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Zusammenfassung

Die Infrarotspektroskopie ist ein machtiges und vielseitiges Werkzeug zur Untersuchung (or-
ganischer) Proben. Mittels einer einzigen berlihrungslosen Messung lassen sich umfangreiche
Informationen Uber die molekulare Zusammensetzung einer Probe gewinnen. Diese Tatsache
hat dazu geflihrt, dass die Infrarotspektroskopie flr eine Vielzahl von biologischen, chemischen
und medizinischen Anwendungen eingesetzt wird, unter anderem fir die (Atem-)Gasanalyse,
die Quanti [zierung von klinischen Parametern in Blutproben, die Detektion von Sprengsto [en
und fur die Identi [zitrung von Mikroorganismen.

Ein besonders praxisrelevantes Anwendungsfeld der Infrarotspektroskopie ist die Analyse
des molekularen Fingerabdrucks von menschlichem Blutserum/-plasma zur Krebsfriiherken-
nung. Obwohl bereits vielversprechende Ergebnisse bei verschiedenen Krebsarten unter Ver-
wendung konventioneller Fourier-Transform-Infrarotspektroskopie (kurz FTIR-Spektroskopie)
erzielt worden sind, muss die E [ziehz der Krebserkennung noch deutlich gesteigert wer-
den, um einen breiten Einsatz in der klinischen Praxis zu ermdglichen. Eine der Hauptlimi-
tierungen dieser und vieler anderer Anwendungen der Infrarotspektroskopie ist die begrenzte
molekulare Emp [ndlichkeit und Spezi [zitat konventioneller Infrarotspektroskopie aufgrund
der verfugbaren Lichtquellen und Infrarotdetektoren. Als Folge kénnen nur hochkonzentri-
erte Bestandteile einer (Blut-)Probe mittels eines molekularen Fingerabdrucks erfasst werden,
was wiederum die E [ziehz der Krebserkennung potenziell einschrankt. Die vorliegende
Dissertation befasst sich mit der Entwicklung, Untersuchung und Anwendung einer neuarti-
gen, spektroskopischen Methodik — der feldaufgeltsten Infrarotspektroskopie ( [eldl-resolved
spectroscopy, kurz FRS) — und zeigt in Theorie und Experiment das Potenzial der FRS zur
Uberwindung der oben genannten Einschrankungen auf.

Im ersten Teil der Arbeit werden technische, experimentelle, konzeptionelle und theo-
retische Aspekte der feldaufgelosten Metrologie préasentiert und im Detail diskutiert. Die
Fahigkeit, elektrische Felder von impulsiv angeregten Molekllschwingungen mittels elektro-
optischer Abtastung direkt zu messen, erd [ndt bisher unerschlossene Moglichkeiten fuir die Auf-
nahme von Fingerabdriicken komplexer nativer molekularer Ensembles. Vibrationsangeregte
Molekdile emittieren ein kohdrentes elektrisches Feld im Nachklang einer ultrakurzen Infrarot-
Laseranregung, welches spezi [sch fiir die molekulare Zusammensetzung der Probe ist. Es wird
gezeigt, dass solche feldaufgelosten molekulare Fingerabdriicke (electric- Leltl-resolved molecu-
lar [nderprints, kurz EMFs) mittels einer auf Emp [ndlichkeit optimierten elektro-optischen
Abtastung direkt bis hinunter zu Feldstarken gemessen werden kann, die 10’-mal schwécher
als die der Anregung sind. Zudem erlaubt die sowohl zeit- als auch feldaufgeldste Messung
eine Abgrenzung vom durch die Anregung erzeugten und eigentlichen molekularen Signal.
Letzteres kann somit praktisch ohne den um GréfRenordnungen starkeren Hintergrund des An-
regungspulses aufgenommen werden. Damit ist es erstmals moglich, auch schwéchste Signale
zu erfassen, die bei Anregung von in Flussigkeiten (wie z.B. Blutserum) geldsten Molektilen
im sub-pg/mi-Bereich entstehen. Dies entspricht einer Emp [ndlichkeitssteigerung gegentiber
kommerziellen FTIR-Spektrometern um mehr als den Faktor 40.

Darulber hinaus wird theoretisch und experimentell gezeigt, dass sich FRS insbesondere
fr die Untersuchung von stark absorbierenden Proben eignet. Dies l&sst sich zu einen auf
den Intensitatsdynamikbereich von mehr als 10 Gré3enordnungen und zum anderen auf die
direkte Messung des elektrischen Feldes zurtickfiihren. Letzteres impliziert, dass das Messsignal
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linear mit der Feldstarke skaliert. Im Gegensatz zu einer Intensitatsskalierung, wie sie bei
herkdommlicher Infrarotspektroskopie vorliegt, kann durch Feldstarkenskalierung eine erhéhte
molekulare Emp [ndlichkeit tber einen signi [kant vergrofl3erten Bereich von Probendicken
realisiert werden. Dadurch war es zum ersten Mal moglich, intakte lebendige Systeme mit
Dicken in der GroRenordnung von 0,1 Millimetern zu durchleuchten, was eine breitbandige
infrarotspektroskopische Untersuchung von menschlichen Zellen und P [anzenbl&ttern erlaubt.
FRS verspricht eine verbesserte molekulare Emp [ndlichkeit fur die Untersuchung komplexer,
realer biologischer und medizinischer Fragestellungen.

Der zweite Teil der Dissertation befasst sich mit der ersten praxisnahen Anwendung der
FRS zur Krankheitsdiagnostik in der Onkologie mittels Flussigkeitsbiopsie.

In einem ersten, vorbereitenden Schritt wurden hierftr unter Verwendung herkémmlicher
FTIR Spektroskopie die Arbeitsablaufe zur Messung von [lidsigen Serums- und Plasmaproben
im Hinblick auf die Reproduzierbarkeit optimiert und die biologische Variabilitat Gber die Zeit
von molekularen Infrarot-Fingerabdriicken von gesunden, nicht-symptomatischen Probanden
untersucht. Die erfassten Infrarot-Fingerabdriicke erwiesen sich tber klinisch relevante Zeit-
skalen als hochstabil und lieferten eine Vielzahl von personenspezi [Schen spektralen Markern,
mit denen individuelle molekulare Phanotypen erkannt und tber die Zeit verfolgt werden kon-
nen. Dieses bisher unbekannte Mal an zeitlicher Stabilitdt und Spezi [zitat von blutbasierten
spektralen Infrarot-Fingerabdrucken bildet die Grundlage fir ihre kiinftige Anwendung zur
Gesundheits- und Krankheitstiberwachung.

Im darau [oljenden Abschnitt der Arbeit wird Gber die Ergebnisse einer ersten klinischen
Machbarkeitsstudie berichtet, bei welcher die EMFs von [{idsigem Blutserum von mehr als
dreihundert Individuen mittels FRS erfasst worden sind. Algorithmen des maschinellen Lernens
ermoglichten die Isolierung von Infrarotsignaturen, die aufschlussreich fur die Unterscheidung
von Proben von Patienten mit nicht-metastasierten Brust-, Prostata- und Lungenkarzinomen
und von sorgfaltig auf diese abgestimmten Kontrollpersonen sind. Die Detektionse [ziehz
im Bereich von 0,63-0,84 (Flache unter der ROC-Kurve) Ubersteigt systematisch die E [ziehz
der FTIR-Spektroskopie, wenn sie auf dieselben Proben angewendet wird. Dies ist ein erster
experimenteller Hinweis darauf, dass sich die verbesserte molekulare Emp [ndlichkeit der
FRS direkt in einer hoheren E [ziehz bei der Erkennung von Krankheitsbildern niederschlagt.
Die vorliegenden Daten belegen, dass die koharenten elektrischen Felder, die von impulsiv
angeregten Biomolekullen im Blut ausgehen, robust und zuverléssig als informative EMFs
erfasst werden konnen. Abgesehen davon, dass sie zur Krebserkennung beitragen, durften sie
ganz allgemein neue Mdéglichkeiten fur die kiinftige Phanotypisierung von Bio [uiden erd [ndn.

Aufgrund der bereits erzielten Ergebnisse und des Potentials die Emp [ndlichkeit der nach-
sten Generation von FRS um mehr als zwei GroRenordnungen zu erhéhen, verspricht FRS
sowohl existierende Anwendungen wie die Analyse von molekularen Fingerabdrticken von Blut
zur Krankheitsdiagnostik weiter zu verbessern, als auch komplett neue Anwendungsbereiche
in der Untersuchung von intakten biologischen Systemen zu erschlief3en.



Abstract

Infrared spectroscopy is a powerful and versatile tool for the investigation of (organic) specimen.
With a single non-invasive measurement, extensive information about the molecular composi-
tion of a sample can be obtained. This fact has prompted infrared spectroscopy to be employed
for a wide range of biological, chemical and medical applications, including (respiratory) gas
analysis, quanti [cation of clinical parameters in blood samples, detection of explosives, and
identi Lcation of microorganisms.

A particularly relevant practical application of infrared spectroscopy is the analysis of
infrared molecular [ngerprints of human blood serum/plasma for early cancer detection.
Although promising results have already been reported for various types of cancer entities
using conventional Fourier-transform infrared (FTIR) spectroscopy, the e Lciehcy of cancer
detection still needs to be signi[cantly improved in order to enable broad application in
clinical practice. One of the main challenges for this particular and many other applications
of infrared spectroscopy is the limited molecular sensitivity and speci [city of conventional
infrared spectroscopy due to the restrictions imposed by the available light sources and infrared
detectors. As a result, only highly concentrated components of a (blood) sample can be detected
by molecular [nderprinting, which in turn potentially limits the e Lciehcy of cancer detection.
The present dissertation addresses the development, investigation, and application of a novel
spectroscopic method — [eldl-resolved spectroscopy (FRS) — and demonstrates in theory and
experiment the potential of FRS to overcome the above-mentioned limitations.

In the [rst part of the thesis technical, experimental, conceptual, and theoretical aspects of
[elt-resolved metrology are presented and discussed in detail. The ability to directly measure
electric [elts of impulsively-excited molecular vibrations by means of electro-optic sampling
(EOS) opens up hitherto untapped potential for the [nderprinting of complex native molecular
ensembles. Vibrationally-excited molecules emit a coherent electric [elt in the wake of an
ultrashort infrared laser excitation, which is speci [cfor the molecular composition of a sample.
It is demonstrated that such electric- Leldl-resolved molecular [nderprints (EMFs) can be measured
directly down to [eltl strengths 10’-times weaker than the excitation by employing electro-
optic sampling optimised for sensitivity. In addition, a measurement, which is both time- and
Leltl-resolved, enables separation between the impulsive excitation and the coherent molecular
response. The latter can thus be recorded practically without the background of the orders-of-
magnitude stronger excitation pulse. As a result, it is now possible to detect even the faintest
signals that are generated when molecules solved in liquids (such as blood serum) in the
sub-pg/ml range are excited. This corresponds to a sensitivity increase of more than a factor 40
compared to commercial FTIR spectrometers.

Furthermore, it is shown theoretically and experimentally that FRS is particularly suitable
for the measurement of highly absorbent samples. This can be attributed to an intensity
dynamic range of more than 10 orders of magnitude as well as to the ability to directly measure
the electric [elt. The latter implies that the measurement signal scales linearly with the [elt
strength. In contrast to intensity-scaling, which is a typical feature of conventional infrared
spectroscopy, [eltl-scaling enables to achieve increased molecular sensitivity over a signi [cantly
extended range of sample thicknesses. This made it possible for the [rst time to transilluminate
intact living systems with thicknesses in the order of 0.1 millimetres, enabling broadband
infrared spectroscopic examination of human cells and intact plant leaves. FRS promises
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improved molecular sensitivity for the investigations of complex, real-world biological and
medical problems.

The second part of the dissertation is devoted to the [rst practical application of FRS for
disease detection in cancer diagnostics using liquid biopsies.

In a [rst, preparatory step, the work [aws for the measurement of human liquid serum
and plasma samples were optimised with regard to reproducibility using conventional FTIR
spectroscopy. Furthermore, the biological variability of molecular infrared [nderprints of
healthy, non-symptomatic subjects was investigated over time. The recorded infrared [nder-
prints proved to be highly stable over clinically relevant time scales and provided a variety of
person-speci [c$pectral markers that can be used to identify individual molecular phenotypes
and track them over time. This previously unknown temporal stability and speci [city of
individual biochemical [ngerprints forms the basis for future applications in health and disease
monitoring.

The subsequent section of the thesis reports on the results of a [rst clinical proof-of-
principle study in which EMFs of liquid blood sera of more than three hundred individuals were
recorded with FRS. Machine learning algorithms enabled isolation of infrared signatures that
are instructive for distinguishing samples of patients with therapy-naive non-metastatic breast,
prostate, and lung carcinoma from those of carefully-matched control individuals. Detection
e Lciehcies in the range of 0.63-0.84 (area under the receiver operating characteristic curve)
systematically exceeds the e [ciehcy of FTIR spectroscopy when applied to the same samples.
This is a [rst experimental indication that the improved molecular sensitivity of FRS directly
translates into higher e Lciehcy in the detection of disease patterns. The reported data builds
evidence that the coherent electric [eltls emanating from impulsively-excited biomolecules
in blood can be robustly and reliably captured as informative EMFs. Beyond contributing to
the detection of cancer, they are likely to provide, more generally, a new framework for future
phenotyping of bio [uids.

Based on the achieved results and the potential to increase the sensitivity of the next
generation of [elt-resolved spectrometers by more than two orders of magnitude, FRS holds the
promise to further improve existing applications, such as the analysis of molecular [nderprints
of human blood for disease diagnosis, as well as pave the way for entirely new areas of
applications in the investigation of intact biological systems.
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Chapter
Introduction and Motivation

1.1 The power of infrared spectroscopy

A beautiful property of light-matter interaction is that it allows virtually any material to

be studied by means of a non-contact measurement. Based on the speci ¢ response of the
photons to the sample under scrutiny, insights into biological, chemical, electrical, mechanical
or, more generally, material properties can be gained. Thereby the frequencies of the applied
electromagnetic radiation determine what kind of information can be gained. For example, the
strength of the interaction of X-rays with matter depends mainly on the elemental composition
of the material, but not so much on the chemical properties, since the photon energy is
much higher than the chemical binding energies [1]. Consequently, X-ray spectra contain
information about the di erent elements within a sample. When moving to the visible range,
photon energies get smaller, and electronic transition in the outer orbitals of single atoms and
complex molecules can be e ciently excited [1]. Well-known application examples of visible
spectroscopy are the identi cation of chemical elements in atmospheres (e.g. Fraunhofer lines
[2]) or the investigation of the photosynthetic electron transport chain [3].

However, linear absorption spectroscopy in the visible range only gives partial insight into
the chemical functionality of a sample. To access this information, one has to probe the chemical
bonds holding molecules together. In a simpli ed picture, these bonds can be considered as
springs between vibrating atoms. In a quantum mechanical picture, the vibrational modes can be
associated with di erent energy levels. The energy between transitions of di erent vibrational
states typically ranges between 0.4 eV and 0.04 eV, which corresponds to electromagnetic
frequencies in the (mid-)infrared spectral range. Whenever the vibrational movement induces
a change in the dipole moment of the molecule, it can be directly excited and probed using
infrared radiation [4]. Vibrational modes of molecules can also be measured by visible light via
the Raman e ect [4]. Depending on the type of sample, the measurement conditions, and the
guestions under investigation, either infrared or Raman spectroscopy o ers distinct advantages
in the respective situation. A detailed and critical comparison of the two techniques would go
beyond the scope of this introduction. For further reading, the interested reader is referred to
the relevant literature [5 8].

To understand what kind of information can be obtained by vibrational infrared spec-
troscopy, it is instructive to examine the simplistic picture of two vibrating atoms connected by
a spring in more detail (Fig. 1.1 a). The spring constaig determined by the strength of the
chemical bond. Considering the reduced masg; 5(1°< 455= 1< , 1¢< ) of both atoms, a
classical equation for the movement, expressed as relative dist@fmetween the atoms, can
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be written down as:

<45g5 :G=0 (11)

In a quantum mechanical description, the energy of the corresponding eigenstatissgiven
by s__

- =1= }0— : . (12)

where denotes the Planck constant. For a transition from the ground to the rst excited state
due to light absorption, a photon energy> with an optical frequencya of

s

1 :
=-_ - 1.3
22¢ <455 (13)

2 = a
is required (Fig. 1.1 b).

By analysing this relationship, we can derive basic properties of absorption bands associated
with certain vibrational modes. Increasing the mass shifts the absorption frequency to lower
frequencies, while a larger “spring constant' e.g. by replacing a single with double bond

results in a higher absorption frequency. Each combination of spring constant and mass
will result in a di erent eigenfrequency. This simple model example showcases why infrared
spectroscopy allows to extract rich chemical information. In actual physical systems, even more
factors contribute to the information content of infrared spectra. A molecule with N atoms
has 3N degrees of freedom including translation, rotation, and vibration. Taking into account
translational and rotational motion as well as symmetries, the number of vibrational modes is
3N 5 for linear and 3N 6 for nonlinear molecules [4]. These vibrational modes may also be
coupled to rotational energy states, resulting in a multitude of characteristic infrared absorption
lines. In addition, each molecular vibration is either damped or dephases according to their
speci ¢ chemical (e.g. water vs. organic solvents) or physical (e.g. temperature) environment.
A detailed explanation and (theoretical) description of this is out of scope for this introduction
and has already been extensively covered by others [4, 9, 10].

The aim here is to highlight the fact, that the chemical information about a molecule
(strength and type of chemical bonds, mass of atoms that make up the molecules, information
about the chemical and physical environment) is encoded in the associated infrared spectra
(strength, width, shape, number, and position of the absorption lines). In fact, the information
content is so rich, that basically any larger molecule (and even di erent conformations thereof)
has a unique absorption spectrum in the infrared (Figure 1.1 ¢ and d shows a few examples
of characteristic infrared spectra for molecules in liquid and gas phase) [4]. Therefore, a
carefully performed infrared measurement can reveal qualitative, quantitative, and/or structural
information about a sample. In addition, changes in this information can be easily tracked over
time, for example to follow protein folding in response to a rise in temperature [4, 9].

For more complex (especially organic) sample compositions, e.g. biological uids or living
cells, the identi cation and quanti cation of all constituents eventually becomes impossible due
to overlapping spectral bands. However, it has been shown in numerous applications, that the
acquired spectra of such samples still deliver highly speci c information a so caligdared

ngerprint about the overall chemical makeup, which can be utilized to characterize and
classify given samples or sample sets [4, 9, 11]. For example, infrared ngerprints have been
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Figure 1.1: a) In a simpli ed quantum mechanical picture, a molecular vibration can be described as
two atoms connected by a mechanical spring. The corresponding quadratic potential has discrete energy
levels. If an infrared photon has an energy equal to the energy di erence between the rst and ground state,
the molecular vibration can be excited and the photon is absajdw absorption spectrum belonging

to this model consists of a sharp line at the absorption frequegyn reality, molecules have several
chemical bonds that enable a multitude of vibrational, translational, and rotational movements. Therefore,
the corresponding infrared spectra can have a large number of absorption lines. In a liquid environment,
the vibrational motions dephase rapidly due to collisions and therefore the molecules have a rather broad
absorption spectrum) Shows some examples of this. In contrast, fewer collisions occur in the gas phase,
causing the corresponding absorption lines of the gases to be quite narrow, as @ghdwgémeral, any

larger molecule (may it be in the gas phase or liquid phase) o ers an unique absorption spectrum in the
infrared that can be e.g. used for molecular identi cation.



4 1 Introduction and Motivation

used to identify strains of bacteria [12] or cell (pheno-)types [13, 14]. It has also been shown
that the analysis of infrared ngerprints of tissue sections or bio uids such as blood serum
can assist cancer detection [11, 15 18]. Typically, the identi cation or classi cation is assisted
using machine learning algorithms [11]. Such algorithms are being trained using ngerprints
from samples with known states (e.g. healthy vs. cancerous tissue) to pick up signatures in
the infrared ngerprint that are characteristic for speci ¢ sample types correlating with certain
physiological states (for more details see also section 1.3).

The aim of this short introductions was to explain the basic idea of the physical principles
underlying vibrational infrared spectroscopy and to emphasize why it is a powerful tool for
the study, investigation, and characterization of (organic) matter. It can be applied to any type
of sample, less and more complex, to living or non-living materials, while providing label-free
access to the chemical composition and therefore to the functional makeup of a system as such

regardless of whether the matter of investigation is in hydrated, solid or gas state. As Peter
Gri ths once put it so very aptly: The number of applications for which a careful measurement
of the infrared spectrum will yield important qualitative, quantitative, and/or kinetic information
is limited only by the imagination of the usé4].
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1.2 Pushing the limits of infrared spectroscopy

One of the major goals in the development of any spectroscopy technique is to increase the
sensitivity to the shot noise limit, which is set by the quantum nature of light. Whether
the eld-resolved metrology, which is the subject of this thesis, can reach this limit remains
to be investigated. However, before discussing the latter in detail, a short overview of the
history of infrared spectroscopy is given. Interestingly, in retrospect, it seems that the inherent
pursuit of higher sensitivity has already come to a halt several times as the potential for
further improvements seemed exhausted. But now, as it has been the case before, after years of
stagnation, new technical developments have initiated the process of a further evolutionary
leap.

The rst commercial infrared spectrometer was released in 1913 and eventually infrared
spectroscopy became widespread with tRerkin-Elmer 2Ja commercial double-beam spec-
trometer introduced in 1950 [19]. Back then, infrared spectroscopy was mainly used for chemical
analysis and structural determination of molecules. However, with the advent of techniques
such as two-dimensional nuclear magnetic resonance spectroscopy, X-ray di raction, and mass
spectrometry, the structure of complex molecules is nhowadays mostly studied using these
methods [4]. In 1973, this fact has led Herbert Laitinen, who was the editoArdlytical
Chemistryat the time, to make an analogy between the development of an analytical method
and Shakespeare's concept of the “seven ages of man' [20]. A development that spans from
the recognition of a physical principle and its experimental validation for measurements in a
research environment to the implementation into practical use and gradual commercialization,
until it is eventually well recognized and established in a wide scope of applications. But
inevitably it will one day reach its "seventh age', in whiclother methods of greater speed,
economy, convenience, sensitivity, selectivity, etc. surpass the method under congifgration
Laitinen indicated that infrared spectroscopy had reached this stage of development, which
can be interpreted to mean that he did not consider infrared spectroscopy to be a relevant
competitive technique in the future unless fundamental technical or theoretical developments
will cause one of the earlier stages to resurge.

Retrospectively, the conclusion that infrared spectroscopy had already reached its nal age
would be incorrect, especially when considering that the rst commercial Fourier-transform
infrared (FTIR) spectrometer was introduced in 1969. Gri ths commented in his book that
instead of being in his seventh and nal age, infrared spectroscopy was actually in its what he
calls “second childhood'’, which might be de ned as the rejuvenation of the analytical method
[21]. The FTIR technology has enabled improvements in many technical aspects, such as
greatly increased sensitivity, spectral coverage, reproducibility, and resolution while at the
same time increasing the measurement speed. In addition, the FTIR devices became cheaper,
smaller, and more user-friendly. Combined with the development of new sampling techniques
(e.g. attenuated total re ection, multi-pass-cells, micro-spectroscopy) di erent sample types
could now be easily investigated. This enabled the study of new research questions and has
led to many applications in the elds of chemistry, biochemistry, biomedicine, environmental
monitoring, and many others. Due to all these aspects, FTIR spectrometry became so dominant
that many scientists now consider it equivalent to infrared spectroscopy. At present, nearly
fty years later, FTIR spectrometry is still considered to be the gold standard of infrared
spectroscopy.
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However, there have not been any substantial technical advances in commercially available
FTIR spectrometers within the last twenty years. The initially rapid leaps in the area of improved
sensitivity and other technical aspects enabled by the introduction of FTIR technology slowed
down once the (fundamental) limits of what can be achieved with thermal sources and liquid-
nitrogen cooled detectors were approached [4, 22]. Most likely, this was also the reason why
Gri ths wrote, that infrared spectroscopy passed from its second childhood into its fth age
[4], in which the major steps of development are completed aa@plications are enlarged to
an ever-widening scope of argas).

Although itisindeed a fact that FTIR spectrometers are still widely used, even Gri ths could
probably not have foreseen how upcoming new laser-based light sources and new light detection
schemes would have the capacity to start another evolutionary step of infrared spectroscopy
towards higher sensitivity and its applicability to an even wider range of applications.

Fundamentally, the achievable sensitivity of a spectroscopic method is limited by the shot
noise of the employed light source. The single-sided linear spectral deBgity the relative
guantum power noise is given by

r_— r r
Bp= 22 Zpg 108 05 LMW 1064nm

% _ %

(1.4)
where is the Planck constang the vacuum speed of ligh®psis the optical power incident

on the detector (assuming a detector quantum e ciency of 1), anthe wavelength of the
radiation [23]. In practice however, current state-of-the-art FTIR spectrometers do not operate
even close to shot noise limit and are usually dominated by the detector noise [4]. Since
liquid-nitrogen cooled photodetectors already operate close to the limit set by the thermal
background [22], the rst step towards higher sensitivity is to overcome detector noise and
increase the employed light power in a spectroscopic scheme.

Apart from synchrotron sources (which will not be discussed here due to their limited
availability, cost, and space requirements), the rst competitive alternative to thermal-based
sources became quantum cascade lasers (QCLS). Introduced in 1994 [24], they have been
becoming cheaper, more compact, user-friendly, and therefore more widely applied [25 29].
Commercially available QCLs are now able to cover the entire mid-infrared (MIR) range
(when multiple QCLs are combined) and deliver watt-scale powers. In parallel, coherent
supercontinuum and broadband femtosecond sources in the mid-infrared have been developed,
which now exceed the brilliance of thermal sources by orders of magnitude [30 33].

With these new MIR sources signi cant progress in infrared spectroscopy has been achieved.
The properties of laser light allow to take advantage of advanced spectroscopic schemes.
Multipass-con gurations and enhancement cavities can now be realized more e ciently due
to the spatial coherence of lasers [34, 35]. In gas spectroscopy, this allows to signi cantly
increase the e ective interaction length with the molecules of interest, and therefore enables
higher detection sensitivities. By combining two coherent frequency-combs, broadband dual-
comb spectroscopy can achieve orders-of-magnitude higher spectral resolution at signi cantly
reduced acquisition times as compared to conventional FTIR spectroscopy [27, 36 38]. At the
same time, the increased MIR powers of laser-based sources allow to better tolerate losses due
to absorption and scattering [39]. This enables increased sensitivity in micro-spectroscopy or
transmission spectroscopy of strongly absorbing or scattering samples by either increasing the
e ective pathlength or by increasing the number of photons reaching the detector.
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Despite these advances, the increased power of MIR sources could not be fully exploited so
far [28, 40, 41]. Firstly, a common issue of sensitive MIR photodetectors is their limited intensity
dynamic range. Commercially available detectors saturate in the mW-range, limiting the
useable MIR power for spectroscopy [22, 37]. Frequency up-conversion detectors [42, 43] with
high quantum-e ciency can circumvent this problem to some extent, as orders-of-magnitude
more sensitive photoreceivers with larger intensity dynamic ranges are available for visible
and near-infrared light. Secondly, even assuming the availability of perfect detectors, most
spectrometers would not operate at the shot noise limit, but would be heavily dominated by
technical excess noise, such as relative intensity noise or interferometer instabilities. Therefore,
many spectroscopic schemes either suppress or circumvent noise by various approaches, such
as balanced detection, active stabilization or fast data acquisitions [35, 37, 44 46].

Later in this work, itis discussed in detail and demonstrated how eld-resolved spectroscopy
(FRS) of few-cycle infrared-laser-excited molecular vibrations is able to address both of the
above-mentioned issues simultaneously. Sub-cycle nonlinear gating enables isolation of the
molecular response from the orders-of-magnitude stronger excitation. By this, sensitivity
limitations imposed by source noise and detector dynamic range can be avoided. As a result, FRS
oers alreadyinits rstimplementation a limit of detection of 200 ng ml* dimethylsulfone
solved in water, outperforming state-of-the-art FTIR in sensitivity by a factor of 40 [40]. Still,
there is substantial room for further improvement. Considering the same light source as used
in the experiments mentioned above, a limit of detectiond34 ng ml * dimethylsulfone solved
in water would be possible under shot-noise-limited detection with perfect detectors [37, 40].

Considering these recent advancements as well as the potential for further improvements,
it is di cult to agree with Gri ths that infrared spectroscopy now is in its * fth age'. Rather, |
would argue that infrared spectroscopy is (once again) in its “second childhood'. Only when
broadband infrared spectroscopy can be routinely operated at the limits set by the quantum
nature of light with average powers close to the damage threshold of the samples could
infrared spectroscopy have reached a nal "age' at which it can no longer be surpassed - at least
according to our current understanding of the matter. The future will show whether FRS will
be the technology able to achieve this ultimate goal within the eld of infrared spectroscopy.
But regardless of whether it will mark the nal step of development, we can already state now
that FRS will de nitely move the eld of infrared spectroscopy forward and thereby broaden
the prospects for novel applications.
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1.3 Application of infrared spectroscopy to bio uid anal-
ysis and disease detection

Due to its ability to obtain rich information about all types of molecules present within a
complex sample in a rapid and label-free manner, infrared spectroscopy has always been and
still is predestined for chemical, biological, and medical applications. Over the last decades
all kinds of biological samples breath [47], (human) tissue sections [15], plant leaves [48],
cells [13, 14], cow's milk [49], saliva [50], blood serum [51], blood plasma [52], full blood [53],
etc. have been studied using di erent measurement modalities [11, 25, 54 56] including
attenuated-total-re ection, transmission, re ection, micro-spectroscopy, waveguide sensors
and micro uidic chips in order to investigate chemically, biologically, and medically relevant
guestions related to label-free sample identi cation [11, 13] as well as (cell) phenotyping [13],
identi cation and quanti cation of selected molecules [52, 54, 57], disease and cancer detection
[11, 15, 50, 51]. A complete comprehensive overview over all these di erent topics is beyond
the scope of this thesis. The interested reader is kindly referred to the original works already
cited as well as to dedicated books on these topics [4, 7 9].

The focus of this section of the introduction lies on the analysis of bio uids with infrared
spectroscopy for biomedical applications, highlighting the potential advantages for disease
and cancer detection. Towards that end, | will review three main approaches (1) quantitative
analysis, use of (2) functionalized sensors, and (3) ngerprinting approaches and discuss their
respective advantages and disadvantages for di erent applications.

1.3.1 Quantitative analysis of bio uids

A variety of analytical methods are routinely used to identify and quantify selected components
of liquid samples. Among these approaches, optical methods stand out in particular, as they
allow quantitative analytical measurements without direct contact or manipulation of the
sample under investigation, e.g. by using additional reagents such as chemical labels. The
basic concept of quantitative infrared spectroscopy is based on the fact that virtually every
molecule exhibits a unique absorption spectrum in the infrared range, which can be used not
only for identi cation but also for quanti cation of this speci ¢ molecule, as the absorption
scales linearly with the molecular concentration (in the limit of linear spectroscopy) [4].

For complex organic bio uids, consisting of many thousand di erent molecular species at
(often vastly) di ering abundancies, the infrared molecular signal is a linear superposition of the
individual molecular signals weighted according to their concentrations. Considering that these
individual molecular signals range over several orders of magnitude, and that absorption spectra
in the liquid or solid phase have rather broad absorption features with overlapping bands,
concentration retrieval in complex substances constitutes a challenging problem. Therefore,
molecular identi cation and quanti cation is assisted by so called “infrared chemometrics'
using advanced (machine learning) algorithms to extract, identify,and quantify features in the
infrared ngerprints that belong to speci c analytes. To date, parallel molecular quanti cation
based on infrared spectroscopy has been restricted to about 10 analytes, all with concentration
levels well above 1Qg mL ? in bio uids [29, 57 59]. However, it is still unclear whether the
spectroscopic sensitivity, the broad absorption features, or other factors (e.g. sample preparation
and measurement modalities) are currently the main limitations of this speci ¢ approach [59].
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In the context of clinical diagnostics, quantitative infrared spectroscopy has signi cant
application potential. A large number of blood parameters (e.g. erythrocytes, leukocytes,
thrombocytes, haemoglobin, haematocrit, total protein content, glucose concentration) are
routinely measured whenever a blood sample is drawn, either when healthy individuals undergo
amedical check-up or to support the diagnosis of a disease if patients already show symptoms. If
a speci c disease is suspected, a targeted quanti cation of selected indicative marker molecules
is performed (e.g. prostate speci c antigen for prostate cancer). It is now understood that
a single molecular marker, although highly correlative with the onset of certain diseases, is
not su cient to provide reliable diagnostic e ciency and thus multiple molecules need to be
guantitatively evaluated from one and the same sample. Established enzymatic and antibody-
based methods or modern omics approaches have the capability to probe and quantify an
ever-wider range of molecules, but the immense number of relevant biomarking molecules in
such blood-based tests causes the costs of these methods to grow prohibitively [60].

Due to its relatively cost-e ective and compact instrumentation, infrared spectroscopy has
distinct advantages when it comes to point-of-care capability, speed of evaluation and economic
viability. In addition, the methodology for quantifying selected molecules, once established,
can readily be combined with infrared ngerprinting applications, e.g. for disease detection
(see section 1.3.3). This would mean great synergy e ects, as quantitative clinical parameters
could be obtained additionally and free of charge from the same spectra that were used for
disease diagnosis based on the infrared ngerprints.

1.3.2 Functionalized infrared sensors and chips

A major challenge of (quantitative) infrared spectroscopy of complex bio uids is both its
selectivity and sensitivity of molecular detection. As discussed in the previous section, direct
sampling is usually limited to the identi cation and quanti cation of the most abundant
molecules. In order to enhance selectivity and sensitivity, two concepts are mainly followed,
namely molecular pre-concentration and the use of molecule-speci ¢ binding sites [25, 54, 55,
61]. Both approaches are often combined and realized on a sensor chip, to which the light is
coupled in transmission, or via waveguides or via attenuated total re ection.

For example, Nabers et al. developed an attenuated total re ection infrared sensor with
binding sites for the amyloid-beta peptide [62 64]. Here, the functionalized interface ful Is
two tasks. On the one hand, it enables isolation of the target peptide from the complex uid
(blood serum and cerebrospinal uid in this case). On the other hand, the peptide concentration
is locally highly increased, thus facilitating optical detection. Furthermore, these authors have
also shown that the measured infrared spectrum can be associated with a conformational
change of amyloid-beta peptides. First results from a clinical study show that these changes
can be correlated with the likelihood of developing Alzheimer's and may thus be used as a
promising biomarking approach for early diagnostics [64].

The example above showcases how the sensitivity and speci city of infrared spectroscopic
analysis can be increased. However, such a "targeted' approach is only applicable if the target
molecule has already been identi ed, which is not always the case. At the same time, in any
approach that only focuses on the detection of a selected molecule, relevant information from
other constituents may remain undetected. This can be disadvantageous for certain research
guestions or applications, since often only the interaction pattern of di erent molecules within
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complex networks are crucially informative and the right conclusions can be often drawn only
when multi-molecular analyses are available. For a more extensive overview over di erent
types of MIR sensors and their application, the interested reader is referred to dedicated reviews
on these topics [25, 54, 55, 61].

1.3.3 Infrared ngerprinting

Quantitative analysis of bio uids and functionalized sensors target the identi cation and
quanti cation of either (pre-)selected or known molecules, and therefore reqairpriori
information about molecules relevant for a speci ¢ biological or medical question. By this,
a wealth of information inherently provided by infrared molecular spectroscopy may be
neglected or missed. Infrared spectroscopy is sensitive to all molecular species. Thus, an
absorption spectrum, in principle, contains information about the entire molecular landscape
of a biological sample. The advantage of infrared molecular ngerprinting is thatengriori
information about relevant molecules is required, rendering an extensive search and testing of
potential candidates obsolete.

Instead of relying on the analysis of a few selected analytes, the concept of infrared molecular

ngerprinting is to identify and relate speci ¢ patterns within the infrared spectra of biological
samples to characteristic molecular compositions or phenotypes. Thereby, the observed pattern
may originate from a combination of changes of many di erent molecules something that
might be missed when only speci c pre-selected sets of analytes are investigated. If an infrared
ngerprint is speci ¢c enough for a molecular composition, i.e. it is unambiguously correlated
with a certain phenotype while being non-sensitive to other conditions, infrared ngerprinting
can contribute to the detection of a given physiology. These concepts and approaches can be
applied to any (biological) material, such as bio uids, tissues, or cells, and for phenotyping and
sample type classi cation [4, 7, 8, 11, 13, 65]. In the following, | will elaborate on the application
of infrared ngerprinting of bioliquids for disease detection, discuss in more detail how to
decode infrared molecular infrared ngerprint information, and examine the advantages and
disadvantages of this particular approach.

The incentive of molecular ngerprinting of bio uids relies on the fact that a multitude of
human phenotypes, including diseases, are re ected in the molecular composition of bio uids,
such as blood serum and plasma, urine, saliva, etc. In addition, bio uids can be sampled easily
and repeatedly. In general, medical diagnostics would greatly bene t from liquid biopsies as
they are minimally invasive as well as time- and cost-e ective compared to tissue biopsy-driven
diagnostics.

So far, most liquid biopsies predominantly rely on the analysis of few pre-selected analytes
and biomarkers. Although the emergence of highly sensitive and molecule-speci c methods
in the elds of proteomics [60, 66, 67], metabolomics [68, 69], and genomics [70 72] has led
to the discovery of thousands of di erent biomarker candidates, only a few of them could
be veri ed and made it to the clinics. Over the last few decades, there has been a paradigm
change. Instead of relying on a single molecular marker, recent research increasingly focuses
on the combination of di erent makers, and the investigation of changes of molecular patterns
in order to detect physiologies speci c to a disease. However, the combination of analytical
approaches, with each targeting a speci ¢ family of molecules (e.g. proteins), is still a major
challenge as it requires complex and target-speci ¢ sample preparation as well as elaborate
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ways combining di erent datasets [73 76].

Infrared ngerprinting addresses these issues by capturing the entire molecular nger-
print information in a single time- and cost-e ective measurement enabling phenotyping
‘in a snapshot’. Numerous studies have already shown the potential of blood-based infrared
spectroscopic molecular ngerprinting for disease detection [17, 18, 51, 77, 78]. In the following
three subsections the work ow, challenges, and steps towards a clinical translation of infrared
spectroscopy are outlined.

Considerations on the work ow and application of bio uid infrared spectroscopy

The basic principle of infrared ngerprinting was established two decades ago [79 85] and
has been re ned over time. The typical work ow of bio uid infrared spectroscopy along with
several application examples is reviewed in detail in several publications [17, 86 90] and can
be summarized in the following steps and considerations:

1. Study design and sample collection. This includes considerations such as: Which
medical question is to be investigated? Are proper case and control groups available
to avoid bias? How homogeneous is a phenotype or condition and should relevant
subgroups (e.g. di erent types of breast cancer) be considered accordingly? How many
samples should be included in the envisioned study for the results to have su cient
statistical power? Which bio uid (e.g. serum, plasma) would be the most promising to
sample and detect a given condition? Can standardized sample collection and long-term
storage be ensured?

2. Sample preparation. The collected liquid samples are usually stored in a deep-freezer.
Prior to any measurement they have to be thawed and can then be either measured
in the dried or liquid state. Most infrared ngerprinting studies were performed with
dried samples, as liquid water is a strong infrared absorber and therefore makes the
infrared measurement more challenging. However, the drying process su ers from the so-
called "co ee-ring e ect' [87, 90] making the obtained infrared spectra less reproducible.
For both cases (dried and liquid) standardized sample preparation routines need to be
established in order to minimize possible pre-analytical errors.

3. Sample holder and spectral acquisition. The measurement can either take place in
transmission geometry or using an ATR cell. In any case, an automated sample delivery
unit is preferable to increase measurement reproducibility and speed.

4. Spectral pre-processing and outlier removal. Infrared spectra are often a ected by
instrument drifts over time and/or changes in the environmental conditions. As discussed
in detail by Trevisan et al. [89], spectral pre-processing can for one reduce some of these
e ects and for the other facilitate e cient extraction of biologically relevant information
from the infrared ngerprints. Usually, this step also involves an outlier detection (often
automatic) in order to remove faulty measurements.

5. Data analysis and classi cation. The goal here is to nd spectral features that are
linked to medically relevant questions. In general, this can be done applying unsupervised
methods (e.g. principal component analysis, clustering analysis) or supervised methods
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(e.g. support vector machine, random forest analysis, arti cial neural networks) [11,
89]. The supervised methods are often called machine-learning algorithms. The general
strategy here is that part of the dataset is used to train the algorithm to nd features
connected to the disease. Afterwards the trained algorithm is tested on the remaining
test dataset.

6. Classi er for diagnostics. As a nal step, the accuracy, speci city and sensitivity of
the methods is evaluated.

Using these steps as a basic recipe, infrared ngerprinting of bio uids has been applied to various
cancer entities (e.g. prostate, lung, breast, ovarian, brain) and other diseases (e.g. Alzheimer's,
scrapie, malaria) [17, 18, 51, 77, 78, 86 88]. Although some studies show promising classi cation
accuracies, e.g. 93.2 % sensitivity and 92.8 % speci city for the detection of brain cancer using
ATR-FTIR sampling [51], none of them have been successfully transferred to clinical use so far,
as di culties arise from several aspects, which are discussed below.

Methodological and practical challenges in applying infrared ngerprinting

There are several methodological and practical challenges that arise when applying infrared
ngerprinting.

1. Limited sensitivity and specicity  of infrared ngerprinting is one of the largest
drawbacks so far. Current FTIR spectrometers have detection limits typically well above
10pg mL 1. This renders various common biomarkers, e.g. prostate speci ¢ antigen
(at a mean concentration level a0 ng mLY), impossible to detect [91]. Furthermore,
broad spectral features result in overlapping spectra from di erent molecules, making
it challenging to distinguish between the individual molecules. Therefore, an approach
that manages to increase speci city and sensitivity without losing the ability to measure
all signals simultaneously would be of great practical relevance.

2. Biological variability of infrared ngerprints, neither of any larger random population,
nor of healthy individuals have been studied systematically. However, only with exact
knowledge of the latter, one can assess whether an observed pattern is indeed abnormal,
or if it still lies within the normal range for an individual.

3. Limited insight into the (molecular) origin  (see also section 1.3.1) of the observed
patterns that are relevant for classi cation of any speci ¢ disease makes infrared molec-
ular ngerprinting susceptible to false positive ndings due to confounding factors or
non-disease speci ¢ signald{ and experimental bia() [91].

4. Confounding factors or non-disease speci c signals. For example, by combining

proteomics and infrared spectroscopy, the Naumann group discovered that the infrared
ngerprint pattern related to the presence of bovine spongiform encephalopathy (or mad

cow disease) could be attributed to a change of the albumin to globulin ratio [84, 85].
The latter is known to correlate with many di erent diseases and disease prognosis due
to a non-speci c immune response [91]. Since both albumin and globulin are generally
abundant in blood serum, and therefore contribute to a large extent to the infrared signal,
this has to be considered before claiming to have identi ed any disease-speci ¢ markers.
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Other confounding factors might arise due to poor study design. Especially non-balanced
control and case groups (e.g. young controls and old cases) might lead to falsely assessing
the actual classi cation performance. Thus, it is instrumental to demonstrate that a given
infrared ngerprint pattern unambiguously correlates with the onset of a given condition,
while not being in positive correlation with other real-life conditions.

5. Experimental bias. Any signal that is predominantly present in the spectra of one
group (e.g. control individuals) might be taken up by the machine learning algorithm,
even though it does not originate from the disease itself. In a critical commentary [91],
Max Diem discusses a study, which sought to discriminate between serum samples from
healthy individuals and cancer patients. He notes, that the most relevant p-values in the t-
test observed for the experiment roughly follow the overall vibrational spectrum of water
vapour, suggesting that an algorithm could possibly pick up an experimental artefact,
possibly due to changes in the water vapour content in the room during the measurements
of the di erent samples and sample sets. For small-scale studies, experimental bias can be
largely countered by randomization in order to avoid batch e ects [92]. For large-scale
studies additional standardizatio® | is required.

6. Standardization is a prerequisite for any large-scale study as it minimizes the potential
for experimental bias by standardization of work ow, sample handling, and measure-
ments. In addition, several algorithms can be applied to the spectral data in order to
minimize instrument related bias and drifts [93].

Clinical translation as a challenge

The clinical translation presents a challenge in and of itself. It is demanding in terms of
both time and cost, and in addition, it necessitates close collaboration with professionals of
di erent backgrounds and integration of di erent clinical and research institutions. In a series

of publications [16, 17, 87, 94 96], Matthew Baker and co-workers address the challenges and
outline necessary steps towards a successful clinical translation:

1. Small-scale pilot study. Frequently, many studies do not progress from the pilot phase
due to methodological aws (see above), alack of funding or the unavailability of su cient
clinical samples. Once leaving the pilot phase, the acquired results need to be con rmed
in independent large-scale cohort studies (clinical validity).

2. Investigation and demonstration of the envisioned clinical decision-making set-
ting. Depending on the acquired sensitivity and speci city as well as the costs of the
envisioned medical test, it has to be determined in which clinical setting the new tech-
nigue can be used with the most bene t (in terms of economic viability and clinical utility).
For example, it might be bene cial to use a new test in conjunction with established
diagnostic procedures to increase their e ciency or cost e ectiveness, while others might
be especially useful in a screening context. Gray et al. explored two clinical scenarios
for the use of a FTIR-based blood serum test for brain cancer [97]. They concluded that
whenever their test is applied to potentially avoid an expensive computed tomography
scan or magnetic resonance imaging, it would not only reduce the overall costs, but also
have the potential to deliver improvements in health outcomes.
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3. Commercial considerations such as intellectual property rights, lack of funding, and
competing techniques and approaches. They often represent barriers for proof-of-concept
studies and are therefore crucial for a successful clinical translation [17].

A routine use of infrared bio uid analysis in a clinical context can only be established, if all
these challenges are met adequately.

This thesis reports on the application of FRS, a novel technology of infrared spectroscopy,
for cancer detection in liquid serum to increase the sensitivity and speci city of infrared
ngerprints. Pursuing a new approach, however, also means that we were mainly confronted
with methodological and practical challenges. In the following chapters I will report on how
we addressed them.
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1.4 Research goals and structure of the thesis

The investigated research goals and results presented in this cumulative thesis were driven by
two overriding scienti ¢ questions:

1. Can fs-laser technology, o ering broadband few-cycle infrared pulses, and the
eld-resolved detection thereof with electro-optic sampling (i.e. eld-resolved spec-
troscopy), provide the means to improve sensitivity limits as compared to other
emerging and established mid-infrared spectroscopy techniques?

2. Canthis newly developed eld-resolved spectroscopy be successfully applied to the
analysis of human serum in order to detect diseases such as cancer? Underlying
guestions include whether (i) electric- eld molecular ngerprints can be obtained
reliably and robustly, and whether (ii) the increased sensitivity of eld-resolved
infrared spectroscopy (as compared to conventional Fourier-transform infrared
spectroscopy) translates to higher e ciency in cancer detection.

Chapter 2 of this thesis addresses the rst question. It focuses on the description of technical
advances and theoretical aspects of eld-resolved infrared spectroscopy.

As a rst preparatory step | investigated and optimised the intensity noise properties of
the broadband femtosecond mid-infrared source that later was employed in the eld-resolved
spectrometer. Excess relative intensity noise (RIN) constitutes one of the major limitations of
most spectroscopic methods involving lasers. Therefore, the idea was to reduce the RIN of the
employed source prior to any spectroscopic experiments. The results were summarized and
published as an article i®ptics Expreg4d5], which is included in the corresponding section
2.1 below.

The subsequent section reports on the most fundamental and essential aspects and ndings
of FRS. First, conceptual advantages of eld-resolved spectrocopy as compared to frequency-
resolved spectroscopies are discussed. We demonstrate that these conceptual advantages can be
used and employed to increase the sensitivity of FRS over FTIR by a factor of 40. Furthermore,
we report how this advantage in sensitivity enables spectroscopy of strongly absorbing samples
like living cells and plant tissues. These results have been published as an artidigture[40],
which is included in section 2.2.

The last section of chapter 2 elaborates on the bene ts of FRS for the measurement of
strongly absorbing samples. Fundamental advantages of techniques whose signal-to-noise
ratio (SNR) scales linearly with the electric eld (e.g. FRS) over those whose SNR scales
linearly with radiation intensity (e.g. conventional FTIR spectroscopy) are discussed in theory
and demonstrated experimentally. This bene cial scaling behaviour leads to an optimum
interaction length with samples for SNR-maximized measurements that is twice the value
usually considered to be optimum for FTIR devices. These results were published as an article
in Analytical Chemistry{39], which is included in section 2.3.

Chapter 3 of this thesis addresses the application of infrared spectroscopy to the ngerprinting
of human blood serum and plasma to facilitate disease detection.

In a preparatory work, | assess the (temporal) stability of infrared molecular ngerprints
obtained from human serum and plasma samples from 31 healthy individuals who have provided
up to 13 blood samples each over a period of 6 months. In addition, the measurement error as
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well as the uncertainties due to sample handling and collection were investigated. This study
was intended to serve as a framework for future studies in the eld. The results are instructive
to relate a potential disease related signal to the natural biological variability and the analytical
errors. Furthermore, this study revealed that infrared molecular ngerprints contain highly
individual-speci ¢ information. The results were summarized as an article and are currently
under review byNature Communicatior[98]. The submitted version is included in section 3.1.

Finally, we applied eld-resolved spectroscopy to the analysis of over 300 individuals in a
clinical study involving lung, breast, and prostate cancer patients. Applying machine learning
algorithms, we nd that all cancer entities can be detected with an area under the receiver
operating characteristic curve of 0.63-0.84. We also nd that the detection e ciencies of eld-
resolved spectroscopy are systematically higher than those obtained with conventional infrared
spectroscopy, suggesting that the increased sensitivity of the method directly translates into a
better detection e ciency. The results can be found in section 3.2.

Atthe end of the thesis, | summarise the main ndings throughout the work in order to put them
into a larger context. | discuss how the eld-resolved metrology might further evolve and how
this might open up new avenues for an even larger variety of applications. Speci cally, | discuss
the impact of these potential further developments on the future of infrared ngerprinting.



Chapter
Field-Resolved Spectroscopy

2.1 Active intensity noise suppression for a broadband
mid-infrared laser source

Preface: Precision absorption spectroscopy relies on resolving minuscule intensity changes
upon transmission of (laser) light through a sample. In the most simplistic implementation,
linear spectroscopy employs a monochromatic source that is transmitted through a sample and
measured with a photodetector. According to Beer's law, the sample attenuates the light beam
by a certain values The resulting change in light intensityl{ 1+G can only be detected if

the relative intensity uctuation of the light source is less than x throughout the measurement
time. Although a large number of measurement concepts have been developed in order to
circumvent the negative in uence of intensity noise on the spectroscopic measurement (as it
is also the case for eld-resolved-spectroscopy, see section 2.2), it is always bene cial to start
with a source that o ers less intensity noise intrinsically [23, 35, 44, 99]. This motivated us to
investigate intensity noise suppression schemes for the femtosecond mid-infrared (MIR) laser
source that later was employed in the eld-resolved spectrometer. We implemented an active
intensity stabilization with an electronic feedback loop and an acoustic-optic modulator acting
as a fast intensity modulator. With this system a relative intensity noise (RIN) suppression of
the MIR pulse train of up to a factor of 20 was achieved in the band between 1 Hz and 100 kHz,
resulting in a total integrated RIN of 0.07 % [45].
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