parts of the Tyrolichus casei mites with the dimension of ap-
proximately 100 um were observed in the ablation plume collected on the mi-
croscope glass slides. However, no complete Tyrolichus casei mites were ob-
served in the collected ablation plume. In the un-ablated control sample, only
a few Tyrolichus casei mites were dispersed in its matrix, a fraction of which
were alive and in motion, and the rest were either not alive or even incomplete.
The complete mites had a dimension of approximately 180 pum. The absence of
complete Tyrolichus casei mites in the collected ablation plume can be attributed
to two factors. One factor is the low occurrence of the Tyrolichus casei mites in
the matrix obtained from the food-grade mite cheese. The other factor is the
fact that the dimension of the complete Tyrolichus casei mites is larger than the
transverse diameter of the PIRL beam and the spatial dimension of the forces
generated within the inhomogeneous water distribution. Therefore, even if a
complete Tyrolichus casei mite is irradiated by a pulse from the PIRL, due to
the well confined deposition of the optical energy, it is likely that only the irra-
diated part of the Tyrolichus casei mite would be ablated and the unirradiated
part remain in the suspension, leading to an incomplete Tyrolichus casei mite in
the ablation plume. When it is necessary to apply the PIRL ablation to large

77



4 TOWARDS ULTIMATE LIMIT OF BIODIAGNOSIS

biological entities like the Tyrolichus casei mites, increasing the beam diame-
ter and maintaining the optical density above the ablation threshold could be
considered in order to obtain complete Tyrolichus casei mites in the ablation
plume. However, the inhomogeneous water distribution within the organism
will likely still lead to fragmentation of the organism.

4.3.2 Discussion

The structural integrity and function of several biological entities were shown
to be retained through the PIRL ablation under DIVE condition.

The iron storage globular protein complex ferritin was used to examine the
effect of the PIRL ablation under DIVE condition on protein structural integrity
and oligomer adhesion. Ferritin complexes are composed of 24 subunits non-
covalently bound to form a higher order structure capable of storing up to 4500
iron atoms in binding sites located near the center of the oligomer complex
[121]. Intact ferritin complexes observed in TEM images of collected ablation
plume were easily identified by their 6-sided toroidal structure, as shown in
Fig. 4.3. The appearance and structural characteristics of the ablated protein
complexes were nearly identical to the un-ablated control, with the average
diameter of the collected ablated ferritin particles measured as 12.6 + 0.6 nm,
compared to 12.6+0.8 nm measured for the un-ablated control. Ferritin, a large
mass protein complex (approximately 440 kDa), maintained its morphological
characteristics through the PIRL ablation, demonstrating the conservation of
the individual protein structure. These results indicate that the DIVE-driven
ablation is sufficiently gentle to maintain the protein-protein interactions indis-
pensable for large protein oligomers to remain intact.

The fluorescence emission of rGFP was examined in order to determine
the retention of protein function following the PIRL ablation. Comparison
of the fluorescence emission spectra of rGFP collected from ablation plume
and the un-ablated control, shown in Fig. 4.5 (A), provides an assessment of
the rGFP structural integrity and functionality during and after the ablation
process. Studies have shown that thermally or chemically denatured GFP is
completely non-fluorescent [122]. GFP fluorescence is also sensitive to changes
in the chromophore-protein interaction with mutations of a single amino acid
at the chromophore binding site, causing significant shifts in the fluorescence
emission spectra [123]. These findings demonstrate the fluorescence of GFP
not only is strongly influenced by non-covalent interactions of the GFP chro-
mophore with the protein interior, but also requires the intact protein struc-
ture. The fluorescence emission spectra of rGFP collected from the ablation
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plume and the un-ablated control are virtually identical in form and emission
maximum. This indicates that the GFP chromophore, a p-hydroxybenzylidene-
imidazolinone [120], maintained its structure and binding coordination to the
natively folded GFP protein throughout the ablation process. Thus, the PIRL
ablation under DIVE condition of frozen rGFP solutions did not result in sig-
nificant changes to the protein’s structure and integrity, maintaining its chro-
mophore binding capability required to fluoresce.

The western blot analysis of rGFP collected from the ablation plume, shown
in Fig. 4.5 (B), demonstrates the absence of any observable fraction of protein
degradation induced by the PIRL ablation under DIVE condition. The absence
of laddering or smearing in the western blot indicates that the collected ab-
lated rGFP were not cleaved or degraded and remained intact subsequent to
the PIRL ablation under DIVE condition. Moreover, the protein’s antibody
binding motif remained chemically unaltered during the ablation process. The
dimer complex [124, 125] was observed due to the brief denaturing conditions
employed prior to electrophoresis and the resistance of rGFP to the denatura-
tion induced by sodium dodecyl sulfate [126]. These results suggest that the
PIRL ablation under DIVE condition would not lead to considerable alteration
of the ablated protein’s structure.

In addition to proteins and protein complexes, the effect of PIRL ablation for
biological extraction was investigated on viruses using TMV as a viral model
[127]. TEM imaging of the collected ablation plume, where the rod-like vi-
ral structure was resolved and identified, was used to compare the structural
integrity of the viral particles following ablation with that of the un-ablated
control. The TMV virions collected from the ablation plume maintained their
morphological characteristics, as shown in Fig. 4.6. Further, the absence of
an increase in the fraction of damaged or truncated virions observed in the
TEM images of the collected ablated sample compared to the un-ablated con-
trol, 11 % and 12 %, respectively, confirms the ability of the PIRL ablation under
DIVE condition to successfully extract intact viral particles. The collected ab-
lated TMV samples showed a decrease in the number and maximum length
of viral filaments which were formed from the stacking of individual virions
[128], and an increase in the number of single isolated virions compared to
the un-ablated control. Due to the lack of an increase in the number of dam-
aged or truncated individual virions in the ablated sample, the smaller viral
filaments and increased number of individual virions presumably originated
from larger filaments which were separated at the stacking sites. Two factors
possibly contributed to this effect. One factor is that the maximum length of the
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viral filaments (2.4 um) is on the order of the depth of the ablation volume of a
single PIRL pulse (on the few micrometer scale). The other factor is the forces
on the filaments during the plume collection. Although a number of long viral
filaments were partially unstacked into short filaments or individual virions,
no increase in damage was observed on the individual virions or viral parti-
cles following the ablation and collection process. This observation indicates
that the complete genome was preserved for the virions with lengths equal to,
or greater than, 300 nm [129], and is supported from the fact that these virions
retained the ability to infect a host [127].

The biological activity of the virions collected from the ablation plume was
evaluated by inoculating the leaves of Nicotiana glutinosa L. with the collected
ablation plume of TMV. The lesions shown in Fig. 4.7 on the leaves of Nico-
tiana glutinosa L. after inoculation of TMV collected from the ablation plume
verify that the TMV virions maintained their biological activity and were infec-
tious following PIRL ablation process. TMV preserved its structural integrity
and biological activity throughout the PIRL ablation under DIVE condition, in-
dicating that it is an effective method for the extraction of intact, biologically
active infectious agents. As a step further, the TMV extracted by the PIRL ab-
lation from systematically infected tobacco leaves maintained the infectivity as
shown in Fig. 4.8. Therefore, this simple, direct and effective extraction method
with the PIRL ablation is applicable to biological entities not only in solutions
but also in the natural environment.

Furthermore, living S. cerevisiae cells were used as a model to investigate
the effect of the PIRL ablation under DIVE condition on the structural integrity
and biological activity of complete cells. S. cerevisiae cells with intact cellular
membranes and DNA well confined therein were observed in the confocal mi-
croscope images of the collected ablation plume, shown in Fig. 4.9, demonstrat-
ing that cells retain their structural integrity and remain intact following the
PIRL ablation. S. cerevisiae cells with incomplete cell membranes and intracel-
lular contents released were also observed in the confocal microscope images.
A factor that might contribute to cellular damage is the large size of the cells
(approximately 10 pm) compared to the ablation depth (approximately 1 pum to
10 pm range) which would result in damaged cells located at the borders of
ablation volume. In addition, water excited within the cell may also be of suf-
ficient force to cause rupture. Evidently, the much higher water content of the
cell suspension in relation to the intracellular water helped to mitigate this to
the point that intact cells could be observed in the ablation process. More of
the absorbed energy would be in the water surrounding the cell and the spa-
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tial gradient defining the ablation process extends over the dimensions of the
cell to drive the cell into the gas phase intact. It is noticed that cellular dam-
age might also occur during the plume collection. The intracellular contents
released from the cells could potentially be used for downstream analysis.

The biological activity of S. cerevisiae cells following the PIRL ablation was
assessed by the incubation of the ablation plume collected on YEPD growth
medium. The viability of the S. cerevisiae cells was confirmed by their prolifer-
ation following the PIRL ablation with colonies forming and expanding over
the incubation time, as shown in Fig. 4.10. Therefore, the cellular model sys-
tem, S. cerevisiae cells, maintained its structural integrity and biological activity
through the PIRL ablation and plume collection.

4.4 High potency of DIVE in biodiagnosis

The application of the PIRL ablation under DIVE condition to biological entities
has been shown to be a simple, direct and effective method for their extraction.
The results demonstrate that this technique is capable of extracting the biolog-
ical entities, i.e. proteins, protein complexes, viruses and cells, with conserved
biological characteristics, integrity, function and activity. The PIRL ablation un-
der DIVE condition does not significantly induce thermal or mechanical dam-
age to the biological entities examined. This advance minimizes time and effort
required by conventional extraction methods and can potentially lead to novel
high speed extraction processes without mechanical intervention.

While the conventional laser-based extraction methods typically excise a
macroscopic region of interest to ensure sufficient quantity of intact material,
the ablation plume from each PIRL pulse can be utilized directly for analysis
and diagnosis of volumes approaching that of single cells. The intact nature
of the plume composition and micrometer scale ablation depths minimize the
amount of biological material required for extraction.

Given the successful use of the PIRL ablation in surgical applications with
minimal collateral tissue damage [8, 11, 12, 14, 16, 17] and the results con-
cerning the absence of degradation to proteins extracted from tissues for mass
spectrometry [61], this novel laser extraction method has the potential to bring
substantial advances to biological diagnosis. The minimized collateral tissue
damage [8] associated with the PIRL ablation equips the technique specifi-
cally well for biopsies with reduced healing time and inflammatory response
[8,101, 102, 104].

In addition, the PIRL ablation offers a higher spatial resolution of biopsied
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areas compared to conventional biopsy methods using fine needle aspiration.
While the same ablation mechanism can in principle be utilized down to the
diffraction limit of the focal spot around 3 um, the focal diameter of the PIRL
beam employed in this study (approximately 130 um) is already significantly
smaller than the inner diameter of the finest needle typically used (Gauge 25,
260 pm) [130]. Furthermore, the PIRL radiation is absorbed approximately
within 1 um to 10 pm under the present ablation conditions. This depth of res-
olution would permit increased precision in biopsy depth, down to the level of
a single cell.

Laser extraction with the PIRL could also be applied to situations where
there is currently no biopsy available or to areas that have strong reactions to
mechanical biopsy, for example, viral, bacterial or parasitic infections in brain
[131] and nerve [132], or amyloid plaque [133] sampling in the brain.

Future applications could extend the advantages of this technique to in-
stantaneous analysis of intact and functional biological entities extracted by
the PIRL ablation. An example would be the ablation plume of fluorescently
labeled biological entities being analyzed instantaneously upon collection with
fluorescence measurements for high speed sampling at kHz rates and higher,
with higher laser repetition and beam rastering, as demonstrated by the exper-
iment with rGFP. In the case of epidemic and pandemic characterizations, the
PIRL ablation could be utilized to probe traces of contagious agents from hosts
and the collected ablation plume could be used directly for examination and
diagnosis.

Simply stated, the PIRL ablation under DIVE condition is a direct and sim-
ple method to extract biological entities with preservation of their biological
integrity and activity. Not limited to its potential as an instantaneous tool with
micrometer precision for biopsy, the PIRL ablation under DIVE condition will
bring promising benefits to biological diagnosis and disease control.
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5 Conclusions and outlook

New technologies are called for by two urging demands in medical practice
amongst many others. One demand is precise surgery at the cellular level with
preservation of tissue boundaries. The other demand is rapid large-volume
analysis and diagnosis in health management. For these demands, the stud-
ies in this dissertation utilize the combination of fundamental physics research
and laser technology with clinical and biophysical evaluation. This combina-
tion is directed to a technique optimized for the ablation of biological samples
out of water rich environments with minimal damage to collateral tissues. The
PIRL ablation under DIVE condition selectively excites the vibrational modes
of the water molecule, which acts as a propellant. Thus, in water rich envi-
ronments, the constituent biological complexes are propelled to the gas phase
on the fastest impulsive limit for ablation. In this process, not only excessive
thermal heating of the biomolecules is avoided, but also multiphoton ioniza-
tion and degradation of the sample integrity are avoided by using strongly
resonant 1-photon conditions. In this dissertation, the successful applications
of the PIRL ablation in surgery, biological analysis, and diagnosis are demon-
strated in three aspects. First, the PIRL ablation serves as a precise scalpel for
various ocular tissues with minimal collateral damage. Second, chemical an-
alytical methods, especially mass spectrometry, verify that proteins of various
species and in large abundance can be extracted by the PIRL and that fragmen-
tation and other chemical changes are absent in this process. Third, the PIRL
ablation is capable of extracting structurally and functionally intact biological
entities, including proteins, protein complexes, viruses and cells, directly from
aqueous samples and the natural environment.

As a precise scalpel, the PIRL ablation delivers, for the first time, well-
controlled and reproducible incisions at cornea, sclera, trabecular meshwork,
iris, lens and retina. Examined with high resolution microscope imaging and
histological analysis, the neat incisions performed by the PIRL exhibit well de-
tined boundaries and preserved collagen fibrils neighboring the ablation site,
with minimized thermal damage on the single cell level. Further characteriza-
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tions of PIRL ablation at the cornea show that the relatively small temperature
rise during the ablation does not exceed the physiological range, and that the
ablation depth within the corneal stroma is proportional to the ablation time
span. Thus, the PIRL ablation is demonstrated as a suitable tool for contact-
free and applanation-free corneal trephination, which is advantageous com-
pared to the commercialized laser solutions. Moreover, the successful incisions
at cornea, normal and pathologically altered, and the other five types of ocu-
lar tissues, indicate the potential of the PIRL ablation as a versatile solution in
various surgical scenarios of ophthalmology.

One step beyond the surgical application of the PIRL ablation is to better
understand the constituent proteins in the ablation plume. Mass spectrometry
and other chemical analyses are employed to examine the proteins ablated by
the PIRL from tissues and solutions. Proteins, with masses from tens of kDa
to hundreds of kDa, are present in significant amounts in the ablation plume
of mouse muscle tissue. No sample specific requirement is imposed by the
PIRL ablation. The comparison of mass spectra of the ablated RNase A and
the un-ablated control verifies the absence of fragmentation and other chemi-
cal changes during the ablation process. In addition, mass spectra of the incu-
bation results of the ablated trypsin and human plasma serum show that the
enzymatic activities of the corresponding proteins are maintained following
the ablation process. Therefore, the PIRL ablation can be utilized to introduce
biological samples to analyses in mass spectrometry. The combination of the
PIRL ablation, a soft ionization technique and a mass spectrometer can ensure
the production of molecular ions and the absence of fragmentation. Since the
DIVE process is compatible with in situ and in vivo conditions, such a combina-
tion can be applied to research in proteomics, for example tissue imaging, with
the analytes including but not limited to proteins, peptides, drug metabolites
and lipids.

As sample extraction is the first and essential step for many analytical pro-
cedures, the major innovation and first-time feature of this work is the demon-
stration of the conserved higher order structure and characteristic activity of
the biological entities extracted by the PIRL ablation. The significant conclusion
in this aspect, supported by high resolution microscope imaging down to sin-
gle molecule and extensive biochemical analysis, is that biological complexes
ablated with the PIRL under DIVE condition are structurally and functionally
intact, with even TMV viruses and S. cerevisiae cells retaining the ability to in-
fect and colonize. Therefore, this laser extraction method is suitable for various
types of samples, from proteins like rGFP to cells like S. cerevisiae, and can be
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applied to a wide range of analysis and evaluation techniques beyond those
reported in Chap. 4. The minimal damage to molecular complexes in the ab-
lation plume and surrounding tissue coupled with the micrometer precision
of the laser ablation opens the door for the development of novel, high speed,
non-contact extraction techniques with single cell precision. Not limited to bi-
ological samples in laboratorial or natural environments, this laser extraction
technique is particularly timely due to its potential to transform chemical anal-
ysis, biodiagnosis and disease control.

The life cycle and the water cycle are one. As Jacques Cousteau warned, it is a
fact not to be forgotten. Interestingly, this fact is also intertwined in the studies
of this dissertation. Water is the central hub that connects the physical appara-
tus, the biological samples and the physics in the background. This inspiring
fact will surely compel further research to better understand water, life and
nature.
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