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SUMMARY

An important aspect in increasing our health and safety is the development of new sen-
sors for screening drinking water samples for the presence of microbiological contami-
nants. The main problem associated with the detection and identification of these mi-
crobial contaminants is the long process time. The majority of the time is required for
their purification and multiplication due to the low concentrations in which they are
found. These steps can be avoided by using spectroscopic identification rather than bio-
chemical techniques.

Raman spectroscopy provides a fingerprint based on the vibrational states of molec-
ular bonds from which the bio-particles containing these can be identified. The Raman
effect is weak, but rich in information and flexible with respect to its excitation wave-
length. When working in an aqueous environment it can take advantage of the absorp-
tion minima of water to outperform for instance IR spectroscopy. Optical trapping al-
lows the immobilization of particles without additional preparation steps and provides
much added value to, and is highly compatible with Raman spectroscopy. Lab-on-a-
chip techniques allow for integration and large-scale parallelization of processes, which
is unavoidable when performing large-scale identification of microbial contaminants on
the level of single cells. To take advantage of established CMOS processing techniques
for mass production in electronics, a CMOS compatible technology for integrated pho-
tonics providing waveguides transparent at a Raman suitable wavelengths, is needed.
TripleX is such a waveguide technology.

The research presented in this thesis shows the realization of an integrated dual-
waveguide optical trap and the feasibility of its use for the identification of micro-orga-
nisms based on their Raman spectrum induced by the same on-chip optical beams used
for trapping.

It does so in four main steps.

Firstly, laser tweezers Raman spectroscopy is used to classify the closely related yeast
species Kluyveromyces lactis and Saccharomyces cerevisiae from measurements at the
single cell level. Laser tweezers Raman spectroscopy combines optical trapping of a cell
and generation of its characteristic Raman spectrum using one laser-beam focus. This
enables fingerprinting of a cell’s molecular composition in a harmless fluidic environ-
ment within minutes. Laser tweezers Raman spectroscopy is considerably faster than
well-known biological techniques based on streak plating or PCR, and requires far less
biological material.

For each yeast species a training set and a test set were measured. Visual inspection of
the spectra showed intra-species variations obstructing division into two classes by eye.
Application of a classification rule based on Fisher’s criterion nevertheless led to the
successful blind classification of the test-set cells. Finally, a Kolmogorov-Smirnov test
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indicated that the difference between the distributions of the species was statistically
significant, implying biological origin of the classification. This successful extension of
laser tweezers Raman spectroscopy to classification of the aforementioned yeasts under-
lines its applicability in microbiology and will hopefully contribute to the process of its
adoption in this discipline. Laser tweezers Raman spectroscopy is not limited to rapid
classification of single cells, but may also include e.g. study of the cell metabolism.

Secondly, a new approach to the dual-beam geometry for on-chip optical trapping
and Raman spectroscopy, using box shaped waveguides microfabricated in TripleX tech-
nology is demonstrated. These waveguides consist of SiO, and Si3Ny, so as to provide a
low index contrast with respect to the SiO, claddings and low signal loss, while retaining
the advantages of Si3sN,. The waveguides enable both the trapping and Raman function-
ality with the same dual beams. Polystyrene beads of 1 um diameter can be trapped with
this device. In the axial direction discrete trapping positions occur, owing to the inten-
sity pattern of the interfering beams. Interpretation of the trapping events on the basis of
simulated optical fields and calculated optical forces indicate that a strong trap is formed
by the beams emitted by the waveguides. Furthermore, the acquisition of Raman spec-
tra of a single trapped bead is demonstrated. The spectra obtained in this manner show
distinct polystyrene Raman peaks for integration times as short as 0.25 seconds.

Thirdly, usual procedure of background subtraction is found to be less effective for
Raman spectra obtained with the dual-waveguide trap, due to its specific geometry. The
differences in the Raman generating properties between four dual-waveguide traps with
varying distances between their waveguide facets are explored using a saturated ascorbic
acid solution. Furthermore, the origin of a periodic background observed in the ascorbic
acid spectra is investigated.

Finally, an alternative method of signal acquisition and processing is presented to
deal with the lack of fluidic control in the device and the periodic background and low
signal-to-noise ratio observed in the spectra. The 10 um and 5 pm traps are used in trap-
ping and Raman generation experiments with biological relevant particles in the form
of Bacillus subtilis spores. These experiments result in noisy spectra for many and few
spores in both traps. Using the presented processing the spectra are identified as Bacil-
lus subtilis spore spectra. A comparison of the obtained signal-to-noise values to litera-
ture benchmarks shows the feasibility of micro-organisms identification with the dual-
waveguide trap.



SAMENVATTING

Een belangrijk aspect in het verbeteren van onze gezondheid en veiligheid is het ontwik-
kelen van nieuwe sensoren voor het testen van drinkwater op de aanwezigheid van ver-
vuilende micro-organismen. Het grootste probleem bij de detectie en identificatie van
deze micro-bacteriéle vervuiling is de lage concentratie waarin ze aangetroffen wordt
waardoor zuivering en vermenigvuldiging veel tijd kost. Door het gebruik van spectro-
scopische in plaats van biochemische technieken kunnen deze stappen vermeden wor-
den.

Raman spectroscopie geeft een op de vibrationele toestanden van moleculaire bin-
dingen gebaseerde vingerafdruk. Aan de hand hiervan kunnen de bio-deeltjes die deze
bevatten geidentificeerd worden. Het Raman effect is zwak maar rijk aan informatie en
flexibel met betrekking tot zijn excitatiegolflengte. Wanneer er gewerkt wordt in een wa-
terig milieu kan Raman spectroscopie beter presteren dan bijvoorbeeld IR spectroscopie
door de absorptieminima van water te benutten. Een optische val kan deeltjes immobi-
liseren zonder extra voorbereidings en voegt veel waarde toe aan, en is zeer compatibel
met Raman spectroscopie. Lab-op-een-chip technieken faciliteren integratie en massale
parallellisatie iets dat vrijwel onontkoombaar is bij de identificatie van individuele cellen
op grote schaal. Om gebruik te maken van de bestaande CMOS procestechnieken voor
de massaproductie van elektronica, is een CMOS compatibele golfgeleider technologie
voor geintegreerde fotonica nodig met golfgeleiders die transparant zijn bij voor Raman
spectroscopie geschikte golflengtes. TripleX is zo een golfgeleider technologie. Het on-
derzoek in deze thesis toont de realisatie van een dubbele-golfgeleider optische val en
de geschiktheid daarvan voor de identificatie van micro-organismen op basis van een
Raman spectrum geinduceerd met de zelfde on-chip optische bundels die voor de val
gebruikt zijn.

Dit wordt gedaan in vier stappen.

Ten eerste wordt laser pincet Raman spectroscopie gebruikt om de nauw verwante
gist soorten Kluyveromyces lactis en Saccharomyces cerevisiae te classificeren, op basis
van metingen op het niveau van individuele cellen. Laser pincet Raman spectroscopie
combineert het optisch vangen van een cel met het genereren van het karakteristieke
Raman spectrum van deze cel, in een enkele laser focus. Hierdoor is het mogelijk een
vingerafdruk te nemen van de moleculaire compositie van de cel in een onschadelijke
vloeistof omgeving, binnen enkele minuten. Laser pincet Raman spectroscopie is aan-
zienlijk sneller dan bekende biologische technieken gebaseerd op streak plating of PCR
én heeft veel minder biologisch materiaal nodig.

Voor elke gist soort is er een training- en test-set gemeten. Een visuele inspectie van
de spectra toonde soort interne variatie die een verdeling in twee klassen op het oog
verhinderd. De toepassing van een op Fisher’s criterium gebaseerde classificatie regel
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leverde, niettemin, een succesvolle classificatie van de testset cellen op. Hierna werd
met een Kolmogorov-Smirnov test aangetoond dat het verschil tussen de distributies van
de soorten statistisch significant is, wat een biologische oorsprong van de classificatie
impliceert. Deze succesvolle uitbreiding van laser pincet Raman spectroscopie naar de
genoemde gist soorten onderstreept de toepasbaarheid hiervan in de microbiologie en
draagt hopelijk bij aan de acceptatie ervan in deze discipline. Laser pincet Raman spec-
troscopie kan niet alleen gebruikt worden voor de snelle classificatie van cellen maar kan
ook gebruikt worden om bijvoorbeeld het celmetabolisme te bestuderen.

Ten tweede, wordt een nieuwe benadering van de dubbelle-bundel geometrie voor
on-chip optische vallen en Raman spectroscopie, gebruik makend van balkvormige golf-
geleiders micro-gefabriceerd in TripleX technologie, gedemonstreerd. Deze golfgeleider
bestaan uit SiO» en SigNy, dit zorgt voor een laag index contrast met de SiO, bedekking
en laag signaalverlies, terwijl de voordelen van Si3sN4 behouden blijven. De golfgeleiders
maken zowel de val en de Raman functionaliteit mogelijk met de zelfde dubbele bun-
dels.

Met dit device kunnen polystyreen bolletjes met een diameter van 1 pm gevangen
worden. In de axiale richting treden discrete vallen op ten gevolge van het intensiteit-
patroon van de interfererende bundels. Interpretatie van de vangsten op basis van ge-
simuleerde optische velden en brekende optische krachten duiden aan dat de door de
golfgeleiders uitgestraalde bundels een sterke val vormen. Verder is de acquisitie van
Raman spectra van enkele gevangen bolletjes gedemonstreerd. De zo verkregen spectra
tonen onderscheidbare polystyreen Raman pieken voor integratie tijden zo kort als 0.25
seconden.

Ten derde, blijkt de gebruikelijke achtergrond substractie methode minder effectief
te zijn voor Raman spectra verkregen met de dubbele-golfgeleider val, ten gevolge van
de specifieke geometrie hier van. De verschillen in Raman genererende eigenschappen
tussen vier verschillende dubbele-golfgeleider vallen, variérend in de afstand tussen de
golfgeleider facetten worden onderzocht met behulp van een verzadigde ascorbinezuur
oplossing. Verder wordt de oorsprong van de periodieke achtergrond, te zien in de as-
corbinezuur spectra, onderzocht.

Ten slotte, word er een alternatieve signaalacquisitie- en verwerkings-methode ge-
presenteerd om om te gaan met het gebrek aan fluidische controle in het device, de peri-
odieke achtergrond en de lage signaal-ruis-verhouding van de spectra. De 10 pm en 5 um
vallen zijn gebruikt in experimenten die als doel het genereren van Raman spectra van
gevangen biologisch relevante deeltjes in de vorm van Bacillus subtilis sporen hadden.
Deze experimenten resulteren in ruisige spectra van menige en weinig sporen in beide
vallen. Met behulp van de gepresenteerde verwerkingsmethode worden de spectra ge-
identificeerd als spectra afkomstig van Bacillus subtilis sporen. Een vergelijking van de
verkregen signaal-ruis-verhoudingen met ijkpunten uit de literatuur toont de haalbaar-
heid van micro-organisme identificatie met de dubbele-golfgeleider val aan.



INTRODUCTION

Our senses allow us to perceive the world around us. A sensor is a device that detects phys-
ical phenomena, which may augment our senses by either allowing us to sense remotely
or by allowing us to perceive things that would otherwise remain unnoticed. As such, new
sensors facilitate us in observing and detecting things we previously could not. This capa-
bility is especially important where it directly affects our health, as it does with detecting
contaminants in essentials such as drinking water. In its efforts to provide the cleanest
drinking water, the industry has moved beyond the removal of readily detectable contam-
inants such as soil particles and organics [1] and is now targeting microbiological con-
taminants such as bacteria and spores. The research presented in this thesis is aimed at
integrating Raman spectroscopy and optical trapping in a lab-on-a-chip sensor capable
of detecting such contaminants in water at the single cell level.

In this introductory chapter, we will first look at the current methods to identify micro-
organisms. We then compare these biochemical techniques to optical techniques employ-
ing spectroscopy. Then we will look in more detail at Raman spectroscopy and optical
trapping and the benefits and drawbacks that accompany this combination. Next, we
focus on the technologies needed to integrate sample handling using micro-fluidics, op-
tical trapping and diagnostics in a single device. Finally, we provide some summarizing
remarks and a brief overview of the following chapters.



2 1. INTRODUCTION

1.1. THE CURRENT IDENTIFICATION OF MICROBIOLOGICAL

CONTAMINANTS

The detection and subsequent identification of microbiological contaminants is an is-
sue common to a diversity of fields ranging from the food industry to the health care
sector. The main problem in a screening situation is the low concentrations of micro-
biological contaminants in the samples subject to investigation. Consequently, almost
all techniques currently in use, being biological or chemical in nature, rely on the mul-
tiplication of identifiable material. This multiplication is time consuming. As a result,
identification can take, depending on the technique, between 8 and 48 hours, which is a
determining factor for the amount of damage that arises from the contamination.

The two most important steps in managing microbial contaminants are the isolation
of the contaminant and the identification thereof [2]. These steps can be tackled in a va-
riety of ways based on several biochemical techniques i.e. replicate plating, Polymerase
Chain Reaction (PCR) and sequencing, which we briefly discuss.

REPLICATE PLATING

Replicate plating deals with the growing of bacterial cultures on agarose plates under
different circumstances to allow identification. The first step is the culturing of a diluted
sample on a plate, which allows the formation of colonies that grow from a single cell.
For all practical purposes, this is a purification step that allows isolated species to be
selected for further testing. These isolates are then cultured on media with different
compositions, which permits the study of growth, metabolism and morphology of the
isolates. These studies allow experts to assess which microbial species is being tested.
The duration of a single culture step can vary from one day to weeks depending on the
species [2]. Because of the multitude of test, experts frequently need to select the most
appropriate test based on the origin of the sample in order to save time.

POLYMERASE CHAIN REACTION (PCR)

The Polymerase Chain Reaction is a biochemical technique. Repeatedly splitting dou-
ble stranded DNA/RNA strands and using the single strands to grow new double strands
using a chemical procedure lies at the basis of PCR. In this manner, an exponential in-
crease in the amount of genetic material is realized. The 20 to 40 cycles required to ob-
tain sufficient genetic material usually takes 2 to 3 hours depending on the size of the
fragments used [3]. Examining the fragment sizes of the multiplied material, through gel
electrophoresis, subsequently provides the species identification. Resulting in the famil-
iar ladder type images that can be compared to images of know samples. Although there
are many different versions of PCR, differing in among others the type of primers or the
origin of the genetic material used, most rely on an initial isolation step using plating.
This means that although the PCR itself might only take a few hours the preparations
might still take more than a day.

SEQUENCING

Not yet standard practice [4] the sequencing of genetic material is seen by many as the
next big thing in microbial identification. The next generation sequencing (NGS) tech-
niques use innovative approaches such as the detection of single fluorescently labelled
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bases during sequence syntheses (SMRT sequencing [5]) or measuring the current asso-
ciated with single bases being pulled through a nanopore (Nanopore sequencing [6]). Al-
though these techniques are becoming more affordable, they are currently estimated to
cost 200 to 400 dollar per genome and take between 2 hours and 2 days to complete. Both
techniques almost literally read stretches of genetic material. These reads are recon-
structed into a complete genome, which is compared to a database of known genomes
to identify the species. Many NGS techniques either rely on a PCR preparation step or
incorporate a PCR like multiplication technique to provide sufficient genetic material to
be read [7]. This means that they incur the same drawbacks as regular PCR in that the
sequencing itself might be (very) fast but the preparation might still consume more than
aday.

BIO CHEMICAL IDENTIFICATION WITHOUT CULTURING

The aforementioned descriptions raise the question if culturing can be avoided. Bio-
chemical identification without culturing yields two challenges. First, being able to cope
with small amounts of genetic starting material. Second, being able to identify multiple
species of micro-organisms in a sample. Since both PCR in combination with gel elec-
trophoresis and NGS techniques identify microorganism based on a comparison of mul-
tiple pieces of genetic material with a reference, this task becomes increasingly difficult
when trying to identify multiple species in one process. An analogy would be to simul-
taneously lay several similarly themed jigsaw puzzles after having jumbled the pieces
together. In certain cases, this is possible e.g., when the sample contains relatively few
micro-organisms such as with cerebrospinal fluid [2] or if there is prior knowledge re-
garding the population of micro-organisms. In these cases, sequencing can be used to
identify multiple organisms from the sample by comparing the reads to a database. An-
other option is to use a targeted PCR where primers coding for species-specific genes are
used to only amplify these genes. A successful amplification then indicates the presence
of said species.
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1.2. IDENTIFICATION OF MICRO-ORGANISMS BY OPTICAL SPEC-
TROSCOPY

Identification of micro-organisms by optical spectroscopy is based on the interaction of
the organism’s molecular and structural components with an incident light beam. The
wavelength-dependent change in the light returning from the sample, called the spec-
troscopic fingerprint, is then used to identify the micro-organisms. In contrast to bio-
chemical techniques, spectroscopic techniques do not require the multiplication of ma-
terial to be effective. Instead smaller samples can simply be investigated using stronger
light sources, more sensitive detectors or advanced signal amplification techniques. This
may reduce the time needed for identification from hours to minutes. In addition, op-
tical spectroscopy is label-free and non-destructive, meaning that a sample can be used
for further study after identification of the contaminant. In the following section, In-
frared and fluorescence spectroscopy are briefly discussed before a more thorough treat-
ment of Raman spectroscopy is presented.

INFRARED (IR) SPECTROSCOPY

Infrared (IR) spectroscopy, denoted as Near Infrared (NIR) or Far Infrared (FIR) spec-
troscopy depending on the wavelength range used, has been established as a standard
technique for the identification of chemicals. As a form of vibrational spectroscopy, IR
spectroscopy probes the vibrational modes of molecules, providing information on both
chemical composition and structure of most chemical components. The acquired spec-
trum forms a chemical fingerprint uniquely identifying the sample.

IR spectroscopy can be employed in either emission or absorption and provides a
signal strength that has a linear relation to the source strength. The basic principle of IR
spectroscopy is that a sample is exposed to a broad range of IR wavelengths. After the in-
teraction with the sample, the wavelength-dependent emission or absorption intensity
is evaluated. This is achieved by either scanning a source through a wavelength range
or by passing the signal generated by a broadband source through a grating. As a result,
the sample always absorbs portions of the light, leading to sample heating which can
potentially damage the sample. IR absorption is also problematic for samples in aque-
ous environments, since the incoming Infrared light will also be absorbed by the water
surrounding the sample making it harder to detect the sample suspended in the water.
To circumvent this problem IR spectroscopy of microbiological contaminants is often
performed on samples smeared or dried on a suitable carrier. This requires additional
sample preparation and can lead to changes in the chemical fingerprint of the sample
since the vibrational spectrum of a molecule is sensitive to its surroundings.

FLUORESCENCE SPECTROSCOPY

In fluorescence spectroscopy a molecule is excited electronically through absorption of
a photon, after which it goes through one or more non-radiative vibrational relaxation
steps. Finally the molecule relaxes through an electronic transition under the emission
of a photon of lower energy compared to the exciting photon. Molecules that exhibit this
behavior are called fluorophores. Because the initial, intermediate and final vibrational
state of the fluorophore can vary, both the fluorescence excitation and emission spec-
trum appear rather smooth, making it non trivial to identify the different vibrational
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states [8]. Most often, fluorescence spectroscopy is used as a proxy to identify micro-
bial contaminants by using fluorescent probes, i.e. fluorescent molecules attached to
small strands of DNA/RNA or anti-bodies [9]. However since the basis of these meth-
ods is intrinsically bio-chemical we will not elaborate on them. Especially since label-
free fluorescent identification of micro-organisms is possible, however troublesome. In
this approach one relies on the fluorophores naturally present in micro-organisms most
prominently amino acids, such as tryptophan, tyrosine and phenylalanine, and nucleic
acids [10]. However, these are only present in relatively small amounts, compared to for
instance IR active components. As a consequence the resulting signal is very weak and
can easily be overshadowed by other effects [11]. In addition, large and pure samples
are required to ensure acceptable acquisition times, which makes it again dependent
on culturing as a preparation step, thereby effectively losing most, if not all, benefits of
a spectroscopic approach. As such, fluorescence spectroscopy becomes a very unlikely
candidate for the spectroscopic identification of micro-organisms.

RAMAN SPECTROSCOPY

Another class of vibrational spectroscopy is Raman spectroscopy. Raman spectroscopy
is set apart from IR and fluorescence spectroscopy by using light scattering rather than
light absorption or fluorescent emission to probe the vibrational modes of the molecu-
lar bonds of a sample. Because the probing light does not have to be absorbed, Raman
spectroscopy is not limited to the spectral range matching the probed vibrational states,
allowing it to take full advantage of absorption minima in the surrounding media. A
drawback however is that Raman scattering is a very weak effect with only few photons
being Raman scattered. It is this drawback that has ensured IR spectroscopy’s popularity
over Raman spectroscopy. However, in the case where strongly absorbing media, such
as water, are all but unavoidable, Raman spectroscopy has the better cards. There are
many variations of Raman Spectroscopy with different trade-offs between drawbacks
and benefits. The one with the optimal trade-off for our purposes is laser tweezers Ra-
man spectroscopy.
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1.3. LASER TWEEZERS RAMAN SPECTROSCOPY

Laser tweezers Raman spectroscopy or LTRS is the combination of Raman spectroscopy
with optical trapping and a spectroscopic technique for the identification of micro-orga-
nisms. The basic requirement for both Raman spectroscopy and laser tweezing is having
a high local optical field intensity. Because of this, a Raman spectroscopy setup requires
only little modification to be capable of optically trapping suspended particles. Adding
laser tweezing to a Raman spectrometer provides significant added value to the system,
especially for single cell Raman spectroscopy (SCRS). Instead of immobilizing cells by
drying them on a substrate[12, 13], the cells can be held, manipulated and inspected
in a medium suitable to the cell. This prevents the cells Raman spectrum from chang-
ing [14] due to the immobilization process while simultaneously reducing the sample
size to its smallest possible unit. This approach is possible because of the ability of Ra-
man spectroscopy, in contrast to other spectroscopic techniques, to obtain a vibrational
fingerprint spectrum with a single excitation wavelength. Exploiting this, Raman spec-
troscopy can be performed within a spectral window of low absorption and sample dam-
age. Another benefit of using LTRS for SCRS is the possibility to examine mixtures of cells
without prior purifications steps such as platting, something that would not be possible
with bulk Raman spectroscopy.

A well-designed LTRS can be a desktop appliance, only slightly larger than a standard
microscopy setup. Depending on the sophistication of its microfluidics, the capturing of
cells and the acquisition of Raman spectra can be done manually or fully automated.
In combination with software-based identification of the Raman spectra, such an in-
strument would reduce microbiological identification from a task requiring significant
biological or chemical expertise to one requiring only a day worth of training.

The following two subsections will treat the theory of Raman spectroscopy and laser
tweezing in sufficient detail to understand the remainder of this PhD thesis.

1.3.1. RAMAN SPECTROSCOPY

The discovery of the Raman Effect is attributed to C. V. Raman and K. S. Krishnan who
published their discovery in 1928 [15]. The Raman effect is a form of inelastic light scat-
tering (i.e. scattering with energy transfer) that carries information about the vibrational
modes of the scattering molecule and forms the basis of Raman spectroscopy. To fully
explain the workings of this energy exchange a quantum mechanical treatment of the Ra-
man effect is required. However, for an operational understanding of vibrational Raman
spectroscopy as is required to use Raman spectra, it suffices to understand the frequency
dependency of the Raman effect and to have a basic understanding of the processes that
give rise to the intensity differences found in Raman spectra. Therefore, we will shortly
discuss the classical treatment and the quantum mechanically determined scattering
cross-section[16]. For a more detailed treatment of the Raman effect the reader is re-
ferred to “The Raman Effect” by Derek Long [16].

In both the classical and quantum mechanical treatment of the Raman effect, the
scattered radiation is treated as originating from the oscillating dipole induced in the
scattering molecules by the incident field. The time-averaged power emitted by such an
oscillating dipole per unit solid angle is given by:
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Here 0 is the angle between the dipole axis and the direction of observation, ¢ is the
speed of light in vacuum and €y is the vacuum permittivity. The goal is now to determine
how the dipole oscillation amplitude (po) and frequency (wg) depend on the properties
of the scattering molecule. Restricting ourselves to first order induced dipoles we can
write:

po = at Bycos(w; ) + éf“mﬁocos(wi +twp+0p)t, (1.2)

where Fj is the electric field amplitude, and w; the frequency of the incident radiation.
alay is the Rayleigh scattering tensor and is equal to the molecule’s polarization tensor
in its equilibrium positon. In other words afay is not affected by molecular vibrations
and as such the (Rayleigh) scattered radiation retains its frequency, as is clear from the
first term of Equation 1.2.

afam is the Raman scattering tensor and is proportional to the molecule’s derived po-
larizability tensor. This means that only vibrational modes that change the polarizability
tensor will produces a Raman signal, since only their _Zz"fum will be non-zero. The sub-
script k in the Raman scattering tensor denotes its dependence on the k-th vibrational
mode of the molecule, which has a frequency wy and phase factor o. The interaction
between the Raman active vibration, with wy, and the driving frequency (w;), of the in-
cident radiation is given by the cosine in the second term of Equation 1.2. Putting this
term in to words, w; is the frequency that would be induced in the molecular dipole if it
were not restrained by the molecular bond and wy is the frequency at which the molec-
ular bond would normally vibrate if unperturbed. As can be seen form, Equation 1.2
the perturbed vibration has either the sum or difference frequency of these two base fre-
quencies. These two options correspond to two different situations and different types
of Raman spectroscopy.

In the first situation (w; + wg), an already present molecular vibration is perturbed by
an incident light wave, causing the molecule to relax to a less energetic vibrational state.
In the process, the scattered light will increase in energy and thus be shifted to a shorter
wavelength. This is called anti-Stokes Raman scattering.

However, if the scattering event promotes the molecule to a more energetic vibra-
tional state (w; — wy), either from the ground state or from an already excited vibrational
mode, the scattered light will decrease in energy and thus be shifted to a longer wave-
length. This is called Stokes Raman scattering and it is the type of Raman scattering used
in this thesis.

Equation 1.2 correctly predicts the frequency dependence of both Rayleigh and Ra-
man scattering. However, it has no way of predicting the observed difference in intensity
between stokes and anti-stokes Raman scattering nor does it explain the difference in
intensity between different Raman peaks. For this we have to look at a result of the semi
classical treatment. The scattering cross-section (¢”) is defined as the ratio between the
irradiance (F) ! and the scattered intensity (Is) (see Equation 1.3).

1 F is the amount of power passing though a surface perpendicular to the propagation direction in Wm ™2 [16]
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Figure 1.1: Graphical representation of the frequencies involved in Raman scattering. An incident light wave,
in this case with a wavelength of 785 nm (top left graph) interacts with a vibrational mode of a molecule, in this
case the CH stretch mode (Wilson Number 2) of polystyrene (bottom left graph). This interaction induces a
dipole oscillation in the molecule, which resembles the vibrational mode perturbed by the incident light wave
(central graph). The oscillating dipole can radiate at two of three different frequencies. In the case that the
vibrational mode was already populated the emitted light will have the sum frequency (top right graph) if the
vibrational mode is relaxed which is called Anti-Stokes Raman scattering or the same frequency as the incident
light (middle right graph) if the vibrational mode remains populated which is called Rayleigh scattering. In the
case that the vibrational is mode is not populated at the moment of the interaction, the incident light will be
either Rayleigh scattered or will have the difference frequency (bottom right graph) if the vibrational mode is
excited which is called Stokes Raman scattering.
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Here wy is the scattered frequency, ¢ is the speed of light in vacuum and ¢ is the vacuum
permittivity. N,; represents the number of sample molecules in the initial vibrational
state. By realizing that the higher vibrational states are populated from the ground state,
it now becomes clear that samples will have a higher scattering cross-section for stokes
than for anti-stokes shifting transitions, based solely on the population of the required
vibrational states. As a result, the stokes Raman signal will usually outperform the anti-
stokes signal.

The key variable in Equation 1.4 is the isotropic average of the squared Placzek[17]
vibrational transition polarizability tensor (< fli £ i >), which is the quantum mechani-
cal analogue of the classical polarizability tensor. In contrast to its classical counterpart,
< 3,2,]‘,,:‘ > depends on the specific vibrational transition under consideration: from the
initial (vi) to the final (vf) vibrational state. From this, it becomes apparent that each vi-
brational transition has its own specific scattering cross-section, explaining the intensity
differences observed for the different peaks in Raman spectra.

To get a feeling for the strength of the Raman signal it is useful to compare the Ra-
man scattering cross-section with the Rayleigh scattering cross-section, as the Rayleigh
scattering will be the dominant contribution to the scattered light. If we compare these
cross-sections for N [18-20], which is often used as a standard, we find that the Rayleigh
scattering is on the order of a thousand times larger than the Raman scattering cross-
section. This means that the Raman signal is comparatively weak. Consequently, Ra-
man spectroscopy generally employs strong filters to separate the Raman signal from
the Rayleigh signal.

Since the constituent atoms of a molecule and the types of bonds between them
determine the vibrational modes of the molecule, Raman spectroscopy can be used to
identify both the species of atoms and the types of bonds between them. This is done
by determining the shift in frequency between w; and w;, which is a direct measure of
the energy difference between the vibrational modes. This so-called Raman shift is then
plotted, traditionally in cm™!. Each peak in the resulting Raman spectrum is then com-
pared to tabulated values [21] to identify the chemical group it originated from. For sin-
gle molecules or simple mixtures, this allows the molecule to be reconstructed from its
Raman spectrum see Figure 1.2. For more complex samples, such as micro-organisms,
the individual Raman peaks blend into bands, which can at best be assigned to types
of molecules. For these samples, the Raman spectrum functions more as a fingerprint,
identifying the sample rather than the molecules present.

The weak signal of the Raman effect can in most practical application be consid-
ered crippling. As such, Raman spectroscopy is normally used in situations where other
spectroscopic techniques are hampered by strong absorption such as in biological sam-
ples where the strong IR absorption of water can easily mask any other signal or cause
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Figure 1.2: Raman spectrum of polystyrene. All save two peaks can be assigned to the various vibrational
modes of the benzene moiety of the polystyrene polymer. These peaks have been labelled following the Wilson
notation for benzene. [22, 23]. For the different vibrational modes, the reader is referred to appendix A. The two
remaining peaks can be assigned to the vibrational stretching mode of the skeletal C-C bonds, for the broad
peak around 800 cm™! and the vibrational scissoring mode of the methylene bridge for the peak at 1450 cm™!

damage to the sample. Here Raman spectroscopy can take advantage of the near IR ab-
sorption minimum of water, the weak Raman signal of water and the low damage wave-
length windows [24]. In these situations, Raman spectroscopy has the additional advan-
tages that it requires little to no sample preparation. In addition it is non-destructive and
label-free.

1.3.2. LASER TWEEZERS (OPTICAL TRAPPING)

Optical trapping is a term used for the confinement of particles such as atoms, molecules,
or cells to a small volume using optical forces. This technique was pioneered by Arthur
Ashkin in 1969 [25]. If free space optical beams are used to exert the required optical
forces, the employed devices are usually referred to as optical tweezers. Today’s optical
traps however also readily use the evanescent fields of waveguides or resonance cavities
to trap, usually relative small, particles [26, 27] . Laser tweezers offer researchers the op-
portunity to precisely manipulate particles from the microscale [28] right down to the
nanoscale [29]. This enables for instance the investigation of the forces involved in pro-
tein folding and molecular motors, the measuring of DNA transport through nano ports
and the stretching and positioning of cells in microfluidic environments [30].

The description of the working principle of optical trapping depends on the size of
the trapped particle, relying on considerations of geometrical optics when the particle
is much larger than the used wavelength and considering point-dipole approximations
when the particle is much smaller than the wavelength. The latter is called the Rayleigh
scattering regime. Both these descriptions provide nice conceptual frame works to un-
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derstand how optical trapping works (see Figure 1.3).

However, when the trapped particle is comparable in size to the wavelength, as is the
case in this thesis with a possible exception of chapter two, none of the aforementioned
descriptions is capable of providing accurate results for the forces acting on the particle.
In this case a computational approach is required building on the conservation of mo-
mentum in electromagnetic fields. Using the Maxwell equations it can be shown that the
total flow of momentum P, through a closed surface S in a direction « is given by:

d
—P, = T, . 1.
o Fa fs%‘ aphpda (1.5)

Here ng is the normal to the surface S and Ty is an element of the Maxwell stress tensor
[32]. Using this equation, the optical force on any system enclosed by the surface S can
be calculated. Conceptually this can be better understood by realizing that a momentum
flow (N) through a surface (m?) is in units equal to an energy density (Nm =2 = Jm™3).
This means that any volume penetrated by an optical energy density gradient will expe-
rience a net force acting upon it, as the momentum flow through its surface will not be
balanced.
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Figure 1.3: Optical trapping, geometric and Rayleigh regime. In these figures red arrows denote light rays,
blue and white arrows indicate imparted momentum, open arrows indicate net momentum and closed loops
give iso-field lines. The geometrical optical explanation of optical trapping of particles much larger than the
wavelength is based on the conservation of momentum between the trapped particle and the refracted and
reflected light. In this case, the trapping of a particle can be decomposed in lateral and axial trapping. Axial
trapping (a-b) is achieved by the balancing of the momentum transferred to the particle by the refracted light
and the reflected light. Lateral trapping (c) results from the asymmetrical refraction and the corresponding
un-balanced change in momentum, of light by a particle in an optical gradient. In both cases, a tighter fo-
cus produces a stronger trap although axial trapping is the most sensitive to this effect. The particle in this
illustration is assumed to be of higher refractive index than its surroundings. In the Rayleigh scattering regime
where the particle is much smaller than the wavelength (d) it can be treated as an induced dipole minimizing
its energy by placing itself at the focus of the optical gradient. Figure based on Dholakia et al. [31]
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1.4. LAB-ON-A-CHIP

The ability to hold, sense and identify single cells is a major advantage of LTRS systems.
However, it also is large potential weakness, since the identification of a single cell might
very well provide inconclusive results concerning the contamination of a sample. If the
extent of a possible contamination of a sample is to be investigated, a representative
number of cells will have to be trapped and investigated per unit sample. In this case,
the sequential process measuring trapped cells can quickly lead to large overall mea-
surement times. The obvious solution for this problem is parallelization.

Miniaturization and parallelization of laboratory processes is the aim of lab-on-a-
chip (LOC) research [33, 34]. Such an approach would reproduce a couple of laser tweez-
ers Raman spectrometers in a handheld point-of-care device or even several dozens in
the space occupied by one traditional unit [33, 35]. Parallelization reduces the overall
measurement time, per sample, with approximately the parallelization factor. Addition-
ally, if these chips are designed to be mass producible a cost reduction comparable to
that found in the CMOS industry can be obtained. Because the full integration of a sys-
tem including light sources, spectrometers and fluidic pumps on a chip is very challeng-
ing, it is customary to already talk about a LOC system when only partial integration of
a system is achieved. Considering this, both optical trapping and Raman spectroscopy
have, separately, been achieved in LOC systems. In essence, all these systems integrate a
fluidic channel, used for sample delivery, with optical structures to provide the required
light and sometimes to collect the produced signal.

A good example of LOC Raman spectroscopy is provided by Ashok et al. [36, 37]. Us-
ing a polydimethylsiloxane (PDMS) chip they aligned two fibres into an orthogonal ge-
ometry to perform what they call waveguide confined Raman spectroscopy. One fibre is
used to illuminate a small region with the fibre-delivered excitation light, while the other
fibre is used to collect the generated Raman signal. The box created by the two orthog-
onal fibre facets serves as a turn in the fluidic channel, which delivers either dissolved
samples or samples confined to micro droplets to the excitation/acquisition area. The
main advantages of waveguide-confined Raman spectroscopy compared to standard Ra-
man microscopes are its reduced background generation and collection, improved col-
lection efficiency and its compatibility with other LOC techniques [36, 37]. The clever
fluidic design in this work forces all material in the fluidic channel through the com-
bined excitation/acquisition volume. This is all the sample confinement needed when
using dissolved samples and is already reminiscent of a trap, but falls short when applied
to particles that are small compared to the channel dimensions, such as cells.

LOC optical traps take the form of either evanescent field traps or waveguide traps
with the latter being prevalent. Dual-waveguide optical traps are in essence a wave-
guide variety of the opposing beams trap demonstrated by Ashkin [25]. Instead of us-
ing free-space optics, waveguides or fibres are used to produce two, usually diverging,
counter-propagating beams. The overlap between these beams creates a local energy
density extreme, which acts as the trapping site. In the case that the beams interfere
with each other, a single set of beams can even produce an energy density landscape
with several localized extremes each of which can act as a trapping site. This approach
using fibres was first demonstrated by A. Constable et al. [38]. A good example of the
application of an LOC optical trap is the cell stretcher by Faigle et al. [28]. Using a glass




14 1. INTRODUCTION

chip Faigle et al. aligned two fibres perpendicular to a fluidic channel and coaxially with
respect to each other. The counter-propagating beams trap set up in this way was used
to deform or stretch cells. Using a camera to monitor the deformation they could, in
an automated fashion, detect compliance differences between healthy and unhealthy
cells. After detection, the cells were sorted into different laminar flows. With this system,
throughputs of up to 100 cells per hour from a population composed of cells treated
with the cytoskeletal drug cytochalasin D, the unhealthy cell mimics, and fluorescently
stained cells, the healthy cell mimics are achieved. Although the system is very mature,
the authors note that it would benefit from additional non-mechanical selection criteria
to improve the sorting error of 25.9%.

From the aforementioned two examples the combination of trapping and Raman
spectroscopy seems an obvious choice for LOC systems, as it is for free-space devices.
Whether fibres or waveguides are used to achieve an LOC LTRS has little to no impli-
cation for the operational principles of the system. However, it does have a number of
practical implications. Fibre-based systems can be fabricated with relative ease, using
equipment available to most laboratories, because the required optical structures are
obtained from the fibres. This makes them readily available and well suited to labora-
tory practice. Consequently, fibre-based LOC LTRS systems have been achieved [39, 40]
ahead of the waveguide-based versions. The main fabrication issue for fibre-based sys-
tems is usually the positioning of the fibres. Although this challenge can be readily met, it
remains a task ill suited for mass fabrication. Waveguide-based traps on the other hand
require access to a foundry or cleanroom for fabrication and are therefore costly and
labour-intensive to obtain, significantly limiting their user base. However, once a design
has been finalised the production can, in principle, directly be turned into mass produc-
tion. As such, fibre-based traps will be predominant in research, but waveguide-based
traps should be expected to prevail in applications.

For the mass production of waveguide-based traps, it is very attractive to be able
to use the established CMOS infrastructure. This, however, limits the choice of wave
guiding platforms to those that can be produced with the materials, techniques and en-
vironmental conditions generally used for the production of CMOS electronics [41]. To
be able to combine optical trapping with Raman generation the wave guiding platform
needs be transparent for wavelengths suitable for the generation of the Raman signal.
This requirement is challenging and has led the first systems to use waveguide trapping
in combination with free-space Raman spectroscopy [42]. One of the few materials that
meet all these requirements is SizNis, which provides a high refractive index and low
propagation losses in a wide wavelength range. One form of SigNiy is the proprietary
TripleX platform of LioniX [43].
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1.5. TRIPLEX DUAL-WAVEGUIDE TRAPS

TripleX waveguide technology uses thin layers of Si3Niy embedded in SiO, to form wave-
guiding structures. TripleX waveguides offer a very large transparency range from 405
nm up to 2.35 um with losses down to 0.1 dB/m (measured at 1550 nm) [44]. In addition,
it offers a high contrast in refractive index allowing bending radii down to 70 um [43] and
it is CMOS compatible. These properties make TripleX waveguides suitable for a broad
range of applications ranging from telecom to bio-sensing. Because of these properties,
TripleX was chosen for the fabrication of the LOC LTRS system presented in this thesis,
to which we further shall refer as the dual-waveguide trap.

SigN,
a) ! 1pm
1 pm

—  —
50 nm

Si0,

Figure 1.4: TripleX box shell waveguide

TripleX waveguides come in different layouts, all with their own specific properties.
For the dual-waveguide trap, the box shell layout was used. This layout consist of a 1x1
pm SiO; core surrounded by a 50 nm SizNy4 shell embedded in SiO- (see Figure 1.4). The
shape of the waveguide is defined using dry etching, which results in sidewalls sloped at
an 82° angle, rather than being perpendicular. The TEyy mode of these waveguides has
a0.06 dB/cm propagation loss at 1250 nm and the smallest obtainable bending radius is
500 um [43, 45].

A LOC consisting of a Y-splitter and two semi-circular waveguides terminating in a
fluidic channel, the dual-waveguide trap integrates the free-space optics needed, in tra-
ditional setups, to set up the energy density landscape and generate the Raman signal.
These traps belongs to the first generation of LOC devices that combine trapping and
Raman generation in to a monolithic chip
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1.6. RECAPITULATION

Summarizing, an important aspect in increasing our health and safety is the develop-
ment of new sensors for screening water samples on the presence of microbiological
contaminants. The main problem associated with the detection and identification of
these microbial contaminants is the time required for purification and multiplication of
the target components due to the low concentrations in which these contaminants are
found. These steps can be avoided by using spectroscopic identification rather than bio-
chemical techniques. Raman spectroscopy provides a vibrational fingerprint from which
particles can be identified. The Raman effect is weak, but rich in information and flexi-
ble with respect to its excitation wavelength. When working in an aqueous environment
it can take advantage of the absorption minima of water to outperform for instance IR
spectroscopy. Optical trapping allows the immobilization of particles without additional
preparation steps and provides much added value to and is highly compatible with Ra-
man spectroscopy. Lab-on-a-chip techniques allow for integration and large-scale par-
allelization of processes, which is all but unavoidable when performing large-scale sin-
gle cell identification of microbial contaminants. To take advantage of the established
CMOS infrastructure for mass production, a CMOS compatible waveguide technology
transparent at Raman suitable wavelength is needed. TripleX is such a waveguide tech-
nology.

1.7. RESEARCH QUESTIONS

The main research question that we address with the research in this PhD thesis is:

Can an integrated dual-waveguide trap, as intended by Van Leest et al. [46],
be realized and used to identify micro-organisms based on their Raman spec-
trum acquired from an optically trapped single cell?

We decompose this question into the following sub-questions:

1. Are we able to identify micro-organisms based on Raman spectra obtained with
laser tweezers Raman spectroscopy and treated by signal processing and pattern
recognition?

2. Is an on-chip dual-waveguide trap, fabricated in TripleX, capable of optically trap-
ping individual particles in a microfluidic environment while generating a signifi-
cant Raman signal from those particles?

3. Is an on-chip TripleX dual-waveguide trap capable of trapping micro-organisms
and producing Raman fingerprint spectrum from these?

The aforementioned research questions will be addressed in the remainder of this thesis.
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1.8. CONTENT OF THIS THESIS

Following this introduction, Chapter 2 of this thesis will investigate if a conventional
laser Tweezers Raman Spectrometer can obtain Raman spectra from the yeast species
Kluyveromyces lactis and Saccharomyces cerevisiae at the single cell level. Furthermore,
attempting to identify them will test the quality of these spectra. In the process, a suit-
able test setup and the required processing techniques are developed for the following
chapters.

Chapter 3 presents the dual-waveguide trap and will determine, through simulation
and experiment, if trapping potentials of sufficient strength can be generated to trap
polystyrene beads inside the microfluidic channel. Whether the used laser intensities
are sufficient to generate a significant Raman signal from the trapped beads will also be
subject of investigation.

In Chapter 4 the particularities of the acquisition geometry of the LTRS and the dual-
waveguide trap will be investigated. Additionally, the differences in the Raman generat-
ing properties between four dual-waveguide traps with varying distances between their
waveguide facets will be tested experimentally, using a saturated ascorbic acid solution.
Furthermore, the origin of a periodic background observed in the ascorbic acid spectra
is investigated.

In Chapter 5 two of the four dual-waveguide traps will be used in trapping and Ra-
man generation experiments with biological relevant particles in the form of Bacillus
subtilis spores. The quality of the obtained spectra will be used to compare the used
dual-waveguide traps to benchmarks obtained from literature.

Chapter 6 presents the overall conclusions and will discuss their implications for the
main research question. The Outlook will, subsequently, shortly discuss further research
suggestions and envision a possible basic architecture for a lab-on-a-chip instrument
based on optical trapping and Raman spectroscopy.







CLASSIFICATION OF YEAST SPECIES
USING SINGLE CELL LASER
TWEEZERS RAMAN SPECTROSCOPY:
Kluyveromyeces lactis &
Saccharomyces cerevisiae

We applied laser tweezers Raman spectroscopy to classify the closely related yeast species
Kluyveromyces lactis and Saccharomyces cerevisiae from measurements at the single cell
level. In laser tweezers Raman spectroscopy, optical trapping of a cell and generation of
its characteristic Raman spectrum are combined in one laser-beam focus. This enables
fingerprinting of a cell’s molecular composition in a harmless fluidic environment within
minutes. Laser tweezers Raman spectroscopy is considerably faster than well-known bio-
logical techniques based on streak plating or PCR, and requires far less biological material.
For each yeast species many dozens of spectra, constituting a training set and a test set,
were measured. Visual inspection of the spectra showed large intra-species variations ob-
structing manual division into two classes. Principal component analysis of the training
set, containing 128 K. lactis and 119 S. cerevisiae cells, nevertheless indicated separability
into classes. Application of a classification rule based on Fisher’s criterion subsequently led
to successful blind classification of the test-set cells. This yielded a classification accuracy
0f85% for the48 K. lactis cells and 79% for the90 S. cerevisiae cells. Finally, a Kolmogorov-
Smirnov test indicated that the difference between the distributions of the species was sta-
tistically significant, implying biological origin of the classification. This successful exten-
sion of laser tweezers Raman spectroscopy to classification of the aforementioned yeasts

This Chapter is based on an manuscript inpreparation by:J.T. Heldens, D.K. Leenman, M.A.H. Luttik, PA.S.
Daran-Lapujade, L.J. van Vliet and J. Caro Titled:"Classification of yeast species using single cell Raman tweez-
ers spectroscopy" (2019)
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underlines its applicability in microbiology and contributes to the process of its adoption
in this discipline. Laser tweezers Raman spectroscopy is not limited to rapid classification
of single cells, but may also include e.g. study of cell metabolism.
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2.1. INTRODUCTION

Identification of micro-organisms, such as yeasts and bacteria, plays a key role in many
applications. These range from purity control of cell cultures to preventing premature
spoilage of food [47, 48] to identifying the responsible pathogen of infectious diseases
[49, 50]. Usually, the speed of identification is crucial, as the impact of events inevitably
increases with time. The impact can be as mundane as financial losses or as tragic as the
death of a patient. Consequently, in many fields there is a strong need for techniques
offering fast identification.

Bottleneck for identification of micro-organisms employing biological techniques
such as streak plating and PCR the time required for preparing the sample and gen-
erating sufficient material for identification. In this context Raman spectroscopy, the
spectral analysis of light inelastically scattered by a sample placed in the focus of a laser
beam, is very promising. This physical technique is fast (a spectrum can be taken within
minutes), label-free, and has a species differentiation capability comparable to 16S RNA
sequencing, the microbiological “gold standard” [50]. Probing the characteristic vibra-
tional spectrum of the constituent molecules of micro-organisms with a single excita-
tion wavelength, Raman spectroscopy can operate in the near-infrared wavelength win-
dow of low photodamage [24], and thus is non-destructive. In addition, only a small
number of cells, even down to the single cell level, and simple sample preparation are
required. Thus, Raman spectroscopy can turn the identification process from a labori-
ous and time-consuming task in an expensive laboratory setting into a quick and simple
microscopy-like exercise.

Rosch et al. [12, 13] performed scanning Raman spectroscopy using a focused laser-
beam diameter of approximately 0.7 um to classify single yeast cells smeared on fused
silica slides. Since yeast cells contain many substructures and thus are highly inhomoge-
neous (as opposed to bacteria), and since the cell size (in this case about 3 um) exceeded
the focal spot, about ten spectra had to be taken at different positions across a cell to
obtain an average spectrum representative of the whole cell. This approach convinc-
ingly classified three yeast species down to strain level. In an ideal scenario, however,
a single yeast cell should be identifiable from a single spectrum. Furthermore, due to
random organelle positions with respect to the focus positions of a scan, scanning Ra-
man spectroscopy inherently leads to random accents of features in the average spec-
trum of different cells of a strain. This gives an additional widening of the distribution
in the parameter space used for identification. Finally, the relatively harsh conditions on
a substrate as compared to the natural aqueous environment of yeast induce cell stress
affecting the Raman spectrum [14], which can hamper the identification.

A different approach was recently taken by Rodriguez et al. [51], who Raman-classified
yeasts associated with wine spoilage. In this study pure culture suspensions with an ap-
parent turbidity were used, causing many cells in the probing volume defined by a 35
pum laser-beam focus to contribute to a single spectrum. This approach resulted in re-
liable classification of the three tested yeast species down to the strain level (six strains
per species). Although this is a clear example of the value of Raman spectroscopy for
an industrial setting, this specific implementation using a large focus yielded ensemble
averaged spectra over many cells, thus prohibiting identification of cells in an impure
suspension, as for example, a sample taken directly from bottled wine.
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In the present work, we apply laser tweezers Raman spectroscopy (LTRS) to the single
cell classification of Kluyveromyces lactis and Saccharomyces cerevisiae, two yeast species
highly relevant for modern biotechnology [52, 53] that we use here as model microbes.
In LTRS, the laser-beam focus generating the Raman signal is also used for optical trap-
ping of the cell in a stressless fluidic environment, so as to first select the cell by trapping
and then hold it for Raman spectroscopy. The cell’s rotational Brownian motion [54], in-
trinsically giving orientational averaging of the Raman signal in the focus, yields a truly
representative single-cell spectrum. Thus, the shortcomings of the aforementioned im-
plementations [12, 13, 51] are overcome, while full advantage is taken of the discrimi-
natory power of Raman. As for classification, LTRS has so far mainly been applied to
bacteria [55, 56], which have a close to homogeneous composition. Here, we success-
fully extend LTRS to the classification of the aforementioned two yeast species.
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2.2.1. ORIGIN, MAINTENANCE AND CULTIVATION OF THE YEAST STRAINS

Saccharomyces cerevisiae CEN.PK 113-7D (P. Kotter, Frankfurt, Germany) and
Kluyveromyces lactis CBS2359 (Centraal Bureau voor Schimmelcultures, Utrecht, The
Netherlands) are prototrophic yeast strains. Stock cultures of both strains were grown in
shake flasks in 100 mL synthetic medium with 2% (v/v) glucose. Glycerol 30% (v/v) was
added to overnight cultures and 1-mL aliquots were stored at —80°C. Synthetic medium
used for cultivation was prepared according to [57]. Glucose was sterilized separately
for 20 min at 110°C and added to a final concentration of 2%. The cells used for Raman
spectroscopy were cultivated in shake-flasks. 100 mL synthetic medium in 500 mL flasks
was inoculated with 1 mL of stock culture and incubated at 30°C on an orbital shaker
operating at 150 rpm. The cell concentration of the overnight cultures was determined
with a Coulter Counter Z2 (Beckman Coulter Nederland BV, Woerden, Netherlands), af-
ter which a volume containing 2 x 107 cells was taken and centrifuged. The resulting
pellet was washed in 10 ml isotone Z2 and centrifuged again. The pellet thus obtained
was suspended in 20 ml isotone Z2, to yield the sample from which the fluidic cell of the
LTRS setup was filled.

2.2.2. LASER TWEEZERS RAMAN SPECTROSCOPY SETUP

The LTRS is schematically represented in Figure 2.1, which includes an image of a trapped
single yeast cell. This home-built setup has a Raman laser (Sacher Lasertechnik, GmbH,
Marburg, Germany) operating at 785 nm. The light path to the fluidic cell includes a
single mode fibre, a beam launcher, a clean-up filter, a beam expander, two dichroic
mirrors and a water immersion objective. The objective creates a beam focus of approx-
imately 0.4 pm diameter for trapping and Raman excitation. The so-called illumina-
tion volume, where Raman scattered photons are generated, is several times larger than
the focal diameter [58, 59]. Backscattered Raman photons are collected by the objective
and directed to a Acton LS 785 spectrometer (Roper Scientific, GmbH, Martinsried, Ger-
many) (resolution 5 cm™!) via a dichroic mirror, a confocal pin-hole (diameter 200 pm),
a razor edge filter (Semrock Inc. Rochester, NY, USA) and a lens focusing the signal on
the spectrometer’s entrance slit. Finally, there is a light path for visual inspection of the
yeast cells in the fluidic environment, for which we included a light source and a camera.
After sample loading and further initialization, the setup was remotely controlled from
outside the darkened lab using a LabVIEW program. This enabled performing all steps
but the last of the protocol described in the next section without hands-on operating the
setup.

The fluidic cell, based on a literature design [60], is formed by sandwiching a piece
of 0.15 mm thick parafilm between two 0.15 mm thick standard glass BB024060A1 cov-
erslips (Gerhard Menzel, Braunschweig, Germany) matching the objective’s correction
range. From the parafilm a strip (3 mmx54 mm) was removed to accommodate the yeast
suspension. The sandwich is sealed by heat bonding at 80°C. Then it is clamped between
two plates with central holes for optical access. The upper plate accommodates two O-
rings to seal the connection to the fluidic ports in the upper coverslip. A cell suspension
is loaded from a syringe connected to the assembly, which is mounted on a piezo stage
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with x-y-z-positioning. The objective has additional z-translation. A microfluidic flow-
control system (Fluigent SA, Villejuif, France ) was coupled to the fluidic cell to enable
flushing of the system with isotone Z2.

light
source

fluidic cell

objective

launch
SM fibre objective

spectrometer

Figure 2.1: Schematic drawing of the laser tweezers Raman spectrometer. Components: SM fibre —single mode
fibre, F1 - clean-up filter, F2 —razor edge filter, L1, L2 —lenses beam expander, D1, D2 — dichroic mirrors, L3, L4
—lenses confocal filter, P1 - pinhole, L5 — aperture matching lens, F3 — filter set for camera. For the fluidic cell a
zoomed-in view is shown where GS indicates the glass slides and PF the parafilm. The inset shows an image of
an optically trapped yeast cell (encircled), adjacent to a group of cells with some of their organelles resolved.

2.2.3. LASER TWEEZERS RAMAN SPECTROSCOPY
The measurements were performed according to a detailed protocol, of which the main
steps are the following.

FINDING, TRAPPING AND POSITIONING A YEAST CELL IN THE MEASUREMENT REGION OF
THE FLUIDIC CELL

In this step, no attention was paid to the size or shape of the cells or to the presence
of a bud, implying that the yeast cells were trapped non-selectively. Having trapped a
yeast cell, we vertically translated the fluidic cell, so as to position the glass-fluid inter-
face of the lower cover glass approximately 50 pm below the trapped cell and thus below
the laser-beam focus. In this way the Raman background signal in the spectra origina-
ting from the cover glass was minimized. Under these circumstances, however, the glass
signal still exceeded the Raman signal from the yeast cell.
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MEASURING THE RAMAN SPECTRUM OF THE TRAPPED CELL

Raman spectra of trapped cells were measured for the Raman shift range 743 — 1692
cm™!, giving 551 intensity values. The laser power and the acquisition time were chosen
to maximize the signal intensity measured by the spectrometer. Resulting laser powers
at the objective and resulting acquisition times were in the ranges 9 —23 mW and 4 -8
min, respectively, yielding good quality spectra.

RELEASING THE CELL IN THE RELEASE REGION

This step, controlled release of the cell, is to avoid the possibility that one and the same
cell would be measured multiple times. To accomplish this the stage was translated until
the cell arrived at the edge of the measurement region, where it was released by placing
a shutter in the laser beam.

MEASURING THE BACKGROUND SPECTRUM
The background spectrum was measured after each measurement of a cell spectrum,
the only difference being that during a background measurement the trap was empty.

MEASURING A POLYSTYRENE REFERENCE SPECTRUM

The polystyrene reference spectrum, for which we placed a 1.1 mm thick polystyrene
slab at the position of the fluidic cell, was measured once a day, to enable correction of a
possible drift of the spectrometer.

The measurements were performed to obtain a training set and a test set, acquired as
two separately measured sequences of Raman spectra. Contrary to the yeast cells for the
training set, the cells for the test set were measured blindly. More specifically, from day-
to-day the species in a sample for the test set was randomly chosen and before Raman-
based classification only known to the authors at the Department of Biotechnology.

2.2.4. SPECTRA ANALYSIS
The measured spectra were pre-processed with the following steps:

¢ Removal of spikes due to cosmic rays

¢ Correction, if necessary, of the raw yeast and background spectrum for spectrom-
eter drift using the peak positions in the daily polystyrene Raman reference spec-
trum

¢ Normalization of both the raw yeast and background spectrum with respect to
their respective mean intensity

¢ Subtraction of the background spectrum from the raw yeast spectrum, to obtain
what we call the direct spectrum (to be discriminated from the derivative spectrum
obtained in the next step)

e Calculation of the first derivative of the yeast spectrum
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The derivative spectra were used for further analysis instead of the direct spectra to di-
minish the influence of slowly varying signals, which do not originate from the yeast but
remain after the background-subtraction procedure.

The training set was analysed with principal component analysis (PCA), performed
with the statistical pattern recognition toolbox for Matlab (version 2.10; Faculty of Elec-
trical Engineering, Czech Technical University Prague, [http://cmp.felk.cvut.cz/
cmp/software/stprtool/]).

Following the procedure of Vogt [61], the appropriate reduced number of princi-
pal components (PCs) was determined from the so-called lack of fit between the pre-
processed spectra and the spectra reconstructed from a reduced number of PCs. The
ratio of the residual variances of the reconstructed and pre-processed spectra was used
as a test statistic for an F-test to find, per spectrum, the smallest number of PCs that
produces a non-significant lack of fit [61]. As the reduced number of PCs we chose the
number needed to describe all spectra in the training set with a non-significant lack of
fit. This reduction of the number of PCs also suppresses non-descriptive signals and
noise in the spectra.

To classify the spectra of the test set we constructed a classification rule from the
training set based on Fisher’s criterion [62]. The quality of the classifier was then as-
sessed by determining the classification accuracy on the test set. Finally, a Kolmogo-
rov-Smirnov test [63] was performed on the test set to confirm the assumed spectral
independence of the yeast species.


http://cmp.felk.cvut.cz/cmp/software/stprtool/
http://cmp.felk.cvut.cz/cmp/software/stprtool/
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We generated a training set containing the Raman spectra of 128 K. lactisand 119 S. cere-
visiae cells and a test set containing the Raman spectra of 48 K. lactis and 90 S. cerevisiae
cells, measured over a period of 88 and 30 days, respectively.
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Figure 2.2: (a) An example of a direct K. lactis spectrum (blue) and the corresponding spectrum reconstructed
from the reduced number of PCs used the analysis (black). The Raman bands indicated by vertical lines (solid
or dashed) agree with Raman bands found in yeast by [13, 51, 64] and have been associated with the indicated
molecules. Solid lines have in addition been found by [65]. (b) Envelope spectra of K. lactis (blue) and S. cere-
visiae (red). The envelopes are constructed from the training spectra by taking for each Raman shift the highest
and the lowest intensity. Some sharp peaks, for example the two negative peaks indicated with an asterisk (x)
are residual cosmics. The hatched area indicates the overlap between the envelope spectra, showing that the
S. cerevisiae envelope largely encloses the K. lactis envelope.

An example of a direct Raman spectrum of K. lactis from the training set is presented
in Figure 2.2 a (upper curve). The Raman bands centred at 782, 813, 1005, 1300, 1450
and 1660 cm™! have been reported for S. cerevisiae by others as well [13, 51, 64] and
have been associated with RNA, proteins, lipids and primary amides, for most in accor-
dance with the vibrational transitions of these compounds tabulated in [65]. Observa-
tion of these bands is not hindered by the sub-optimal signal-to-noise ratio arising from
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the relatively small Raman signal as compared to the background. The occurrence of a
negative intensity above approximately 1200 cm™! is due to small deviations of the sub-
tracted background from the actual background. To minimize the influence of the slow
transition towards negative intensities at larger Raman shifts on the classification we use
the derivative spectra.

From visual peak-to-peak comparison of spectra as in Figure 2.2a, for each yeast
species, it was found impossible to classify the measured yeast cell. This finding is il-
lustrated in Figure 2.2b, where envelope spectra are plotted. These spectra were con-
structed for each species from the 128 and 119 spectra in the training set by taking for
each Raman shift the highest and the lowest intensity. Some sharp peaks, for example the
two negative peaks at approximately 900 cm™!, are residual cosmic rather than Raman
peaks, which could not be removed with our automated procedure without deteriorat-
ing the Raman spectra. The envelope spectra of each species indicate strong intensity
variation of the individual spectra. This may reflect the heterogeneity of the yeast cells
regarding the cell-cycle phase, of which signatures have been observed in Raman spec-
tra before [66, 67]. From the figure it is apparent that the S. cerevisiae envelope largely
encloses the K. lactis envelope, as shown by the hatched area. This indicates that the
spectral difference between cells of one species is often larger than the difference be-
tween species and illustrates the impossibility to classify cells based on peak-to-peak
comparisons. Therefore, we investigated possible systematic differences between spec-
tra of the yeast species with PCA.

The reduced number of PCs, determined according to the Vogt procedure, amounts
to 126 out of 247. The effect of the reduced number of PCs on an individual spectrum is
demonstrated by the black spectrum of Figure 2.2a, which results from the red spectrum
after reduction and reconstruction. When comparing both spectra, it is seen that the
procedure reduces the noise while maintaining the characteristic Raman signatures.

In the three-dimensional (3D) subspace spanned by the first three of the 126 PCs, two
distributions corresponding to the two yeast species can be discerned, pointing towards
separability of the species. Based on this assessment Fisher’s criterion was employed to
define the following linear classification rule:

T >0: assign X; to the class of S.cerevisiae
W™ Xtest,i + Wo . R X (2.1)
<0: assign X; to the class of K.lactis

Here L'[/T?ctest,i + wy is a linear classifier acting on the vector X;¢;,; Tepresenting a spec-
trum i (i = 1---138) from the test set, in the 126D PCA sub-space. The vector i’ repre-
sents the direction of maximum separation between the classes and the threshold value
wy acts as separator. Both i and wy were calculated using the 247 vectors Xrqining,i
derived from the training set. The classification accuracy was determined by classifying
the cells from the test set. The resulting classification is shown in Figure 2.3, where cells
classified as K. lactis are located to the left and cells classified as S. cerevisiae to the right
of the dashed green line. From this classification of the 138 cells it was determined that
the constructed classifier has a classification accuracy of 85% (0.05%) and 79% (0.04%)
for K. lactis and S. cerevisiae, respectively, where the percentages in between brackets are
the standard deviations.
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Figure 2.3: Linear classification of 48 K. lactis (blue) and 90 S. cerevisiae (red) test spectra. Circles denote cor-
rectly classified spectra, crosses incorrectly classified spectra. The classifier value is noted along the horizontal
axis. The position of the data points with respect to the vertical dashed line at zero classifier value indicates
their classification, with negative values corresponding to K. lactis and positive values corresponding to S. cere-
visiae. The two empirical cumulative distributions, (solid lines), refer to the right vertical axis. The maximum
vertical deviation D between the distributions amounts to 0.72 and is indicated by the double arrow.

To establish that the two distributions of yeast spectra found in Figure 2.3 are not
due to chance in the picking of samples from a single distribution, we projected the
126D PCA space on the direction of maximum separation 0, and subsequently used
the two-sided Kolmogorov-Smirnov (KS) test. The KS-test compares the empirical cu-
mulative distributions (solid lines in Figure 2.3) by the maximum vertical deviation D as
a function of the Fisher criterion as the test statistic. The value of the test statistic D is
0.72, as indicated by the double arrow in Figure 2.3. The KS-test performed for D = 0.72
and for the 48 K. lactis and 90 S. cerevisiae cells showed that the distributions differ to a
significance level better than a = 0.01 (critical value for D is 0.29), i.e. the difference is
statistically significant. Stated differently, this result proves that the separation of the dis-
tributions has a microbiological origin and is not due to chance in the picking of samples
from one single population. Thus, the aforementioned percentages for the classification
accuracy also originate from microbiological differences between the two yeast species
as obtained with LTRS as a classification method.
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2.4. DISCUSSION

The central results presented here are: i) blind PCA-based classification of single K. lactis
and S. cerevisiae cells with laser tweezers Raman spectroscopy yields classification accu-
racies of 85% and 79%, respectively, the related standard deviations being small and ii)
demonstration of the statistical independence of the distributions in the PCA space de-
scribing the spectra of the two types of yeast cells.

S. cerevisiae and K. lactis are closely related ascomycetous budded yeasts that share
a similar life cycle: they harbour two mating types, an haploid and a diploid state. K.
lactis morphologically looks like a smaller version of S. cerevisiae [52]. While very sim-
ilar, these yeasts have some specific traits. Evolving from a common ancestor, these
two yeasts diverged ca. 100 million years ago following a whole genome duplication
(WGD) [68]. While S. cerevisiae is a post-WGD yeast carrying 16 chromosomes, K. lactis
did not undergo a WGD and has a smaller genome spread over 6 larger chromosomes
(www.genolevure.org). Beyond this genome divergence, these two yeasts display some
metabolic specificities. While S. cerevisiae is capable of aerobic fermentation (so-called
Crabtree-positive yeast) and can grow under strict anaerobiosis, K. lactis is Crabtree-
negative and requires oxygen for growth [52]. Conversely, K. lactis is capable of utilizing
lactose as carbon source and is proficient at protein secretion [69], whereas S. cerevisiae
is not. These genomic and metabolic differences are likely to give rise to the classifiabil-
ity reported here on the basis of Raman spectra.

The results have been obtained with a home-built setup of which the fluidic cell
leaves room for improvement of the classification procedure, concerning the supply of
cells to the trap and the reduction of the background in the spectra resulting from the
glass coverslips. The yeast cells tend to adhere to the glass surfaces of the fluidic cell,
making them unavailable for trapping. This effect was counteracted by dislodging the
cells from the surfaces by using microfluidic flow pulses. This, however, resulted in a
relatively long preparation time for the next Raman measurement. A better solution is to
avoid adherence to the surface by using a microfluidic sheath around a central flow car-
rying the cells [70] or glass with an anti-adherence coating [71]. Furthermore, by replac-
ing glass with Raman silent quartz, frequent measurements of the background spectrum
according to the protocol will no longer be needed, while an improved signal-to-noise
ratio is obtained. Combined, these improvements will considerably reduce the time re-
quired to obtain a cell spectrum.

To classify the spectra we used a linear classifier, which turned out to be very well
suited to this proof-of-principle work. However, a further refined classification rule can
be applied to these data sets. In particular, the assumption that the species can be per-
fectly separated by a straight line is almost certainly an oversimplification in view of the
shape of the distributions in the PCA space. As such, significant improvements in the
classification accuracy are to be expected from non-linear classifications schemes.

Since the presented results constitute a strong proof-of-principle argument to use
LTRS for yeast classification, it is appropriate to consider the next step towards practi-
cal application of the technique. In general, a database of yeast Raman spectra from
which the necessary classification rules can be derived, is required. The classification
rules should be stable over long periods of time and transferable between Raman sys-
tems. In the present case, the training set and test set were measured over a period of
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88 respectively 30 days, after which the classification rule turned out to be no longer
valid. Therefore, the estimated temporal stability of the classification rule is between 30
and 118 days, which we consider a respectable time for an experimental setup. We at-
tribute the breakdown of the validity of the classification rule to slow drift of the optical
alignment of the setup. We expect that some sort of PCA sub-space calibration based on
the Raman spectra of reference materials can stabilize the classification rules and make
these transferable between LTRS systems. In this context we note that a commercial
LTRS system based on a microscope, which has a compact and solid body, is more sta-
ble than our experimental setup, implying that drift in the alignment is inherently much
smaller.

Since LTRS is an extension of a laser-tweezers system, of which various realizations
are on the market, a logical step for vendors of laser tweezers is to add Raman function-
ality to their system. The NanoTracker 2 (http://www. jpk.com/index.2.en.html),
based on an inverted microscope, is an example of such a commercial turnkey system
that gives a wide community access to a variety of Raman applications at the single-cell
level.



http://www.jpk.com/index.2.en.html
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2.5. CONCLUSIONS

Using laser tweezers Raman spectroscopy at the single-cell level, we demonstrated the
classification of the closely related yeasts Kluyveromyces lactis and Saccharomyces cere-
visiae with classification accuracies of 85% (o = 0.05%) and 79% (o = 0.04%), respec-
tively. Since direct visual evaluation of the Raman spectra failed to classify the two species,
a classification rule based on Fisher’s criterion was defined, enabling an unambiguous
and robust classification. The statistical significance of the difference between the dis-
tributions, derived from a Kolmogorov-Smirnov test, proves that their separation has a
microbiological origin related to the genomic and metabolic differences between these
yeasts. Our hypothesis concerning the cell-phase origin of the intra-species spectral
variation can be tested by searching for signatures of the different cell phases under well-
controlled conditions. This study demonstrates that laser tweezers Raman spectroscopy
is a powerful tool for the rapid classification of yeasts, which can even be extended to
mixed samples, and will most likely become of increasing importance in modern micro-
biology.
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ON-CHIP OPTICAL TRAPPING AND
RAMAN SPECTROSCOPY USING A
TRIPLEX DUAL-WAVEGUIDE TRAP

We present a new approach to the dual-beam geometry for on-chip optical trapping and
Raman spectroscopy, using wave-guides microfabricated in TripleX technology. Such wave-
guides are box shaped and consist of SiO» and Sis Ny, so as to provide a low index contrast
with respect to the SiO, claddings and low loss, while retaining the advantages of Siz Ny.
The waveguides enable both the trapping and Raman functionality with the same dual
beams. Polystyrene beads of 1 um diameter can be easily trapped with the device. In the
axial direction discrete trapping positions occur, owing to the intensity pattern of the inter-
fering beams. Trapping events are interpreted on the basis of simulated optical fields and
calculated optical forces. The average transverse trap stiffness is 0.8 pN/nm/W, indicating
that a strong trap is formed by the beams emitted by the waveguides. Finally, we measure
Raman spectra of trapped beads for short integration times (down to 0.25 s), which is very
promising for Raman spectroscopy of microbiological cells.

This Chapter is published as: Boerkamp, M. et al., 2014. On-chip optical trapping and Raman spectroscopy
using a TripleX dual-waveguide trap. Optics express, 22(25), p.30528
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3.1. INTRODUCTION

Today’s strong interest in characterization of biological samples with optical methods
has initiated several research directions, including classification and identification of bi-
ological cells with Raman spectroscopy [72, 73]. With this technique, which comprises
the spectral analysis of photons inelastically scattered by a sample placed in a region of
highly concentrated monochromatic light, vibrations of the constituent molecules are
probed to yield the sample’s chemical fingerprint [74]. In laser tweezers Raman spec-
troscopy, a laser-beam focus for inducing a Raman signal from a microscopic particle in
a fluid also serves to immobilize the particle by optical trapping [56, 75], so as to enable
building up a sufficient signal-to-noise ratio in the Raman spectrum. In this way one can
first select e.g. a biological cell by trapping and then perform Raman spectroscopy on it.
These functionalities can be transferred to a lab-on-a-chip situation using a photonic
crystal with a cavity [26, 27, 76] or a dual-beam trap [39].

In this context, a very attractive approach is the dual-waveguide trap [46]. In this de-
vice microfabricated optical waveguides, from which counter-propagating beams em-
anate, replace the optical fibres [39] of the dual-beam trap in creating the strong light
concentration for onchip trapping and Raman spectroscopy. In [46] we characterize this
new design in a simulation study of the optical forces and trapping potentials. Trapping
is described as resulting from a force directed transverse and a force directed parallel to
the beams, together determining the particle’s position in the trap. A salient difference
with conventional optical tweezers [77] is that for a dual-waveguide trap with coherently
excited modes in either waveguide, the force in the direction parallel to the beams is os-
cillatory as a result of beam interference [46]. This gives rise to multiple stable trapping
positions, a situation similar to that of optical lattices used to study trapped atoms [78].

Dual-beam optical traps have recently been further developed [40, 42, 79, 80]. High
quality fibre based traps have been demonstrated, applying fibres solely for trapping
[79], and for trapping, Raman excitation and signal collection [40]. However, in view of
the delicate mounting of the fibres, this approach does not permit widespread use. The
trap reported in [42, 80] is based on microfabricated Ta, 05 waveguides. Although this is
avery important step forward in view of the fabrication procedure, the research material
Ta, Os is not likely to give rise to a general waveguiding platform for sensing. In addition,
the Ta,O5 waveguides are reported to be lossy [80], thus requiring an additional Raman
excitation laser.

Here, we report on a dual-waveguide trapping and Raman device fabricated in TripleX'
waveguide technology [81, 82], of the monolithic design we proposed in [46]. The box
shaped waveguides produced in this technology (Section 3.2) consist of layers of low-
loss SiO; and SizN4, so as to obtain a low index contrast with respect to the SiO, cladding,
while retaining the advantages of SisNy. A further property of the waveguides is the low
birefringence. The integrated photonics platform based on these waveguides is com-
patible with CMOS technology, thus automatically fulfilling the requirement for mass
fabrication of the device we study here. The waveguides are highly transparent in the
very wide wavelength range 405 — 2350 nm, similar to Si3N4 waveguides, but contrary to
silicon-on-insulator, InP and Ta;Os. Therefore, the waveguides can be used at A = 785

LTriPleX™is a trademark for LioniX’s waveguide technology
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nm, a standard Raman excitation wavelength, making an additional Raman laser as in
[80] redundant. The waveguides used here are to be preferred over Si3sN, waveguides
because of the low effective index (Section 3.3), which gives beam profiles favourable
for trapping and Raman spectroscopy. With our device we successfully trap polystyrene
beads and induce a clear Raman effect in the trapped beads.
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3.2. DESIGN OF THE DUAL-WAVEGUIDE TRAP AND EXPERIMEN -

TAL SETUP

A cross-sectional schematic of the waveguides is shown in Figure 3.1a. The waveguide
has a slightly trapezoidal box shape. The width at the base and the top of the box are 1.1
and 1.0 um, respectively, while its height is 1.0 pm. The wall of the box is 50 nm thick
SizNy. Both the material of the inner region and the surrounding cladding of the box
are SiO,. A cross sectional scanning electron microscope image of a waveguide is given
in Figure 3.1b, along with the mode profile of the lowest order TE mode in Figure 3.1c.
The profile for this polarization clearly shows the tendency to concentrate the field in
the horizontal walls of the box, as expected for higher index regions.

Figure 3.1: (a) Cross-sectional schematic with dimensions and materials of the waveguide. The blue trape-
zoidal box shape is Si3N4. Both the inner region of the box and the surrounding cladding are SiO». (b) Cross-
sectional SEM picture of a waveguide with the box structure. (c) Mode profile of the lowest TE mode in the
waveguide, represented as P, the z-component of the Poynting vector. Colours from red to purple indicate
increasing values of P;. (d) Microscope image of the Raman trapping device taken while red light was coupled
into the input waveguide to check waveguide continuity, giving the red glow. A 50/50 Y-junction splits the in-
put waveguide in two half-circular arms (circle diameter = 7 mm), which guide the light to the fluidic channel.
The waveguiding structures are imaged as white due to saturation of the camera. For clarity, white saturation
regions due to scattering loss at the input waveguide and at the trap have been removed. (e) Microscope image
of the central region of the device. Each of the two waveguides terminates in a wall of the 5 um wide fluidic
channel, which tapers up in two steps. Definition of the coordinate axes as indicated in b) and e).

The device is fabricated as an assembly of a waveguide, a 50/50 Y-junction and a
loop, as can be seen in Figure 3.1d. To create the trapping geometry, a gap is opened
in the loop by dry etching successively through the upper cladding (12 ym SiO,), the
waveguide and the lower cladding (8 ym SiOy). In this way an integrated fluidic chan-
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nel and two faceted waveguides, from which counter-propagating beams are launched
into the channel, are formed in a single step. The devices are sealed by direct bonding a
glass wafer onto the device wafer, with pre-etched holes for access to the fluidic channel
of each device. The final step is dicing, which produces a sufficient quality facet of the
input waveguide of a device for incoupling of light.

The narrowest section of the channel, located between the waveguides, is 5 pm wide
and 20 um long. Outside this section, the channel tapers up to 1 mm wide in two steps
(Figure 3.1e). The coordinate system we use in the following sections is defined by taking
x parallel to the fluidic channel axis, y in the vertical direction and z along the waveguide
axes (see Figure 3.1b, 3.1e), the trap centre being the origin of the coordinate system.

A schematic of the experimental setup is shown in Figure 3.2. The light source of the
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Figure 3.2: Schematic of the setup for optical trapping and Raman spectroscopy with the dualwaveguide trap,
which is clamped in a holder with ports for fluidic access. Components: CF - laser clean-up filter, FC - fibre
coupler, M1, M2 - dichroic mirrors, M3 - beam splitter, L1, PH, L2 - lenses and pinhole of confocal filter, EF -
razor edge filter, L3, L4 - aperture matching lens and imaging lens for spectrometer and camera, respectively.
In most of the experiments, the power offered by the fibre to the input waveguide was 125 mW, as indicated.
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system is a Sacher Raman laser operating at 785 nm. The light path to the chip includes a
laser clean-up filter, a laser-to-fibre coupler and a polarization maintaining single mode
fibre. The fibre is butt-coupled to the input waveguide of the device using a high reso-
lution xyz piezo stage, so as to enable optimum excitation of the waveguide’s lowest TE
mode.

Raman scattered photons generated in a trapped particle are collected by a water
immersion objective (INA = 0.80) and directed to a Princeton Instruments LS 785 spec-
trometer (resolution 5 cm™!) via a dichroic mirror, a confocal filter (pin-hole size 200
SizNy4 pm), a razor-edge filter and a lens focusing the signal on the spectrometer’s slit.
Finally, there are light paths for visual inspection and monitoring of the trapped parti-
cle(s) and to follow alignment of the fibre to the waveguide, and for measurement of light
scattered elastically from the empty trap. For this a LED light source, a beam splitter, a
camera and a powermeter are included (see Figure 3.2).

The chip is mounted in a holder comprising a pair of Perspex plates, of which the
lower plate has a thickness matching with the objective’s working distance of 3.3 mm and
which has O-ring seals to the access holes in the chip. The holder, in turn, is mounted on
an xy-translation stage. The objective has z-translation. Water with dispersed polystyrene
beads is loaded into the fluidic channel from a motorized syringe pump, connected to
the holder via peek tubing. Water flow velocities for the experiments, in the range 7-90
pm/s, are obtained by stabilizing the flow without pump activity.
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3.3. OPTICAL FIELD OF THE DUAL-WAVEGUIDE TRAP

To characterize the optical field of the device we performed finite-difference time-do-
main (FDTD) simulations using Lumerical? software. In each waveguide the lowest TE
mode for A = 785 nm is excited. In the simulations coherent modes thus propagate to-
wards the end facets of the waveguides, together delivering 1.0 W of power to the trap.
Simulated patterns of the time-averaged intensity of the electric field, both for the xz-
plane and the yz-plane, are shown in Figure 3.3.

Figure 3.3: Simulated patterns of the intensity of the electric field in (a) the xz-plane and (b) the yz-plane.
The pattern results from excitation of the lowest TE mode and shows standing wave modulation due to beam
interference. The polarization is in the x-direction.

In this figure, the intensity pattern between the waveguides and inside the wave-
guides is characterized by standing wave modulation due to beam interference. In the
gap between the waveguides the period deduced from the modulation amounts to 299
nm, in close agreement with the expected value Ax,0/2 = 785 nm/(2 x 1.33) = 295 nm
(nm,0 = 1.33). The period of the oscillations in the waveguides is some smaller than in
the gap, due to their higher index (n.rr = 1.49 @ A = 785 nm). The clear presence of
the interference pattern inside the waveguides indicates that an appreciable fraction of
each emitted beam is transmitted into the opposite waveguide, as a result of the low in-
dex contrast between the waveguides and water.

For the high field region of the patterns near the optical axis and in the gap, only
weak beam spreading is observed, whereas near the facets this region clearly differs for
the two cross-sectional planes. This weak spreading is in contrast to the rather strong
spreading found for homogeneous SisN4 waveguides [46]. This difference arises from
the lower index contrast of the waveguides with respect to water as compared to that of
Si3N4 waveguides with respect to water (in [46] ng;,n, = 1.9), resulting in weaker con-
finement of the guided mode and less diffraction at the waveguide facets.

In the yz-plane, going from guided mode to radiation mode, the profile evolves in a
way characteristic of this type of composite oxide/nitride waveguide. In the wave-guide
the modal profile has lobes concentrated in the SizN4 walls of the box, which is ener-
getically favourable in view of the polarization being parallel to these walls (i.e. perpen-
dicular to the yz-plane). Outside the waveguide the lobes merge to form a more regular
pattern, of which the central high field region is slightly narrower than the correspond-

2L umerical FDTD Solutions, Inc., http://www.lumerical.com/tcad-products/fdtd/ (accessed Nov. 14, 2014)




3. ON-CHIP OPTICAL TRAPPING AND RAMAN SPECTROSCOPY USING A TRIPLEX
40 DUAL-WAVEGUIDE TRAP

ing region in the xz-plane. In the xz-plane the profile’s evolution from guided to radiation
mode is smoother, which relates to the polarization now being perpendicular to the walls
(i.e. in the xz-plane).

Details of the highly concentrated optical field in the gap between the waveguides
determine several aspects of the optical force characteristics of the device, as discussed
in the next section.
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We clearly observe optical trapping of single polystyrene beads upon their delivery by
the flow to the trapping region between the waveguides. A single bead can be kept in
the trap for a long time (> 10 min.), provided it does not undergo a head-on collision
with another arriving bead, which then may take its place. While being trapped, the
bead shows Brownian motion in the optical confinement potential of the trap. When
the supply of light to the trap is stopped, the bead is released into the flow. The trap
is strong enough to trap more than a single bead, as may be seen in various trapping
events recorded in the supplementary Media 1 and Media 2 ®. Snapshots of these media
are presented in the three panels of Figure 3.4, showing one bead in the trap, and two
different configurations of five and four beads in the trap. For these trapping events the
optical power presented to the input waveguide by the fibre was 125 mW. In Media 1
and Media 22 we further observe that a bead can become trapped at various discrete
paraxial positions between the waveguides, depending on where it arrives, and that it
subsequently may hop to c.q. between what appear to be preferential positions. When
several beads are trapped, they may assemble into a lump or into a short chain located
on the z-axis (see Figure 3.2b, 3.2c). Assembly of multiple beads in the trap and the
related changing configurations can be followed in Media 2° .

Figure 3.4: Snapshots (a) and (b, c) of the online supplementary Media 1 and Media 23 , respectively. A single
trapped bead can be seenin a). Inb) and c) a lump a five trapped beads and a linear chain of four trapped beads
are shown, respectively. The respective water flow velocities for the panels are 90, 34 and 43 um/s. Dashed lines
indicate the boundaries of the fluidic channel and the dual waveguides.

3Media 1 and 2 can be viewed at respectively https://doi.org/10.1364/OE.22.030528.m001 and
https://doi.org/10.1364/0E.22.030528.m002
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3.5. FORCE CALCULATIONS AND OPTICAL POWER CONSIDERA-
TIONS

To calculate the optical forces Fy(x), Fy(y) and F,(z) in the three directions, we use the
electromagnetic fields derived from FDTD simulations, with the bead in position, as in-
put data for the Maxwell stress-tensor method. The mesh sizes used in the bead, the
waveguides and the remaining FDTD volume are 5, 10 and 30 nm, respectively. The re-
fractive index used for SisNy, SiO, and polystyrene are 2.00, 1.45 and 1.58, respectively.
In the simulations the bead position is varied on the x-, y- and z-axis. In view of symme-
try, we only use half-axes for the x- and z-direction, but use the full y-axis to study the
effect of the asymmetry of the box shape (using the half-axes y+ and y-; see Figure 3.1b).
The results are presented in Figure 3.5.

The transverse forces Fy and Fj (- in Figure 3.5 show the typical restoring behaviour
of the gradient force: upon displacement from the trap centre the force pulls the bead
back. Further, with increasing displacement the force goes through an extremum, the
position of which marks the point beyond which the effective gradient of the field inten-
sity probed by the bead decreases. As for the magnitude of Fy(-) and the position of
their extrema, small but discernible differences occur with respect to these quantities of
Fy. In particular, the extrema of F),, () slightly exceed the extremum of Fy, and occur for
smaller displacement than for F, whereas for displacements below 0.5 ym the magni-
tudes of Fy(-) exceed that of Fy. Such properties can be understood from details of the
field distribution in Figure 3.3. For example, for small displacements the gradient of the
field intensity turns out to be stronger for direction y+ than for direction y-, while this
difference becomes negligible for larger displacements. This agrees with the calculated
force behaviour. For larger displacements in the x-direction the intensity gradient ex-
ceeds the gradient for either y-directions, leading to the larger calculated forces for that
range.

From the initial slope of the force curves we determine transverse trap stiffnesses of
0.73 and 0.87 pN/nm/W for the x- and y-direction, respectively (taking the average for
y+ and y-). These values amply exceed, by a factor = 25, those for the dual-waveguide
trap in[46] based on homogeneous Si3sN, waveguides. This is due to the weaker beam
spreading in the trap, giving stronger transverse gradients. The values also exceed those
of conventional optical tweezers, for which a few tenths of pN/nm/W are reported for
the transverse case [77]. It follows that this trap is a strong trap.

The axial force F, in Figure 3.5 oscillates strongly around zero, with the same period
as the intensity modulation in Figure 3.3. The oscillatory force thus reflects the beam in-
terference. Multiple points of stable trapping exist on the periodic curve, characterized
by F, = 0 and a negative slope, i.e. for x = m x 1/(2np,0) = mx295nm (m=0,1,2,...),
the positions of the interference maxima. Such multiple stable points agree with the
experimental observation of several discrete axial trapping positions and hopping be-
tween these, discussed in the previous section and illustrated in Media 13. The trap
stiffness for F; related to a stable point equals the slope at a zero crossing of an oscil-
lation, and amounts to 3.8 pN/nm/W. This value characterizes very strong local traps in
the z-direction. The envelope of the oscillations has a slight positive slope. This corre-
sponds to a weak force towards the waveguide facets, contrary to the usual direction of
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the scattering force for divergent dual beams. We explain this as resulting from the char-
acteristics of the radiation mode emitted by this type of waveguide, in particular to the
merging of the lobes as discussed in relation to Figure 3.3b.
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Figure 3.5: Calculated forces Fx, Fy+ (-) and F; for displacement of a 1 um polystyrene bead on the three
corresponding axes. The axes y+ (y-) are defined in Figure 3.1b.

The optical power supplied to the trap (P;rqp), a key figure of merit, cannot be mea-
sured directly. Therefore, we derive (P;;4p) from release experiments. In such experi-
ments (Pyrqp) is lowered by lowering Py;pe, the power offered by the fibre, to the value
where F is just not balanced by the drag force F; exerted on the bead by the flow. This
leads to the bead’s release into the flow. At release Fy to a good approximation equals
F; = 6nnrv. Here n = 1073 Pa.s is the dynamic viscosity of water, r the bead radius and
v the water velocity at release. The water velocity equals the bead velocity immediately
after release, which we deduce from the bead position in successive frames of the movie
of the release event. The resulting Fy values at release for the various water-flow veloci-
ties, which in these experiments take values up to 0.6 pN, correspond to the extremum of
Fy(x) in Figure 3.5 (250 pN/W) and thus yield the related Py, values, which are found
to range up to 2.4 mW.

Release experiments also yield the relation between Py;qp and Py;pr. We obtain this
relation via Pg.4¢;, the power of the light elastically scattered from the empty trap into
the immersion objective, measured behind dichroic mirror M2 (see Figure 3.2). For the
empty trap (i.e. no beads contributing to light scattering) we first obtain as a calibration
Pscart(WW) =17.6 x Pgipre(W). Using this, the Pgcqy; values measured just after release
give the Pg;pre values set to just enable release. Note that Py, is not accessible to
direct measurement when the fibre-waveguide alignment is preserved, which we pre-
fer in these experiments. Using the drag force, this in turn gives the relation between
Ptipre and Fy at release. This, when combined with the aforementioned extremum
FylPtrap = 250pNIW, yields Pyyqp(mW) = 4.1 x 10_2Pfibre(mW). The prefactor 4.1 x
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1072 represents the overall transmission, including the fibre-waveguide butt coupling,
the Y-junction, the waveguide bends and the straight waveguide sections. Of these the
butt coupling to the diced waveguide facets by far induces the highest loss. In most of
the trapping experiments P,y was 125 mW, giving Pyrqp = 5.1 mW (corresponding
to Fx = 1.3 pN at release). From conventional laser tweezers Raman spectroscopy it is
known that this power level is sufficient for Raman spectroscopy of a trapped bead.
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We have performed preliminary Raman spectroscopy measurements of a single polysty-
rene bead optically trapped in the dual-waveguide device, using the setup of Figure
3.2. Example spectra are presented in Figure 3.6, for five integration times in the range
0.25-15s. The spectra have been corrected (see below) for a separately measured back-
ground spectrum without bead in the trap. We observe that with increasing integra-
tion time distinct peaks develop in the spectra. Raman shifts of a standard spectrum
of polystyrene [83], denoted by the eight dashed lines with attached shifts, agree with
the positions of the measured peaks. For the peaks close to 1327 and 1450 cm™! there
is a small deviation, which is on the order of the spectrometer’s resolution. From mea-
surements of 11 ym beads of the same quality as the 1 um beads with our laser twee-
zers Raman spectroscopy setup, in which the bead is trapped in the laser-beam focus in
water without involvement of the dual-waveguide device, we find similar deviations for
these two peaks from the standard spectrum. This proves that the deviation is not due
to the dualwaveguide trap and suggests that sample dependent properties are involved.
For the 15 s integration time we have included two traces in the figure to demonstrate
the repeatability of the measurements in terms of overall spectrum shape, peak posi-
tions and intensity. Visual comparison indicates good repeatability with respect to these
qualities, quantified by an average difference of 5 per cent as calculated from the raw
data, which represent the direct measurements. We conclude from the data set that we
measure the Raman spectrum of polystyrene. Above 1700 cm™! and for longer integra-
tion times, some structures are present which are not polystyrene related. These could
only be partly corrected by the background, due to its specific nature discussed below.
We connect the structure in the range 1730 — 1740 cm™! to Perspex, the material of the
holder of the chip, of which the spectrum shows a peak at 1736 cm™! [84]. The resi-
dual structures at 1900 and 1960 cm™!, clearly present in both the raw spectra and the
background, so far remain unidentified, although we note that they occur in the range
of Raman signatures of hydrocarbon chains.

The background used for correction was measured during 1 s, further conditions be-
ing similar as for the raw polystyrene spectra. Like the spectra, the background has a
decaying global behavior with increasing wavenumber, without pronounced structures
coinciding with Raman peaks of polystyrene. Multiplicative scaling of the background
yields global decays slower than the background of the raw spectra (each having a sepa-
rate scaling factor), implying that the separately measured background is an approxima-
tion of the actual background. This is not surprising, since a raw spectrum’s background
is affected by the presence of the bead. This serves as scatterer for all light impinging on
it and thus also scatters other light than polystyrene Raman light into the objective (fluo-
rescence light and other Raman light). Without bead this other light does not contribute
to background to this degree. This is why the spectrum of the empty trap only approxi-
mates the actual background, unlike the situation of e.g. micro-Raman on a liquid in a
cuvette. In our future research we will study the contributions to the background in more
detail. We have used the background to partly remove non-polystyrene signal from the
raw spectra. The criterion for the background magnitude is that its integral equals the
integral of a spectrum, i.e. the photon count for the background is “by hand” equated to
the photon count for a spectrum. Thus, the background’s somewhat slower global de-
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cay is approximately equally divided over the spectrum. After background subtraction,
the result was slightly smoothed using a moving average filter with a four points span,
which is comparable to the resolution of the spectrometer, giving the spectra of Figure
3.6. These show negative intensities for higher Raman shifts due to different decays of
background and raw spectra. For the interpretation of the spectra this is irrelevant.
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Figure 3.6: Raman spectra of an optically trapped polystyrene 1 um bead, for integration times as indicated.
Ptrap = 5.1 mW. The Raman shifts attached to the dashed lines have been taken from a standard Raman spec-
trum of polystyrene [83]. From the spectra a background has been subtracted and they have been slightly
smoothed, as described in the text. The two 15 s spectra indicated with (A) and (B) demonstrate the repeata-
bility of the measurements. The dotted lines are the axes of the respective spectra, showing that the intensity
is negative for higher shifts as a result of the background-subtraction procedure (see text). The numbers in
brackets adjacent to the integration times are the vertical offsets applied to the spectra for clarity.

These results proof that this new design of the dual-waveguide trap is not only a pow-
erful device for optical trapping but also for Raman spectroscopy of trapped particles.
The Raman peaks at 1002 and 1031 cm™! are still clearly measured for an integration
time as short as 0.25 s, while the structures at or close to 1156, 1183, 1327, 1450 and 1602
cm~! are just discernible in the spectrum for a 0.5 s integration time. This is promis-
ing for trapping and Raman spectroscopy of bio-objects such as single cells (e.g. bacte-
rial spores and bacteria), which have a relatively weak Raman signal and therefore will
unavoidably lead to longer integration times than used here. Such longer times are ex-
pected to be very well possible, since our Raman excitation wavelength of 785 nm is in
a window of relative transparency of biological material in the near infrared portion of
the spectrum (750—1200 nm) where photo-damage and heating of micro-organisms and
other cells are limited [77].
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With a dual-waveguide trap based on waveguides fabricated in TripleX technology, a
novel design of the dual-beam trap, we have optically trapped polystyrene beads from
an aqueous suspension flowing through an integrated fluidic channel. A transverse trap-
ping force as high as 1.3 pN can be exerted on a bead with a power of 5.1 mW supplied
to the trap. Optical force calculations yield 0.8 pN/nm/W for the average transverse trap
stiffness and 3.8 pN/nm/W for the axial stiffness of an individual local trapping poten-
tial induced by beam interference. These are high values, indicating a strong trap. Apart
from particle trapping, the beams emanating from the dual waveguides are capable of
inducing the Raman effect in a trapped microparticle, as we demonstrate from measured
Raman spectra with a shortest integration time of 0.25 s. We suggest that III-V lasers
can be heterogeneously integrated, and arrayed waveguide grating spectrometers based
on TripleX technology can be homogeneously integrated with multiple dual-waveguide
traps of the type we study. In this way a complete lab-on-a-chip results for in parallel
trapping and Raman spectroscopy of multiple microbiological cells.

3.8. ACKNOWLEDGMENTS

The authors gratefully acknowledge the support of the Smart Mix Programme of the
Netherlands Ministry of Economic Affairs and the Netherlands Ministry of Education,
Culture and Science. This work was performed in the cooperation framework of Wet-
sus, centre of excellence for sustainable water technology (www.wetsus.nl). Wetsus is
co-funded by the Dutch Ministries of Economic Affairs and of Infrastructure and Envi-
ronment, the European Union Regional Development Fund, the Province of Fryslan and
the Northern Netherlands Provinces. The participants of the research theme sensoring
of Wetsus are gratefully acknowledged for fruitful discussions and financial support.






4

PREPARING THE SETUP FOR
BIO-PARTICLES AND COMPARING
THE LTRS AND DUAL-WAVEGUIDE

TRAP

49



4. PREPARING THE SETUP FOR BIO-PARTICLES AND COMPARING THE LTRS AND
50 DUAL-WAVEGUIDE TRAP

4.1.INTRODUCTION

In applications ranging from purity control [47] to the detection/screening of infectious
pathogens [49], the identification of yeasts, bacteria and other micro-organisms is es-
sential. As the impact of biological contamination increases with time, there is a need
for fast identification techniques. Single cell Laser Tweezers Raman Spectroscopy (LTRS)
is a fast alternative to traditional techniques such as streak plating and PCR.

In single cell LTRS a micro-organism is trapped in the focal spot of a laser beam while
its Raman spectrum is generated. This Raman spectrum acts as a fingerprint to identify
the organism. For traditional techniques the required purification and multiplication
steps are the most time consuming. Single cell LTRS is faster mainly because it does not
require these steps. However, to characterise a sample many cells have to be identified
in a short time. Although the repeat rate is limited by the required acquisition time, this
can be achieved by identifying many cells in parallel.

A lab-on-a-chip approach can realize several dozen LTRS systems in the space oc-
cupied by one traditional unit, allowing a high degree of parallelization [33]. The dual-
waveguide trap, monolithically fabricated in TripleX waveguide technology[43], is a trap-
ping and Raman generating device and first step towards a full-fledged lab-on-a-chip
LTRS.

Trapping and Raman generation have been demonstrated with the dual-waveguide
trap for polystyrene beads [85]. However, acquiring Raman spectra from biological par-
ticles is significantly harder than from polystyrene beads, because of their lower Raman
yield. This is mainly due to the — on average — lower density and smaller Raman scat-
tering cross section. In anticipation of this increased difficulty, the stability of the setup
as used in Chapter 3 has been improved to reduce signal loss. The improvements are
presented in Subsection 4.2.1.

The LTRS and dual-waveguide trap differ in their signal generation and acquisition
geometry. These difference lead to subtle changes in the obtained Raman spectra. To
better understand these changes, the difference in signal generation and acquisition ge-
ometry are presented in Subsection 4.3.1.

Using dissolved ascorbic acid, the signal generation difference between four dual-wave-
guide traps is investigated in Subsection 4.3.3. These dual-waveguide traps differ in the
distance between the waveguide facets in the fluidic channel. As such, they are referred
to by this width. The four traps have distances of 5, 10, 15, and 20 pm between their
facets.

A periodic background is observed in the spectra obtained from the dual-waveguide
traps. The possible origin of this background is investigated in Subsection 4.3.3. The
experiments and analyses performed in this section lead to a choice of traps to be used
in Chapter 5.

Finally, Section 4.4 reflects on the improvements made to the setup, the experiments
with ascorbic acid and the comparison between the LTRS and the different dual-wave-
guide traps and presents the conclusions.
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4.2, METHOD

This section presents the setup as used in this chapter, and the major changes made
with respect to the one of Chapter 2 and 3. The aim of these changes is to obtain a higher
alignment stability and a better image quality.

4.2.1. THE SETUP

The previous setup (as presented in Chapter 2 and 3) has two main issues leading to in-
stability. The first is that the main beam path, which runs from the fibre launcher to the
objective, traverses two dichroic mirrors (D1 and D2 in Figure 2.1 of Chapter 2) resulting
in two, angle of incidence dependent, parallel displacements. All further optical com-
ponents need to follow these displacements, practically fixing the angle of the mirrors.
As a result, precise angular control is required in the side arms, in addition to positional
control, which increases the setup’s sensitivity to alignment drift. The second issue is
the early expansion of the Raman laser beam and the refocusing of the beam containing
the acquired camera image and Raman signal well beyond the 180 mm infinity space
of the objective. Both choices unnecessarily fill the aperture of most optical compo-
nents, increasing the risk of clipping due to alignment drift. This leads to asymmetrical
trapping forces in the LTRS mode and loss of image signal and Raman signal in both
LTRS and dual-waveguide trap mode. In the previous setup the image contrast is low be-
cause strong reflections of the illumination light on the optical components saturate the
camera within the exposure time. This limits the maximum image intensity that can be
obtained. Furthermore, some residual structure of the light source is still visible in the
produced images due to the long focal length lenses used for the Kéhler illumination.

The new setup (see Figure 4.1) uses reflective optics (M D2, D1, and BS) to guide the
main beam path, indicated in blue, from the chip holder (CH) to the camera (C). Each
section of the beam path can now be fixed individually using pairs of diaphragms, not
depicted, set along the beam path. This allows a deviation in angle of the main optical
axis to be corrected by these reflective components.

The side arms in this setup are the LTRS arm indicated in red, the Raman arm indi-
cated in purple and the illumination arm indicated in green. The beams of these arms
are coupled to the main beam path by traversing D1, D2 and BS respectively. Each arm
undergoes a single parallel displacement, which can now be corrected for. This can be
done with, for example, the beam expander (L4, L5) in the Raman laser arm. Such cor-
rections are comparatively easy, since the correct alignment can be determined using
the diaphragms already present in the main beam path.

The acquired image signal beam and Raman signal beam are contracted and re-
collimated using respectively lenses L1 and L2 placed within the infinity space of the
objective. This simultaneously reduces the required width of the Raman laser beam and
the resulting width of the Raman and imaging beam. Additionally, it extends the distance
over which the Raman and imaging beams can be considered collimated.

A new halogen lamp with higher intensity allows a diffuser (D) to be used to give a
more homogeneous illumination than obtained with only the Kéhler illumination. Fur-
thermore, a conjugated diaphragm (DF) is used to restrict the illumination beam to the
region of interest in the object plane, thus significantly reducing the amount of light en-
tering the main beam path and hence the amount of back reflected light. The increased
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brightness and contrast allow spores to be imaged within the dual-waveguide trap, while
previously polystyrene beads already used to be challenging.

Laser
—— Main beam path
—— LTRS arm
—— Raman arm

—— Illumnination arm

Lamp L12 D DF L11

D2 M

Spectrometer

Figure 4.1: Experimental setup used in this chapter. (blue) The main beam path. (red) The LTRS arm. (purple)
The Raman arm. (green) The illumination arm. Components: L1-12 - lenses, CF - clean-up filter, FC — Newport
9131-M fibre coupler, Fi - Thorlabs PM-630-HP polarisation maintaining fibre, FL - fibre launcher, C - camera,
ND - neutral density filters, Lamp - halogen lamp, D - diffuser plate, DF - diaphragm, BS - 50:50 beam splitter,
D1, D2: dichroic mirror, M - silver mirror, O - Olympus UPLSAPO 60XW or LUMPLFLN 40XW objective, CH -
chip holder, F - filter, P - pinhole =100 pm, S - spectrometer entrance slit, spectrometer Acton LS 785. Lens
sets L1/L2, L4/L5 and L6/L7 form beam expanders. L9, P and L8 form a confocal filter.

The use of a new chip holder consisting of a chip shaped cavity in an aluminium
drum removes two refractive index transitions and a transition through Perspex, associ-
ated with the lid of the old holder, from the main beam path. The new chip holder allows
aworking distance reduction of 2.5 mm for the dual-waveguide trap mode. However, this
is insufficient to use an objective with a higher N A than the one used in chapter 3. The
chip holder is mounted on both a manual and a piezo stage to allow positioning relative
to the objective and can hold either an LTRS fluidic cell or a dual-waveguide trap chip.
The setup is switched from LTRS mode to dual-waveguide trap mode by transferring the
fibre from the fibre launcher (FL) to the chip.
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4.3. RESULTS

The results section presents a theoretical and experimental comparison of the LTRS and
dual-waveguide trap. Furthermore, experimental results and the analysis thereof for
the characterization of dual-waveguide systems varying in size from 5 to 20 um are pre-
sented.

4.3.1. RAMAN GENERATION AND ACQUISITION GEOMETRY: COMPARING THE
LTRS AND DUAL-WAVEGUIDE TRAP

While the principles of optical trapping and Raman scattering are universal, the geom-

etry in which they are applied still has a large impact on the resulting trapping forces

and amount of Raman signal acquired. The specific geometry used for the LTRS and

dual-waveguide trap in this chapter is treated below.

The setup used in this chapter has been designed to operate in LTRS and dual-wave-
guide trap mode and requires minimal adjustment when switching between these modes.
The main difference between the modes is that for the dual-waveguide trap the trapping
force is generated using on-chip waveguides (see Figure 3.1) rather than free-space op-
tics, as is the case for the LTRS mode. Consequently, the major optical axes are orientated
parallel for the LTRS and perpendicular for the dual-waveguide trap. This leads to dif-
ferences in Raman generation and acquisition geometries between the modes. These
differences are best described by looking at the overlap between the Raman generating
volume, a sub-volume of the illumination volume, and the acquisition volume.

THE ILLUMINATION VOLUME

In both modes, the laser light used to set up the trapping force is also used to generate
the Raman signal. The region with a sufficiently high laser-light intensity to generate a
significant Raman signal is referred to as the illumination volume (V;;) [58]. For the LTRS
the V;; has the shape of a diabolo. It is given by a focused Gaussian beam truncated at
one Rayleigh length (Lg) above and below focus. The Gaussian beam is focused onto
a spot size of diameter d = 1.221/NA with A the wavelength of laser light and NA the
numerical aperture of the objective. Lg is approximated for high N A objectives as L =
21/ N A? [86]. The radial boundary of the Gaussian beam is customarily defined as the
distance at which the intensity equals e times the axial intensity [86].

For the dual-waveguide trap, the slightly diverging counter-propagating beams emerg-
ing from the waveguide facets define the illumination volume. In this case, the facets
form the boundaries in the propagation direction. The radial V;; boundary is defined in
analogy to the Gaussian beam as the point where the intensity of the local maxima equals
e~2 times the axial intensity, which is indicated by the dashed lines in Figure 4.2. The
highest energy density region of the dual-waveguide trap’s V;;, indicated by green and
warmer colours in Figure 4.2 are found in a cylindrical volume between the facets. The
remaining regions of the dual-waveguide trap’s V;;, form a bulge on the middle of this
volume, which increases with channel width. We will approximate the dual-waveguide
trap’s V;;, with some arbitrariness, as a cylinder with a radius of 1.5 um spanned between
the waveguide facets indicated in Figure 4.3b by the red hatching.
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Figure 4.2: Simulated dual-waveguide trap illumination volumes. From left to right the 5, 10 and 15 um dual-
waveguide trap. (colormap) Energy density (o). (dashed lines) The radial V;; boundary. (solid vertical white
lines) The position of the channel wall. Data courtesy of Gyllion Loozen

THE RAMAN GENERATING VOLUME

The Raman generating volume (Vgg) is the volume in which Raman signal is generated,
indicated in Figure 4.3 in orange. The Vg, is that portion of the V;; that is occupied by
a Raman active substance. Generally, the trapped particle represents the only Raman
active substance for both modes. Consequently, the Vg is equal to the volume of the
particle within the V;;. For the LTRS mode of operation this means that the Vgg is always
centred on the objective’s optical axis. However, the dual-waveguide trap potentially
generates multiple stable trapping sites, see Chapter 3 Section 3.4. Consequently, the
VRrg has several possible positions, which is illustrated in Figure 4.3b.

THE ACQUISITION VOLUME

The acquisition volume (V) is the volume from which Raman signal can be collected.
The numerical aperture (IVA) of the objective and the size of the confocal pinhole de-
termine this volume for both modes, as indicated by the green hatching in Figure 4.3.
The N A determines the field of view of the system usually indicated with the f-number
(f#), which is related to the NA by f# = n/2NA. Here n is the lowest refractive index in
the path of the Vg, in this case that of the immersion liquid. A larger field of view, i.e.
lower f#, results in a larger Vaq and more collected signal. Furthermore, the solid angle,
defined by the N A, indicates which portion of the Raman signal scattered by a point is
collected. In other words, a larger solid angle gives a higher collection efficiency for every
point within the field of view.

The pinhole (see P in Figure 4.1) in the confocal filter rejects unwanted signal by re-
stricting the field of view and the depth of focus. A smaller pinhole leads to a smaller
acquisition volume by directly blocking part of the field of view. In the same way it re-
duces the contributions from other focus planes by partially blocking their out of focus
image [86], resulting in a more selective signal acquisition.

The optimal signal acquisition is achieved by using the highest possible NA and a
confocal pinhole size matching the size of the trapped particle while taking into account
the optical magnification between the particle and the pinhole.

The strength of the acquired Raman signal is now proportional to the overlap be-
tween Vgg and V4. The overlap between these volumes is constant for the LTRS, since
both are determined by the objective. For the dual-waveguide trap, however, the overlap
can become time dependent if the particle hops from one trapping site to the next (see
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Figure 4.3b) and the particle is approximately equal in volume to V4. This means that
the acquired Raman signal strength can only be reliably determined from a stable parti-
cle, a particle that remains trapped at a single site.

\\ Illumination volume Jjj Overlap V, and V__

Raman generating volume O Raman active substance

Raman acquisition volume

Figure 4.3: Relevant volumes for Raman spectroscopy. (a) LTRS. (b) Dual-waveguide trap. Illumination volume:
the region with sufficient intensity to generate Raman signal. Raman generating volume: the portion of the V;
occupied with Raman active substance. Acquisition volume: the volume from which Raman signal can be
acquired.

To compare the acquired Raman signal strength between the modes, dissolved ascor-
bic acid is used in Subsection 4.3.2 to circumvent the issues associated with a potentially
unstable overlap. This, however, changes the shape of the Vg for both modes, since the
entire V;; is now Raman active. The optimal V,4, determined by the pinhole size, will be
different for the two Vgg. To provide an unbiased comparison this geometric difference
needs to be accounted for.

To calculate the relative Raman acquisition efficiency of the two modes we first need
an estimate of the Raman acquisition of the individual modes. Since any Raman signal
generated outside of V4 will not be acquired, we approximate the Raman acquisition
efficiency (Ruc4) to be proportional to the fraction of the V4 that overlaps with Vgg. This
approximation assumes a homogeneous generation of the Raman signal throughout the
Vig.-

For the LTRS, Vg, will be approximated by a cylinder with a radius (rrqy) equal to that
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of the focussed Gaussian beam one Rayleigh length from the focus and a length equal to
two times the Rayleigh length (L), i.e.
Vaq

—_—
ZLRnrRay

Racq,LTRs (4.1)

For the dual-waveguide trap, Vrg equals the cylindrical volume spanning the channel
width (Wpw) with the chosen radius of 1.5 um (rpw). This leads to R4 for the dual-
waveguide trap to be proportional to:

Vag

Rucq,DW X 4.2)

T réW WDW ’
Taking the relative R, as the ratio of the individual R,c4 in waveguide mode versus

LTRS mode and realizing that V,, is the same for both modes, as it is determined by the
chosen pinhole and objective, we find that R4, re; is proportional to:

Vrgow R%,, Wpw

Racq,rer (4.3)

VRg,LTRS rfmyZLR '
Equation 4.3 seems like a natural result when considering the discussion of the different
volumes above. Although it provides us with a useful value for the relative Raman ac-
quisition efficiency, it remains a crude approximation. To improve this approximation a
more precise description of Vgg and V4 would be required. Especially for a discussion
of the latter the reader is referred to the work of D. Leenman [59].

We find for the 5, 10 and 15 um dual-waveguide trap, Rycq,re values of 23, 47 and 71
respectively. These values will be used in Subsection 4.3.2 to compare the LTRS with the
dual-waveguide trap mode.

The parallel resp. perpendicular orientations of the cylinders modelling V;; and V4
has an influence on the background signal acquired in the two modes. For the parallel
orientations of the two cylinders, the objective collects any light backscattered by the
particle or the traversed interfaces, including the Rayleigh scattered laser light. Conse-
quently the LTRS mode requires strong filters (D2 and F in Figure 4.1) to remove this laser
light from the Raman signal. For this orientation, a large part of the background signal
is caused by the reflection and scattering of the fluidic-cell-interfaces (see Figure 4.4a).
The trapped particle has relatively little influence on the background signal (see Figure
4.4b). As such, a background taken at the same position without a particle is still repre-
sentative and can be subtracted from the Raman spectrum, after simple scaling, to yield
arelative clean spectrum, as demonstrated in Chapter 2.

For the perpendicular orientations of the two cylinders, the counter-propagating
beams are directed at the waveguides and only the weaker side scattered light is col-
lected (see Figure 4.4c), reducing the need for filters. As such, the perpendicular orien-
tation geometry is preferred over the parallel orientation geometry. The drawback of the
perpendicular orientation geometry is that a trapped particle will strongly alter the way
in which light is scattered towards the objective, changing the strength and spectral com-
position of the background signal. The compositional change is apparent from the fact
that a scaled background does not match the spectral shape of the Raman spectrum’s
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background. The origin of the compositional change might be found in the hopping of
the particle between trapping sites. If the diverging light emanating from the waveg-
uides contains signal in the Raman window, causing a background signal variation over
the width of the trap, a hopping particle can randomly mix the signal from different trap-
ping sites. Consequently, the background signal obtained at a single point of an empty
trap is not representative for the Raman spectrum’s background of a trapped particle.

LTRS fluidic cell Dual-waveguide trap
(@) <= 24-60cm = (c) <=5 -20 um=>|

i

150 pm

_— 0

Figure 4.4: Comparison of the background collection for empty and full traps. (a) For the LTRS a portion of
the laser light is reflected and scattered back towards the objective by the interfaces of the fluidic cell. (b)
When a particle is trapped, only the amount of laser light directed towards the objective changes. (c) For the
dual-waveguide trap, most laser light is directed from one waveguide to the other. Only a small part of the
diverging light or light scattered from the side walls will reach the objective. (d) When a particle is trapped in
the dual-waveguide trap the amount of laser light that reaches the objective strongly increases. Furthermore,
the spectral composition of this light will be different from the light collected without a trapped particle (not
shown).

The varying collection efficiency and background composition complicate the com-
parison of the different dual-waveguide traps. However, using dissolved ascorbic acid,
the selected potential trapping position can simply be positioned inside V4. In this
way, the acquired Raman and background intensity can be compared between traps and
trapping positions. In Subsection 4.3.2, the centre trap positions of the four different
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dual-waveguide traps will be compared with this method.

4.3.2. COMPARISON OF THE RAMAN GENERATING PROPERTIES OF THE 5,
10, 15 AND 20 pum DUAL-WAVEGUIDE TRAPS
To select the trap size most suited for Raman spectroscopy of bio-particles, the Raman
generating properties of the traps need to be compared. However, the multiple stable
trapping sites generated by the dual-waveguide trap allow the overlap between Vgg and
Vaq 1o vary, as explained in the previous section. Such variation, during the experiment,
would hamper the comparison of the trap’s Raman generation. To avoid this, an ascorbic
acid solution is used to stably fill the V,,; with Raman active material; independent of
the trap’s trapping behaviour and the position of V4. The potential trap position under
investigation can now be selected by moving Vy, to the desired position in the trap.
Ascorbic acid, commonly known as vitamin C, was chosen because of its high solu-
bility in water (0.333 kg/L), which is desirable because it maximizes the strength of the
Raman signal. Its most prominent peaks are situated at 1129 and 1668 cm™! [65]. These
are well above 850 cm™!, a threshold below which the background (see Figure 4.5) can
potentially obscure the peaks. Additionally, the ascorbic acid spectrum contains a large
variety of peak intensities. These properties make an ascorbic acid solution an ideal test
solution.
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Figure 4.5: Ascorbic acid spectra. (Top) LTRS spectra. (orange) Solid ascorbic acid. (blue) Saturated ascorbic
acid solution. (black markers) Literature peak positions. (orange markers) Solid ascorbic acid peak positions.
(blue markers) Saturated ascorbic acid solution peak positions. Bars on the markers indicate the local spec-
trometer resolution. The peak positions (in cm’l) are [Lit; solid; solution], [870.3; 871.0; 879.7], [1129; 1133;
1160], [1258; 1264, 1298], [1320; 1325; 13571, [1498; 1508; -], [1668; 1663; 1695]. (Bottom) Dual-waveguide trap
spectra of a saturated ascorbic acid solution. (pairs of dashed lines) LTRS ascorbic acid peaks. The spacing
between the lines indicate the local spectrometer resolution.
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Reference spectra comparable to the spectrum obtained with the dual-waveguide
traps were taken from solid and dissolved ascorbic acid with the LTRS. Both spectra
in Figure 4.5a were acquired with P;r,,= 18 mW, and an acquisition time of 1 min. A
smoothed background, obtained by 3 point averaging, was subtracted from both recorded
spectra. Six clear peaks can be identified in the solid ascorbic acid LTRS spectrum. When
comparing their position to their literature values [65] a difference on the order of the
spectrometer’s resolution, indicated by the bars, is observed. We attribute this to an
acceptable calibration difference. The compliance of this spectrum with the literature
values is seen as validation of the new setup.

The LTRS spectrum of a saturated ascorbic acid solution, also presented in Figure
4.5a, contains five clear peaks. These peaks are shifted with respect to the solid ascorbic
acid peaks, which is most noticeable for the peaks at 1129 and 1668 cm™!. We attribute
this shift to the difference in surrounding between the ascorbic acid molecule in a crystal
lattice and the molecule being dissolved in demi water, a known effect in Raman spec-
troscopy.

Figure 4.5b presents the dissolved ascorbic acid spectra obtained with the four traps,
all displaying four recognizable features, ranging from clear peaks for the 20 um and 15
pm traps to weak features for the 10 um and 5 um traps. The spectra acquired with the 5,
10 and 15 um traps were acquired with P¢;4p=5.12 mW in 1 min. The spectrum acquired
with the 20 um trap was acquired with P;4p=4.92 mW in 1 min. Striking in these spec-
tra is a non-zero baseline and a downward slope. The latter is attributed to the slowly
declining background signal, which we will treat extensively below. Comparing the peak
positions in these spectra with the ones in the LTRS spectrum of dissolved ascorbic acid,
(see Figure 4.5a) we find that they reproduce the shifted peaks, indicated by the dashed
line-sets that we reported before. This confirms the correct functioning of both the dual-
waveguide traps and the LTRS system.

When comparing the intensities between the two operational modes of the setup, we
do not only need to normalize the graphs but also correct for differences in R4 rer as
explained in Section 4.3.1. The solid ascorbic acid spectra has further been corrected for
a difference in pinhole size, by multiplying by the ratio of the pinhole apertures. Having
corrected the intensities for excitation power and R, re; We find, comparing the peak
heights at 1695 cm™! in Figure 4.5 for the LTRS and the 5, 10 and 15 pm dual-waveguide
traps, that between 430 and 1017 times as many counts mW~! min~! M~! are acquired
for the dual-waveguide trap as for the LTRS. This difference should, however, not be in-
terpreted as an improved performance of the dual-waveguide trap over the LTRS, as it
merely reflects the size of the illumination volume. As such Figure 4.5 indicates that the
dual-waveguide traps have an advantage over the LTRS when addressing larger particles.

To compare the different dual-waveguide traps, eight repeated one-minute spectra
are acquired for each dual-waveguide trap. For each measurement the acquisition vol-
ume is placed in the centre of the fluidic channel between the waveguides at the height
of the waveguide facets. To average out any positioning errors, the acquisition volume
is repositioned in-between measurements. Due to a malfunctioning piezo stage, which
controls the position of the dual-waveguide trap with respect to the objective, the man-
ual stage was used to perform the alignment for these experiments. This stage is nor-
mally only used for an initial coarse alignment due to its lower resolution and significant
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hysteresis. Because of the hysteresis, the channel walls were used as positioning refer-
ence. The estimated positioning accuracy of this method is 10 % of the channel width.

Comparing the ascorbic acid spectra as produced by the different dual-waveguide
traps; we find that the background signals seem to fall roughly into 2 groups. This is
most clearly seen in the region between 400 and 550 cm ™! as shown in Figure 4.6. The
spectra of one group, composed of the 5 and 15 um traps, have three main peaks centred
on 420, 458 and 491 cm™!. The spectra of the other group, composed of the 10 and 20
um traps, have two peaks centred on 438 and 481 cm™!. These differences between the
traps are a further indication that the chip at least influences the background spectrum,
since this is the only component of the setup that changes when switching traps. The
background spectrum will be analysed in Subsection 4.3.3.
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Figure 4.6: Background between 400 and 550 cm 1. Each background is the average of eight spectra normal-
ized to the intensities of the 1668 cm™! peak.

To see which trap is least affected by the background we investigate the signal-to-
background ratio. The signal strength was defined as the intensity of the ascorbic acid
peak located at 1687.6 cm™! since this strong peak is least affected by the decaying back-
ground. The background strength was subsequently taken as the average background
between 409.6 and 545.5 cm™!, as this region has negligible ascorbic acid signal (see Fig-
ure 4.6).

Figure 4.7 shows the signal-to-background ratio as a function of the trap size. We
first observe a significant spread in the signal-to-background ratios for each trap, which
increases with increasing trap size. Furthermore, we notice an increase in the average
signal-to-background ratio with increasing trap size, denoted in Figure 4.7 by the blue
line.

The upward trend observed in Figure 4.7 can be explained by realizing that the facets
are further away from the field of view for the larger traps then for the smaller ones.
Hence less background signal is collected for the larger traps. Since the trapped particle
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Figure 4.7: Signal-to-background ratio versus trap size. Per trap size eight measurements have been performed.
The signal-to-background ratio of the different traps shows an increasing trend with trap size. This plot has
been normalized to the highest signal-to-background ratio.

is kept in the field of view, the Raman signal is only affected by the laser intensity, which
also affects the background.

Figure 4.8 provides an explanation for the increasing spread in the measurements as
a function of the dual-waveguide trap-width in Figure 4.7. From Figure 4.8, we now find
that the energy density in the 5 pm trap changes only 1.5 % upon a positioning error of
10% with respect to a perfectly centred measurement. For the 10 and 15 pm traps, this
increases to 3.8% and 5.9% respectively. From this it is concluded that the increase in
measurement error with increasing trap size is due to an increase in the manual posi-
tioning error between the objective and the dual-waveguide trap.
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Figure 4.8: Summed energy density in the 5, 10 and 15 pm dual-waveguide traps. (grey lines) Summation of the
energy density from Figure 4.2 over the 1.2 um confocal filter diameter in the direction of the fluidic channel.
(black lines) Summed energy density treated with a moving average (width 1.2 um) along the waveguide axes.
Data courtesy of Gyllion Loozen.




4. PREPARING THE SETUP FOR BIO-PARTICLES AND COMPARING THE LTRS AND
62 DUAL-WAVEGUIDE TRAP

Based on Figure 4.7 the 20 um dual-waveguide trap would be the most logical dual-
waveguide trap to use for trapping Raman experiments since it provides the highest
signal-to-background ratio, however, the uncertainty in these measurements is large.
Additionally, the trapping potentials of the larger traps are shallower than those of the
smaller ones. For instance the trapping potentials for the 15 um dual-waveguide trap are
Uy -2.9¥10% Jm~'W™! and U, -1.7*10% Jm~3w~! compared to Uy -9.5*103 Jm 3w~ and
U, -2.3*10% Jm~3W~! for the 5 um trap. Combined with the larger area in which a trapped
particle can “hop around” this means that the chance of a particle moving in and out of
the acquisition volume during the integration time becomes larger for the larger traps.
Since this hopping between trapping sites would somewhat reduce the signal collection
from a biological particle, which is already expected to be low, the 10 and 5 pm traps were
nevertheless chosen as bases for the following experiments.

4.3.3. ANALYSIS OF THE BACKGROUND SIGNAL

After the measurements presented in this chapter had been performed, a signal (see Fig-
ure 4.9) was found in the light coming from the fibre (see Fi in Figure 4.1). This spectrum,
to be referred to as the input spectrum, was measured by placing the fibre at the posi-
tion of the confocal filter. The input spectrum is most likely not present in the spectra
taken with the LTRS because in this mode the laser is reflected on the Raman filter (D2 in

Figure 4.1) which transmits any signal within the Raman window, effectively attenuating
the input spectrum.
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Figure 4.9: Input spectrum. This spectrum was obtained by placing fibre Fi in the pinhole holder P in Figure 4.1.
A notable difference between this spectrum and the background observed in Figure 4.6 is the absence of the
relative sharp peaks and the slow decrease at higher shifts. The latter is not shown in Figure 4.6. This decrease
is most likely absent in the input spectrum because dichroic mirror D2 is bypassed during its collection.

A notable difference between the input spectrum (Figure 4.9) and the background
in the spectra acquired with the dual-waveguide traps (Figure 4.6) is the absence of the
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relative sharp peaks of the latter in the input spectrum. Examining the spacing between
these peaks between 410 and 900 cm~! we find a spacing of — on average — 2.9, 3.2, 3.1
and 3.9 nm for the 5, 10, 15 and 20 pm traps respectively. This relatively regularly spaced
intensity variation leads us to suspect that the transmission characteristic of a cavity is
superimposed on the background signal.

To find the size of the suspected cavity, the background spectrum is analysed with
an OCT based approach resulting in the length of possible cavities. The light intensity
reaching the spectrometer can be seen as composed of three terms: the directly trans-
mitted light intensity, the indirectly transmitted light intensity after internal reflections,
we will refer to the sum of these as the DC-component, and the intensity of the interfer-
ence of the direct and indirect beams which we will denote as I(k). Starting with Equa-
tion 3 from Trull et al. [87] and following the step presented by Kalkman et al. [88] we
can write:

a(z) o< Fi{I(k)}(2). (4.4)

Equation 4.4 states that the transmission as a function of optical path length difference
(a(2)) is proportional to the Fourier transform (Fi{I(k)}(z)) of the interference signal, ex-
pressed as a function of the wave vector (I(k)). Since we are only interested in the length
of any cavities rather than in their absolute transmission, knowing the proportionality is
sufficient here. With this an intensity increase in a(z) can be interpreted as an optical
path length difference (A,),) travelled by the indirectly transmitted light. It is assumed
that light transmitted after four reflections will be too weak to be detected. Realizing
that transmission requires an even number of reflections, each peak position represents
twice the length of the cavity from which it originates.

Figure 4.10 shows the results of this operation applied to the spectral interval repre-
sented in Figure 4.6. First the DC-component needs to be subtracted (Figure 4.10 left
column). The DC-component will only differ in a phase factor from the input spectrum;
consequently a scaled version of this spectrum is subtracted. The resulting spectrum
represents the interference term I(k).

Taking the Fourier transform of the interference term we get the A,,; dependent
transmission a(z) (Figure 4.10 right column). Here we find for all four traps a large initial
peak centred at 0 um. This peak is a remnant of the DC-component and is referred to as
the ballistic peak. The subsequent peaks provide the A,,; at which transmission occurs.
For the 5 um trap the transmission displays peaks at 40 pm and 76 um. For the 10 um
trap we find one broad peak at 57 um, which could also be an unresolved double peak.
The reflectivity of the 15 um trap first shows one peak at 30 um and then reproduces the
peaks of the 5 pm trap at 46 pym and 71 pm with a deviation slightly larger than the res-
olution in the z-domain of 5.1 pm. Lastly, for the 20 pm trap, peaks are found at 30 um
and 46 pm, exactly reproducing two of the three peaks found for the 15 pm trap.

By taking half of the z values of the peaks we find cavity lengths of: for the 5 um trap,
20 and 38 um; for the 10 pm trap 28.5 pm; for the 15 pm trap 15, 23 and 35.5 um and for
the 20 pm trap 15 and 23 um. Comparing the values of the cavity lengths to the design of
the dual-waveguide trap, a structure in the size range of 15 um to 38 um has to be found.
The only defined structure of this approximate size is the waveguide splitter. Its width
is wider than the conventional waveguide and the light confinement is weaker near the
end of the splitter, resulting in appreciable light leakage and possible back reflection.
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Other structures that could cause single reflections would be the entry and trapping
waveguide facets or waveguide-curvature changes which can cause reflections due to a
mode mismatch [45]. Confirming which structure is the source of the found interference
will require further investigation.
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Figure 4.10: Depth dependent reflectivity analysis. (Left column) The background spectrum, DC-component
and I(k) between 410 and 903 cm~! for the 5,10, 15 and 20 pm traps. (Right column) Reflectivity as function
of depth for the 5, 10, 15 and 20 um traps. (black circle) Reflection peak.
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4.4. DISCUSSION AND CONCLUSIONS

In this chapter improvements to the setup used in Chapter 3 and a comparison of the
LTRS and the dual-waveguide traps have been presented. The discussion and conclu-
sions of the aforementioned results are presented here.

The optical setup was changed such that each of the side arms can compensate for
an orientation error of the coupling mirrors in the main optical path. Furthermore, a
beam expander inserted directly behind the objective ensures that the beam profile is
preserved without clipping through all arms of the optical system. It was found that the
setup used in this chapter is less sensitive to miss-alignment and produces better image
quality than the configuration presented in previous chapters.

It was found that the dual-waveguide trap produces a stronger Raman signal than the
LTRS. This difference is theoretically explained by the larger illumination volume (V;;)
of the dual-waveguide trap. This larger V;; of the dual-waveguide trap is an advantage
when working with larger particles such as yeast cells.

Raman experiments with dissolved ascorbic acid showed that the 5, 10, 15 and 20
pm dual-waveguide traps all produced recognizable Raman spectra. It was shown that
the background differs in spectral composition per trap and decreases in intensity with
trap width. The periodic structure of the background suggests the presence of a cavity
type structure within the device, which imposes structure upon the input spectrum. The
cavity type structure has yet to be identified. The trapping forces also decrease with trap
width. Therefore, the smaller traps are preferred for further experiments, despite the
higher background in the acquired spectra.
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5.1. INTRODUCTION

The fast identification of micro-organisms, such as yeasts and bacteria, is of utmost im-
portance in a large range of applications. Massive parallel single cell Raman spectro-
scopy is a fast alternative for traditional techniques such as streak plating and PCR. A
step in this direction is the dual-waveguide trap, which is an on-chip trapping and Ra-
man device, in our case monolithically fabricated in TripleX waveguide technology [43].
Trapping and Raman generation have been demonstrated with the dual-waveguide trap
for polystyrene beads [85]. However, acquiring Raman spectra from biological particles
is significantly harder.

Identifying micro-organisms from their Raman spectrum by means of supervised
pattern recognition and machine learning requires the creation of a training set con-
taining a large number of spectra (see Chapter 2). Instead, we here study the feasibility
of identification by comparing the quality of the obtained spectra with two benchmark
values from literature for which identification was proven.

In Subsection 5.2.1 the Bacillus subtilis spores are introduced, after which the mea-
suring procedure and spectrum processing required to arrive at the spore spectrum are
presented. Before spore peaks can be identified, further spectrum analysis is required,
as discussed in Subsection 5.2.3, to separate the spore peaks from the periodic back-
ground. The spectra obtained with the 10 ym and 5 pm trap respectively are presented
in Subsection 5.3.1 and Subsection 5.3.2

The discussion and conclusions are presented in Section 5.4.3, starting with a short
evaluation of the setup in Subsection 5.4.1. Finally, in Subsection 5.4.2, the quality of the
obtained spectra is compared to the benchmarks and the feasibility of dual-waveguide
based Bacillus subtilis spore identification is assessed.
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5.2. MATERIALS AND METHODS

This section consists of three subsections. In Subsection 5.2.1 the bacterial spores that
will be used for the trapping and Raman experiments in the following sections are pre-
sented. Subsequently in Subsection 5.2.2, a brief overview is provided of the used setup
and devices, which have already been treated in Chapter 4. Finally the methods used to
acquiring and analyse the obtained Raman spectra are detailed in Subsection 5.2.3.

5.2.1. Bacillus subtilis SPORES

Bacillus subtilis spores are used as bio-particles because of several reasons. Their dia-
meter is well defined at about 1 um [26]. Their density is higher than that of bacteria,
leading to a stronger Raman signal per unit volume. Their higher average refractive index
[26] makes them easier to trap. Furthermore, the spores were readily available and can
be stored for a long time, negating the need for fresh cultures.

Figure 5.1 shows the Raman spectrum of B. subtilis, which is dominated by the spec-
trum of dipicolinic acid chelated with Ca?*. This makes the spectrum much simpler than
those of non-spore organisms. Consequently, the spectrum can be visually recognized
as originating from a species in spore form, from a distinct set of features. Candidate
features are e.g. the combined presence of the 1004 and 1017 cm™! peaks or the strong
peaks at 1395 and 1448 cm ™!,

T T I~ T T T T T T T
=
—

1.0} .
;: L 4
8
>
B )

0.6 & I ~ 4
g n 3 I~
s = )
= -
<+
L g 4
2
1n
0.2 L% Ié? 8 g -
— N 2 —
0 AN 1 /\ A 1 1 1
900 1000 1100 1200 1300 1400 1500 1600 1700 1800

Raman shift (cm™)

Figure 5.1: Literature spectrum of B. subtilis obtained as average of 100 individual spore spectra. Reproduced
from [89] with permission from dr. Li Yong-qing.

5.2.2. DEVICES AND SETUP

The setup used in this chapter (see Figure 5.2) uses reflective optics (M D2, D1, and BS)
to guide the main beam path, indicated in blue, from the chip holder (CH) to the cam-
era (C). Using lenses L1 and L2, placed within the infinity space of the objective, the
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acquired image signal beam and Raman signal beam are respectively contracted and re-
collimated. The side arms are the LTRS arm indicated in red, the Raman arm indicated in
purple and the illumination arm indicated in green. The beams of these arms are coup-
led to the main beam path by traversing D1, D2 and BS respectively. A halogen lamp is
used in to provide Kéhler illumination to the region of interest in the object plane. The
chip holder consists of a chip shaped cavity in an aluminium drum. The chip holder is
mounted on both a manual and a piezo stage to allow positioning relative to the objec-
tive and, in this chapter, holds the 10 or 5 pm dual-waveguide trap chip. These chips are
named for the separation between their waveguide facets in the fluidic channel. In this
chapter the setup will only be used in dual-waveguide trap mode which means that the
fibre (Fi) is directly coupled to the dual-waveguide trap chip.

CH
Laser
—— Main beam path
—— LTRSarm °
—— Ramanarm L1
—— lllumnination arm
L2

Lamp L12 D DF L11

D2 M

Spectrometer

Figure 5.2: Experimental setup used in this chapter. (blue) The main beam path. (red) The LTRS arm. (purple)
The Raman arm. (green) The illumination arm. Components: L1-12 - lenses, CF - clean-up filter, FC — Newport
9131-M fibre coupler, Fi - Thorlabs PM-630-HP polarisation maintaining fibre, FL - fibre launcher, C - camera,
ND - neutral density filters, Lamp - halogen lamp, D - diffuser plate, DF - diaphragm, BS - 50:50 beam splitter,
D1, D2: dichroic mirror, M - silver mirror, O - Olympus UPLSAPO 60XW or LUMPLFLN 40XW objective, CH -
chip holder, F - filter, P - pinhole =100 um, S - spectrometer entrance slit, spectrometer Acton LS 785. Lens
sets L1/L2, L4/L5 and L6/L7 form beam expanders. L9, P and L8 form a confocal filter.
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5.2.3. ACQUIRING RAMAN SPECTRA AND METHOD OF SPECTRUM ANALYSIS

In contrast to Chapter 3, the dual-waveguide trap channel was filled using a pl-pipet,
with approximately 1 ul of spore Milli-Q suspension! . After placing the chip in the
holder, a fibre (see Fi in Figure 5.2) was used to couple light into the input waveguide
of the dual-waveguide trap. Around 120 mW of laser power was used. Trapping events
were generated by allowing spores to be carried to the trapping region by the sponta-
neous flow in the channel caused by e.g. remaining capillary effects. Trapping events
were detected by monitoring the changes in number of bright spots from which light
in the trapping region is scattered into the camera image (see C in Figure 5.2). This al-
lows a crude determination of the number of trapped spores. Using this method, the
obtained spectra were divided into few spores spectra (#spores < 3) and many spores
spectra (#spores = 4). A few spores spectrum is more difficult to measure than a many
spores spectrum, because the Raman generating volume is smaller for few spores. Ad-
ditionally, a few spores measurement ends when too many spores are trapped or lost
whereas a many spores measurement only ends when too many are lost. For few spores
spectra, this limits the chance of attaining long acquisition times and thus stronger sig-
nals.

Starting from the trapping event, a sequence of 60 frames with an integration time of
10 seconds per frame was acquired. A subset of this sequence, containing spore-signal,
was then averaged to obtain the raw spore spectrum. To obtain a raw background spec-
trum a set of frames, not necessarily sequentially acquired, without spore-signal was
averaged. The raw background is assumed to be representative of the empty trap.
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Figure 5.3: Examples of single frame spectra. (blue line) A single frame containing spore signal. (black line) A
single frame without spore signal. The dashed lines indicate the range used to determine the presence of spore
signal.

1The Bacillus subtilis spore (NCCB 70064) suspension was kindly provided by the Media and Sterilization Sup-
port staff of the Department of Biotechnology of the TU Delft.
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Figure 5.3 shows one frame with and one without spore-signal. The criterion for
presence of spore-signal is a peak, of sufficient width and intensity, in a range around
the expected 1017 cm™! spore (see Figure 5.3). If the range showed no peak, the frame
was assumed to have no spore-signal. The spore-signal presence was determined during
post processing. Although the frames in Figure 5.3 are very noisy, further analysis of the
raw spectra will show that this selection criterion is effective. The frames in Figure 5.3
also show the slow decline and two broad structures of the periodic background, centred
at 1050 and 1200 cm ™.

To avoid “cherry picking”, only continuous frame sequences were averaged to form
the raw spore spectra. Frames containing a cosmic peak were rejected from the subset.
In such cases, the sequence was still considered to be continuous. This method is labour
intensive and gives more readout noise than a single 600 second acquisition. However,
it has the benefit that the acquisition-time window can be chosen to coincide with the
spore presence in post-processing with a time resolution of 10 seconds. This means that
spore-signal is present during practically the entire acquisition time. In contrast, with
a single 600 second acquisition only part of the acquisition time may contribute to the
spore-signal, whereas the entire acquisition time contributes to the background, thus
decreasing the signal-to-background ratio.

The raw spectra are further treated as regular spectra. The spore spectra (Sspore)
shown in Subsections 5.3.1 and 5.3.2 are given by:

Sspore = (Rspore - aS;n) = ﬁ(Rhg - YS;'n)- (5.1)

Here the two terms in brackets give the corrections of the raw spore and background
spectra (Rspore, Rpg ) with the input spectrum (see Figure 4.9). S is the input spectrum
in which the slow decrease in background, observed in the raw spectra in Figure 5.3, has
been re-created with a linear offset. The scaling factors ( @,,y) in Equation 5.1 are cho-
sen such that the maximum amount of background signal is removed from the spectrum
without causing excessive negative values.

The spore spectra presented in the following sections are divided into four groups
based on trap size (10 or 5 um) and number of spores (many or few).

The first step of the spectrum analysis is identification of the spectra as spore spec-
tra, by assigning peaks in the spectra to reference peaks. A systematic coinciding of mea-
sured peaks with the reference leads to a positive identification. To assign a peak it needs
to be discernible. Due to the periodic background (see Chapter 4), peaks have to be as-
signed based on the local maxima found in the spectrum after filtering with a flattened
Gaussian [90] in the Fourier domain. A flat Gauss transfer function is used instead of
an ideal (rectangular) low pass transfer function to minimize the introduction of ringing
artefacts in the filtered spectra. The cut-off frequency of this filter is chosen per trap, so
as to exclude all frequencies above the start of the frequency band of the periodic back-
ground.

In the spore spectra, discussed in detail in the following sections, the peak at 1017
cm~! is most prominent due to the selection bias. The peaks at 1395 and 1448 cm™!
are present in all spectra. Furthermore, we find one or more of the peaks at 1330, 1572
or 1655 cm™! in each spectrum. In all shown spectra at least three peaks are assigned,
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identifying all as spore spectra. The assigned peaks are used to determine the figures of
merit for each spectrum.

The quality of the spectra is assessed based on the following three figures of merit:

i) the number of assigned peaks, which quantifies the strength of the identification;

ii) the average prominence of the assigned peaks in the Fourier filtered spectrum, to
which we will further refer as the average signal strength (S), as it is a measure for peak
signal strength;

iii) the average prominence-to-noise further referred to as the average signal-to-noise
ratio (SNR).

The prominence [91] is the height of a peak relative to the lowest local minimum be-
tween the peak and the nearest peak of higher intensity. The prominence in the Fourier
filtered spectrum is a lower bound of the signal strength, since nearby peaks do not con-
tribute to it. To determine the noise level a smoothed version of the spore spectrum,
obtained by 3 point averaging, is subtracted from the spore spectrum. The noise level is
now defined as the rms value of the remaining signal.

In addition to the peaks assigned according to the above procedure, each spectrum
shows one or more features that can be manually assigned, which come in two types.
The first type is only a shoulder on a stronger peak in the Fourier filtered spectrum,
making it hard to assign position and signal strength. The second type is tentatively
assigned based on the unfiltered spore spectrum, but is less reliable since it cannot be
differentiated from the periodic background with certainty.
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5.3. RESULTS

The results are presented according to the dual-waveguide trap from which they were
obtained. In Subsection 5.3.1 the many and few spores spectra obtained with the 10 um
trap are presented. Those obtained with the 5 um trap are presented in Subsection 5.3.2

5.3.1. RAMAN SPECTRA OF BACTERIAL SPORES OBTAINED WITH THE 10 um

TRAP
Using the method detailed in the previous section, 27 full sequences of 600 seconds
length, were obtained with the 10 pm trap. From the subsets found, the two best suited
for further processing are shown below as the spectra originating from either many or
few spores. The signal strength of the spectra, expressed as counts mW~'min~!, is nor-
malized to the power in the trap. This is calculated from the power coupled into the
input waveguide of the chip, using the 4.1% coupling efficiency determined in Chapter 3

Figure 5.4a shows a many spores spectrum composed of twelve frames of ten sec-
onds. The obtained signal is low, leading to low signal-to-noise ratios. In the Fourier
filtered spectrum, peaks are found at 1401 and 1458 cm™!. Figure 5.4c compares these
peak positions to the reference peak positions at 1395 and 1448 cm ™. Here a small shift
on the order of the spectrometer resolutions is seen. As before (see Figure 4.5 ), this is
attributed to a calibration difference. Further peaks are found at 1332, 1581 and 1653
cm™!. In Figure 5.4c and 5.4d these peaks are shown with the associated reference peak
positions at 1330, 1572 and 1655 cm™!. The assignment of these five peaks identifies this
spectrum as a spore spectrum.

The average signal strength of the five assigned peaks is 2.8 counts mW-1 min~!,
leading to an average SNR of 2.3. The maximum SNR of 4.2 is achieved for the measured
peak at 1581 cm™! (see Figure 5.4d). The assigned peak positions and figures of merit,
along with other data are compiled for further comparison in Table 5.1 on page 81, as
will be done for the other spectra in this and the following section.

In Figure 5.4a, three broad peaks are seen in the spore spectrum at 1044, 1106 and 1185
cm™!. These peaks result from the periodic background. Because of their width they are
carried into the Fourier filtered spectrum, obstructing the assignment of spore peaks.
Figure 5.4c shows such a situation at 1273 cm~!. Here a peak, that is associated with
the reference peak at 1245 cm™} is reduced to a shoulder of the 1185 cm™! background
peak. As a shoulder it cannot be assigned.

Figure 5.4b shows two further peaks in the spore spectrum at 1004 and 1016 cm ™. These
peaks are associated with the 1004 and 1017 cm ™! reference peaks and are relatively well
pronounced considering the SNR of this spectrum. However, neither peak is carried into
the Fourier filtered spectrum due to their small width, low amplitude and proximity to
the dominant background peak located at 1044 cm™!. These peaks illustrate the strict-
ness of the used assignment rule. Even the 1017 cm™! selection biased peak would in
this case not have qualified for assignment.

A few spores spectrum, obtained with the 10 um trap is shown in Figure 5.5a. It is
composed of a two frame sequence. In the Fourier filtered spectrum five spore peaks are
found, as indicated by the magenta arrows in Figure 5.5a. In Figure 5.5c and 5.5d, these
peaks are shown with the associated reference peak positions. Table 5.1 on page 81 gives
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Figure 5.5: Figure 14 Few spores Raman spectrum from the 10 pym trap. (a) Full spectrum with five assigned peaks (magenta arrows), two manually assigned peaks
(black arrows) and three background peaks (open arrows). (b) Close up, showing the peaks at 1016 and 1042 cm™!. (c) Close up, showing the spore peaks at 1338, 1405
and 1448 cm™!. (d) Close up, showing the assigned peaks at 1572 and 1655 cm™!. The bars in plots (b-d) give the local spectrometer resolution at the position of the
manually assigned peaks, the assigned peaks and the reference peaks.
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the measured and reference peak positions.

The average signal strength of the 5 assigned peaks is 1.2 counts mW~'min~! with an

average SNRratio of 0.6. This is less than for the many spores spectrum, as was expected.
The maximum SNR of 1.3 is found for the measured peak at 1595 cm™! as shown in
Figure 5.5d.
Three background peaks are seen in this spectrum, at 1042, 1137 and 1200 cm™!. The
1200 cm™! peak again has a shoulder associated with the 1245 cm™! reference peak (see
Figure 5.5a). In Figure 5.5b the 1017 cm™! reference peak is less clear than in the many
spores spectrum.

5.3.2. RAMAN SPECTRA OF BACTERIAL SPORES OBTAINED WITH THE 5 um
TRAP

For the 5 pm trap 100 full sequences of 600 seconds were obtained. From the subsets

found, the two best suited for further processing are shown below as the spectra origi-

nating from either many or few spores.

The many spores spectrum shown in Figure 5.6a was acquired in the 5 um trap asa 9
frame sequence. In this spectrum three peaks are found in the Fourier filtered spectrum
indicated by the magenta arrows. These peaks are shown with the associated reference
peak position in Figure 5.6¢c. The exact peak positions and associated values are com-
piled in Table 5.1 on page 81. With the assignment of these three peaks, the spectrum is
identified as a spore spectrum.

The average signal strength of the 3 assigned peaks is 4.4 counts mW ™ !'min~! and the
average SNR is 2.3. The maximum SNR of 6.3 was obtained for the 1448 cm™! peak. The
very low 0.04 SNR of the 1395 cm™! peak in this spectrum can be explained by its weak
prominence relative to the strong peak at 1448 cm™.

This many spores spectrum has two rather than three strong background peaks, located
at 1050 and 1217 cm™L.

Figure 5.6b shows that the peak associated with the 1017 cm ™! reference peak is strong
enough in this spore spectrum to dominate the background peak at 1050 cm™!. In Figure
5.6d, two further peaks corresponding to the 1572 and 1655 cm ™! reference peaks can be
seen in the spore spectrum. However, neither of these is strong enough to produce a
local maximum in the Fourier filtered spectrum.

In Figure 5.7 the few spores spectrum for the 5 um trap is shown, again obtained as
a 9 frame sequence. Five spore peaks are observed in the Fourier filtered spectrum as
indicated in Figure 5.7a. Their assignment in Figure 5.7c and 5.7d gives a positive iden-
tification for this spectrum.
The average signal strength of the 5 assigned peaks is 0.8 counts mW~'min~! and the
average SNR is 0.4. The maximum SNR of 1.5 is found for the peak at 1330 cm™!. The
lowest SNR of the four presented spore spectra is 0.03 and found for the 1572 and 1655
cm™~! peaks shown in Figure 5.7d. As explained before the SNR value does not reflect on
the quality of the peak assignment.
Two strong background peaks are seen in Figure 5.7a at 1050 and 1217 cm™!. As in Figure
5.6, the 1050 cm™~! peak is dominated by the 1017 cm™! peak. In Figure 5.7b even a peak
tentatively associated with the 1004 cm™! reference peak can be seen.
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Figure 5.6: Figure 15 Many spores Raman spectrum from the 5 um trap. (a) Full spectrum with three assigned peaks (magenta arrows), three manually assigned peaks
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As mentioned above, Table 5.1 provides an overview of the peak positions relevant to
the spectra. Additionally, the SNR of the assigned peaks and the figures of merit for each
measured spectrum are given.

The Table shows a range of SNR values from 6.3 to 0.03. The Ag7 andAog peaks in
the 5 pm few spores spectrum show the lowest SNR values. These SNR values are an
indication of the quality of the spectrum. However, peaks are assigned based on a local
maximum in the Fourier filtered spectrum. Thus, assignment also means that the SNR in
the spore spectrum is sufficient to distinguish the peak in the Fourier filtered spectrum.

Comparing the spectra in Table 5.1, many spores to many spores and few spores to
few spores, we find that the 5 um trap spectra outperform the 10 um trap spectra when
it comes to maximum obtained SNR. However, when comparing the peaks in different
spectra per reference peak, we find that the 10 um many spores peaks always have the
best or second to best SNR.
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5.4. DISCUSSION AND CONCLUSIONS

This chapter has presented a feasibility study of the dual-waveguide trap applied to bac-
terial spores. Here the discussion and conclusions from the aforementioned results are
presented.

5.4.1. EVALUATION OF THE SETUP

The trapping and Raman experiments with the dual-waveguide traps indicated two ma-
jor points of improvement. The first is to increase the fibre to chip coupling efficiency
from the current approximate 4.1% towards the theoretical 89%. With this coupling ef-
ficiency a maximum of 210 mW would be available for trapping and Raman generation
[92].

The second is to gain fluidic control such that the number of trapped particles can
be determined at will and maintained indefinitely. This will prevent the premature en-
ding of measurements due to particle collisions. Limiting the number of particles in the
trap in combination with an increased trapping power will additionally reduce particle
hopping. Consequently, the effective overlap between the acquisition volume and the
Raman generating volume is increased, by preventing hopping to trap sites at the edge
of the acquisition volume.

5.4.2. RAMAN SPECTRA OF Bacillus subtilis SPORES

Using the 10 and 5 um dual-waveguide traps Raman spectra of many (#spores=4) and
few (#spores<3) trapped bacterial spores were obtained. These categories were defined
due to the lack of control over the number of trapped spores. The spectra presented
for these categories are composed from multiple sequential frames selected based on
the presence of the 1017 cm™~! spore peak. The spore spectra have a low signal-to-noise
ratio and a background with a periodic component (see section 4.3.3). To remove the pe-
riodic component of the background, the spectra were filtered with a flattened Gaussian
in the Fourier domain. This approach selectively filters the periodic peaks from the spec-
tra, aiding Raman peak assignment. As it is in principal a low pass filter, it removes the
noise from the spectra and can induce intensity decreases and small position shifts in
Raman peaks. The latter is mainly observed for sharp and asymmetrical peaks. Because
of the filters selectivity and the low signal-to-noise ratio of the spectra, this approach is
preferred over e.g. a walking average as this could inadvertently add noise intensity to
assigned peaks.

The filtered spectra are identified based on a minimum of three assigned spore peaks,
although most present five. The assigned peak position display a shift with respect to
the reference position in the order of the spectrometer resolution. This shift is in first
approximation attributed to a calibration difference. However, an actual change in the
molecular vibrations, and thus a shift of the peak positions and relative intensities, due
to differences in sample environment and preparation can be a contributing factor, as is
know from literature [14, 89]. To conclusively determine if this is the case, a higher signal
intensity would be required. Alternatively, a direct reference of the used sample could be
created with an independent trapping and Raman device.

To compare the Raman generation and acquisition performance of the traps the pro-
portionality factor a (mW~'min~1) is used as defined by Wang et al.[93]
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SNR
VPxT

Here SNR denotes the signal-to-noise ratio and (P * T) the Raman generating power ac-
quisition time product. This relation is based on the fact that the SNR of shot noise
limited spectra is proportional to the square root of the number of detected photons.
The proportionality factor a depends on the quality of the measurement setup and the
measured sample. Factors influencing «a are, for instance, the NA of the used objective
and the stability with which particles are trapped.

To put the obtained «a values in perspective, we compare them to those of Wang et.al.
[93] and De Luca et al. [94]. These articles provide a valuable benchmark of the a values
that need to be achieved, as they were able to identify single Escherichia coli DH5« cells
and bovine semen cells based on their Raman fingerprint.

To make a comparison with the bench marks, we take into account that «a is inversely
proportional to the illumination wavelength squared. Furthermore, it is assumed that
the sample dependence of @ remains within an order of magnitude for most types of
cells and micro-organisms. We now find « values of 5.8 and 10.7 for ref. [93] and [94],
respectively.

Using Equation 5.2, we find that the 10 um and 5 um traps produce average a val-
ues of 1.2 and 1.4. Furthermore, the average sequence lengths of the presented spectra,
respectively 7 and 9 frames, suggest a higher trapping stability for the 5 pm trap. Com-
bined, this points towards a higher performance of the 5 um trap. This would be in line
with the expected higher trapping stability and associated higher effective overlap be-
tween the Raman generating and acquisition volumes for the 5 um trap (see Chapter 4.
However, it can also be attributed to the fact that roughly four times as many experi-
ments have been performed with the 5 um trap as with the 10 pm trap. Further experi-
ments would be needed to increase the significance of this difference.

Comparing the a values of the two dual-waveguide traps to the benchmarks we find
that the system almost performs in the same order of magnitude as the reference sys-
tems. To match the SNR of the reference systems, a one to two orders of magnitude
higher power-time product is required. This should be attainable, considering the afore-
mentioned possible coupling improvement. Furthermore, an N A increase to match that
of [94], would give a signal increase of about 25%.

a= (5.2)

5.4.3. CONCLUSIONS

Summarizing, it can be concluded that the dual-waveguide trap is a device capable of
producing Raman signals of many (#spores=4) and few (#spores<3) trapped bacterial
spores. The obtained spectra have a low SNR and contain a periodic background. Fil-
tering with a flattened Gaussian in the Fourier domain did allow the assignment of three
to five peak positions corresponding to those of reference spore peaks. This is seen by
the author as proof that the spectra originate from the trapped spores. The fact that the
dual-waveguide trap can function with a variety of trap widths shows that it can be fur-
ther tailored to the size of the sample particles. The setup clearly requires improvements,
however, it is plausible that the SNR values of the benchmarks can be realised.







CONCLUSIONS AND OUTLOOK

This final chapter provides the overall conclusions by answering the sub-research ques-
tions posed in the Introduction and by recapitulating the findings of the previous chapters.
Subsequently, the implications of these answers for the main research question will be dis-
cussed. Following this, the Outlook will shortly discuss research suggestions and envision
the basic architecture of an on-chip trapping and Raman based instrument.
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6.1. CONCLUSIONS

The main research question, posed in the Introduction, was divided into four sub ques-
tions. These questions are here answered by reviewing the conclusions of the relevant
chapters. Combining the answers to the sub questions we will arrive at the answer to the
main research question.

Question 1

“Are we able to identify micro-organisms based on Raman spectra obtained
with laser tweezers Raman spectroscopy and treated by signal processing
and pattern recognition? “

As demonstrated in Chapter 2 of this thesis, we were able to trap single cells of the yeast
species Kluyveromyces lactis and Saccharomyces cerevisiae and obtained a Raman finger-
print from these. Using a Fisher’s criterion based rule, the yeast cells where subsequently
classified with accuracies of 85% (o = 0.05%) and 79% (o = 0.04%), respectively. From
this, it is concluded that it is possible for our specific setup to identify micro-organisms
using LTRS based single cell Raman spectroscopy and the appropriate signal processing
and pattern recognition.

Furthermore, in Chapter 2 a large within species variation in the Raman spectra was
found. This is theorized to be due to differences in cell phase between the individual
cells.

Question 2

“Is an on-chip dual-waveguide trap, fabricated in TripleX, capable of opti-
cally trapping individual particles in a microfluidic environment while gen-
erating a significant Raman signal from those particles?”

In Chapter 3 the trapping of single 1 um polystyrene beads in the 5 um wide fluidic chan-
nel of our TripleX based dual-waveguide trap was demonstrated. By comparing release
experiments to simulations, it was found that a trapping force of up to 1.3 pN could be
exerted on such a bead using 5.1 mW of laser power in the trap. This power was suffi-
cient to produce recognizable Raman spectra of a single trapped polystyrene bead for
acquisition times as short as 0.25 s. From this we conclude that a TripleX based on-chip
dual-waveguide trap is indeed capable of optically trapping particles in a microfluidic
environment while generating a significant Raman signal of those particles.
Furthermore, it was observed that trapped beads can hop between multiple stable
trapping positions. In addition to the trapping of single polystyrene beads, it was found
that the dual-waveguide trap can trap multiple beads simultaneously. These simulta-
neously trapped beads can form clumps or line up into chains along the optical axis.



6.1. CONCLUSIONS 87

Question 3

“Is an on-chip TripleX dual-waveguide trap capable of trapping micro-organisms
and producing Raman fingerprint spectrum from these?”

In Chapter 5 the trapping of Bacterial spores of the species Bacillus subtilis was demon-
strated using both a 10 and 5 pum dual-waveguide trap. Trapping of individually sus-
pended spores proved to be difficult. In the trapping experiments Raman spectra were
acquired from few (#spores<3) and many (#spores=4) spores. The definition of these
classes (few and many) combined with the assembly of spectra from sequences of frames
resulted in spectra of defined numbers of spores, despite the lack of fluidic control. The
presented spectra could be identified as spore spectra based on at least three peaks even
though their signal-to-noise ratio was low. From the obtained signal-to-noise ratios it
was found that the dual-waveguide trap system almost performs in the same order of
magnitude as the optical traps in the references. From this it is concluded that a TripleX
dual-waveguide trap can trap biological particles and produce Raman fingerprints from
them.

It was further found that the measuring geometry of the dual-waveguide trap presents
unexpected complications, arising from a background signal present in the on-chip beams
emanating from the waveguides.

The main question ﬂ

The main research question addressed with the research in this PhD thesis is:

“Can an integrated dual-waveguide trap, as intended by Van Leest et al. [46],
be realized and used to identify micro-organisms based on their Raman spec-
trum acquired from an optically trapped single cell?”

Based on the work presented in this thesis and the aforementioned conclusions we can
answer this question. Yes, an integrated dual-waveguide trap, as intended by Van Leest
et al.[46] can be realised. Yes, it can trap micro-organisms, however trapping a single
micro-organise remains challenging, mainly due to the lack of control in the fluidics.
Yes, it can generate Raman spectra from which the micro-organism can be recognised,
however it is left to future research to prove that the obtained spectrum quality is suf-
ficient to classify the micro-organisms.
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6.2. OUTLOOK

This research has demonstrated the feasibility and potential of dual-waveguide lab-on-
a-chip devices for on-chip trapping and Raman spectroscopy. However, the setup pre-
sented leaves room for improvement. In this Outlook suggestions for further research
are presented, after which a dual-waveguide trap based instrument architecture will be
envisioned.

6.2.1. RESEARCHING THE PHYSICS AND APPLICATION SUITABILITY

The presented research can be continued in two directions: further research into the
physics of the dual-waveguide traps and improving the performance of the
dual-waveguide traps. Both would benefit from a number of changes to the setup. Firstly,
amore advanced chip-holder will improve the ease of use of the setup. In addition to effi-
cient and stable coupling, it should feature a lid for the chip, such that the fluidic channel
can be opened and easily cleaned. Ideally, this lid should allow the use of objectives with
an NA = 1.2. These objectives would increase the amount of Raman signal acquired and
can create an independent laser tweezers focus inside the fluidic channel. The latter can
be an important tool in the further characterisation of the dual-waveguide traps. Fur-
thermore, the holder should provide sufficient fluidic control [95] to at least create and
maintain a zero flow environment in which experiments can reliably be performed.

Further research into the dual-waveguide trap’s physics will be found in more re-
fined experiments on particle trapping and Raman generation. In these experiments the
detailed structure of the energy density, observed in simulations [92], should be inves-
tigated. Additionally, the effect of different types and sizes of particles on the trapping
behaviour can be tested. These experiments should aim to find the operational upper
and lower limits of the dual-waveguide trap for e.g. used power and particle size. In
these experiments the independent laser tweezers focus can be used to deliver, position
and hold particles in the trapping region at positions of interest. After calibration, it can
also be used to determine the trapping strength of hot spots by either pulling trapped
particles from the hot spots in so called or tug-of-war experiments [96] or by photonic
force microscopy [97].

Improved performance of the presented system can first be sought in simplification
of the path followed by the Raman signal through the setup. If the chip is made trans-
parent, Raman signal collection can be done from the opposite side of the chip. After
acquisition the Raman signal can be directly coupled to a fibre and presented to the
spectrometer. This approach removes several optical components, such as lenses and
mirrors, from the signal path, increasing the efficiency. Different techniques can be em-
ployed to boost performance even further. For example, the effect of different wave-
lengths and phase combinations on the energy density in the dual-waveguide trap can
be explored. This approach can allow tailoring of the position and intensity of hot spots.
More intense hot spots would provide stronger trapping and Raman generation. Con-
trolled positioning of shallow hot spots could provide size selective trapping, based on
the overlap of larger particles with multiple hot spots. The use of multiple wavelengths
would also provide a method to isolate the Raman spectrum from the background and
noise [98], thereby reducing the signal strength requirement.
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6.2.2. ENVISIONING A DUAL-WAVEGUIDE TRAP BASED INSTRUMENT

The goal for many working with on-chip trapping and Raman characterisation of parti-
clesis an instrument to be used by non-expert operators in a point-of-care environment.
In this section a possible instrument architecture for this goal will be discussed. As the
instrument requirements will vary with the target application, blood analyses is chosen
as an example application. Blood analysis forms a good example application, as blood
contains many different particles that can be analysed with trapping and Raman devices.
In addition, sample preparation can be limited to simple, well-established techniques
such as fractioning.

A possible instrument architecture is envisioned as a table top appliance as it allows
for more design freedom than a handheld version. The majority of single particle based
analyses in blood require ratio determinations, e.g. the ratio between dormant and ac-
tivated platelets [99]. These analyses require a high number of measurements to attain
statistical significance. To make this possible in an acceptable time, the instrument is
expected to have a large number of individual trapping and Raman devices. The num-
ber of devices will largely be determined by the footprint per device.

It can be envisioned that the instrument is based on a type of microwell plate where
every well provides trapping and Raman functionality. Figure 6.1 shows a cross sectional
and top view of such a plate which will be referred to as the device plate. The device
plate can be fabricated monolithically and CMOS compatible in waveguiding platforms
such as TripleX [43] or Si3N4. In the future this could be extended to for instance glasses
or PMMA using femtosecond laser micro-structuring [100, 101]. Depending on its cost,
estimated to be 4 euro per cm? at a CMOS research fab [102] ,the device plate can be
reusable or disposable. A disposable device plate limits the cross-contamination risk.
However, considering the typical materials and techniques used in CMOS fabrication a
reusable device plate might be preferred from a sustainability viewpoint.

Cross sectional view Top view
€ ex
e S pectmme);pecﬁomi;sef —
I
Device
plate
]

Well Laser coupling Device plate

Figure 6.1: Impression of the proposed device architecture. (Cross sectional view) a cross sectional side view
showing: two sample filled wells optically coupled via a lens and fibre array to one or more spectrometers and
a fibre coupling a laser to the device plate. (Top view) a device plate with a NxN well array arranged around a
central laser coupling grating (routing waveguides are not shown).
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A sample filled device plate should slot precisely [103] into a holder in the instru-
ment. Optical power is coupled from the holder to the device plate from a central point
[104], after which it is routed to the individual traps (see Figure 6.1). The Raman signal,
on the other hand, is collected out of plane by the holder per well. A first instrument
version will use a combined lens and fibre array [105] to collect the Raman signal (see
Figure 6.1) and route it to a spectrometer. Further on grating couplers might be used to
collect the Raman signal from every well on the device plate [106].

The device plate holder can either function as an interface between the plate and
components such as an external laser and an external spectrometer or it can, partially,
integrate these functions. A gradual shift from limited to almost complete integration is
expected as photonic techniques mature. For a first version table top instrument inte-
gration of functions into the holder should be considered with care. Integration of, for
instance, lasers [107] can reduce waveguide routing issues in the device plate. However,
this comes at the cost of considerable added complexity to the holder. Similarly the inte-
gration of spectrometers might reduce signal loss at the cost of the maximum resolving
power [108].

Spectrometer integration can however be justified for blood analyses as many tests
can be based on the measurement of few or even single bands in the spectrum. Exam-
ples of these are determining the oxygenation state of haemoglobin [109], the detection
of Alzheimer’s disease from platelets [110] and the diagnoses of thalassemia [111] and
sickle cell disease [112]. For these applications only a limited resolving power is required.
This allows the diffractive element of the spectrometer to be integrated in the form of
for instance arrayed waveguide gratings [113] or further on tapered Bragg waveguides
[114, 115].

The transport of particles to the trapping region can rely on Brownian motion. In
this manner, sequential trapping events can be obtained from one well. However, the
particle concentration in the sample has to be tuned to prevent the trapping of multi-
ple particles while maintaining an acceptable repeat rate. Alternatively, the holder can
provide fluidic connections to the device plate allowing the delivery of particles to the
trapping region at the desired rate.

As is usually the case in a developing field, there are almost as many visions of a first
instrument version as there are researchers. These are neither limited to trapping and
Raman nor to spectroscopy [116, 117]. Only time will tell which of these visions will be
realized. What is clear is that when these techniques mature to marketable instruments
their impact will be considerable.
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Table A.1: Wilson notation of the various vibrational modes of the benzene moiety of the polystyrene polymer
as observed in Figure 1.2 according to [21]

Wilson Number

Approximate Description of Vibration

1
3
6a,6b
8a,8b
9a,9b
15
18a

Ring "breathing"
CH deformation
Ring deformation
Ring strectch
CH deformation
CH deformation
CH deformation



CMOS Complementary Metal Oxide Semiconductor
DNA Deoxyribonucleic Acid

FDTD Finite-Difference Time-Domain
FIR Far Infrared

IR Infrared

KS Kolmogorov-Smirnov

LOC Lab-On-a-Chip

LTRS Laser Tweezers Raman Spectroscopy
NA Numerical aperture

NGS Next Generation Sequencing

NIR Near Infrared

OCT optical coherence tomography

PC Principal Component

PCA Principal Component Analysis

PCR Polymerase Chain Reaction

PDMS Polydimethylsiloxane

PMMA Polymethylmethacrylate

RNA Ribonucleic acid
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SCRS Single Cell Raman Spectroscopy

WGD whole genome duplication



1.1

1.2

LIST OF FIGURES

Graphical representation of the frequencies involved in Raman scattering.
An incident light wave, in this case with a wavelength of 785 nm (top left
graph) interacts with a vibrational mode of a molecule, in this case the CH
stretch mode (Wilson Number 2) of polystyrene (bottom left graph). This
interaction induces a dipole oscillation in the molecule, which resembles
the vibrational mode perturbed by the incident light wave (central graph).
The oscillating dipole can radiate at two of three different frequencies. In
the case that the vibrational mode was already populated the emitted light
will have the sum frequency (top right graph) if the vibrational mode is re-
laxed which is called Anti-Stokes Raman scattering or the same frequency
as the incident light (middle right graph) if the vibrational mode remains
populated which is called Rayleigh scattering. In the case that the vibra-
tional is mode is not populated at the moment of the interaction, the in-
cident light will be either Rayleigh scattered or will have the difference
frequency (bottom right graph) if the vibrational mode is excited which is
called Stokes Raman scattering. . . .. ... ... ..... ... .......

Raman spectrum of polystyrene. All save two peaks can be assigned to
the various vibrational modes of the benzene moiety of the polystyrene
polymer. These peaks have been labelled following the Wilson notation for
benzene. [22, 23]. For the different vibrational modes, the reader is referred
to appendix A. The two remaining peaks can be assigned to the vibrational
stretching mode of the skeletal C-C bonds, for the broad peak around 800
cm~! and the vibrational scissoring mode of the methylene bridge for the
peakat1450cm™'. . .. ...
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1.3

1.4

2.1

2.2

Optical trapping, geometric and Rayleigh regime. In these figures red ar-
rows denote light rays, blue and white arrows indicate imparted momen-
tum, open arrows indicate net momentum and closed loops give iso-field
lines. The geometrical optical explanation of optical trapping of particles
much larger than the wavelength is based on the conservation of momen-
tum between the trapped particle and the refracted and reflected light. In
this case, the trapping of a particle can be decomposed in lateral and axial
trapping. Axial trapping (a-b) is achieved by the balancing of the momen-
tum transferred to the particle by the refracted light and the reflected light.
Lateral trapping (c) results from the asymmetrical refraction and the cor-
responding un-balanced change in momentum, of light by a particle in an
optical gradient. In both cases, a tighter focus produces a stronger trap al-
though axial trapping is the most sensitive to this effect. The particle in this
illustration is assumed to be of higher refractive index than its surround-
ings. In the Rayleigh scattering regime where the particle is much smaller
than the wavelength (d) it can be treated as an induced dipole minimizing
its energy by placing itself at the focus of the optical gradient. Figure based
onDholakiaetal. [31] ... ... .. ... ... ... . ... ...

TripleX box shellwaveguide . . . . . . ... ... ... .. .. .........

Schematic drawing of the laser tweezers Raman spectrometer. Compo-
nents: SM fibre - single mode fibre, F1 — clean-up filter, F2 — razor edge
filter, L1, L2 — lenses beam expander, D1, D2 - dichroic mirrors, L3, L4 —
lenses confocal filter, P1 — pinhole, L5 — aperture matching lens, F3 — filter
set for camera. For the fluidic cell a zoomed-in view is shown where GS
indicates the glass slides and PF the parafilm. The inset shows an image of
an optically trapped yeast cell (encircled), adjacent to a group of cells with
some of their organellesresolved. . .. .. ...................

(a) An example of a direct K. lactis spectrum (blue) and the corresponding
spectrum reconstructed from the reduced number of PCs used the analy-
sis (black). The Raman bands indicated by vertical lines (solid or dashed)
agree with Raman bands found in yeast by [13, 51, 64] and have been as-
sociated with the indicated molecules. Solid lines have in addition been
found by [65]. (b) Envelope spectra of K. lactis (blue) and S. cerevisiae (red).
The envelopes are constructed from the training spectra by taking for each
Raman shift the highest and the lowest intensity. Some sharp peaks, for
example the two negative peaks indicated with an asterisk (x) are resid-
ual cosmics. The hatched area indicates the overlap between the envelope
spectra, showing that the S. cerevisiae envelope largely encloses the K. lac-
fisenvelope. . . . . . .. e e e

12

15

24

27



LIST OF FIGURES

99

2.3

3.1

3.2

3.3

3.4

Linear classification of 48 K. lactis (blue) and 90 S. cerevisiae (red) test spec-
tra. Circles denote correctly classified spectra, crosses incorrectly classified
spectra. The classifier value is noted along the horizontal axis. The position
of the data points with respect to the vertical dashed line at zero classifier
value indicates their classification, with negative values corresponding to
K. lactis and positive values corresponding to S. cerevisiae. The two em-
pirical cumulative distributions, (solid lines), refer to the right vertical axis.
The maximum vertical deviation D between the distributions amounts to
0.72 and is indicated by the double arrow. . . . . ... ... .........

(a) Cross-sectional schematic with dimensions and materials of the waveg-
uide. The blue trapezoidal box shape is SizNy4. Both the inner region of the
box and the surrounding cladding are SiO,. (b) Cross-sectional SEM pic-
ture of a waveguide with the box structure. (c) Mode profile of the lowest TE
mode in the waveguide, represented as P, the z-component of the Poynt-
ing vector. Colours from red to purple indicate increasing values of P;. (d)
Microscope image of the Raman trapping device taken while red light was
coupled into the input waveguide to check waveguide continuity, giving
the red glow. A 50/50 Y-junction splits the input waveguide in two half-
circular arms (circle diameter = 7 mm), which guide the light to the fluidic
channel. The waveguiding structures are imaged as white due to saturation
of the camera. For clarity, white saturation regions due to scattering loss at
the input waveguide and at the trap have been removed. (e) Microscope
image of the central region of the device. Each of the two waveguides ter-
minates in a wall of the 5 um wide fluidic channel, which tapers up in two
steps. Definition of the coordinate axes as indicated inb) ande). . . . . . .

Schematic of the setup for optical trapping and Raman spectroscopy with
the dualwaveguide trap, which is clamped in a holder with ports for fluidic
access. Components: CF - laser clean-up filter, FC - fibre coupler, M1, M2
- dichroic mirrors, M3 - beam splitter, L1, PH, L2 - lenses and pinhole of
confocal filter, EF - razor edge filter, L3, L4 - aperture matching lens and
imaging lens for spectrometer and camera, respectively. In most of the ex-
periments, the power offered by the fibre to the input waveguide was 125
mW, asindicated. . . . . . . ...

Simulated patterns of the intensity of the electric field in (a) the xz-plane
and (b) the yz-plane. The pattern results from excitation of the lowest TE
mode and shows standing wave modulation due to beam interference. The
polarization is in the x-direction. . . . . . . ... .. ... ... .. .. ... .

Snapshots (a) and (b, c) of the online supplementary Media 1 and Media 23
, respectively. A single trapped bead can be seen in a). In b) and c) a lump
a five trapped beads and a linear chain of four trapped beads are shown,
respectively. The respective water flow velocities for the panels are 90, 34
and 43 pum/s. Dashed lines indicate the boundaries of the fluidic channel
and the dual waveguides. . . ... .. ... ... .. ... .. ... .. ...
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3.5

3.6

4.1

4.2

4.3

Calculated forces Fy, Fy+ (-) and F, for displacement of a 1 um polystyrene
bead on the three corresponding axes. The axes y+ (y-) are defined in Figure

Raman spectra of an optically trapped polystyrene 1 um bead, for inte-
gration times as indicated. Ptrap = 5.1 mW. The Raman shifts attached
to the dashed lines have been taken from a standard Raman spectrum of
polystyrene [83]. From the spectra a background has been subtracted and
they have been slightly smoothed, as described in the text. The two 15
s spectra indicated with (A) and (B) demonstrate the repeatability of the
measurements. The dotted lines are the axes of the respective spectra,
showing that the intensity is negative for higher shifts as a result of the
background-subtraction procedure (see text). The numbers in brackets ad-
jacent to the integration times are the vertical offsets applied to the spectra
forclarity.. . . . . . ..

Experimental setup used in this chapter. (blue) The main beam path. (red)
The LTRS arm. (purple) The Raman arm. (green) The illumination arm.
Components: L1-12 - lenses, CF - clean-up filter, FC — Newport 9131-M
fibre coupler, Fi - Thorlabs PM-630-HP polarisation maintaining fibre, FL
- fibre launcher, C - camera, ND - neutral density filters, Lamp - halogen
lamp, D - diffuser plate, DF - diaphragm, BS - 50:50 beam splitter, D1,
D2: dichroic mirror, M - silver mirror, O - Olympus UPLSAPO 60XW or
LUMPLFLN 40XW objective, CH - chip holder, F - filter, P - pinhole =100
pm, S - spectrometer entrance slit, spectrometer Acton LS 785. Lens sets
L1/L2, L4/L5 and L6/L7 form beam expanders. L9, P and L8 form a confo-
calfilter. . . . . . . .

Simulated dual-waveguide trap illumination volumes. From left to right
the 5, 10 and 15 pm dual-waveguide trap. (colormap) Energy density (pg).
(dashed lines) The radial V;; boundary. (solid vertical white lines) The po-
sition of the channel wall. Data courtesy of Gyllion Loozen ... ... ...

Relevant volumes for Raman spectroscopy. (a) LTRS. (b) Dual-waveguide
trap. Illumination volume: the region with sufficient intensity to generate
Raman signal. Raman generating volume: the portion of the V;; occupied
with Raman active substance. Acquisition volume: the volume from which
Ramansignalcanbeacquired. . ... ... ... ... ... ... .. ...,
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4.4

Comparison of the background collection for empty and full traps. (a)
For the LTRS a portion of the laser light is reflected and scattered back to-
wards the objective by the interfaces of the fluidic cell. (b) When a particle
is trapped, only the amount of laser light directed towards the objective
changes. (c) For the dual-waveguide trap, most laser light is directed from
one waveguide to the other. Only a small part of the diverging light or light
scattered from the side walls will reach the objective. (d) When a particle is
trapped in the dual-waveguide trap the amount of laser light that reaches
the objective strongly increases. Furthermore, the spectral composition of
this light will be different from the light collected without a trapped particle
motshown). . . . . . . . . e

4.5 Ascorbic acid spectra. (Top) LTRS spectra. (orange) Solid ascorbic acid.

4.6

4.7

4.8

4.9

(blue) Saturated ascorbic acid solution. (black markers) Literature peak
positions. (orange markers) Solid ascorbic acid peak positions. (blue mark-
ers) Saturated ascorbic acid solution peak positions. Bars on the markers
indicate the local spectrometer resolution. The peak positions (in cm™)
are [Lit; solid; solution], [870.3; 871.0; 879.7], [1129; 1133; 1160], [1258;
1264, 1298], [1320; 1325; 1357], [1498; 1508; -], [1668; 1663; 1695]. (Bottom)
Dual-waveguide trap spectra of a saturated ascorbic acid solution. (pairs
of dashed lines) LTRS ascorbic acid peaks. The spacing between the lines
indicate the local spectrometer resolution. . . . . ... ... .........
Background between 400 and 550 cm™~!. Each background is the average
of eight spectra normalized to the intensities of the 1668 cm™! peak. . . . .
Signal-to-background ratio versus trap size. Per trap size eight measure-
ments have been performed. The signal-to-background ratio of the dif-
ferent traps shows an increasing trend with trap size. This plot has been
normalized to the highest signal-to-background ratio. . ... ........
Summed energy density in the 5, 10 and 15 pm dual-waveguide traps. (grey
lines) Summation of the energy density from Figure 4.2 over the 1.2 um
confocal filter diameter in the direction of the fluidic channel. (black lines)
Summed energy density treated with a moving average (width 1.2 um) along
the waveguide axes. Data courtesy of Gyllion Loozen. . ...........
Input spectrum. This spectrum was obtained by placing fibre Fi in the pin-
hole holder P in Figure 4.1. A notable difference between this spectrum and
the background observed in Figure 4.6 is the absence of the relative sharp
peaks and the slow decrease at higher shifts. The latter is not shown in Fig-
ure 4.6. This decrease is most likely absent in the input spectrum because
dichroic mirror D2 is bypassed during its collection. . . ... ... ... ..

4.10 Depth dependent reflectivity analysis. (Left column) The background spec-

5.1

trum, DC-component and I(k) between 410 and 903 cm™" for the 5, 10, 15
and 20 um traps. (Right column) Reflectivity as function of depth for the 5,
10, 15 and 20 um traps. (black circle) Reflectionpeak.. . . . . ... ... ..

Literature spectrum of B. subtilis obtained as average of 100 individual spore
spectra. Reproduced from [89] with permission from dr. Li Yong-qing.

57

58

60

61

61

62

69



102

LIST OF FIGURES

5.2

5.3

5.4

5.5

5.6

Experimental setup used in this chapter. (blue) The main beam path. (red)
The LTRS arm. (purple) The Raman arm. (green) The illumination arm.
Components: L1-12 - lenses, CF - clean-up filter, FC — Newport 9131-M
fibre coupler, Fi - Thorlabs PM-630-HP polarisation maintaining fibre, FL
- fibre launcher, C - camera, ND - neutral density filters, Lamp - halogen
lamp, D - diffuser plate, DF - diaphragm, BS - 50:50 beam splitter, D1,
D2: dichroic mirror, M - silver mirror, O - Olympus UPLSAPO 60XW or
LUMPLFLN 40XW objective, CH - chip holder, F - filter, P - pinhole =100
pm, S - spectrometer entrance slit, spectrometer Acton LS 785. Lens sets
L1/12, L4/L5 and L6/L7 form beam expanders. L9, P and L8 form a confo-
calfilter. . . . . . . .

Examples of single frame spectra. (blue line) A single frame containing
spore signal. (black line) A single frame without spore signal. The dashed
lines indicate the range used to determine the presence of spore signal.

Many spores Raman spectrum from the 10 ym trap. (a) Full spectrum
with five assigned peaks (magenta arrows), three manually assigned peaks
(black arrows) and three background peaks (open arrows). (b) Close up,
showing the peaks at 1004, 1016 and 1044 cm™'. (c) Close up, showing the
shoulder at 1273 cm™! and the assigned peaks at 1332, 1401 and 1458 ~!.
(d) Close up, showing the assigned peaks at 1581 and 1653 cm™'. The bars
in plots (b-d) give the local spectrometer resolution at the position of the
manually assigned peaks, the assigned peaks and the reference peaks.

Figure 14 Few spores Raman spectrum from the 10 ym trap. (a) Full spec-
trum with five assigned peaks (magenta arrows), two manually assigned
peaks (black arrows) and three background peaks (open arrows). (b) Close
up, showing the peaks at 1016 and 1042 cm™!. (c) Close up, showing the
spore peaks at 1338, 1405 and 1448 cm™!. (d) Close up, showing the as-
signed peaks at 1572 and 1655 cm™~L. The bars in plots (b-d) give the local
spectrometer resolution at the position of the manually assigned peaks, the
assigned peaks and the reference peaks. . ...................

Figure 15 Many spores Raman spectrum from the 5 um trap. (a) Full spec-
trum with three assigned peaks (magenta arrows), three manually assigned
peaks (black arrows) and two background peaks (open arrows). (b) Close
up, showing the peaks at 1018 and 1050 cm™!. (c) Close up, showing the
spore peaks at 1332, 1410 and 1461 cm™!. (d) Close up, showing the peaks
at 1587 and 1650 cm™!. The bars in plots (b-d) give the local spectrome-
ter resolution at the position of the manually assigned peaks, the assigned
peaks and thereferencepeaks. . . ... ... ... ... ... ... .. ...
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5.7 Figure 16 Few spores Raman spectra from the 5 ym trap. (a) Full spec-

6.1

trum with five assigned peaks (magenta arrows), two manually assigned
peaks (black arrows) and two background peaks (open arrows). (b) Close
up, showing the peaks at 1000 cm~!, 1018 and 1050 cm™!. (c) Close up,
showing the spore peaks at 1338, 1403 and 1464 cm™L. (d) Close up, show-
ing the spore peaks at 1571 and 1660 cm™'. The bars in plots (b-d) give
the local spectrometer resolution at the position of the manually assigned
peaks, the assigned peaks and the referencepeaks. . . ... .........

Impression of the proposed device architecture. (Cross sectional view) a
cross sectional side view showing: two sample filled wells optically coupled
via alens and fibre array to one or more spectrometers and a fibre coupling
a laser to the device plate. (Top view) a device plate with a NxN well array
arranged around a central laser coupling grating (routing waveguides are
NOtShOWN). . . . . . o o e
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