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Abstract

Holograms have fascinated humans ever since their first creation nearly 70 years
ago. On the other hand, label-free optical biosensors are an invaluable tool for
molecular interaction analysis. This thesis is about applying holographic detection
to biomolecular interaction analysis and by this overcoming many of the drawbacks
of state-of-the-art biosensors. Over the past 30 years, refractometric biosensors, and
in particular surface plasmon resonance, have matured to the de facto standard of this
field. However, since their introduction no fundamental technological breakthrough
that could address the major problems of refractometric transducers occured. Sen-
sor equilibration, temperature drifts, buffer change artefacts and nonspecific binding
are still significantly lowering throughput, limit the application scope and compli-
cate the analysis of molecular binding experiments. Most importantly, the stabi-
lization requirements and the cross-sensitivity of refractometric biosensors have im-
peded label-free (bio-)sensors to truly extend their scope beyond the controlled con-
ditions of a laboratory environment. Molecular holograms or diffractometric biosen-
sors should finally enable this step and create biosensors that can analyze molecular
interactions in their natural habitat - the crowded environment of body fluids, tis-
sues, cells and membranes. This thesis provides the physical explanation and the

experimental evidence why this is not just a dream but actually very well possible.
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First, I introduce the spatial affinity lock-in and use signal processing to explain
why diffractometric biosensors are finally solving the inherent stability problems
of refractometric biosensors. Second, by simulation and experiments I show that
molecular holograms achieve diffraction-limited focusing and derive mass quantifi-
cation formulas and an optimization criterion for diffractometric biosensors. Third, I
demonstrate that waveguide based diffractometric biosensors can function as a com-
bined refractometric sensor. In addition, in a direct comparison of a state-of-the-art
biosensor system to an unstabilized diffractometric biosensor I show that diffracto-
metric biosensors surpass refractometric biosensors in terms of mass resolution and
require less precise readout instrumentation. Lastly, I end with an in-depth noise
analysis to identify the intrinsic noise limit of biosensors in general and the extrinsic
noise limits of the setups developed in this thesis. In summary, this thesis provides
the explanation why molecular holograms at optical frequencies are the physical

principle to build robust and sensitive molecular sensors.



Zusammenfassung

Hologramme haben den Menschen seit ihrer ersten Kreation vor fast 70 Jahren fas-
ziniert. Andererseits sind markierungsfreie optische Biosensoren ein unschitzbares
Werkzeug fiir die Analyse molekularer Wechselwirkungen. In dieser Arbeit geht es
darum, die holographische Detektion auf die Analyse biomolekularer Wechselwir-
kungen anzuwenden und so viele der Nachteile modernster Biosensoren zu tiberwin-
den. In den letzten 30 Jahren sind refraktometrische Biosensoren und insbesondere
die Oberflichenplasmonresonanz zum De-facto-Standard dieses Gebiets gereift. Seit
ihrer Einfiihrung ist jedoch kein grundlegender technologischer Durchbruch einge-
treten, der die Hauptprobleme refraktometrischer Sensoren 16sen konnte. Einpen-
delung des Sensor, Temperaturabweichungen, Pufferwechselartefakte und unspezifi-
sche Bindung senken den Durchsatz immer noch erheblich, begrenzen den Anwen-
dungsbereich und erschweren die Analyse molekularer Bindungsexperimente. Die
Stabilisierungsanforderungen und die Querempfindlichkeit refraktometrischer Bio-
sensoren hindern markierungsfreie (Bio-) Sensoren bis heute ihren Anwendungsbe-
reich iiber die kontrollierten Bedingungen einer Laborumgebung hinaus zu erwei-
tern. Molekulare Hologramme oder diffraktometrische Biosensoren sollten diesen
Schritt endlich erméglichen und Biosensoren schaffen, die molekulare Wechselwir-

kungen in ihrem natiirlichen Lebensraum analysieren konnen - der iiberfiillten Um-
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gebung von Korperfliissigkeiten, Geweben, Zellen und Membranen. Diese Arbeit lie-
fert die physikalischen Erkldarungen und die experimentellen Nachweise, warum dies
nicht nur ein Traum, sondern tatsdchlich sehr gut moglich ist. In meiner Arbeit stelle
ich zunidchst den rdumlichen Affinitéts-Lock-In vor und erkldre anhand von Metho-
den aus der Signalverarbeitung, warum diffraktometrische Biosensoren die inhédren-
ten Stabilititsprobleme der refraktometrischen Biosensoren 16sen. Zweitens zeige
ich durch Simulationen und Experimente, dass molekulare Hologramme eine beu-
gungsbegrenzte Fokussierung erreichen, die Massenquantifizierungsformeln korrekt
sind und leite ein Optimierungskriterium fiir wellenleiterbasierte diffraktometrische
Biosensoren her. Drittens zeige ich, dass diffraktometrische Biosensoren auf Wellen-
leiterbasis als kombinierter refraktometrischer/diffraktometrischer Sensor fungieren
konnen. Anhand eines direkten Vergleichs eines kommerziellen Biosensorsystems
mit einem nicht stabilisierten diffraktometrischen Biosensor wird bestitigt, dass dif-
fraktometrische Biosensoren die refraktometrischen Biosensoren nicht nur hinsicht-
lich der Massenauflosung iibertreffen, sondern auch weniger genaue Ausleseinstru-
mente erfordern. Zuletzt schliefe ich mit einer eingehenden Rauschanalyse ab, um
die intrinsische Rauschgrenze von Biosensoren im Allgemeinen und die extrinsi-
schen Rauschgrenzen der in dieser Arbeit entwickelten Setups zu identifizieren. Zu-
sammenfassend liefert diese Arbeit die Erkldarung, warum molekulare Hologramme
im sichtbaren Bereich des elektromagnetischen Spektrums das physikalische Prinzip

sind, um robuste und empfindliche molekulare Sensoren zu bauen.
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cHAPTERL

Introduction

1.1 The signi cance of information on the presence of
molecules and their interactions to life

Molecules and their interactions are the basis for life. Cells and multicellular organ-
ism can only function when they precisely monitor and control their cellular pro-
cessed? It starts with the negative feedback loops that regulate the expressions of
proteins to the ones that maintain homeostatis of complex orgartsimshumans,
chemoreceptors in concert with hormonal substances are key to regulate all internal
body processes such as the immune system, digestion, mood and emotions, energy
storage, body temperature, blood pH and glucose concentf&tiBesides these in-
teroceptors that monitor the body's internal state, exteroceptors such as olfactory and
taste buds give rise to the sense of smell and taste and allow living beings to interact
with and react to chemical cues in the environment. Such sensors are key for success-
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ful survival and reproduction and therefore the oldest senses that have evolutionary
emerged.

1.2 Molecular sensors

Humans have a long tradition of emulating and augmenting the senses nature has
evolved over billions of years. The technological equivalent of chemoreceptors and
taste or olfactory buds are molecular sensors. Molecular sensors transmit chemi-
cal information into the digital domain and allow the monitoring of chemical cues
and processe$:®! Molecular sensors rely on molecular recogniti®nThus, they
operate based on the binding af nity between a molecule of interest and the af n-
ity probe,e.g. an antibody®! The binding af nity between the molecule of interest
and the af nity probe is stronger than the af nity between probe and background
molecules®! The main challenge is to translate molecular binding into a quantity
that can be measured physically and to maintain the selectivity of the molecular
recognition in the transduction. A common subtype of molecular sensors are biosen-
sors. According to Anthony P.F. Turner:

Biosensors are analytical devices comprising a biological element (tis-
sue, microorganism, organelle, cell receptor, enzyme, antibody) and a
physico-chemical transducer. Speci c interaction between the target an-
alyte and the biological material produces a physicochemical change de-
tected by the transducer. The transducer then yields an analog electronic
signal proportional to the amount (concentration) of a speci ¢ analyte
or group of analytes. Anthony P. F. Turfé

Together with molecule emitting/releasing devices molecular sensors could in
principle enable digital feedback loop control of chemical and biological systems.
However, as of 2020 this still remains in the realm of science ction and systems
that comes closest to such a concept are arti cial pancreatic sy$ténieverthe-
less, the availability of advanced molecular sensors by itself will already have a
tremendous impact for our daily life and well-being.
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1.3 Towards the technical emulation of all senses

How close are we to such advanced molecular sensors? Unfortunately, not as ad-
vanced as we are with the emulation of other sefié&&specially, if these devices
should emulate the human counterpart at a similar form factor and performance. The
human sensory system can be subdivided into six subsystems: The visual system, the
auditory system, the somatosensory system (sense of touch and pressure), the gusta-
tory system, the olfactory system and the vestibular systemistorically, with the
invention of the giroscope (181#1) and microphone in 1877 the vestibular and the
auditory system were the rst to be emulated technicBff.Yet only much later,

the true miniaturization of sensing devices began. First, there was the urge to solve
the "tyranny of numbers" problem that arose due to ever more complex electronical
circuits. Only when Jack Kilby and Robert Noyce invented the integrated circuit in
1958 thiswas nally overcomé&?! It took another decade until the rsthuman sense,

the sense of vision was miniaturized to chip size. The invention of the CCD chip
(charge coupled device) in 1969 and its brother the CMOS (complementary metal
oxide semiconductor) chip were the basis for digital photography and computer vi-
sion that are nowadays included in pocket sized devices that we call smartgHdnes.
The device is not restricted to vision, a smartphone also includes a miniaturized gyro-
scope, an accelerometer, a barometer, a touchscreen and a miniaturized microphone -
all in one devicd!8l Thus, the MEMS (Micro-electromechanical system) revolution,

that started in the 1980s, managed to emulate and miniaturize all the human senses
except the sense of olfaction and the sense of gust8ibithis is not a surprise,

since these senses can only be emulated with molecular sensors, whereas the other
senses require "just" physical sensors. Nevertheless, there were a few concepts of
molecular sensors based on the MOSFET already proposed in the 1980s, but there
were signi cant stability and cross-reactivity problefigl.
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1.4 Why are molecular sensors hard when it was easy
for evolution?

Molecular sensors were easy for evolution because life is built on complex chem-
istry, whereas electronics and modern information processing is built on physical
processes in a very narrow set of semiconducting materials. In addition, biosensing
is a challenging eld because it is extremely interdisciplinary. It lives at the intersec-
tion of physics, engineering, chemistry and bioldt}.Unfortunately, a meaningful
biosensor requires fundamental as well as expert knowledge in almost any of these
sub elds. Usually, this is only obtained in a rigorous study of the subject. While
(organic) chemists and biologists or physicists and engineers still somewhat share
an overlapping jargon and mutual understanding, a physicist and a biologist usu-
ally require an interpreter and even then it is hard to communicate. This is widely
seen in academia, with physicist groups developing ever more sophisticated sensing
concepts that fail to address the needs of the biologist and vice versa the biologist
groups knowing what the problems are but not how to solve them. Only in the last
two decades interdisciplinary curricula such as nanoengineering, material science or
bioengineering were initiated that educated scientists with suf ciently broad back-
grounds to advance this eld.

1.5 Molecular sensors today

Molecular sensors today are not yet in our smartphones but they dd%&kistost

of the time as bulky lab-scale instruments that require precise temperature stabiliza-
tion and sophisticated read-out equipment. Devices to measure the thermodynam-
ics and kinetics of biomolecular interactions are particularly popular and are one
of the key pillars of (bio-)analytics. They are widely used in drug screening and
molecular diagnostic¥122l These are devices that detect the binding of molecules
label-freej.e. without any signal amplifying label such as a uorophore or nanopar-
ticle.[23] Label-free detection requires the detection of a property that is shared by
all biomoleculesg.g. the mass density or the electromagnetic polarizabfityA
property that can be detected with high sensitivity is the relatively high refractive
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index of biomolecules compared to wat&. It comes therefore at no surprise that
the most sensitive biosensing methods are optical methods.

1.5.1 State of the art - refractometric molecular sensors

Refraction is the de facto standard optical method to detect biomolecular biging.
Surface plasmon resonance (SPR) is most widespread, mainly because of a good
combination of sensitivity, a relative simple read-out/chip fabrication and also his-
torical reason$2®! The operating principle is summarized in Figure 1.1.
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Figure 1.1: Principle surface plasmon resonari#8.A TM (transverse magnetic) polarized
beam of light is incident on a gold coated glass slide via a prism. At a certain angle the in-
plane momentum of the incident beam and the surface plasmon polariton match and energy
transfer can occur. The in-plane momentum of the surface plasmon polariton is dependent
on the cover refractive index within the evanescent eld of the plasmon. When the refractive
index of this adlayer changes the resonance condition and by this the angle of the surface
plasmon resonance condition changes. The surface is functionalized by capture molecules.
When the analyte binds, the refractive index and hence the resonance angle is altered. Plotting
the resonance angle as a function of time yields a binding curve. (Figure adapted from the
Master thesis of Katharina Kiibri€i#!)

In the past three decades, scientist and engineers have developed a plethora of
other advanced refractometers that measure the refractive index close to the surface
of a functionalized substrafé>2%-32 The high surface sensitivity is mediated by
evanescent waves of surface plasmons or waveguide modes that con ne the electro-
magnetic eld to a few 100 nm above the substr&f Figure 1.2 gives an overview
of the broad eld of refractometric sensing by guided evanescent waves. Despite
their complexity and different architecture these sensors underlie the same physical
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principle in that they integrate the refractive index in a volume close to the sur-
face. This integrative property is problematic. First, because the sensing volume
is much larger than the size of a molecule and second because the cause of the re-
fractive index change of the sensing volume cannot be discriminated (Figure 1.3).
Besides the molecule that binds speci cally to the capture probe (Figure 1.3a), in
complex biological media there are other molecules present. Since the concentra-
tion of these background molecules is much higher than the analyte's, already a low
af nity (mM) is suf cient to cause substantial surface binding (Figure 1.3b). In ad-
dition, experimental and environmental noise sources, such as buffer changes and
temperature gradients (Figure 1.3c,d), also alter the refractive index and affect the
sensing response (Figure 1.3e). Therefore, most refractometric biosensors can only
be operated under stable conditions (continuous ow of buffer and temperature stabi-
lization), which precludes any meaningful miniaturization of these de\Wéém ad-

dition, despite impressive short term resolutions of8l@fractive index units (RIU)
(approximately 10 fg/m)[3°], even stabilized devices experience signi cant drift,
which over the timescale of an experiment limits the resolution tordRBU (1-5
pg/mn?).[38 |t is not an insuf cient sensitivity that has impeded the miniaturization
and widespread adoption of molecular sensors. It is their cross-sensitivity especially
to environmental in uences. It stems from the large ratio of the sensing volume
compared to the size of a molecule. It comes therefore at no surprise that even re-
fractometric biosensors with reference channels require stabiliz&floHowever,

it was demonstrated that refractometric biosensors become increasingly more robust
the closer together and the more numerous the reference and signal regibfk are.
The solution to the environmental noise susceptibility problem of current biosensors
is therefore straightforward: perform referencing at or close to the molecular length
scale.
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Figure 1.2: Selection of refractometric (bio-)sensing principles (Figures reproduced with per-
mission fron31:32}) a) surface plasmon resonaf® b) in- and output grating couplef§-4°!

c) interferometric principlel§®-31:41.42]q) ring resonantofé3! e) ber-bragg grating§2-44:45]

f) photonic crystal&2:46]
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Figure 1.3: Refractometric biosensors cannot discriminate the cause for the refractive index
change in the sensing volume: a) speci ¢ binding signal b) nonspeci ¢ binding signal c) buffer
changes d) temperature gradients all affect the refractive index in the control volume €) and in
the case of surface plasmon resonance lead to a change in the resonange angle

1.6 The ideal molecular sensor

Typical biosensors are surface based devices where the capture probe is immobi-
lized onto a non-fouling polymer coating (Figure 1.4a). This capture probe is in
contact with a complex biological sample. This constitutes the molecular sensing
problem and by this de ne the constraints and the potential interferences that can
occur in such a system. They are summarized in Figure 1.4. By knowing the con-
straints and the interferences one can design a system for optimized performance.
It starts with the polymer coating being non-fouling such that it reduces the adsorp-
tion of biomolecules by introducing an entropic pen&t®.However, there is still

a remaining af nity of background molecules to this sensor surface ((i) in Figure
1.4a) that leads to the ubiquitous nonspeci c adsorption of molecules to the sensor.
In addition, there are always defects present in non-fouling polymer coatings ((iii)
in Figure 1.4a)*8! These two types of interferences as well as environmental noise
sources due to temperature gradients can be ef ciently rejected by referencing on the
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molecular length scale. However, the surface of the capture molecule is also a poten-
tial origin of an af nity difference compared to the reference prétSé Therefore,

the capture molecule and the reference probe should be chemically as similar as pos-
sible in order to reduce any remaining nonspeci ¢ binding difference ((iib) in Figure
1.4a and c). At the example of antibodies this implies that an engineered point mu-
tation at the epitope of the reference antibody should destroy the af nity towards the
target!*®! This reduces the potential nonspeci ¢ binding to cross-reactive binding

to the epitope ((iia) in Figure 1.4). The environmental noise and nonspeci ¢ bind-
ing are not the only interference/constraint on molecular sensors. Molecular sensors
rely on transport phenomena as well as molecular interactions for their operation.
Squires et al. wrote an excellent paper on this second i8%LEhe conclusions are
rather straightforward, molecular sensors need a certain size and a certain amount of
receptors to sense molecules in reasonable timescales and with suf cient precision.
Essential for molecular sensors is also the ability to detect low receptor occupancy
because the af nity of the capture probe is typically limited to roughly 1 nM, whereas
interesting biomarker concentrations are in the sub pM regime (Figure RXdhis

leads to only 1 in every 1000 capture probes carrying an actual molecule in thermo-
dynamic equilibrium. These constraints are well met by state-of-the art SPR systems
but not by many nano sensor concepts that are proposed by some academic research
groups®¥ In addition, in order to measure the concentration of a molecule or a
thermodynamic property with the desired precision one always needs to observe a
suf ciently large ensemble of molecules (Figure 1.48). This is due to Poisson
noise and when a low absolute number of molecules is detected, the uncertainty of
the measurement Psﬁ (nis the number of detected molecules). For instance, for a
coef cient of variation of 10%, one needs to detect at least 100 molecules. Together
with the requirement to detect low receptor occupancy this implies the simultaneous
observation of close to a million of capture probes (Figure 1.4f).
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Figure 1.4: Interferences and constraints in a molecular recognition systems and how they
dictate the design of an ideal molecular sensor a) environmental noise sources on a sensor in
contact with a biologically complex medium (i) nonspeci ¢ binding to the nonfouling polymer
layer on the sensor, (iia) crossreactive binding to the epitope of the antibody, (iib) nonspeci ¢
binding to the surface of the antibody, (iii) nonspeci ¢ binding of analyte and background
molecules to defects in the nonfouling polymer layer, (iv) temperature gradient. An ideal
molecular sensor should therefore apply b) referencing at the molecular length scale, c) exhibit
chemical similarity of most of the surface of the capture and reference probe, d) the ability to
detect low receptor occupancy e) as well ensemble detection of molecules and f) simultaneous
observation of millions of capture probes.

The requirements of an ideal molecular sensor can therefore be summarized as
follows:

1. Referencing at the molecular length scale

2. Chemical similarity of capture probe and reference probe for af nity equaliza-
tion towards background molecules

3. Detection of low capture probe occupancy
4. Detection of an ensemble of biomolecules

5. Simultaneous observation of millions of capture probes

Thus, the key for robust molecular sensors is to nd an effective transduction
principle that allows referencing close to the molecular scale on mm-scale sensing
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devices. Unfortunately, due to intrinsic limits such as the surface plasmon propa-
gation length or diffraction blurring, refractometric principles such as SPR cannot
perform referencing smaller than a few tens of micr&$354

1.7 Molecular holograms as the ideal transduction
principle for molecular sensors

In the coming sections we motivate why observing binding sites holographically is
a close to optimal way to incorporate sub-micron referencing in 0.1 mm - mm-scale
molecular sensors and how this overcomes the cross-sensitivity issues of refracto-
metric transducers.

1.7.1 A brief history of holography

In 1801, a scientist named Thomas Young discovered something astonishing. The
illumination of a double slit aperture by a candle through a pinhole produced an os-
cillating pattern of intensity on a distant screen. The phenomenon of interference
was discovered>5¢ Interference of (electromagnetic) waves is the basis for holog-
raphy, invented by Dénes Gabor some 150 years BffeGabor's motivation was
merely to overcome the aberration problems of electron lenses and to improve elec-
tron microscopy. He recorded the hologram with an electron beam and recreated
the image at optical frequencies. Generally, a hologram is the recording of an in-
terference pattern that uses a reconstruction beam and diffraction to recreate a three
dimensional imagé>®! Optical holograms were only recorded and recreated ef -
ciently once humanity discovered and built a light source of suf cient coheréece,

the laser in 196@°°] Coherence is the basis for interference and the two phenomena
are inherently linked®®! The laser allowed the creation of large holograms and fu-
elled the eld.%%61 |n 2020, we are nally at the point were images produced by
optical holograms might become ubiquitous in wearable holographic displays that
augment our realit{f?
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1.7.2 Diffraction and diffraction gratings

Diffraction of a reconstruction beam is the basis for holograpfyDiffraction de-
scribes the phenomena of a wave bending around obsta®f%.In optics, such
obstacles can be described by the difference in refractive indexk) compared

to the refractive index of the propagation medium. This can be a difference in the
real (phase) or imaginary (absorption) part of the refractive index. For signi cant
diffraction, the size of the obstacle must be of the same order of magnitude as the
wavelength. By arranging sub-wavelength obstacles in a spatially regelagher-

ent pattern, the diffraction from the pattern can be precisely tailored and enhanced
in speci ¢ directions. For example, a periodic pattern diffracts coherent light of
a given wavelength into speci c directions that are determined by the diffraction
equation®®! Such coherent patterns are commonly used in the form of diffraction
gratings. A regular diffraction grating is nothing but an extremely simple hologram,
namely the one of a plane wave of nite extent. As described above, optical diffrac-
tion can be due to a disturbance of phase or amplitude. Phase gratings, which modu-
late the refractive indem, nd various applications in spectrometé, as coupling
elements in integrated optical chlfd, as phasemasks in photolithografi#yand

even for refractometric sensiffd. Animportant parameter to asses the performance
of gratings is the diffraction ef ciency. It is the ratio between the power diffracted
into a certain order and the incident power, which is relatively easy to measure ex-
perimentally. However, its mathematical description for a given diffractive set-up
is elaborate and no generally applicable formulas exist, in particular for strongly
modulated grating€4 Nevertheless, for weak phase modulations, it holds that the
diffraction ef ciency increases with the area, the thickness and the refractive index
contrast of a diffractive structuf®!. It is the dependence on the refractive index
contrast or modulation that allows one to build a diffractometric biosensor that de-
tects binding in real-time through the assembly of a molecular hologram. Since this
grating is weak we shall see that it is possible to arrive at closed analytical formulas
for the diffraction ef ciencies for certain diffractometric arrangements.
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1.7.3 Molecular holograms and diffractometric biosensors

Most label-free diffractometric sensors make use of the same bio-physical property
as refractometric sensors for the detection of molecules: the relatively high refrac-
tive index of biomolecules compared to the one of wit8rThe difference is that

in a diffractometric sensor the molecules bind in the form of a molecular hologram.
The blueprint of this molecular hologram, namely the spatial arrangement of af n-
ity probes such that their combined binding state is encoded in a prede ned three-
dimensional intensity distribution when illuminated by a suitable reconstruction
beam, is called "mologram*® Preferentially, the arrangement of af nity probes

is chosen such that the binding information is condensed in one single diffraction-
limited voxel in three dimensional space. Ideally, the molecular hologram has no
or very little diffractive power in the unbound state. Binding of the target analyte
changes the properties of the hologram such as the thickness or the refractive index
contrast. This results in a measurable change of the diffraction ef ciency. Thus, bio-
molecular interactions can be analyzed and quanti ed by monitoring the intensity of
the hologram. The major bene t of diffractometric sensors arises from the fact that
the uctuations that limit refractometric sensors (temperature variations, changes in
sample composition and non-speci ¢ binding) are not spatially coherent. In other
words, they do not occur in a regular pattern. Thus, they contribute very little to the
intensity of the hologram because the scattered power is radiated mostly uniformly
in all spatial directions? The power diffracted by the molecular hologram therefore
represents the integrated and reference subtracted binding information of all recep-
tors. The remarkable thing is that the coherence and wave nature of light does all the
necessary signal processing. Coherence performs the sub-micron reference subtrac-
tion, because the phase of light naturally oscillates over one signal and one reference
region and the free space propagator creates the Fourier plane to observe all recep-
tors in one point®%-7% Molecular holograms therefore perform referencing close to
the molecular length scale (few 100 nm) and can simultaneously monitor millions of
receptors in a mm-scale diffraction grating at one diffraction-limited region in three

1The concept of molecular holograms should not be confused with refractometric sensing based on
diffraction gratings (holographic sensors or photonic crystal sef§hrswhere the spectral response
(such as the direction of a certain diffraction order) is measured due to a change in the refractive index
surrounding the gratin§”] Such a sensor is purely integrative and does not have the sub-micron refer-
encing built in.
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dimensional space. Despite this inherent advantage, the eld of diffraction based
biosensing is not equally well explored as refractometric sensing.

History of diffractometric biosensing

Almost three decades ago, a year after the commercial release of the rst surface
plasmon resonance devié8, Tsayet al.l’!] introduced the concept of diffractomet-

ric sensing by detecting choriogonadotropin, a hormonal biomarker, in serum. Fur-
ther development of the technology enabled the detection of volatile compé#inds
and multiplexed signal readoli:’4 Labeled approaches for signal enhancement
were developed using gold nanoparticles or enzyme ampli cdfioff! These ef-

forts resulted in DotLabB", a commercial device based on diffractometric sens-
ing.[’7-7°1 Further approaches to enhance the signal were applied by using differ-
ent optical con gurationd®%-821 Others have focused on an indirect diffractometric
approach, by forming a coherent pattern in a hydrogel, which changed its shape
upon target exposur&3-85] The shape change resulted in a change of diffraction
ef ciency. More recently, the technology has been applied to monitor bacterial
growth(®8! or to detect low molecular weight organic compounds by means of a
competitive assd§’l. In addition, a low-cost diffractometric readout and pattern-
ing system based on compact disk technol®8yhas been demonstrated. As of
2020, Axela Biosciences, who commercialized the DotLab technology, was bought
by Angle and included into their Parsortix technology. Therefore, there exists no
commercially available diffractometric instrument.

1.7.4 Challenges in the implementation of diffractometric biosensors

Diffractometric biosensors represent only a niche in the sensing eld, despite the
promise of solving the cross-sensitivity problem. Why have diffractometric biosen-
sors not yet entered the market on a scale similar to refractometric biosensors? The
answer is rather simple, diffractometric biosensors demonstrated in literature were
not as sensitive as refractometric ones and there is no rigorous theory for the quan-
ti cation of the diffractometric signal3®! The sensitivity issue is mainly because it is
easy to build a bad diffractometric biosensor but it is extremely challenging to build
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a good one. The quality of the pattern and the sub-micron periodicity of the af nity
modulation is crucial to ef ciently reduce environmental noise. The surface chem-
istry is crucial to preserve the functionality of the immobilized capture molecule as
well as to reduce nonspeci c adsorption. Dark eld illumination and straylight re-
duction are crucial, because of the detrimental effect of interference with the signal.
Observation in the far eldi(e. focusing) is crucial to ef ciently separate the sin-

gle Fourier component of the signal from the scattering backgréithall diffrac-
tometric biosensors described in literature are compromised in at least one, often
multiple of these pillars (Figure 1.5). Especially, the dark eld illumination and the
sub-micron af nity modulation are often not met. This is the reason why diffrac-
tometric biosensors are not yet as sensitive as refractometric ones, not because the
transduction principle is inferior.

Figure 1.5: The three pillars of a sensitive diffractometric biosensor: a) a submicron af nity
modulation b) i) dark eld illumination by the evanescent eld of guided or totally internally
re ected modes ii) ef cient straylight reduction in the detection path by matching the aperture
of the mologram to the optical system c) observation in the far eld (near to far eld transfor-
mation through diffraction-limited focusing) such that the Fourier component of the signal is
clearly separated from all other Fourier components that constitute the noise.

1.7.5 Focal molography - or how to implement diffractometric
biosensors

Focal molography was introduced as a theoretical concept by Christof Fattinger
in[49]. Brie y, in waveguide based focal molography, the mologram is situated on a
high-refractive-index slab waveguide and illuminated by the fundamental TE mode
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(Figure 1.6). The evanescent eld of the waveguide assures that only the rst few
100 nm of the sample is illuminated. In addition, the mologram forms a diffractive
lens that produces a Fourier plane image only a few hundred microns away from the
surface by focusing the diffracted power holographically onto an Airy disk. Since
the rst diffraction order is focused, the grating periods of the mologram are only

in the range of 290-420 nm. Thus, the af nity modulation is sub-micron. Focal
molography is therefore the rst diffractometric sensor that ful lls all pillars of a
sensitive and robust biosensor and therefore may exhibit resolutions in direct bind-
ing assays that are comparable to and likely even better than the best refractometric
sensorg49:66]

Figure 1.6: The principle of focal molography (Figures reproduced from with permid&hn






CHAPTERZ

Scope of the thesis

This thesis was motivated by my fascination for natural sciences and the interdisci-
plinarity that comes with the eld of biosensing.

Sometimes the experience of an entire career is required to make signi cant sci-
enti c progress. This is especially true for interdisciplinary elds such as biosensing,
which requires in-depth understanding of physics, engineering, chemistry as well as
biology. After being trained for nearly 10 years in optics and 25 years in the phar-
maceutical industry at Roche, Christof Fattinger brought together the know-how and
experience which lead to the conception of the idea to use holography for molecular
detection. It was simply a theoretical concept back in 2014 and molecular holo-
grams were yet to be created. All that was available was a theoretical paper written
by Christof Fattinger, providing an analytical model as well as a few order of mag-
nitude estimates of the detection limit of this new class of biosensors. At the start of
my PhD, Volker Gatterdam had already been working on the project for half a year
and soon after, on the 19th of December in 2014 the rst molecular holograms made
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from streptavidin bound to a biotin mologram were created and imaged at Roche
Diagnostics in Rotkreuz, Switzerland by an alienated ZeptoReader (Zeptosens AG)
(Figure 2.1).

In the introduction, | gave a quick overview of the very few diffractometric
biosensors that have been developed. Compared to the refractometric biosens-
ing eld, which have a solid theory behind almost any device, the diffractometric
biosensing eld was virtually non-existent when | started my PhD. In order to accu-
rately assess the potential of a new technology one needs to have a clear understand-
ing of its inner working principles and how it compares to the state-of-the-art. My
primary goal was therefore to provide a solid theoretical and experimental basis to
prove that diffractometric biosensors can be as sensitive as refractometric biosensors
without the need of temperature stabilization. This property together with advances
in integrated optics will hopefully enable miniaturized molecular sensors to become
ubiquitous and not only restricted to the drug discovery lab. The thesis is subdivided
into eight chapters and an appendix. Chapter 1 and 2 are the introduction and the
scope of this thesis. In Chapter 3, | summarize a few theoretical concepts which are
important for the analysis of diffractometric biosensors and experimental tools, soft-
ware and processes | developed during my thesis. It is followed by four chapters that
together explain the stability of diffractometric biosensors theoretically, demonstrate
the experimental feasibility, verify the analytical equations, compare refractometric
and diffractometric biosensors in various experiments and provide fundamental lim-
its of label-free biosensors. The thesis ends with a conclusion and an outlook. The
content of the chapters and the appendix are brie y described below:

The chapter 4 is purely theoretical and explains the very reason why a sub-micron
af nity modulation and Fourier space detection are key to obtain robust and simple
molecular sensors. It formulates the spatial af nity lock-in principle, which is analo-
gous to the time-domain lock-in that has revolutionized metrology and can be found
in almost any experimental physics lab nowad&{k.

After having established a solid theoretical basis in Chapter 4, Chapter 5 is the
experimental proof that diffraction-limited molecular holograms can be fabricated
and read-out. The read-out setup, the moloreader, is explained and real-time as well
as end-point measurements are shown. A framework for the simulation of Rayleigh
scattering of protein ensembles was developed to simulate the three dimensional
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electromagnetic eld distribution in the focal spot of the mologram. In addition, the
guanti cation formulas and algorithms that are needed for a molographic measure-
ment are presented and veri ed. The chapter also introduces the gure of merit of
diffractometric biosensors and explains how they can be optimized in the future. The
publication contain an extensive summary of the analytical description of roughness
scattering on asymmetric optical waveguides.

While Chapter 5 proves the feasibility of highly sensitive quantitative diffrac-
tometric biosensors, Chapter 6 shows in a direct comparison between focal molog-
raphy and a state-of-the-art SPR (surface plasmon resonance) machine (Biacore 8k)
that the predictions of Chapter 4 indeed hold experimentally. The chapter also shows
how waveguide based diffractometric biosensors can function as a combined refrac-
tometric/diffractometric biosensor. | used this combined biosensor to demonstrate
another fundamental advantage of diffractometric biosensors, namely that at the
same measurement precision these devices exhibit a much lower baseline noise than
refractometric biosensors.

The last chapter | wanted to understand what the fundamental limits for optical
label-free detection are. For this, | derive the fundamental noise limits of optical
biosensors from a statistical physics treatment of refractive index uctuations. Fur-
thermore, the current limitations of the setup developed in this thesis are identi ed
and highlighted. The impact of environmental noise sources, shot noise limitations
and quantization/algorithm noise are investigated.

In appendix A, | brie y describe how molograms are fabricated. The basis of
mologram fabrication is the reactive immersion lithography (RIL) process that was
developed at the beginning my PhD and is summariz&§linA large part of my
contribution was to better understand the physics of phase masks that are used in RIL.
The chapter therefore summarizes the resonance effects that occur in such optical
"tuning forks", how they can be optimized and what physical limits are imposed on
the performance of the phase shift mask by the fabrication process. In addition, in
collaboration with Yves Blickenstorfer | developed a clean room process to fabricate
phase shift masks.

In summary, this thesis provides the theoretical explanations and experimental
proofs of the inherent advantages of diffractometric biosensors over established re-
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fractometric devices. At the end of the day it all boils down to the fact that the
binding signal in diffractometric biosensors is locked to a high spatial frequency and
that the measurement is performed in Fourier space. | am convinced that the dis-
covery of the spatial af nity lock-in principle is a disruptive step and will lead to a
sustainable change of the molecular sensing eld.
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