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Summary

Extracellular vesicles (EVs) are gaining attention for their applicability as biomarker in
the identification of cancer. All cells release EVs into their environment, and the EVs
carry information on their parent cell. Identification of EVs from tumour cells, how-
ever, calls for detection techniques with high sensitivity and specificity. In this regard,
laser tweezer Raman spectroscopy (LTRS) is an attractive technique where highly con-
fined optical fields are used to immobilize single EVs through optical trapping and to
simultaneously generate a Raman signal for EV identification based on biomolecular
composition. Lab-On-a-Chip (LOC) technology enables on-chip LTRS building blocks
combined with microfluidic channels for EV supply. This has the potential for realising
a compact and cheap device for EV identification and disease diagnosis.

This thesis presents the development of a LOC building block for combined on-
chip optical trapping and Raman spectroscopy of single EVs. The building block is
made-up of multiple optical waveguides terminating at the side-walls of a micro-fluidic
channel. The coherent, counter-propagating beams from the waveguides interfere in
the channel and form an optical interference pattern with multiple hotspots of strongly
confined light, each suitable for optical trapping and Raman spectroscopy.

Firstly, an in-depth simulation study aimed at investigating the capabilities and
limitations of a dual-waveguide trap for stable on-chip optical trapping of EVs is pre-
sented. The optical fields generated within a microfluidic channel are simulated with
3D finite-difference time-domain (FDTD) simulations. The optical forces acting on the
EV and the attendant trap potentials follow from the simulated fields. Application of
Ashkin’s criterion yields a comprehensive overview of stable trapping conditions for
EVs in terms of EV diameter and refractive index, and the injected optical power.

Then, novel multi-waveguide traps are designed and fabricated. These designs aim
for stronger light confinement in the channel, resulting in improved optical trapping
and Raman signal generation. The performance of a 2-waveguide and 16-waveguide
trap are characterised using polystyrene beads. Optical trapping is quantified through
trap stiffness values obtained both from experiments and from FDTD simulations. The
two traps are compared through the stiffness values and the recorded Raman signal
strength of the beads.

Finally, the 16-waveguide trap is used to demonstrate optical trapping of B. subtillis
spores, as an intermediate step towards EVs. Optical trapping of the spores is studied
with both experiments and simulations. Special attention is paid to the effect of ran-
dom phase differences between the beams exiting the waveguides on the optical trap

quality.






Samenvatting

Buitencellulaire blaasjes (Extracellular Vesicles, EVs) krijgen steeds meer aandacht
voor hun toepasbaarheid als biomarker bij de identificatie van kanker. Alle cellen laten
EV’s vrij in hun omgeving en de EV's dragen informatie over hun cel van afkomst. Iden-
tificatie van EV's afkomstig van tumorcellen vereist echter detectietechnieken met een
hoge gevoeligheid en specificiteit. In dit opzicht is optisch pincet Raman-spectroscopie
een aantrekkelijke techniek waarbij zeer geconcentreerde optische velden worden ge-
bruikt om afzonderlijke EV’s te immobiliseren, door middel van een optische val, en
om tegelijkertijd een Raman signaal te genereren voor het identificeren van EVs op
basis van biomoleculaire samenstelling. Lab-On-a-Chip (LOC) technologie maakt chip
bouwstenen voor laser pincet Raman spectroscpie mogelijk in combinatie met microf-
luidische kanalen voor EV toevoer. Dit heeft de potentie om een compact en goedkoop
apparaat te realiseren voor het identificeren van EVs en ziektediagnose.

Dit proefschrift behandelt de ontwikkeling van een LOC-bouwsteen voor een opti-
sche val waarin Raman-spectroscopie op enkelvoudige EV's bedreven kan worden. De
bouwsteen bestaat uit meerdere optische golfgeleiders die eindigen op de zijwanden
van een microfluidisch kanaal. De coherente, in tegengestelde richting voortplantende
bundels, afkomstig van de golfgeleiders, interfereren in het kanaal en vormen een op-
tisch interferentiepatroon samengesteld uit meerdere regio’s van sterk geconcenteerd
licht, elk geschikt voor optisch pincetwerking en Raman-spectroscopie.

Eerst wordt een gedetailleerd simulatiestudie behandeld die gericht is op het on-
derzoeken van de mogelijkheden en beperkingen van een twee-golfgeleider val voor
stabiele optisch immobilisatie van EV's op de chip. De optische velden die in een micro-
fluidisch kanaal worden gegenereerd, worden gesimuleerd met 3D electromagnetische
veld-simulaties. De optische krachten op de EVs en de bijbehorende potentialen vol-
gen uit de gesimuleerde velden. Toepassing van het criterium van Ashkin levert een
uitgebreid overzicht op van omstandigheden voor een stabiele optische val voor EV’s in
termen van EV-diameter en brekingsindex, en het geinjecteerde optische vermogen.

Vervolgens wordt ontwerp en fabricage van nieuwe multi-golfgeleider optische val-
len beschreven. Deze ontwerpen zijn gericht op sterkere lichtopsluiting in het kanaal,
wat leidt tot verbeterde optische pincetwerking en Raman-signaalgeneratie. Het ge-
drag van een val met twee golfgeleiders en 16 golfgeleiders wordt gekarakteriseerd
met behulp van polystyreen bolletjes. De optische krachten worden gekwantificeerd
door middel van valstijfheidswaarden die zowel uit experimenten als uit simulaties zijn
verkregen. De twee vallen worden vergeleken door middel van de stijfheidswaarden
en de gemeten Raman-signaalsterkte afkomstig van de bolletjes.

Ten slotte wordt de 16-golfgeleider val gebruikt om de eigenschappen van de opti-
sche pincetwerking op B. subtillis sporen te bestuderen, als tussenstap naar EV's. De
optische krachten op de sporen worden bestudeerd met zowel experimenten als si-
mulaties. Speciale aandacht is besteed aan het effect van willekeurige faseverschillen
tussen de bundels afkomstig van de verschillende golfgeleiders op de kwaliteit van de
optische val.

X1






Introduction

1.1. Extracellular vesicles as bio-markers for disease identifica-
tion

Extracellular vesicles (EVs) are spherically shaped compartments with a phospholipid
membrane, filled with fluid, lipids, RNA, and other biomolecules, and typically have
diameters ranging from 30 nm to 1 um [1]. EVs originate from all cells, and are re-
leased into their environment including bodily fluids such as blood, saliva, and urine.
EV concentration in these bodily fluids exceed 10° particles/ml with a variety of EVs
that reflects the variety of cells from which they originate. EVs are excreted via the cell
membrane and are employed by cells for various purposes, including but not limited to
waste management, coagulation and inflammation, and intercellular communication.
As a result, EVs carry physiological information of their parental cells [2]. In particular
in case of disease, EV population in bodily fluids has been demonstrated to undergo
changes through the increasing presence of disease related EVs, such as tumour de-
rived EVs (tdEVs) [3]. Consequently, EVs have clinical relevance as biomarkers that
can enable disease detection and diagnosis, and could be used for therapy develop-
ment, as well as for monitoring therapy effectiveness [4, 5]. Application of EVs as
biomarkers, however, requires characterization of the disease-associated EVs to dis-
tinguish their main physiochemical differences from health-associated EVs, which is
challenging for a number of reasons. Firstly, @ myriad of non-EV bioparticles such
as protein aggregates and lipoproteins [6] are present in bodily fluids alongside the
targeted EVs with similar sizes, even after sample purification. Secondly, the vast ma-
jority of EVs have a diameter between 30 nm to 200 nm which is below the detection
range of conventional detection methods [7]. Thirdly, disease related EVs, such as
tdEVs, are a minority of the total EV population, with concentrations roughly around
10*mL™", compared to the total EV concentration on the order of 101°mL~" [8, 9].
The aforementioned application in disease detection and diagnosis and the associ-
ated challenges warrant development of novel technological platforms and methods
to characterize single EVs. These techniques require the sensitivity and specificity to
(i) discriminate between EVs and non-EV particles in a fluid medium, (ii) discriminate
between the variety of EVs within the population to detect tdEVs (iii) to do so within
reasonable times of a few hours at most.

1.2. Opto-fluidic lab-on-a-chip devices for single EV characteri-
zation

Among the methods to detect EVs, optical methods stand out as potential candidates
for EV characterization on the level of single EVs [7]. Optical methods are mainly

1



2 1. Introduction

based on elastic scattering, fluorescence or Raman spectroscopy, and have the main
advantage of enabling non-invasive EV characterization within the sample medium,
which ensures EV integrity and provides faithful representation of EV properties within
native biological circumstances. Raman spectroscopy is particularly attractive, yielding
biochemical information without needing to label the EVs [10, 11] with distinctive, op-
tically detectable, markers. In addition, Raman spectroscopy combined with Rayleigh
scattering during optical trapping has been demonstrated to make clear identification
possible of tdEVs within a population of other EVs and non-EV particles [12]. Accu-
mulation of enough single EV data, however, will lead to measurement times on the
order of hours. Furthermore, single EV characterization requires targeted analysis with
precise control of small sample volumes for supplying EVs to and from the detection
volume. The above problems are currently being tackled within lab-on-a-chip (LOC)
research.

LOC research aims for the miniaturization and integration of multiple laboratory
processes on a single chip [13, 14]. Opto-fluidic LOCs combine micro-fluidics and in-
tegrated photonics technologies [15, 16] and are of particular interest for application
to single EV characterization. In micro-fluidic technology fluidic networks on the scale
of micrometers are designed and realized with specific functionalities including, but not
limited to, single particle transport and analysis with precise control of small amounts
of sample fluid. In addition, this technology enables on-chip multiplexing of single
particle analysis by including multiple copies of the same building blocks, thus leading
to an increase in throughput and thus reduction of total measurement time. Recent
developments have demonstrated the feasibility of micro-fluidic chips with functionali-
ties that include isolation, multi-disciplinary analysis and sorting for both cells [17, 18]
and also for EVs [19].

Integrated photonics deals with the development of chips that contain waveguide
circuitry for controlled transport and manipulation of light to realize and integrate on-
chip sensing building blocks and functionalities, and miniaturize complex bulk optical
systems. Recent developments in integrated photonics have demonstrated not only
the capabilities in on-chip optical functionalities for single particle analysis but also sin-
gle particle manipulation, and the near seamless compatibility of integrated photonics
with microfluidics [20, 21].

In particular, silicon nitride (SizNi4) and glass stand out as suitable integrated pho-
tonics platforms for the realization of opto-fluidic LOCs aimed at EV characterization.
These platforms enable integrated photonics circuits operating at wavelengths in the
visible and near-infrared that are typically used to avoid cell degradation, and by ex-
tension EV degradation, through photo-toxicity. In addition, these platforms are fully
compatible with CMOS fabrication processes which makes mass-fabrication possible,
thus ensuring opto-fluidic chips with reproducible performance, and which are also
cost-effective. Speed-up of EV characterisation can then be achieved by employing
multiple copies of the same opto-fluidic building blocks in parallel.

1.3. Raman scattering and spectroscopy

Scattering of light [22] occurs when monochromatic light with frequency v, is incident
on a medium that interacts with light of that frequency. Analysis of the spectral content
of the scattered light will primarily yield light with the same frequency as the frequency



1.3. Raman scattering and spectroscopy 3

of the incident light v,, also known as elastic (Rayleigh or Mie) scattered light. The
spectral analysis will also yield light with a shifted frequency v’, known as inelastic or
Raman scattered light. In case of Rayleigh/Mie scattering, light is elastically scattered
because the energy of all scattered photons with respect to the incident photons is
unchanged. On the other hand, for Raman scattering the photons are inelastically
scattered as energy transfer takes place between the incident photons and molecular
vibrations in the medium leading to a shift in energy of the scattered photons. This
shift in photonic energy is expressed as:

hv' = hvy — hAv (1.1)

where h is Planck’s constant. The Raman shift hAv corresponds to a quantum of en-
ergy which is required for excitation of specific molecular vibrations and is observed
as a frequency shift Av = v’ — v, in the detected light. The Raman shift can leave
Raman scattered photons with either larger or smaller energy than that of the inci-
dent photons [23, 24]. The scattering molecules start off in the ground state when
Raman scattered photons end up having a lower energy. The Raman shift is then
called a Stokes shift and leads to lower frequency (longer wavelength) of scattered
light. In the opposite case, the scattering molecules start off in an excited state, and
the Raman shift is called an anti-Stokes shift and the scattered light ends up with a
higher frequency (shorter wavelength). Typically, the intensity of Stokes shifted Ra-
man light, also known as spontaneous Raman scattering, is higher than the intensity
of anti-Stokes shifted Raman light, as most of the molecules are in the ground state.
The above examples of Raman scattering are schematically illustrated in the Jablonski
diagrams of Figure 1.1a).

As Av is molecule specific, biological media comprising a vast collection of complex
molecular structures such as EVs, will yield a spectrum of Raman scattered photons
which is a fingerprint of the biochemical composition. The Raman shift is typically
quantified in terms of relative wavenumber, o..;, expressed in units of cm™*. This can
be expressed in terms of wavelength of incident light, 1,, and Raman scattered light,
1A', as follows:

1 1
Orel = FT (1.2)

with 1, and A’ in cm. An example of a spontaneous Raman spectrum of polystyrene
is shown in Figure 1.1b).

The Raman intensity, Ir.man, Of €ach peak is proportional to the intensity of incident
light, I,, the Raman scattering cross-section, oraman, @nd the number of molecules,
N, that exhibit the same vibrational mode. Spontaneous Raman scattering, however,
is inherently weak with roughly one Raman scattered photon occuring for every 10°
scattered Rayleigh/Mie scattered photons. Hence, collection of enough Raman pho-
tons for a Raman spectrum with sufficiently high signal to noise ratio typically requires
integration times of several seconds to a few minutes, and can then only be accom-
plished with a high-power laser. As a result, Raman spectroscopy of EVs requires
strongly focused laser light, so that many photon-EV interactions can take place, thus
maximizing the Raman output signal strength.
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Figure 1.1: a) Jablonski diagrams illustrating photonic energy transfer in Rayleigh/Mie, Stokes Raman and
anti-Stokes Raman processes. b) Spontaneous Raman spectrum of polystyrene along with the chemical
structure of a polystyrene chain element. Characteristic polystyrene peaks are highlighted with various
shades of color and corresponding molecular structures are annotated by boxes of the same color. High-
lighted peaks include the ones at 621 cm™?* from the ring deformation mode, at 1001 cm™? from the ring
breathing mode, at 1031 cm™?* from C-H in-plane deformation mode, at 1155 cm™* from the C-C stretch
mode, and at 1583 cm™? from the C=C stretch mode [25].

1.4. Optical trapping

A surprising advantage of generating a Raman signal with focused light is that the
narrow laser spot can also be exploited to confine the EV, as enough optical force is
generated to stably hold or trap the EV in suspension. This so-called optical trapping is
commonly associated with optical tweezers [26], in which an objective lens is used to
tightly focus a laser beam to form an optical trap at the focal point. The high intensity of
light at the focal point generates optical forces strong enough to confine micrometer
and sub-micrometer particles in suspension. This was first reported by Ashkin who
made an optical trap to manipulate micron-sized latex spheres in water [27], and was
awarded the Nobel Prize in Physics in 2018 for this achievement. Since its discovery,
optical trapping has strongly impacted several fields with applications ranging from
particle manipulation to the study of single cells [28-30], and single bio-molecule
mechanical properties [31].

The working principle of optical trapping can be described within three regimes,
which are the Rayleigh, Mie and ray optics regime. The main criterion dividing these
three regimes is the size of the particle, d,,, compared to the wavelength, 1. For the
sake of simplicity, the trapped particle is considered to be a spherically shaped dielectric
particle with refractive index, n,, suspended in a medium with lower refractive index,
nm. In the ray optics regime d, >> 1, the interaction between particle and light is
accurately described using geometric optics. The optical field is then described as a
collection of rays, each of which carries a portion of the total optical power and linear
momentum in proportion to the carried power. Upon reaching the particle surface, part
of the light will be reflected, while the remainder will be refracted. The directions of
propagation of the reflected and refracted rays differ from the direction of propagation
of the incident ray, leading to a change in the overall momentum of the optical field. As
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a consequence there will be a force on the particle, to conserve the momentum of the
total system, comprising the optical field and the particle. This is shown schematically
for an optical tweezer in figures 1.2 a) and b).

In the Rayleigh regime d, << 4, the particle can be approximated as a point
dipole [32] with a dipole moment, g, expressed as:

(1) = a E() (1.3)
where r is the position of the dipole, E the complex electric field amplitude at angular
frequency w and a. the complex polarizability. The cycle averaged optical force in a
linearly polarized optical field can be analytically expressed [33] as:

I

F= % (ﬁ(u?f)) 4 mae <§> (1.4)

Aegc

where (---) denotes cycle averaging, with S the Poynting vector, a. and a the real
and imaginary parts, respectively, of a., €, the electric permittivity in vacuum, and ¢
the vacuum speed of light. The first term in equation 1.4 is called the gradient force,
ﬁg, which is conservative in nature and describes a force that pushes the particle to

> 2
regions of highly concentrated optical intensity, I = eoc<|E| > The second term is

known as the scattering force, K., and is proportional to the flow of power and linear
momentum (S) along the local direction of light propagation, and to the scattering
cross-section, ogeare = 2mal /Aegc. The scattering force A, is non-conservative and
takes into account the radiation pressure. It tends to push the particle along the
main direction of propagation along the optical axis of the focused beam, out of the
trap, thus competing with the stabilizing gradient force ﬁg. For the optical tweezer
to function well, the light must be sufficiently strongly focused to have |ﬁg| > |E].
Then the trapped particle is confined to a region around the mechanical equilibrium
position on the optical axis, slightly displaced from the focal point. Optical trapping in
the Rayleigh regime is schematically visualized in figure 1.2 c).

A
Fﬂ

Figure 1.2: Schematic illustration of the ray optics view of optical trapping with the particle located a) below
focus and b) above focus, and c) the Rayleigh view of optical trapping.

The above descriptions provide insight into general properties of optical trapping.
Furthermore, equations 1.3 and 1.4 can also prove useful in a quantitative analysis of
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optical trapping forces on EVs which have diameters, dgy, falling within the Rayleigh
regime. It appears, however, that EVs of size d,, ~ 4 are of main interest, which point
to intermediate Mie regime. Here a more rigorous approach is required, taking the
full interaction between particle and optical field into account [35, 36]. In practice,
numerical methods are required for computing the optical trapping forces in cases
of more general field distributions and particle refractive index structures. One such
method is the 3D finite-difference time-domain (FDTD) method, which is used to di-
rectly solve the Maxwell's equations and compute the electromagnetic vector fields on
a 3D rectilinear grid, at equidistant points within a time interval [37].

The optical force is computed by integrating the so-called Maxwell stress tensor
over a surface enclosing the particle:

1
E, =ﬁi Z SRe(Tagitg)ds (1.5)

B=xyz

where a = x,y,z indicate the Cartesian components, # is the unit-vector normal to
the surface S, and T, the components of the Maxwell stress tensor, which can be
expressed as:

1 o a4
Tap = Do + HaBj — 58ap(D - E' + H - B") (1.6)

Here B is the magnetic field, D and H are the auxiliary electric and magnetic fields,
respectively, 8,5 is the Kronecker delta, and the asterisk denotes complex conjuga-
tion. An advantage of using the Maxwell stress tensor to compute the optical force is
that it requires relatively little computational resources, e.g. memory, as it only uses
electromagnetic field data at the surface of the dielectric particle. This method, how-
ever, turns out inaccurate for small optical forces acting on EVs, with small dgy and
low refractive index contrast with suspending medium. In this case it has been shown
that direct integration of the Lorentz force density over the volume of the particle is
more accurate [38].

Experimentally, the optical forces of an optical trap are assessed by measuring the
optical trap stiffness [39]. When displaced from the trap center, a trapped particle is
subjected to a restoring force courtesy of the gradient force term in equation 1.4. For
small displacements, x, from the trap center, the restoring force is linearly proportional
to the displacement and is expressed as:

Ftrap = —K-X (17)

where k is the trap stiffness. Here, we stick to a 1D description for the sake of simplicity.
As a result, the trap potential is harmonic and thus expressed as:

U(x) = %KZ(X — xg)? (1.8)

with x, the trap center. According to the equipartition theorem [40], the time averaged
thermal energy imparted to the trapped particle by the suspending medium as kinetic
energy is kgT/2 in each direction of motion, with kg, Boltzmann's constant and T,
the absolute temperature. Consequently, an optically trapped particle experiences
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confined Brownian motion and will explore the harmonic potential well to a degree
depending on its thermal energy. The probability P(x) for a trapped particle to be
found at position x in the trap is given by:

1 U 1 - 2
P(x) = 7€XP <— kg?) = 7 €xXp (—%) (1.9)

with Z the partition function, as normalisation factor. The expression in equation 1.9 is
a Gaussian function with variance ¢? = kgT/k, leading to an expected value (U(x)) =
kgT/2, in agreement with the equipartition theorem. This implies that « can be de-
termined experimentally by fitting a Gaussian function to a measured histogram of
trapped particle positions.

1.5. On-chip trapping and Raman spectroscopy

The focused laser beam trap is the foundation for development of novel on-chip optical
trapping devices [21]. These devices are realized with integrated photonics structures
designed to generate regions of highly confined optical fields leading to strong optical
gradient forces to trap bio-particles for sensing. Two classes of on-chip traps have been
realized, near-field traps and divergent field traps. Near-field traps generate a region
of strongly concentrated light close to the device top surface, such as the localized
resonant modes in photonic crystals [41]. Photonic crystal based traps employ strong
gradient forces to trap and have been reported to optically trap bacteria [42, 43]
and even nanoscopic bioparticles such as proteins [44]. The drawback of near-field
traps is that optical trapping occurs in close proximity to surfaces which can lead to
unwanted surface interactions that in turn can influence properties of the trapped
particle. Additionally, when considering Raman spectroscopy, the proximity to the chip
surface can also lead to unwanted background Raman signals.

These problems are not an issue in the case of divergent field traps which employ
counter-propagating beams emitted by waveguides into a micro-fluidic environment.
Coherent beams will interfere to form a standing wave with multiple hot spots of highly
concentrated light. The main contribution to the optical force is again the gradient force
as the scattering forces from the two opposing beams approximately cancel each other
out, thus making the overall trapping force conservative [45]. In contrast to near-field
traps, divergent beam traps permit optical trapping in suspension, away from the chip
surface and thus closer to normal biological circumstances. These traps have been
reported for use in combined on-chip optical trapping and Raman spectroscopy [46—
48]. Of particular interest is the TripleX based dual-waveguide trap in ref. [48], which
uses the same light sources for both optical trapping and Raman signal generation.
Triplex is a SizN,4 based waveguide technology in which alternating layers of Si;N4 and
silicon dioxide (SiO,) are used to realize waveguiding structures [49]. Besides yielding
integrated photonic systems operating in wavelength ranges attractive for bio-sensing,
TripleX is an established, CMOS-compatible platform allowing for mass fabrication.
Hence, TripleX is chosen as the suitable material platform for the development of LOC
systems for EV characterization with optical trapping and Raman spectroscopy.




8 1. Introduction

1.6. Research goal and thesis outline

This thesis builds on the work presented by Boerkamp et al. [48], using the TripleX
dual-waveguide trap as a starting point. The feasibility of on-chip optical trapping for
EV-like particles, which are small in size and have low refractive index contrast with
surrounding medium, is studied in-depth.

A novel multi-waveguide trap with more than two waveguides is designed, real-
ized and tested with the aim to improve optical trapping capabilities compared to the
dual-waveguide trap. The rationale for this development is to tailor the optical field
distribution within the trap to enhance the optical field concentration within the trap-
ping volume. This in turn will not only enhance the trapping forces but also the Raman
yield from the trapped particle.

This thesis is centered around the main research question we address with the
research presented in this thesis.

Main research question: Is on chip optical trapping and Raman spectroscopy
with multi-waveguide traps a viable technique for high throughput EV diagnosis?

This is decomposed in the following subquestions:

Question 1: What are the capabilities and limitations of the dual-waveguide trap
for stable on-chip optical trapping of EVs?

Question 2: Can a micro-fabricated waveguide trap comprising more than 2
waveguides be realised with improved on-chip optical trapping and Raman signal gen-
eration compared with the dual-waveguide trap?

Question 3: Is on-chip optical trapping and Raman spectroscopy with a multi-
waveguide trap feasible for (sub-)micron sized biological particles?

The outline of the thesis is as follows. Chapter 2 deals with an in-depth simulation
study regarding the optical trapping capabilities and limitations of the TripleX dual-
waveguide trap presented in ref. [48]. The field distribution generated within traps
of three different sizes are simulated with 3D FDTD simulations, and optical forces
are computed for EVs according to two different refractive index models, the approxi-
mated homogenous sphere model and the more realistic core-shell model. The optical
trapping results along with Ashkin’s criterion for stable trapping [27] yield a detailed
overview of the dual-waveguide trapping capabilities for EVs. This aim of this chapter
is to answer question 1.

Chapter 3 presents the full development process of the novel multi-waveguide trap.
This includes simulation studies, design considerations, fabrication process and per-
formance evaluation. The optical trapping and Raman signal generation capabilities
of a dual-waveguide trap and a multi-waveguide trap are compared using polystyrene
beads of 1 um and 3 um in diameter. The aim of this chapter is to answer question
2.

In chapter 4, the multi-waveguide trap capabilities for optical trapping biological
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particles is experimentally demonstrated on 1 um sized Bacillis subtillis spores. The
quality of the optical trap is quantitatively studied with FDTD simulations and in ex-
periment. Special attention is paid to the effects of waveguide phase errors on the
optical field within the trap and thus the optical trapping forces. This chapter provides
an indication of the multi-waveguide trap capabilities for optical trapping and Raman
spectroscopy of EVs. The aim of this chapter is to answer question 3.

The findings of chapters 2 to 4 are gathered in chapter 5 to answer the main
research question and draw general conclusions. Based on these conclusions, an
outlook with suggestions for further research is proposed focused on development
of on-chip EV characterisation techniques. This includes improvement of the on-chip
Raman detection technique and alternative optical characterization techniques.

The appendices detail the computational and analytical methods used in this thesis
to evaluate the multi-waveguide trap quality.
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On-chip optical trapping of

extracellular vesicles using
box-shaped composite
S10,-Si;N, waveguides

The application of on-chip optical trapping and Raman spectroscopy using a
dual-waveguide trap has so far been limited to relatively big synthetic and bio-
logical particles, e.g. polystyrene beads and blood cells. Here, from simulations,
we present the capabilities of dual-waveguide traps built from composite SiO,-
Siz N, waveguides for optical trapping of extracellular vesicles (EVs). EVs, tiny
cell-derived particles of size in the range 30-1000 nm, strongly attract attention
as potential biomarkers for cancer. In general, EVs are hard to trap, because of
their smallness and low index contract w.r.t. water. This poses a challenge for
a lab-on-a-chip device for trapping of EVs. From finite-difference time-domain
simulations we obtain the narrow beam emitted from the waveguide facet into
water, for a wavelength of 785 nm. For a pair of such beams, in a counter-
propagating geometry and for facet separations of 5, 10 and 15 um, we derive
the inter-facet optical field, which has a characteristic interference pattern with
hot spots for trapping, and calculate the optical force exerted on EVs of size in
the range 50-1000 nm, as a function of EV position. In this procedure two refrac-
tive index models represent the EV optical properties. Integration of the force
curves leads to the trapping potentials, which are well-shaped in the transverse
and oscillatory in the longitudinal direction. By applying Ashkin’s criterion, the
conditions for stable trapping in the traps are established, the central result of
this work. Very small EVs can be stably trapped with the dual-waveguide traps
by applying a power also suitable for Raman spectroscopy, down to a smallest
EV diameter of 115 nm. Based on this, we argue, this dual-waveguide trap is
a promising lab-on-a-chip device with clinical relevance for diagnosis of cancer.

As published in: G.B. Loozen, J. Caro, “On-chip optical trapping of extracellular vesicles using box-shaped
composite SiO,-Si;N, waveguides,” Optics Express 26, 21 (2018).
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2.1. Introduction

A class of lab-on-a-chip devices for optical analysis of particles is based on using in-
tegrated photonic waveguides for manipulating and spectroscopic fingerprinting the
particles, with the goal of their identification. Possible application fields are various,
and include point-of-care diagnostics and drinking water technology [1], with a focus
on, for example, detection of human cells indicative of a disease and harmful bacteria.
Examples in this field are labs-on-a-chip for optical trapping and Raman spectroscopy.
These are on-chip versions of a laser-tweezers Raman spectroscopy (LTRS) setup [2].
LTRS unifies particle trapping with a focused laser beam and Raman spectroscopy of
the trapped particle using the same concentrated light. This leads to Raman identifi-
cation of the trapped particle. Prominent examples of on-chip versions are dual-fibre
or dual-waveguide traps, often combined with microfluidics for particle supply. These
traps are based on two opposing fibres or integrated photonics waveguides, from
which counter-propagating beams emanate that define the concentrated optical field
for trapping and Raman spectroscopy.

The dual-fibre trap in [3] has been used to hold and manoeuvre human cells to
record their Raman signals. The trap in [4], apart from fibres for trapping and Raman
generation, has fibers for collecting Raman signals. A preference is arising towards
dual-waveguide devices based on microfabricated waveguides, thus avoiding delicate
mounting of fibres and aiming for mass production. An important step in this direction
is reported in [5, 6], where the waveguides are created by local modification of the
index of glass using accurate writing with a femtosecond laser beam. The resulting
devices can successfully trap and stretch red blood cells (RBCs). The laser-writing
technique is inherently sequential, making it particularly suitable for fast prototyping.
We further mention the traps reported in [7, 8], based on microfabricated Ta,O¢
waveguides. In [7] trapping of synthetic particles and RBCs is demonstrated, with
supply of particles to the trap by optical propulsion on the waveguides. In [8] Raman
spectra of trapped synthetic spheres are reported, but the spectra are induced using
a separate laser beam and not by the beams emitted by the waveguides. In our work
[9], we have exploited the counter-propagating beams in a dual-waveguide trap built
from special waveguides microfabricated with semiconductor processing techniques
to their full capability, using the beams both for trapping synthetic particles and for
inducing Raman signals from the trapped particles.

Recently, LTRS has been applied for studying human extracellular vesicles (EVs)
[10-12]. These cell-derived particles are present in bodily fluids such as urine and have
a diameter ranging from 30 to 1000 nm, the size-distribution’s maximum occurring be-
low 200 nm. An EV comprises a lipid-bilayer membrane of the parental cell, enclosing
mainly cell-derived cytoplasm with suspended DNA, RNA and proteins. Tumor-derived
EVs strongly attract attention as potential biomarkers for cancer [13, 14]. For cancer
diagnosis such EVs may play a role similar to that of circulating tumor cells (CTCs
[15],). The bio-chemical composition of a fraction of EVs may already deviate from
regular in a very early stage of carcinogenesis of the organ from which the EVs derive
[16], while presence of CTCs indicates full existence of organ cancer. Thus, deter-
mining EV composition using LTRS can lead to early cancer diagnosis [17]. However,
only a small sub-population of EVs in bodily fluids shows a signature of carcinogenesis,
if present. This circumstance asks for high throughput platforms, e.g. lab-on-a-chip
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devices scaled to versions with multiple parallelism [18]. Further, EVs are very small
and have a low index contrast w.r.t. the suspending medium, making on-chip optical
trapping of EVs challenging.

Here, from a simulation study, we present the capabilities for trapping of EVs of
the dual-waveguide trap we apply in [9]. The novelty compared to [9] is that we
here simulate for this type of trap the full range of optical and trapping properties,
leading to qualification for the characterization of EVs. Further, our simulation results
provide guidance for design and development of dual-waveguide devices for optical
trapping and Raman spectroscopy of a broad range of bio-particles relevant for health
and medicine.

2.2. Device geometry and optical models for EVs
The building block of the dual-waveguide trap is a waveguide with a box-shaped com-
posite Si;N, — SiO, structure. Its cross section of 1 x 1 um? is shown in figure 2.1
(a). The walls of the square box are 50 nm thick Si;N, layers. The material inside and
outside the box is Si0O,. With this structure we model the slightly trapezoidal TripleX
[20, 21] waveguides we apply for the dual-waveguide trap in [9].

The geometry of the dual-waveguide trap built from a pair of such waveguides is
depicted in figure 2.1 (b). The waveguides are opposed and guide light to a fluidic
channel, used for supply of EVs. The waveguide facets, which emit a narrow light
beam, are part of the walls of the fluidic channel. The counter-propagating beams
created in this way define a strongly confined optical field and thus form an optical
trap. The gap width w between the waveguide facets is 5, 10 or 15 um, equal to the
widths in the devices leading to the results in [9]. The trap centre is the origin of the
coordinate-system (see figure 2.1 (b)). The x-direction is the longitudinal direction
and the y- and z-directions are the transverse directions.
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Figure 2.1: (@) Cross section of the composite SiO, — Si;N, waveguide, the building block of the dual-
waveguide trap. The material inside and outside the square box with Si;N, walls is SiO,. (b) Three-
dimensional impression of the dual-waveguide trap. The waveguide facets, with separation w, are part of
the walls of the fluidic channel. The origin of the coordinate system is the trap centre, where in the figure
an EV is located with a core-shell structure.
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EVs are spherical particles [22], with a diameter dgy. We represent their optical
properties by two models for the refractive index n. The first model assumes a homo-
geneous EV index, for which we take ny,,, = 1.37 [23]. In the second model we apply
the realistic core-shell structure of EVs, using ng,.e = 1.37 and ngne = 1.46 [24], and
taking a shell thickness of 5 nm. The homogeneous index can be accurate enough for
big vesicles since these have a small surface-to-volume ratio. The core-shell model
will be more appropriate for small vesicles since for these the shell contribution to the
total optical force is expected to be rather high.

2.3. Simulation approach

We derive the electromagnetic fields in the traps with the 3D finite-difference time-
domain (FDTD) method, using Lumerical FDTD solutions [25]. The first goal is to
obtain the optical forces acting on an EV, as a function of its position on the three
axes defined in figure 2.1 (b), and for the 10 or 15 um traps on other axes parallel
to the y-axis. This is done by simulating traps containing an EV and empty traps.
The fields with the EV in the trap are needed for Lumerical’s force calculations. The
fields for the empty trap are used to independently calculate the forces for comparison
with Lumerical’s method, as discussed below. The TE mode obtained from Lumerical’s
mode solver is excited in each waveguide, for wavelength 1, = 785nm. This is our
preferential wavelength [9], in view of generating Raman signals from the trapped par-
ticle. We use planar sources, placed at 2 um from the waveguide facet, that oscillate
in phase and emit a short Gaussian pulse of carrier frequency f = ¢/A,, the frequency
corresponding to the mode’s wavelength. The time traces of the electromagnetic fields
at each mesh point are Fourier transformed to obtain the spatial dependence of the
complex amplitudes of the harmonic fields for 1,. This procedure yields the beams
emitted from the facets, which according to the TE polarization have E//z.

The mesh size must be small enough to resolve the fields, on the scale of i) the
wavelength in the highest index material, ii) the smallest structure of the device and iii)
the details of the EV structure. The simulation time, however, is inversely proportional
to the mesh size to the fourth power, implying a practical limit. To fulfill the mesh-size
requirements, while keeping simulation time within reasonable bounds, we subdivide
the total simulation domain into three subdomains of different mesh size. The total
simulation domain is 17 and 11 um in the y- and z-direction, respectively. The length
in the y-direction exceeds that in the x-direction for the TE polarization used, in view
of the side lobes emitted away from the beam axis (see Section 2.4). In the x-direction
the simulation domain is 5.4+w um. At the domain’s boundaries we use 2 um thick
perfectly matched absorbing layers.

The first subdomain is a rectangular block of cross section 2 x 2 um?, enclosing
the waveguides. It has mesh size A; = 10 nm, imposed by the Si;N, waveguide
walls. The block length equals the total domain’s length in the x-direction. The second
subdomain is a cube of edge dgy + 104, surrounding the EV. For the homogeneous
index model, we choose A, = dgy/20, with an upper limit of 10 nm. For the core-shell
model we take A, = 2 nm, in view of the thin EV shell. The third subdomain is the
remainder of the total domain, for which we take A; = 1,/(14ngi0,). In simulating
the empty trap, we use A, = 10 nm in the first and second subdomain and A; =
Ao/(14ngio,) in the third subdomain.
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We obtain the time-averaged force F acting on an EV using Lumerical’s volumetric
technique, by calculating the volume integral of the time-averaged Lorentz force den-
sity for a cube enclosing the EV. The edge of the integration cube is dgy + 74,, some
smaller than the cube’s edge that defines the sub-meshing. The Lorentz force density
(f) is calculated at each mesh point inside the cube and on its faces using:

(F) = €0er (V- (EN(E) + iweq (ery — €)(E) X (B) (2.1)

Here E and B are the position dependent time-averaged electric and magnetic
field, respectively, with the EV in the trap. ¢q is the vacuum permittivity, while e,
and egy are the relative permittivity of the background medium (i.e. water) and the
EV, respectively, the latter being a function of position for the core-shell model. We
assume lossless materials, implying that the relative permittivities equal the square of
the refractive indices. w = 2mc/785 nm is the angular frequency of the light. The
force on the background medium in the integration cube does not contribute to the
net force on the EV. Based on the symmetry of the device geometry, we limit the
force calculations to the three half-axes of the first octant, which gives all relevant
information on the force behavior in the complete three-dimensional system. For a
simulation of a single force point, i.e. for a single EV position, we used five so-called
thin nodes of a supercomputer, each having 24 cores operating at 2.4 or 2.6 GHz, and
64 GB of RAM. On average such a single point simulation takes 10 minutes.

To calculate the forces for the smaller EVs with an independent approach, enabling
comparison with Lumerical’'s method applied to EVs with an assumed homogenous
index, we use the expression for the so-called time-averaged gradient force acting on
a homogeneous dielectric particle, here an EV [26]:

—  Tegepdiy m?—1
F)=
() 8 (TI’L2 +2

WVIEI?), m = ey /€ (2.2)

Here (...) again denotes time-averaging, while in this case E is the electric field in the
empty trap. Equation 2.2 is valid for a dielectric particle small enough for the electric
field to be virtually constant throughout its volume. For such particles the gradient
force accurately represents the full optical force of a trap provided the scattering force
is negligible or zero. This situation is known to occur in and close to the centre of free
space traps with counter-propagating beams of equal intensity [27, 28].

The gradient force of Eq. 2.2 inherently is a conservative force. Consequently, in
the approximation of negligible scattering force, a unique value of the trapping po-
tential can be assigned at any point by integrating the force along a suitable path.
We anticipate that the forces of the dual-waveguide trap obtained with the volumetric
technique are rather close to the gradient force and thus can be considered as con-
servative. Therefore, we derive the position dependent optical potential by integrating
the force obtained with the volumetric technique. For example, the transverse poten-
tial U, (x0, yo,0) in the point y, for an axis parallel to the y-direction through the point
(x0,z = 0) ((x9,y0 = 0) the negative branches follow from symmetry) is given by:

Yo
Uy(xo' Y0,0) = — (Fxo,y,o(y))dy (2.3)
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In Eq. 2.3 x4(xo = 0) is the position of the minimum of the global potential for the
xdirection (see Section 2.7). For the 5 um trap a single minimum occurs at x, = 0.
For the 10 and 15 um traps, x, is the position of one of the minima of the (symmetric)
double-well potential, which is located near the facet (see Section 2.7). Loosely, the
potential given by Eq. 2.3 will further be called U,. For U, an equation similar to
Eq. 2.3 holds. For the x-direction E, is only defined between the waveguide facets.
Therefore, to calculate the longitudinal potential U, (x,) we limit the integration interval
such that the EV is not in contact with the facet. This leads to:

Uz (o) = U(x0,0,0) = — j (F(0))dx (2.4)

Here, we choose x; = (W + dgy)/2 — 34, . We add a constant to the outcome of
Eq. 2.4, such that U, (0) = U, (0).

Calculating the potential for three axes, yields the main information on the potential
wells. For stable trapping of an EV the potential well should be deep enough. For this
we use Ashkin’s stability criterion, according to which trapping in a potential well of
depth U, is stable for U,/kT = 10 [19]. Since the well depth is proportional to the
optical power supplied to the trap by the waveguides, the criterion leads to a condition
for the optical power.

2.4. Waveguide mode, emitted beam, and energy density in the

trap

We have calculated the TE mode of the waveguide of figure 2.2 (a) using Lumerical’s
mode solver for 1 = 785nm. At this wavelength the waveguide supports a single
mode per polarization. We use refractive indices of 2.00, 1.45 and 1.33 for Siz;N,,
Si0O, and water, respectively. The mode profile is shown in figure 2.2 (a), where the
colors represent the intensity of the light. As can be seen, for this polarization the
electric field concentrates in the upper and lower Si;N, walls of the box. Further, the
field is relatively low in the interior of the box (SiO,), quite contrary to the case of
usual homogeneous ridge waveguides. The electric field drops abruptly upon entering
the vertical walls of the box from inside or outside, satisfying the boundary condition
for the normal component for the dielectric displacement.

FDTD simulation leads to the energy-density distribution in the xy-plane in fig-
ure 2.2 (b), both in the waveguide and the water, using a source in the waveguide
emitting 1 W of power towards the facet. At the facet the guided mode is converted
into radiation modes that enter the water present for x > 0. The oscillatory pattern
inside the waveguide and its walls represents a standing wave resulting from interfer-
ence of the forward propagating mode and its part reflected back from the facet. Near
the facet, the radiation modes take the form of two coherent beamlets emitted by
the upper and lower waveguide walls. These beamlets merge, yielding a main beam
(further called beam) coaxial with the waveguide axis, which co-exists with two side
lobes directed away from the axis. The beam reaches its energy-density maximum on
the axis at 1.2 um from the facet, whereafter it decays smoothly and simultaneously
broadens. The maximum and the decay of the beam are quantified by the longitu-
dinal energy-density profile plotted in figure 2.2 (c). The transverse beam profiles in
figure 2.2 (d) further quantify the beam, in particular its spreading with increasing
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distance to the facet. The transverse profiles show shoulders at distances of 1.2 and
2.5 um that arise from the aforementioned side lobes. We have compared the beam
in figure 2.2 (c) with the one we report in [29] for a Si;N, solid core waveguide of
the same cross section. We find that the decay length of the present beam is about
three times longer and the beam spreading correspondingly weaker, meaning that
the composite Si; N, — SiO, waveguide produces a tighter beam and thus is a better
waveguide to build a strong optical trap.

5
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Figure 2.2: (a) Profile of the TE mode of the waveguide in figure 2.1 (a), for a wavelength of 785 nm. The
colors indicate intensity, red (blue) meaning high (low), and do not relate to the scale bar to the right. (b)
Energy density of the optical field in the xy-plane, both in the waveguide and the water, obtained from
a FDTD simulation. The horizontal dashed line is the beam axis. Vertical dashed lines indicate the facet
position and are the transverse lines for which in (d) beam profiles are plotted. The color bar defines
the energy-density values. (c) Longitudinal energy-density profile on the beam axis. (d) Transverse beam
profiles on the axes in (b).

For three traps built from the waveguide of figure 2.1 (a) with facet separations
of 5, 10 and 15 um we have simulated the optical fields resulting from the coherent
counter-propagating beams. In figure 2.3 we show time averaged energy-density
distributions in xy-plane of the traps. A total power of 1 W is supplied to the traps,
each waveguides contributing 0.5 W. We omit the distribution in the xz-plane, since it
portrays the same type of behavior.
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A common characteristic of the traps is the interference pattern between the facets,
which has a period of 306 nm. The EV size distribution is such that a small EV can be
locally trapped at a single maximum of the interference pattern, here further called hot
spot. But also multiple small EVs may be trapped at one hot spot, similar to trapping
of multiple EVs with a laser trap [10]. A hot spot is narrower in the longitudinal than
in a transverse direction. Therefore, the confined Brownian motion of an EV has wider
excursions in a transverse than in the longitudinal direction.

U, (1 um® W)
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Figure 2.3: Time averaged energy density in the xy-plane for dual-waveguide traps with a facet separation
of 5, 10 and 15 um. The total power supplied to each trap is 1 W. The 5 um trap has one global hot region
centred between the facets. The 10 and 15 um traps have two global hot regions, each near a facets. The
color bar defines the energy-density values.

The three traps, however, also show an important difference concerning the po-
sition of the regions where the interference maxima are strongest, i.e. the so-called
global hot regions. For the 5 um trap a single global hot region exists (see figure 2.3),
symmetrically placed around the center. The 10 and 15 um traps, on the contrary,
have two global hot regions near the facets. This difference results from the longitu-
dinal profile of the interfering beams shown in figure 2.2 (c), in particular their decay
and the position of their maximum. These are such that the central global hot region
of the 5 um gap is split into two global hot regions for the wider gaps. We note that
the trap built from Si;N, solid core waveguides [29] already shows two global hot
regions for facets 5 um apart. This agrees with the weaker beam decay in the present
traps.
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2.5. Force characteristics of the traps

We have calculated the longitudinal force curve F.(x) and the transverse force curves
FE,(y) and F,(z) in the traps. For up to about two dozen diameters of homogeneous EVs
in the range 50—1000 nm and for 6 diameters of core-shell EVs in the range 50—450
nm such curves have been obtained, of which a fraction is shown in figure 2.4. Forces
acting on homogeneous EV have also been calculated using Eq. (2.2), giving the
gradient force. Gradient-force data are included in figure 2.4 (a), 2.4(b) and 2.4(c) for
dgy = 100 nm (black dots), but such data have been obtained for other diameters as
well. We concentrate on the 5 and 15 um traps, since qualitatively results for the 10
um trap are very similar to those of the 15 um trap.

In Figs. 2.4(a), 2.4(b) and 2.4(c) curves F,(y) , F,(z), and F(x) for the 5 um trap
are shown, respectively, for diameters as indicated and in figure 2.4 (a) and 2.4(b) for
both index models. The unit of force is pN/W, i.e. the force is normalized to the power
delivered to the trap. In figure 2.4 (d) E.(x) is shown for the 15 um trap, restricted
to homogeneous EVs of the same diameters as in the other sub-figures.
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Figure 2.4: Force curves for the 5 and 15 um traps, calculated using the volumetric technique. The
black dots have been obtained using Eq. (2.2). The legends in (a) define EV size and EV index model
(homogeneous vs. core-shell) and apply to each panel. (a) Transverse force F,,(y) for the 5 um trap. (b)
Transverse force F,(z) for the 5 um trap. (c) Longitudinal force F,(x) for the 5 um trap. (d) Longitudinal
force F,(x) for the 15 um trap, with part of the x-axis omitted to obtain the same horizontal scale as in
(a-c). The curves in (a-d) are piecewise cubic spline interpolations between the data points. F,(y) and
F,(z curves have 15 data points. F,(x) curves have 33 data points per um.

In view of symmetry, the plots are limited to the positive half axes. Transverse
force curves for the 15 um trap are omitted, since qualitatively these are similar to
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those of the 5 um trap in figure 2.4 (a). In condensed form, the properties of the
three traps are quantitatively reflected by trap stiffnesses in table 2.1 below and by
stability curves in section 2.7.

E,(y) for the 5 um trap is linear near the origin and has a negative slope. This
reflects the restoring character of a Hookean force pulling back the EV to the hot spot
at the origin, a behavior described by F, (y) = k,y, with k, the normalized stiffness for
the y-direction. Normalized stiffnesses for the other directions are defined accordingly.
With increasing distance |F, (y)| reaches an absolute maximum, followed by a local
maximum. The absolute maximum relates to the maximum gradient of the beam in
figure 2.2 (b). The local maximum relates to the side lobes in that figure. For dgy =
1000 nm, the local maximum is less pronounced, since the EV for this size overlaps with
both the beam and the side lobe, making their individual contributions less distinct.
This behavior of F, (y) applies to both index models, but for small diameters the force
on core-shell EVs (curves shown for dgy = 100, 150 nm) is considerably higher than
that for homogeneous EVs. For dgy = 50 nm, E, on average is 110 % higher for the
core-shell EV than for the homogeneous EV, while for dgy = 250 nm the percentage
still is 25%. For dgy = 500 nm the forces for the two models are virtually the same.
Apparently, for the smaller diameters the shell, though only 5 nm thick, contributes
significantly to the force and thus cannot be omitted in the EV model.

As can be seen in figure 2.4 (b), F,(z) behaves very much the same as F, (y), the
differences being that |F,(z)| is some smaller than |E, (y)|, accompanied by a slightly
less steep initial slope, that the maximum of |E,(z)| occurs at a slightly larger distance
and that a local minimum of |E,(z)| is absent. These differences can be traced back to
a less tight beam in the xz-plane and absence of side lobes in that plane. F,(y) and
F,(z) being so close, we will further refer to F, (y) as the transverse force.

F,(x) is an oscillatory function, as exemplified in Figs. 2.4(b) and 2.4(c) for the 5
and 15 um traps. The oscillation period equals the period of the fields in figure 2.3,
implying that the origin is interference. As a function of EV size, a hot spot of the
interference pattern attracts or repels the EV, depending on whether the local force-
curve slope is negative or a positive. In Figs. 2.4(b) and 2.4(c) attraction occurs for
100, 150 and 950 nm, while repulsion occurs for 450 and 1000 nm. This sign reversal
of the force agrees with [30], which reports that the sign in a standing wave trap de-
pends periodically on particle size and that the particle’s equilibrium position alternates
between interference maxima and minima. Further [30], particle sizes exceeding the
interference-pattern period exist for which the net optical force is zero as a result of
complete cancellation of attractive forces of neighbouring hot spots. For the 1000 nm
EV this cancellation almost occurs, giving weak oscillations in Figs. 2.4(b) and 2.4(c).
EVs clearly smaller than the interference-pattern period are attracted by only a sin-
gle hot spot, giving an amplitude of F,(x) considerably higher than the maximum of
|F, (¥)|. This results from the spot’s stronger intensity gradient in the x-direction than
in the y-direction. This difference in force strength for the two directions can clearly
be seen from the curves for 100 and 150 nm EVs in Figs. 2.4(a) and 2.4(c).

The global hot region of the 5 um trap is centered at x = 0. Therefore, for the
smaller EVs the force oscillations in figure 2.4 (b) are weaker towards the facets.
The hot spots near the origin thus are more preferential trapping sites, and one may
expect the type of hopping motion we report in [9] towards the center of the global
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hot region. For the 1000 nm EV the situation is different, since for this size the less
intense hot spots near the facet lead to increasingly weaker cancellation near the facet.
Preferential trapping is still at the origin, in view of the force direction imposed by the
background, on which the oscillations are superimposed.

For the 15 um trap the global hot regions are located near the facets. For most
of the diameters in figure 2.4 (c) this leads to stronger oscillations with increasing
distance from the center and thus to stronger local traps near the facets. For the
1000 nm EV the changed position of the global hot region leads to weaker oscillations
towards the facet, followed by a few strong oscillations as a result of entering the
relatively “cold” on-axis region very close to the facet (see figure 2.3).

We now compare the forces obtained using the volumetric technique and the gra-
dient formula Eq. 2.2. In Figs. 2.4(a) and 2.4(b) it is seen that the results for dgy=
100 nm agree very well. The relative root-mean-square deviation between the forces
according to the models amounts to 7% for F,(y) and 11% for F,(x). For dgy= 50
nm (curve not shown) these differences are 2.9% and 2.5% , respectively. These
differences indicate that the scattering force in this size range is only a small fraction
of the total force. This results from the counter-propagation of the beams of low di-
vergence. For larger EVs the difference increases, indicating break down of the dipole
approximation, on which the gradient formula is based.

Table 2.1: Normalized trap stiffnesses k, and k, of the strongest trapping sites for the three traps for
diameters of core-shell EVs as indicated. The quantities dgy , w, k(y) denote EV diameter, facet separation
of the trap, and stiffnesses for the x(y)-direction, respectively.

dgy (hm) | w (um) | x, (fFN/nm/W) | x,, (fN/nm/W)
5 5.12 0.13
50 10 2.57 0.10
15 1.81 0.09
5 28.63 0.80
100 10 14.35 0.59
15 10.11 0.59
5 72.07 2.21
150 10 36.12 1.70
15 25.41 1.71

In Table 2.1 the values of the normalized trap stiffnesses «, and «,, for the traps are
compiled for 50, 100 and 150 nm core-shell EVs and for the strongest trapping sites,
i.e. for the most intense hot spots of the respective global hot regions. The forces for
the y- and z-direction being very comparable, «,, is taken as representative for x,. The
Table shows that both «, and k,, decrease with increasing facet separation. This arises
from the decreasing maximum constructive interference of the beams. Further, all «,
strongly exceed the related «, owing to the much stronger gradients in the x-direction.
Finally, the systematic increase of «, and k, with EV size for each trap agrees with the
diameter dependence of the power required to trap core-shell EVs (Section 2.7).

We compare the stiffnesses in Table 2.1 to those in [31], which reports trapping
experiments on synthetic core-shell EVs using a focussed laser beam. For EV diameters
in the range 50-150 nm lateral stifnesses in the range 1-7 fN/nm/W are reported [31].
Our k, values in Table 2.1 clearly exceed these laser-trap values, while our «, values
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are smaller. Since for a laser trap the axial stiffness is several times smaller than
its lateral stiffness, it follows that the important difference and advantage of the dual-
waveguide trap for trapping of these nanometer-scale EVs is the up to ten times higher
stiffness in the x-direction. This results from the interference of the beams.

2.6. Trapping potentials

We have integrated the force curves to obtain the trapping potentials, as prescribed in
Section 3. From the forces in figure 2.4, a single potential well is expected for the trans-
verse directions and a periodic potential for the longitudinal direction. Indeed, such
behavior is seen in figure 2.5, which shows the potentials U, (y)/kT [at (x,z)=(0,0)]
and U, (x)/kT [at (y,z)=(0,0)] derived from the force curves in Figs. 2.4(a), 2.4(c),
and 2.4(d) for a power of 100 mW supplied to the trap, again using half axes. The
potentials are normalized to kT (T = 293 K) to easily connect to the criterion for stable
trapping Uy /kT > 10[19].

In the plot of U, (y)/kT in figure 2.5 (a) it is seen that the 5 ym trap cannot stably
trap 100 and 150 nm homogeneous EVs in the y-direction at 100 mW. The same
holds for the 100 nm core-shell EV. The 150 nm core-shell EV, however, is almost
stably trapped, implying that above 150 nm core-shell EVs are all stably trapped at
this power level. The potentials for homogeneous EVs of dgy,= 450, 950 and 1000 nm
each indicate stable trapping.

U,(x)/kT of the 5 and 15 um traps shows periodic oscillations of a strength and
phase depending on EV size, superimposed on a background potential that depends
on EV size as well. Background potential with superimposed oscillations are called
global potential. For the smaller EVs the individual wells of the periodic potential are
not deep enough for stable trapping at 100 mW. Thermally activated hopping between
wells will occur. For dgy= 450, 950 nm the individual wells are deep enough for
stable trapping, while for these diameters the background potential is more apparent.
For dgy= 1000 nm the oscillations are virtually absent, in agreement with the force-
cancellation in figure 2.4. Considering the smoother global potentials in more detail
and using symmetry w.r.t. x = 0, one recognises a single potential well centred at
the origin for the 5 um trap and a double-well potential for the 15 ym trap (from
the potential levels at either side of the cut in figure 2.5 (c), one easily sees that the
single-sided curves indeed define a double-well potential). These different potential
shapes agree with the respective global hot regions for the three traps.

In calculating the potentials we have applied Egs. 2.3 and 2.4, thus stretching the
range where the optical force to a good approximation is found to be conservative (up
to dgy = 100 nm, see Section 2.5) to dgy= 1000 nm. To estimate the error we make
in this, we have calculated for dgy= 1000 nm and the 5 and 15 um traps the line
integral of the optical force along different escape paths from the trap, starting at the
origin. The maximum difference we find for the paths amounts to 10%. We believe
this is acceptable, also since this is a worst case scenario: with decreasing EV size the
relative contribution of the scattering force becomes smaller, i.e. the approximation of
conservativity becomes better.
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Figure 2.5: Normalized trapping potentials for the 5 and 15 um traps for 100 mW of optical power supplied
to the traps, calculated from the force curves in figure 2.4. The legends in (a) define EV sizes and the EV
index model (homogeneous versus core-shell) and apply to each panel. (a) transverse potential Uy, (v)/kT
for the 5 um. (b). Longitudinal potential U, (x)/kT for the 5 um trap. (c) Longitudinal potential U, (x)/kT
for the 15 um trap, with part of the x-axis omitted to obtain the same horizontal scale as in (a) and (b).

2.7. Trapping stability

In line with Ashkin’s criterion, the minimum power P.;,, for stable trapping of an EV
is defined by the demand that the depth of the normalized potential well in the three
directions equals 10. We first make this demand explicit for the three potential wells
obtained.

The transverse potential well is the well U, /kT defined by curves as in figure 2.5
(a). We take the transverse axis through the x-position of the most intense hot spot,
which for the 5, 10 and 15 um traps is at x = 0, £3.6 and +6.3 um, respectively. In
figure 2.6 (a) U, /kT is plotted for stable trapping in the 5 um trap. We define the
maximum excursion during confined Brownian motion as the distance from y = 0 to
either of the knee points of the curve (indicated by arrows in figure 2.6 (a)), which is
located closer to y = 0 than the classical turning points at U, /kT= 10. So, we avoid
the strong influence of the very flat wings of the well. We thus get a single-sided
excursion of 1.0 um. The overall picture for U, /kT is similar.

The deepest local well of the longitudinal potential is, depending on EV size, the
deepest local well of U, /kT at the most intense hot spot or in between the two most
intense hot spots (see figure 2.5 (b) for these situations). In figure 2.6 (b) U, /kT is
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plotted for stable trapping in the central local well of the 5 pm trap. Local well depths
near the centre being close, this case also represents stable trapping near the center.
The single-sided maximum excursion is about 150 nm (i.e., half of the modulation
period). Each of the local trapping wells near the center can be filled with one or more
EVs. Access to each of these traps can be provided by translating the chip under the
microscope objective for Raman spectroscopy or by shifting the interference pattern
by applying a phase difference to the beams forming the trap using on-chip heaters.
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Figure 2.6: (a)-(c) Potential wells for the 5 um trap in case of stable trapping under conditions as indicated
above the panels. (a) The transverse well U, /kT. The indicated knee points limit the confined Brownian
motion, as discussed in the text. (b) The deepest local well of U, /kT. (c) The global well U, /kT. (d)-(f)
Stability curves for the three wells as mentioned in the panels. The legends in (d) define the trap sizes and
the EV index model (homogeneous versus core-shell) and apply to each of the stability curves in (d), (e)
and (f).

The global longitudinal potential well U, /kT is defined as the background potential
with superimposed oscillations. EV trapping in the global potential is only fundamen-
tally different from trapping in an individual well if the potential’s oscillatory part is
weak compared to the background. If not, the EV can still spend considerable time
in a single local well or EV motion is dominated by hopping between such wells. With
some arbitrariness, we translate this to the additional demand that the ratio of the
deepest local well to the global well depth of 10 is smaller than 0.6. For the 5 um trap
we find B,;, by making the well depth equal to 10 for classical turning points at x =
+ 1.9 um, where the largest EV does just not touch the facet. This also defines the
maximum excursion of 1.9 um. The demand of a weak enough oscillatory potential
leads to the condition dgy > 300 nm. In figure 2.6 (c) by U, /kT is plotted for stable
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trapping in the global well of the 5 um trap.

For the 10 and 15 um traps B,;, is chosen such that the barrier height between the
global wells of the double-well potential amounts to 10. For these traps the minima
of the individual wells coincide with aforementioned positions of the most intense hot
spots. Taking half of the maximum double-sided excursion for these asymmetric wells,
we get the maximum single- sided excursions 1.8 (3.1) um for the 10 (15) um trap.
The demand of a weak enough oscillatory potential leads to the condition dgy > 300
(400) nm for the 5 (10 and 15) um trap, while for the 10 um traps the range 500-650
nm is excluded.

Applying the demand of stable trapping to the three wells leads to the stability
curves in Figs. 2.6(d)-2.6(f) for the traps. A stability curve is a plot of P;, versus
dgy. Points on and above a stability curve define stable trapping, while for points
below a curve an EV cannot be stably trapped. Figures 2.6(d) and 2.6(e) are for both
index models. Figure 2.6(f) is for the homogeneous index.

Figure 6(d) for U, /kT shows that P, at fixed dgy increases with increasing trap
size, the curves for the 10 and 15 um traps being close. This agrees with the decreas-
ing energy density of the most intense hot spot with increasing trap size in figure 2.3.
For small homogeneous EVs with dgy; < 150 nm the curves are straight lines of a slope
very close to —3. Thus, we approximately have P, « 1/dgy’, in agreement with Eq.
2.2 and therefore with a dominating gradient force. For core-shell EVs with dgy,<150
nm, we find P;, « 1/dgy>>°, while for each trap the core-shell curve lies below the
curve for the homogeneous EVs. These properties of the core-shell curves agree with
the stronger force acting on core-shell EVs than on homogeneous EVs. Beyond this
range, the curves of core-shell EVs asymptotically approach those of homogenous EVs.
For 450 nm the effect of the core can still be seen in figure 2.6 (d).

In figure 2.6 (e), for small dgy , the curves for the deepest local well of U, /kT show
similar behavior as in figure 2.6 (d). Different from figure 2.6 (d), however, and very
prominent are the strong and broad peaks at dgy ~ 420, 700 and 1000 nm. For these
diameters the oscillatory potential’s amplitude is close to zero due to the cancellation
effect. As a result, high powers are needed to create deep enough wells for stable
trapping.

In figure 2.6 (f) the main features are the residues of the peaks in figure 2.6
(e). The weakness of these features results from the dominance of the background
potential in its interplay with the oscillatory potential. Further comparison of figure 2.6
(F) with figure 2.6 (e) shows that for each trap the P.,;,—dgy curve for trapping in the
global well lies below the curve for trapping in the local well. Thus, when increasing
the power at fixed dgv, trapping is first is realized in a global well, followed by trapping
in a local well when the power hits the stability curve for local trapping. Finally, by
considering the various global potential wells in detail, it is seen that for the 5 um trap
the effect of the oscillations is smallest, as their amplitude is negligible at the classical
turning points. For the 10 and 15 um traps the features are stronger due to relatively
strong oscillations present at the barrier of the double-well potential. The curve of
the 5 um trap is below those of the other traps. This relates to energy densities in
figure 2.6.

In Figs. 2.6(d)-2.6(f) Py, covers the range from 1 mW at 1000 nm to 10 W at 50
nm (neglecting the peak values around 700 and 1000 nm). For Raman spectroscopy
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limited EV excursions in the trap are preferred, suggesting trapping in a local well
of U,/kT. 300 mW can be supported by the glued butt coupling of a fiber to the
waveguide facet at the chip edge and by the waveguide itself [32]. The maximum
coupling efficiency between fiber and waveguide is 89% [32] and the estimated loss
of the Y-junction used [9] to split the entrance waveguide into two waveguides routed
to the trapping region is —1.0 dB [32]. We thus arrive at a power of 210 mW available
for trapping, which is in the range for Raman spectroscopy on single EVs [10-12].
Figures 2.6 (d) and 2.6 (e) indicate that with the 5 um trap core-shell EVs of many
diameters outside the peaks, down to the smallest diameter of 115 nm, can be trapped
for P;,=210 mW. In 10 and 15 um traps this B,;, enables stable trapping of a core-
shell EV as small as 155 and 180 nm, respectively. With these smallest EVs that can be
trapped, the largest part of the EV size range is covered. We thus argue that the size
range that is adressed with our integrated photonics lab-on-a-chip device is clinically
relevant, also in view of the results in [33], where it is demonstrated that already big
EVs of a diameter of 1 um can be used to diagnose prostate cancer.

2.8. Conclusion and outlook

We have presented the capabilities of dual-waveguide traps based on box-shaped
composite SiO,-Siz; N4 waveguides for optical trapping of extracellular vesicles (EVs),
using FDTD simulations and optical force calculations. EVs are very tiny spherical, cell-
derived particles of diameter in the range 30-1000 nm and have a low index contrast
w.r.t. water and therefore are hard to trap. EVs attract strong attention as potential
markers for cancer.

Owing to both the small size and special structure of the waveguides, the counter-
propagating beams are narrow and weakly divergent, properties favorable for a tight
optical trap. For facet spacings of 5, 10 and 15 um the optical field between the facets
shows clear interference maxima or hot spots, leading to an oscillatory force acting
on an EV as a function of its position and thus to multiple trapping sites. For certain
EV sizes the forces exerted by several hot spots cancel and only a global longitudinal
force remains.

By calculating forces using Lumerical’s volumetric technique for EV diameters in
the range 50—1000 nm using two refractive index distributions, viz. homogeneous
and that of the realistic core-shell structure, we find that the shell, though only 5 nm
thick, contributes considerably to the force up to a diameter of 450 nm. By comparing
these forces with forces obtained using the gradient formula, we conclude that the
gradient force clearly dominates the total force up to 100 nm EV diameter. This results
from counter-propagation of the beams. Longitudinal trap stiffnesses derived from the
force curves are up to ten times higher than the lateral stiffness of a laser-beam trap,
a quality resulting from the interference.

The trapping potentials derived from the force curves lead to the so-called stability
curves (i.e., curves of the minimum optical power required for stable EV trapping as
a function of EV size). These curves indicate that EVs of a wide diameter range can
be stably trapped with the attainable trapping power of 210 mW, down to a smallest
size of 115 nm for the 5 um trap. This capability in combination with the power level
sufficient for Raman spectroscopy of the trapped EV, qualify this dual-waveguide trap
as a promising lab-on-a-chip device with clinical relevance. Finally, we note that the
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drag force acting on an EV in a trap under fluidic flow can be incorporated in our
procedure, leading to modified stability curves. Based on these, the smallest EV that
can be stably trapped in the flow situation can again be chosen by setting the optical
power, allowing all smaller EVs to be collected downstream. This defines the principle
of a size filter for EVs and can be generalized to other bio-particles, such as proteins,
cell fragments, and so forth.

As a short outlook, we mention that a multiple-waveguide geometry is a logical
extension of the geometry presented here. Multiple waveguides lead to stronger light
concentration and thus a stronger trap, since an interference pattern is created with
beams coming from many directions. We have a fabrication run underway for dual-,
quad-, and octo-waveguide traps tailored for experimental trapping and Raman studies
of EVs.
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Multi-waveguide devices for optical
trapping and Raman spectroscopy:
design, fabrication & performance
demonstration

We realize integrated photonics multi-waveguide devices for optical trapping
and Raman spectroscopy of particles in a fluid. Multiple beams directed to-
wards the device center lead to local field enhancement and thus diminish the
relative importance of the light concentration near the facets, a disadvantageous
property of dual-waveguide traps. Thus, a region of preferential trapping is de-
fined around the device center, where a single particle in a wide size range can
be trapped and studied spectroscopically, free from surfaces. We report design
(including simulations), fabrication and performance demonstration, using our
Si;N, waveguiding platform as the basis. The 1000 nm wide and 100 nm thick
ridge waveguides, optimized for trapping and Raman, emit narrow beams. Mul-
tiple waveguides arranged around the central microbath result from fanning out
of a single input waveguide using Y-splitters. A second waveguiding layer, with
200 nm thick waveguides and maximum width of 13.5 um, is implemented for
Raman detection. For reliable infilling of the device with sample fluid, microflu-
idic considerations lead to side channels of the microbath, to exploit capillary
forces. According to design, interference of the multiple beams produces an ar-
ray of hot spots around the bath center, each forming a local trap. This property
is clearly confirmed in the experiments and is registered in added movies. We
demonstrate the performance of a 2 waveguide and a 16 waveguide device, us-
ing 1 ym and 3 um polystyrene beads. Study of the confined Brownian motion
of trapped beads yields normalized trap stiffnesses for the in-plane directions.
The stiffness values for the 16 waveguide device are comparable to those of
tightly focused Gaussian beam traps and are confirmed by our own simula-
tions. The Raman spectra of the beads, in this work measured via an objective,
show clear peaks characteristic of polystyrene. For low wavenumbers the spec-
tra have a background, that is generated in the SizN, waveguides.

As published in: G.B. Loozen, A. Karuna, M.M. Fanood, E. Schreuder and J. Caro, “Integrated photonics
multi-waveguide devices for optical trapping and Raman spectroscopy: design, fabrication and performance
demonstration,” Beilstein Journal of nanotechnology 11(1), 829-842 (2020).
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3.1. Introduction

Photonic lab-on-a-chip (LOC) techniques strongly attract attention for the manipulation
and measurement of bio-particles such as bacteria and various types of biological cells
[1]. In this context LOC devices for optical trapping and Raman spectroscopy are very
promising. Such devices are on-chip versions of a laser-tweezers Raman spectroscopy
(LTRS) setup, a free space optics instrument. In LTRS, optical trapping and Raman
spectroscopy of a particle are carried out using a focused laser beam, enabling label-
free analysis of single cells in an aqueous suspension and away from surfaces [2].
For on-chip trapping and Raman spectroscopy, the dual-beam trap based on fibers
or integrated photonics waveguides is studied extensively [3—6]. This trap comprises
two excitation fibers or excitation waveguides, which emit counter-propagating beams
into a fluidic environment, often a fluidic channel for particle delivery. The beams
interfere and create a volume of highly concentrated light, suitable for optical trapping
and Raman spectroscopy.

In [3], for example, a dual-fiber trap is used to trap tumor cells and blood cells,
while Raman spectra are induced and collected by an external spectroscopy system.
This work is extended in [4], using fibers for both trapping of single polystyrene beads
and Raman excitation and collection for these beads. In our work [5], we use inte-
grated photonics Si;N, waveguides of a box shape and demonstrate for polystyrene
beads simultaneous optical trapping and Raman excitation using the same counter-
propagating beams. The important advantage of using integrated photonics waveg-
uides is in the high degree of control in fabrication, down to the nanometer-scale, and
in mass producibility. In [6] we present a detailed simulation study of the trapping
capabilities for extracellular vesicles (EVs) of the dual-waveguide trap we use in [5].
EVs are small cell derived particles (diameter ranging from 30 nm to 1000 nm) and
are important as potential biomarkers for cancer. In [6] we find, due to divergence of
the emitted beams, that larger facet separations (=10 um) lead to a strong global hot
region of the light field near the waveguide facets. These global hot regions define
preferential trapping sites, which may lead to adherence of the particle to the facets
and disturbance of its Raman spectrum due to particle-surface interaction, effects to
be avoided. Here, we solve the problem of a global hot region near the facets by re-
alizing multi-waveguide devices for trapping and Raman spectroscopy. Multiple Si;N,
waveguides launch multiple beams towards the center of the device, leading to field
enhancement in the central region and thus diminishing the relative importance of the
light concentration near the facets. In this way a region of preferential trapping is
realized around the device center, where a single particle of a size in a wide range
can be studied free from surfaces, while being trapped in the aqueous medium. In
figure 3.1 we present a schematic drawing of the device concept with multiple waveg-
uides. These are arranged around a cylindrical fluidic microbath that can be infilled
with a suspension of particles. The concept of light concentration in the device center
was first proposed and realized in [7], but in that case fibers were used.
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Figure 3.1: Schematic of the device concept with multiple waveguides, here with four waveguides. Beams
emitted from the waveguides (WG) into the microbath (MB) overlap in the central region, where interference
and field enhancement occur. The schematic defines the direction of the Cartesian coordinates x and y,
with the origin placed in the microbath center.

This chapter is organized as follows. In the section on design of the multi-waveguide
devices, we present the design of the excitation waveguides, the detection waveguides
and the microbath. For the waveguides, we arrive at specific choices from the Si;N,
waveguiding platform we have available. In the experimental section we present the
fabrication process of the devices, and describe the experimental setup and prepara-
tion of the sample for the performance demonstration of our devices. In the results
and discussion section we demonstrate the performance of the multi-waveguide de-
vices, both for trapping and Raman spectroscopy. In the demonstration we compare
a 2 waveguide device with a 16 waveguide device and use polystyrene beads as test
particles. Finally, we present the conclusions of our study.

3.2. Design of the multi-waveguide devices for trapping and Ra-
man spectroscopy

We carried out extensive design procedures for the multi-waveguide devices to arrive

at optimum designs for their functional parts. These functional parts are described in

the following (see figure 3.1).

1. The excitation waveguides and their circuitry
Here, we simulated the beam emitted by the waveguide as a function of the
waveguide width, designed the connecting circuitry of the excitation waveguides,
calculated the fiber-to-waveguide transmission, and finally, simulated the energy
density in the microbath resulting from the multiple beams.

2. The detection waveguides and their circuitry
In this case, the main design approach was to optimize the collection efficiency of
the detection waveguides, which is determined by the area of their input facets
and the distance to the microbath center.
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3. The microbath
The design of the microbath was guided by common microfluidic considerations,
also making sure that the microbath is compatible with the geometry of the
excitation waveguides.

3.2.1. The excitation waveguides, their circuitry and their ar-

rangement around the microbath

The light beams emitted by the multiple excitation waveguides should lead to a strong
light concentration in the central region of the microbath. This implies that the beams
should be narrow and have a low divergence. To realize this, we chose the singlestripe
waveguide of our TripleX waveguiding platform [9]. This is a rectangular Si;N, ridge
waveguide embedded in SiO, cladding. The TripleX platform offers high transparency
across the wide wavelength range of 405-2350 nm, which includes our laser wave-
length of 785 nm used for trapping and Raman spectroscopy. Single-stripe waveguides
require considerably fewer fabrication steps than the box-shaped TripleX waveguides
we used before [5, 6]. This is the reason for our choice, where we take into account
that the present devices, apart from the excitation waveguides, also have detection
waveguides located in a separate waveguiding layer.

Excitation waveguides

To determine the thickness of the excitation waveguides, we simulated the beam emit-
ted from the facet into water (the typical medium in our experiments) for various
waveguide thicknesses using the 3D finite-difference time-domain (FDTD) method with
Lumerical's FDTD solutions [10]. We choose a waveguide width w,,. of 1 um, which is
the minimum width for the contact lithography we use. We aim for single-mode oper-
ation of the waveguides at 785 nm for the transverse magnetic (TM) polarization. For
TM polarization, the electric field vector E of the waveguide mode is directed perpen-
dicular to the plane of the waveguide (the x-y plane, as indicated in figure 3.1). This
polarization is conserved in the emitted beam. For a multiwaveguide configuration as
shown in figure 3.1, the polarization of each beam then points in the same direction.
For equal optical path lengths from the waveguide facets to the microbath center and
for beams leaving the facets in phase, the light concentration in the center reaches the
maximum obtainable value for the TM polarization, as a result of optimum construc-
tive interference. For transverse electric (TE) polarization, for which the electric field
vector E of the beams is oriented in the x-y plane, the resulting light concentration is
lower.

In the simulations, the refractive index of silicon nitride, silicon oxide and water
is chosen as ng; N, = 2.00, ngjo, = 1.45, and ny,o = 1.33, respectively. To obtain
the characteristics of the emitted beams, we follow the simulation approach of our
previous work [6]. Figure 3.2 (a) shows the longitudinal profiles of the energy density
U of the electric field (per watt of power delivered to the waveguide mode) of the
beams emitted into water and for waveguide thicknesses ¢ = 50, 100 and 150 nm.
The x-axis is the axis of the waveguide. While for ¢ = 50 nm the profile is flattest
(and thus the least divergent), the profile for t = 100 nm has the highest energy
density in the x-range of 1.5-4.5 um. The latter property is advantageous for multiple
waveguides around a microbath with a radius of about 3 um (optimum for, say, 1
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um diameter particles and smaller), since the strongest field enhancement can be
realized using multiple beams for such a microbath size. A thickness of t = 100 nm is
also appropriate for larger microbaths (more suitable for particles larger than 1 um),
since larger particles require a lower concentration of light for trapping and Raman
spectroscopy. We thus choose t = 100 nm. For this thickness, only a single TM mode
can exist in the waveguide. In figure 3.2 (b) and figure 3.2 (c), we show the energy
density of the beam emitted by the 100 nm thick waveguide in the x-y and the x-z
plane, respectively. The highest density occurs close to the facet, followed by a decay,
which are features also seen in figure 3.2 (a). The beam in the x-z plane shows less
lateral spreading than in the x-y plane, indicating that the width of 1 um is not limiting
here in obtaining a narrow beam.
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Figure 3.2: (a) Longitudinal profiles of the energy density U along the beam axis for waveguide thicknesses
of 50, 100 and 150 nm, for 1 W of power delivered to the waveguide mode. The waveguide width is 1 um.
(b) and (c) show U of the beam emitted into water by the 100 nm thick waveguide in the x-z plane and
the x-y plane, respectively. Color bar calibrated for 1 W of power delivered to the waveguide mode. The
white vertical lines indicate the facet position, while the white horizontal lines indicate the waveguide. The
periodic pattern inside and outside the waveguide in (b) and (c) results from the interference of the forward
propagating mode and the mode partially backreflected at the nitride—water interface.

Connecting circuitry of the excitation waveguides

For introducing light into the multiple excitation waveguides, we have designed con-
necting circuitry comprising waveguides of the same dimensions as the excitation
waveguides. Starting from the chip edge, a single input waveguide (to which a fiber
can be coupled) fans out using 50/50 Y-splitters into multiple waveguides, which con-
nect to the excitation waveguides of the specific device design. This multi-waveguide
circuitry across the chip is designed with a script-based editor of Synopsys (OptoDe-
signer) for efficient waveguide routing, guided by the symmetry of the configuration
of the excitation waveguides. In this we impose a minimum waveguide-bend radius
of 300 um to avoid bend losses exceeding —0.01 dBcm™?1. The underlying relation of
bend loss versus bend radius was obtained from simulations. The estimated scatter-
ing loss at each Y-splitter is —0.5 dB. The intrinsic waveguide propagation loss for the
chosen width and thickness is —0.5 dBcm™?. For the waveguide lengths used, the in-
trinsic waveguide propagation loss is negligible compared to the losses just mentioned.
Figure 3.6 (d) below gives an impression of the connecting circuitry of a 16-waveguide
device.
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Fiber-to-waveguide coupling

To optimize the light coupling from a single-mode polarization maintaining fiber (a
Thorlabs PM780-HP fiber, mode-field diameter of 5.3 um) to the input waveguide at
the chip edge, we numerically calculate the fiber-to-waveguide power transmission
as a function of waveguide width and thickness. For this we use the overlap-integral
expression for the electric fields of the fiber mode and the waveguide mode. The
results are plotted in figure 3.3. For wey. = 1 um, a thickness t between 35 and 40 nm
yields optimum transmission of —0.5 dB or 89 %. We further calculate the tolerance of
the transmission against fabrication variability of the waveguide width and thickness,
using thickness and width variations of £5 nm and £200 nm, respectively. This leads
to the choice t = 35 nm at the chip edge. To obtain a thickness of 35 nm for the input
waveguide at the chip edge, the waveguide is tapered down towards the chip edge
(see subsection on fabrication below).

T (dB)

—o—1=30 nm
—e—1=35nm
—o—f{=40 nmJ

t=45nm
——1t=50 nm

1.2 1.4 1.6 1.8 2.0
W, (um)

Figure 3.3: Fiber-to-chip transmission T as a function of the waveguide width w.,. for various thicknesses
t. The vertical line indicates the chosen waveguide width.

Energy density in the microbath

We have designed various multi-waveguide devices with excitation waveguides of the
type chosen above, with the number of waveguides varying between 2 and 32. In
this work, we focus on experiments with a 2-waveguide and a 16-waveguide device.
The 2-waveguide device has a linear, 15 um wide fluidic channel with a rectangular
cross section between the waveguides, while the 16-waveguide device has a cylindrical
fluidic microbath with a diameter of 15 um. Using Lumerical’s FDTD solutions, we
obtain the energy density U in the central part of these devices, assuming the beams
are emitted in phase. The results are presented in figure 3.4. The 2-waveguide device
(figure 3.4 (a)) shows a characteristic periodic pattern for U, with high values near the
facets (global hot region). This pattern results from the interference of the emitted
counter-propagating beams. The distance between the interference maxima is 785
nm/(2ny,0) = 295 nm. Each interference maximum (local hot spot) is clearly narrower
in the x-direction than in the y-direction. Particles can be trapped at the local hot spots.
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The global hot regions are preferential trapping regions. These may pose a problem
for larger particles in view of possible adherence to the facet. For the 16-waveguide
device, the interference pattern is completely different, as shown in figure 3.4 (b). In
this case there is a global hot region in the center of the microbath, resulting from the
interference of the 16 beams, as intended. This is the preferential trapping region of
this device. The structure of the global hot region is magnified in the inset of figure 3.4
(b), showing that the hottest spot has two strong side lobes. Further outwards the
lobes become increasingly weaker. The individual local hot spots at and near the center
serve as local traps for small particles (<295 nm, the typical distance between maxima
of U), while larger particles are trapped as a result of the forces exerted by the multiple
hot spots.
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Figure 3.4: Energy density of the electric field in the multi-waveguide devices used in experimental demon-
strations in this work. (a) 2-waveguide device with a 15 um wide fluidic channel. (b) 16-waveguide device
with a 15 um diameter microbath and 5 um wide side channels. The waveguides and the walls of the
fluidic structures are indicated by white lines. For (a) and (b) the color scale indicating the energy density
is the same.

We note that real devices do not have in-phase beams due to unequal path lengths
and phase errors accumulated by the guided modes. For the 2-waveguide device, this
only gives a maximum shift of the interference pattern over a distance of half the
period. For the 16-waveguide device, however, 16 random phases of arriving beams
lead to a modified and weaker interference pattern with a random structure. This
pattern of local hot spots will nevertheless lead to trapping effects similar to those for
the ideal pattern resulting from in-phase beams.

3.2.2. Detection waveguides and their circuitry

The Si;N, detection waveguides are located in a separate wave- guiding layer and
serve to collect light scattered by the trapped particle, whether it is Raman scattered
light or light of another origin. In the design, we optimize the efficiency of the waveg-
uides to collect scattered light. The input facets of the waveguides are located at the
circumference of the microbath, so as to realize maximum coverage of the circum-
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ference with multiple waveguides. We arrive at a maximum waveguide width wy.; of
13.5 um, the actual width varying among the devices. For the different microbaths,
the number of waveguides varies between two and ten. For the waveguide thickness
we choose the maximum value of 200 nm, which is determined by the maximum tol-
erable film stress for the deposition process of Si;N,. The 200 nm thick waveguides
are multimode.

Using a minimum bend radius of 300 um for low bend loss and minimizing overlap
with the excitation waveguides for low cross talk, the waveguides are routed towards
a chip edge, where these are merged into a single waveguide with a width of 500 um.
The latter waveguide is tapered down to 105 um towards the chip edge for optimum
coupling to a multimode fiber (a Thorlabs FG105UCA fiber, core diameter 105 um).
The fiber output can be coupled to a spectrometer.

In this work, we concentrate on optical trapping and Raman excitation using the
excitation waveguides, while the Raman signals are collected with an objective (see
the Experimental section). Actual use of the detection waveguides is left for future
work. Their design is reported here for completeness.

3.2.3. The microbath

The microbath is a cylindrical volume (compare figure 3.4 (b)) to be filled with sample
fluid. Among the devices, the diameter of the cylinder is in the range of 5-60 um. For
the 2-waveguide device, the microbath is shaped as a linear channel with a rectangular
cross section (figure 3.4 (a)). For the microbath we face two issues, namely the
entrapment of air bubbles during filling and the quick evaporation of the small volume
of sample fluid before use. The first issue is overcome by adding two side channels
to the microbath, enabling filling from the end of one of these. For this purpose, one
channel is designed wider near its end, using a funnel shape (see figure 3.6 (a) below).
The wide side of the funnel measures 250 um across, a size that is suitable for the thin
needle of a syringe. When a droplet is applied to the funnel, capillary forces induce
rapid progress of the fluid/air interface towards the microbath. The pinning of the
fluid/air interface at sharp edges [11] between the side channel and the microbath
is avoided by designing smoothly curved walls at the transition. Thus, the microbath
can be reliably filled completely, followed by filling of the other side arm. The filling
process can be monitored with a microscope. The second issue is solved by building
a macrobath on top of the microbath using an image spacer to enable a significant
increase of the volume of sample fluid. See subsection on fabrication below.

3.3. Experimental

3.3.1. Fabrication of the multi-waveguide devices
The devices were fabricated based on the designs and the simulations described in
the preceding section. In figure 3.5, we show the main fabrication steps, which are
performed on a batch of 100 mm silicon wafers. The overall design comprises 30 chips
of size 11 mm x 11 mm. 28 chips each have a single trapping/ Raman device, with up
to 32 excitation and up to 10 detection waveguides. The remaining chips have control
structures.

The first fabrication step is the wet thermal oxidation of Si at 1150°C to obtain an
8 um thick layer of SiO, (figure 3.5 (a)). This layer serves as the bottom cladding for
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the excitation waveguides. Its thickness is chosen such that the 785 nm light within
the excitation waveguides is completely decoupled from the silicon substrate.

Then, a 100 nm thick layer of Si;N, is deposited using low pressure chemical vapor
deposition (LPCVD, figure 3.5 (b)). This layer is patterned using optical lithography and
reactive ion etching (RIE) in a fluorine-based plasma, which is followed by resist strip-
ping (figure 3.5 (¢)). The resulting 1 um wide excitation waveguides and the related
circuitry have low propagation loss (= —0.5 dBcm™? for the straight sections). One
waveguide (the input waveguide) starts at the chip edge and is split into N waveguides
using (N — 1) 50/50 Y-splitters. The N waveguides are routed to point radially towards
the position that becomes the device center, similar to the example in figure 3.4 (b).
For multiple waveguides (N > 2), the overall waveguide circuitry resembles a flower
as can be seen in figure 3.6 (d) below.

In this stage, the input waveguide is adiabatically tapered down along a length of
1000 um to a thickness of 35 nm at the chip edge for optimum fiber-to-waveguide
coupling using a special tapering procedure. This step is illustrated in figure 3.5d.
Here, the solid part of the waveguide is 35 nm thick, while the dashed part indicates
its regular 100 nm thickness away from the edge.

In the next step, a 3 um thick layer of SiO, is deposited using LPCVD (figure 3.5
(e). This layer acts as an upper cladding of the excitation waveguides and separates
these from the waveguiding layer that follows. For simplicity, we do not show the
surface topography resulting after LPCVD due to waveguides already present.

Subsequently, 200 nm of Si;N, is deposited using the same LPCVD process as for
the excitation waveguides (figure 3.5 (f)). Using lithography, RIE and resist stripping,
we produce multiple detection waveguides in this layer fanning out from the central
device region (figure 3.5 (g)). The detection waveguides are routed away from the
center as a waveguide array and at the chip edge are merged into a multimode waveg-
uide suitable for coupling to a multimode fiber. A thickness of 200 nm is appropriate
for the Si;N, layer, since it is just below the critical thickness that results in layer
cracking due to stress after deposition.

Then, a 3 um thick layer of SiO, is deposited by LPCVD, which acts as the top
cladding for the detection waveguides and as a protection layer (figure 3.5 (h)). The
final in-line step is the etching of the cylindrical microbath centered at each chip (com-
pare figure 3.4b) using deep reactive ion etching (DRIE). This is a critical step, since
the etch goes 14.3 um deep down to the substrate, through all the device layers,
including the waveguide circuitry at two levels. The etch is highly anisotropic and pro-
duces smooth walls of the microbath and thus smooth waveguide facets. For this step,
we use a double layer resist (hard mask/photoresist) for good dimensional control and
high etch resistance. For most devices, to facilitate filling, the microbath has side
channels (see subsection on the microbath), which are etched simultaneously with
the microbath. After dicing of the wafer, a millimeter-scale macrobath is created on
each chip by placing a 100 um thick imaging spacer (Biolink Relink 1300) with a 4.0
mm hole. The adhesion strength of the top and bottom surface of the image spacer
are different. The weaker adhesive is affixed to the chip to enable its residue-free
removal, facilitating device reusability. The stronger adhesive is used to seal the mac-
robath, which serves as supply volume for the microbath. The sample fluid is then
introduced such that after filling a convex meniscus bulges out above the macrobath.
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Finally, the sample volume is sealed with a 150 um thick coverslip by pushing it onto
the sticky imaging spacer, thus reaching the stage shown in figure 3.5 (i). Owing to
the meniscus, fluid evaporation is not fast enough to cause air inclusion under the
coverslip during sealing.

8 um SiO, [ 200 nm Si;N,
@ 500 pum Si wafer ®
wet thermal oxidation of Si
e |00 nm Si3N4 LPCVD of Si3N4
(b) () e detection
L waveguide

LPCVD of Si;N,

excitation waveguide

(©) lithography and dry etching
lithography and dry etching (h) | | 3 pm Si0,
| e—
e : tapered waveguide
() at chip edge
LPCVD of SiO,
tapering down waveguide to 35 nm 150 pm coverslip
mm 100 um image spacer
. (1) ————— pu-bath
| co— 3 um SiO, e
(e
LPCVD of SiO, DRIE of microbath,

placing of image spacer and coverslip

Figure 3.5: Main steps of the fabrication process of the multi-waveguide trapping and Raman devices based
on SizN, waveguides. Under each cross section the step is mentioned. The cross section of step d) is at
the chip edge, where the waveguide reaches a thickness of 35 nm as a result of the tapering down. For
reference, the original waveguide thickness of 100 nm is indicated in d) as well (dashed part). In step i),
the side channels of the microbath, etched using the same deep reactive ion etching (DRIE) procedure,
have been omitted. The thickness of the various layers does not reflect the real situation. The surface
topography resulting from the conformal deposition on the etched structures has been omitted in the cross
sections.

Infigure 3.6, we give an impression of the final fabrication result for a 16-waveguide
device. The device overview is presented in figure 3.6 (a), where the microbath, the
side channels, the funnel and the four detection waveguides can be seen. Figure 3.6
(b) shows the magnified area indicated by dashed lines in figure 3.6 (a). Here, the 16
narrow excitation waveguides are also clearly discernible. The four detection waveg-
uides occupy a maximum space along the sides of the microbath for optimum collection
efficiency. The scanning electron microscope (SEM) image in figure 3.6 (c) shows the
topography of the microbath and the side channels. The DRIE process of these struc-
tures is seen to be highly anisotropic, while giving smooth sidewalls. The facets of the
excitation and detection waveguides are part of the cylindrical walls of the microbath
and cannot be seen here. The surface adjacent to the microbath and the side chan-
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nels is slightly angled. This feature occurs, because this device is made from a dummy
wafer, for which we only used photoresist as the masking layer during the DRIE pro-
cess. The actual devices used for the experiments do not have this feature, since in
their fabrication, we applied the double layer resist described above. Figure 3.6 (d)
is @a camera image of the 16-waveguide device actuated by 785 nm laser light. As a
result of light scattering, both the excitation and the detection waveguides light up. A
further indication of the operation of the detection waveguide is the bright spot at the
chip edge indicated with the number 5.

L ——

500 um . 100 um

Figure 3.6: (@) Optical microscope image of a device with 16 excitation and 4 detection waveguides. (b)
Magnification of the marked area in (a), clearly showing the 16 excitation waveguides and the 4 detection
waveguides. (c) Scanning electron microscope image of the device, showing the 15 pm diameter central
microbath with the 5 pm wide side channels. (d) Camera image of the 16-waveguide device actuated with
light from the input fiber, which is embedded in a fiber array unit (FAU). The various structures light up as
a result of light scattering, giving bright saturation of the camera. The red square indicates the chip edges.
1: FAU. The large saturation region results from scattering loss at the input waveguide. 2: Excitation-
waveguide circuitry. 3: Microbath with the central trapping region. 4: Detection-waveguide circuitry. 5:
Bright spot resulting from scattering of 785 nm light, coupled out from the multimode waveguide connected
to the detection waveguides. The detection waveguides collect this light from the microbath at their facets,
as a result of direct illumination and scattering.

3.3.2. Experimental setup and sample preparation

The experimental setup is based on a Sacher 785 nm laser (Sacher TEC-420). From
the primary laser beam, two beams are formed using a 50/50 beam splitter. Each
beam is coupled into a single-mode polarisation maintaining fiber. The first of these
fibers is butt-coupled to the input waveguide of the chip using a fiber array unit (FAU)
glued to its end. The chip is mounted on a sample holder. The FAU is aligned us-
ing manual translation stages for coarse alignment and piezoelectric stages for fine
alignment. The polarization of the light coupled out by the fiber is perpendicular to
the plane of the chip. We optimize the fiber-to-waveguide coupling by maximizing



3. Multi-waveguide devices for optical trapping and Raman spectroscopy:
44 design, fabrication & performance demonstration

the lighting up of the waveguide circuitry. This lighting up results from scattering of
the propagating waveguide modes and can be monitored using an air objective and a
camera mountable above the chip.

The light coupled out by the second fiber is collimated to a free space beam and ex-
panded to properly overfill the objective (Olympus water immersion objective, 60x/1.2
NA) of a home- built LTRS setup. This objective can be placed just above the cover-
slip on the chip. Using the tweezers functionality of the LTRS, a particle (we use
polystyrene beads; see below) can be grabbed from the fluidic volume, transported
and then be handed over to a multi-waveguide trap. This transport is actually carried
out by translating the main stage, on which the assembly with the sample holder and
the small stages are mounted, while the LTRS-trapped particle remains in position.
This procedure is very effective in supplying a multi-wave- guide trap with a particle.
The Raman branch of the LTRS is used for measuring the Raman spectrum of the
particle trapped by a multi-waveguide trap. The Raman spectrum is generated by the
same on-chip beams that induce the trapping of the bead. Using shutters, we can
quickly switch between the tweezers functionality and the chip functionality.

The particles we use for trapping and Raman spectroscopy are polystyrene beads
(Nanosphere, ThermoFisher) with diameters of 1 and 3 um. We prepare bead sus-
pensions with a concentration of about 10 mL~1. The suspensions are sonicated to
obtain a homogeneous bead distribution. The chip is then filled with the sample fluid,
as described above in relation to figure 3.5 (i), and is then closed with a coverslip.

3.4. Results and Discussion
3.4.1. Optical trapping with a 2-waveguide trap

and a 16-waveguide trap

After transporting a bead with the LTRS to a position near the center of a multi-
waveguide device, we release the bead and simultaneously actuate the multi-waveguide
device. The bead then almost immediately snaps into a near trapping site in the mi-
crobath. When the power offered by the fiber, B, to the chip’s input waveguide is
high enough, the bead can remain stably trapped in the local trap for tens of minutes.
For a 3 um bead in the 16-waveguide device, this snapping into a local trap is demon-
strated in the video of Supporting Information File 1 of [12]. In both the 2-waveguide
and 16-waveguide device, there are multiple local traps where a bead can be stably
trapped, as demonstrated for a 3 um bead in the 2-waveguide device in Supporting
Information File 2 of [12]. Even more, multiple beads can be stably trapped simultane-
ously in different local traps, as demonstrated for two 1 um beads in the 16-waveguide
device in Supporting Information File 3 of [12]. We observe trapping events of a 1
um bead in the 2-waveguide device for Py, = 8 mW, while in the 16-waveguide de-
vice, we already observe trapping for B;, = 1 mW. For such low powers the bead can
hop between local traps. This hopping is visible by eye in the camera image and can
be seen for a 3 um bead in the 2-waveguide device in Supporting Information File 4
of [12]. With increasing P;, the local traps becomes stronger, resulting in stronger
confinement of the Brownian motion of a bead in the local trapping potential.

For the quantitative characterization of the 2- and 16-waveguide traps, we study
the confined Brownian motion of single trapped beads by recording videos, using a
high-speed CMOS camera (AV Mako U029, pixel size 4.8 um) and by tracking the bead
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position as a function of the time in these videos. Each video typically contains about
9000 frames, taken at a frame rate of 541 fps and an exposure time of 1 ms. The
videos are recorded for ten values of P5,,. We track the bead positions using a template
matching algorithm [13]. Briefly, we calculate the 2D cross-correlation between an
example image of only the bead (taken from one of the frames) and each frame of
the video. The maximum in the respective correlation maps indicates the position of
the bead. We find the position of the maxima with a resolution of a few nanometers
by fitting a 2D parabola to the correlation maps in a limited range near the maximum.

In figure 3.7, examples of 2D histograms of the position of a 1 yum bead obtained
from template matching are presented for the 2-waveguide trap (upper row) and the
16-waveguide trap (lower row) and for various values of P;,. The left side of the figure
shows microscope images of the central part of each device, with the region indicated
where the position tracking has been performed. For both traps, the bead is delivered
by the laser tweezers close to the central trapping site of the chip.
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Figure 3.7: (a) and (f) are optical microscope images of the 2-waveguide and 16-waveguide trap, respec-
tively, with a trapped 1 um polystyrene bead in the center. Further images in the upper (lower) row are
histograms of the position of the 1 um bead in the 2 (16)-waveguide trap, for increasing values of Pg,.

For the 2-waveguide trap and B;, = 11 mW, the histogram closely resembles part
of the interference pattern of figure 3.4 (a). Thus, the bead is not localized in a
single local trap, but hops by thermal stimulation between adjacent local traps. With
increasing optical power, the motion of the bead becomes confined to the central local
trap, while the excursions from its center become smaller, as seen in figure 3.7 (c-
e). This indicates that the trap becomes stronger. The excursions in the y-direction
exceed those in the x-direction. This corresponds with the shape of the hot spots of the
energy density in the 2-waveguide trap shown in figure 3.4 (a). For the 16-waveguide
trap, the histograms indicate stable trapping in the central local trap. Again, the bead
excursions decrease with increasing power. Also in this case, the bead excursions in
the y-direction exceed those in the x-direction, but the difference is smaller than for
the 2-waveguide trap, in agreement with the shape of the central hotspot shown in
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figure 3.4 (b).

Assuming that the traps are harmonic and using the equipartition theorem [13],
we may write kgT = ky(y)0axay)®. Here k() is the trap stiffness for the in-plane
directions, gax(ay) is the standard deviation of the Gaussian curve describing the 1D
histogram reflecting the bead position for these directions, kg is the Boltzmann con-
stant and T = 293 K is the temperature. Generally, the proportionalities k() x Prap
and gpy(ay)? « Pt;alp are found to hold (P, is the power offered to the trap by the
waveguides), in agreement with the above relation. By fitting 2D Gaussian functions
to the 2D histograms, we obtain o, (ayy and, thus, k., as a function of Py,. In this
procedure it is not needed to take into account the small correction of g,,(s,) due to
motion blurring [14], in view of the short integration time of the camera compared to
the trap relaxation time.

To obtain plots of k() as a function of A.,,, we need to convert Py, to Pyap.
For the conversion we use the following approach, taking into account that the 2-
waveguide trap has one splitter and the 16-waveguide trap has 15 splitters, arranged
in four stages. For the same By, offered to the input waveguide, the expected fiber-to-
waveguide loss of —0.5 dB and the loss at each Y-splitter of —0.5 dB (see subsection
on fabrication) lead to an estimated ratio of the power offered to the 16-waveguide
and the 2-waveguide trap of Piap 16/Pirap2 ® 0.7. From measurements of the power
coupled out vertically from the microbath of either trap due to light scattering in the
absence of beads, a power expected to be proportional to P, we obtain about 0.4 for
this ratio. With some bias, we attribute the factor of about 0.6 between the estimated
and the measured ratio to the suboptimal fiber-to-chip coupling and other additional
losses for the 16-waveguide trap. Thus, we know all transmission factors needed for
the conversion of Py, tO Prap2 and Prap 16 @nd can obtain the plots of k) versus
Pirap, @S shown in figure 3.8.
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Figure 3.8: Trap stiffnesses ky,, as a function of the power Py, represented by empty circles (triangles)

and solid (dashed) lines, for the 2-waveguide (black) and 16-waveguide (red) traps, for trapped polystyrene
beads of 1 and 3 um diameter. The lines are linear fits to the data points.

We have limited the number of data points to those P, values for which the bead is
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stably trapped in the central local trap of the 2-waveguide trap, i.e., for which hopping
between local traps does not occur. Further, in the plots, the maximum value of By, 16
is lower than the maximum value of P, , as a result of the different conversion factors
between Py, and P, Of the traps. The plots also show linear fits to the data points.
On average, the fits describe the data points rather well, although for the 2-waveguide
trap, the scatter of the data points k. (P.p) is stronger than for the other data points.
The finding of linearity agrees with the proportionality k) « Prap.

The slope of the fits in figure 3.8 yields the normalized experimental trap stiffness
Ky(yyexpn (Unit: pNnm~'W~1), a quantity suitable for comparison. The resulting
values of ky(y)expn are compiled in Table 3.1, along with the values of ky(y)simn
obtained from the force—distance relations derived from the FDTD simulations of the
type we report in [6].

Table 3.1: Normalized experimental and simulated values of the trap stiffness, ky(y)expn aNd Kx(y),simns
respectively, for the 2-waveguide and 16-waveguide trap and for trapped 1 and 3 um polystyrene beads.
Al stiffness values are expressed in units of pNnm~™1W~1,

Number of | Bead diameter | kyexpn | Kxsimn | Kyexpn | Kysimn
waveguides (um)
1 0.72 0.50 0.034 | 0.024
2 3 1.86 1.65 0.25 0.58
1 0.92 1.79 0.31 0.17
16 3 2.11 2.31 1.01 1.32

The experimental stiffness values in Table 3.1 confirm that the 2-waveguide trap is
stiffer in the x-direction than in the y-direction. The same holds for the 16-waveguide
trap, but the effect is smaller, as already observed visually from the histograms in
figure 3.7. Moreover, the experimental stiffness values of the 16-waveguide trap sys-
tematically exceed the corresponding values of the 2-waveguide trap, convincingly
confirming stronger light concentration in the former case as result of the interference
of the 16 beams. The stiffness values for the 3 um bead exceed the corresponding
ones of the 1 um bead, since a larger volume is subject to the energy density of the
optical field, leading to a higher force.

In more detail, defining k() expn
the 16(2)-waveguide trap, it follows from Table 3.1 that the ratios kyexpn ' /kxexpn

and ky,eXp,n16/ky_exp,n2 for the 3 um bead are smaller than these ratios for the 1 ym
bead. This difference of the ratios results from the different character of the energy-
density distributions of the 2- and 16-waveguide trap probed by the beads trapped in
the center of these traps. The energy-density distributions are characterized by hot
stripes (2-waveguide trap) and hot spots and hot partial rings (16-waveguide trap),
all typically 295 nm apart (see figure 3.4). Going from 1 um to the 3 um bead size
in the 2-waveguide trap, the bead probes more hot stripes of equal intensity (see fig-
ure 3.4). For the 16-waveguide trap, on the contrary, the bead-size increase leads to
probing of more hot partial rings of lower intensity than that of the three central hot
spots (see figure 3.4). This results in a smaller increase of the optical force than for
the 2-waveguide trap. The simulated stiffness values are close to the experimental

as the normalized experimental stiffness of
2
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ones, with the average of the ratio ky(y)expn/kx(y)simn D€INg 1.05, while the mini-
mum and the maximum of this ratio are 0.43 and 1.82, respectively. We consider
this to be in good agreement. Upon bead-size increase, the ratios ky simn ' /Kx.simn_
and ky,sim,n16/ky‘sim,n2 show similar behavior as the above experimental counterparts,
emphasizing agreement of the experimental and simulated results.

The above results for polystyrene beads are promising for extending the experi-
ments to biological particles, which have a lower refractive index contrast with respect
to water than polystyrene and are thus harder to trap. Trapping of polystyrene beads
already starts for powers of several milliwatts. Thus, we have quite some power left
for making the transition to stable trapping of, for example, bacteria, human cells or
extracellular vesicles. The 16-waveguide device is the better choice in this respect,
since Table 3.1 indicates that it clearly has a higher trap stiffness. Finally, the stiffness
values of the 16-waveguide device are similar to those of tightly focused Gaussian
beam traps, which are also used for trapping of polystyrene beads. See for example
[15]. Since such Gaussian beam traps have also been used for trapping of a wide range
of biological particles [2], this is a further indication that the 16-waveguide device can
be used for this purpose as well.

3.4.2. Raman spectroscopy with the 2-waveguide trap and the
16-waveguide trap

We recorded Raman spectra of trapped polystyrene beads, induced by the beams from

the waveguides and collected from the top by the objective of the LTRS. Examples of

smoothed Raman spectra (three point moving average) of single 1 and 3 um beads

for the two traps are shown in figure 3.9.
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Figure 3.9: Raman spectra obtained with the 2-waveguide (black line) and the 16-waveguide (red line) trap
for polystyrene beads with diameters of 1 and 3 um. For the spectra obtained with the 16-waveguide trap,
vertical offsets were applied as indicated in the legend. Each spectrum has its own horizontal axis drawn
as a dashed black line. Identified characteristic Raman peaks of polystyrene are denoted by arrows. In (a)
the inset is a magnification of a part of the main plot.

To enable a direct comparison of the peak heights, the spectra are normalized to the
integration time of 60 s and to P4, and P,y 16 Obtained from Py, = 157 mW. For the
conversion of Py, to Prap 2, We had to use a different factor than discussed previously,
since in preparing for these Raman experiments, we deduced Pqp,16/Pirap2 = 1 from
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the powers coupled out vertically. We attribute the different conversion factor to a
lower fiber-to-chip coupling for the 2-waveguide trap.

For either trap, the spectra for both bead sizes show distinct polystyrene Raman
peaks [16] (in the figure indicated by arrows), although the spectra for the 3 um
bead are clearly richer. The Raman signals from the 16-waveguide trap are stronger
than from the 2-waveguide trap, for both bead sizes. For example, the 1001 cm™!
peak for the 16-waveguide trap for the 1 and 3 um bead has 76% and 22% more
counts, respectively, than for the 2-waveguide trap. The higher percentage for the
1 um bead than for the 3 um bead also here results from the different character of
the energy-density distributions probed by these beads in the center of the 2- and
16-waveguide trap, as discussed above in relation to the ratio of trap stiffness for the
2- and 16-waveguide trap.

For low wavenumbers, up to about 900 cm—1, the spectra show a strong back-
ground with peaks at 450, 590 and 800 cm—1. We find that the background also
occurs for the empty trap, but then it is much weaker. This indicates that its strength
results from scattering of light at the trapped particle towards the objective. Thus,
the light leaving the waveguides is the source of the background, implying that the
background is generated in the waveguide circuitry. The background is much higher
for the 1 um bead than for the 3 um bead. We explain this in relation to the Raman
collection volume, which has an in-plane diameter of 1 um, as determined by the 40
um diameter confocal pinhole. For the 3 um bead, the Raman collection volume is
mainly inside the bead. Therefore, most of the light scattered at the bead surface
is not collected by the objective. For the 1 um bead, the Raman collection volume
includes the bead surface, thus leading to a higher contribution to the background. In
our future work, we will develop a background-subtraction procedure to recover the
Raman signals that are obscured now by the background. We note that background
signals of various shapes generated in Si;N4 waveguides are also observed by other
groups in waveguide Raman spectroscopy [17, 18].

3.5. Conclusion

We have presented the design, fabrication and performance demonstration of multi-
waveguide devices for on-chip optical trapping and Raman spectroscopy of particles in
a fluidic environment. The new concept we implement in these integrated photonics
devices is that launching of multiple beams (>2) from various directions towards the
center of the microbath leads to a strong field enhancement in the center and con-
siderably counteracts the unwanted effect of light concentration near the waveguide
facets. Thus, a region of preferential trapping is realized around the device center,
where several hot spots resulting from interference act as traps for particles in the
suspension. Guided by FDTD simulations, we arrive at the proper nanometer-scale
thickness for the Siz; N, excitation waveguides to serve for trapping and Raman gener-
ation. FDTD simulations also lead to optimum arrangements of the waveguides around
the microbath. Important realized features of these waveguides are optimum thick-
ness for obtaining narrow and weakly diverging beams, small propagation losses, and
optimum fiber-to-waveguide coupling for introducing light into the device by tapering
down the thickness of the input waveguide near the chip edge. Microfluidic consider-
ations lead to the design of a microbath with side channels for filling with a sample
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suspension, a process aided by capillary forces.

Experiments with two example devices, with 2 and 16 excitation waveguides, show
clear trapping events for polystyrene beads of 1 and 3 um diameter and confirm the
existence of a configuration of hot spots for preferential trapping near the center of
the 15 um diameter microbath of the 16-waveguide device. Further features are
hopping of the bead between adjacent local traps at low optical power and confined
Brownian motion at higher power. A detailed study of the confined Brownian motion by
tracking the position of the trapped beads in time yields the normalized trap stiffness.
In particular, for the 16-waveguide device, the stiffness value is comparable to the
values known for tightly focused Gaussian beam traps, which have been used already
for trapping of biological microparticles. The experimental values of the normalized
stiffness of the 16-waveguide trap are clearly higher than for the 2-waveguide trap.

Raman spectra of the trapped beads, induced by the multiple beams also used
for trapping, show clear Raman peaks of polystyrene in spite of a pronounced back-
ground present in the low wavenumber range. We argue that the background is
already present in the beams emitted by the waveguides and is thus generated in the
waveguide material. The different strength of the background found for the two bead
sizes suggests that the strength of the measured background results from the interplay
of the particle size and the degree of confocal filtering.

The successful optical trapping of polystyrene microparticles and the Raman spec-
tra are promising results, opening up possibilities for on-chip trapping and Raman
spectroscopy of biological particles such as bacteria. Making this transition can be
challenging, due to the lower refractive index contrast of biological particles with re-
spect to water (thus making these particles harder to trap) and the lower concentration
of molecules contributing to Raman peaks.
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Trapping study of Bacillis subtillis
spores in a 16 waveguide optical trap

On-chip optical trapping using a dual-waveguide trap has so far been limited
to synthetic particles and biological particles, typically larger than 1 ym. For
waveguide traps employing more than two waveguides trapping has been demon-
strated for synthetic particles only. Here, we take the next step and employ our
multi-waveguide trap with 16 waveguides for realizing and characterizing op-
tical trapping of 1 um sized Bacillis subtillis spores. To our knowledge this
is the first time optical trapping of biological particles has been demonstrated
and extensively studied in a micro-fabricated device employing more than two
waveguides. The quality of the optical trap was studied using data from 11
spores at 6 optical powers of light injected into the trap with 30 mW as lowest
power values. The confined Brownian motion of the spores at each power value
was recorded and analyzed using a particle tracking algorithm based on tem-
plate matching. The spore-to-spore variations in the extracted experimental trap
stiffness values were subsequently correlated to the spore size, and compared
to simulated trap stiffness values derived from Finite Difference Time Domain
(FDTD) simulations of a core-shell sphere model for the spore refractive index
distribution. The influence of random phase deviations between the beams ex-
iting the waveguides was analyzed as well with this simulation approach. The
agreement between the measured and simulated trap stiffnesses serve as a ver-
ification and validation of the simulation model and point to a generic method
for designing multi-waveguide optical traps. Finally, the results from this study
show promise for the application of multi-waveguide designs for on-chip optical
trapping of biological particles as small as extracellular vesicles.
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4.1. Introduction

Integrated photonics based lab-on-a-chip (LOC) techniques attract attention for the de-
velopment of potent but still easy-to-use and cost-effective diagnostic tools for health-
care applications[1][2]. One such application is the manipulation and characterisation
of single biological particles identified as potential biomarkers for disease diagnosis,
such as extracellular vesicles (EVs) [3]. LOC based optical trapping devices offer novel
diagnostic potential by incorporating the strength and control of optical trapping for
EV manipulation[4] into a chip building block which can be combined with microflu-
idic channels for transport and combined with other analytical optical techniques, e.g.
Raman spectroscopy, for on-chip EV characterisation.

In previous chapters we have presented the development of our multi-waveguide
on-chip optical trap comprising multiple micro-fabricated SiN waveguides which emit
coherent counter-propagating beams towards the center of a microfluidic bath. Through
constructive interference these result in a highly confined region of optical fields for
strong optical trapping. In the first chapter, we developed an extensive simulation
model to determine the feasibility and extent of on-chip optical trapping of EVs within
a dual-waveguide trap. In the second chapter we demonstrated optical trapping with
a micro-fabricated multi-waveguide comprising 16 waveguides which proved to be a
stronger optical trap than the dual-waveguide trap. In addition we have demonstrated
the feasibility of combined on-chip optical trapping and detectable Raman signal gen-
eration within our on-chip traps with polystyrene beads as small as 1 um.

In this chapter we take one step forward and demonstrate for the first time on-chip
optical trapping of biological particles as small as 1 um with our multi-waveguide trap.
In this demonstration we employ the 16 waveguide optical trap used in chapter 3 to
trap 11 B. subtillis bacterial spores with 6 different optical powers. We subsequently
followed and recorded their confined Brownian motion in the image plane to then
extract experimental trap stiffness values in both the x-direction and y-direction. In
addition, we carry-out FDTD simulations to numerically study optical trapping of the
spores using a core-shell refractive index structure to model the spores. We simulate
the fields and forces to then extract simulated trap stiffness values in the x-direction
and y-direction. In particular, we carry-out a simulation study on the effect of phase
errors, accumulated during mode propagation within the waveguide, on optical trap
quality. We generate 180 random optical fields within the trap for each of 31 Gaussian
distributed random phase distributions with increasing standard deviation value. This
enables us to fully determine the correlation between trap quality and phase error mag-
nitude, expressed in terms of spread in optical trapping location and average decrease
in optical field energy density and thus trap stiffness. The agreement between trap
stiffness values from the simulations and experiments provide immediate verification
and validation of the simulation model for predicting and designing optical trapping of
both synthetic and biological particles with multi-waveguide traps. It follows that the
multi-waveguide shows promise for on-chip trapping of optical trapping for biological
particles as small as EVs.
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4.2. Materials and methods

4.2.1. Experimental setup and sample preparation

In this chapter, we use the 16 waveguide device described in chapter 3 to charac-
terize trapping of B.Subtillis spores with a multi-waveguide trap. The 16 waveguides
employed for optical trapping arise from a single input waveguide which is fanned out
with 50/50 Y-splitters in four stages. The waveguides then radially converge towards
the center of a cylindrical micro-hole (diameter 15 um, depth 14 um) where they end
at its walls. The experimental setup used both in this chapter and the previous one
is constructed on an optical table and illustrated schematically in figure 4.1.
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Figure 4.1: The experimental setup with laser branches(red), imaging branch (green) and Raman branch
(purple). Components: laser- Sacher TEC-420; A/2 plate; Po- Glan-Taylor polarizer GT10-B; BS- 50:50 beam
splitter; F,- Clean-up filter Semrock LD01-785/10-12.5; FC- Newport 9131-M fibre coupler; Fi- Polarisation
maintaining fiber Thorlabs 780PM-FC; FL- Fiber launcher Thorlabs ; L,_,- Lenses Thorlabs; Di,- Dichroic
mirror Semrock LPD02-785Ru; Ma,- Gold mirror Thorlabs PF10-03-M03; Di,- Dichroic mirror Semrock
Di02-R594; O- objective Olympus UPLSAPO 60XW; PI cube- Piezo cube PI P-611.3 NanoCube XYZ; PI
stage- Piezo stage P-561.3CD PI PIMars XYZ Piezo System; T — stage,,,,, - Thorlabs X and Y translation
stages; T — stage, ., - Translation stage MCL Manual MicroStage XY; T — stage,,- Translation stage Melles
Griot Z; Mg~ Silver mirror Thorlabs PF10-03-P01; Fi array- Fiber array; Lamp- Halogen lamp; Lryp,e- Tube
lens Olympus SWTLU-C; Camera- AV Mako U029; Pi- Pinhole ¢ = 40um; F,- Filter Semrock LP02-785Re;
spectrometer- Acton LS 785; The lens set L,_, form a beam expander and Lg, Pi, Ly form a confocal
filter. The beam blocks are mounted in flip mounts, allowing for toggleing between chip and laser tweezers
functionality.

The setup combines two laser branches for trapping (red) with an imaging branch
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(green), and a Raman detection branch (purple). The trapping laser (wavelength
A = 785 nm) is split by a 50:50 beam splitter into a branch for on-chip trapping and
a branch for conventional lens-based trapping, the Laser Tweezer (LT)-functionality.
Beam blocks are mounted in flip mounts, allowing for toggling between the two trap-
ping modes. The laser light polarization is controlled using a combination of a 1/2-plate
and a Glan-Taylor polarizer. A clean-up filter is used for removing residual emission
with 2 > 785 nm. In the LT functionality, the laser light passes through a fiber
based spatial filter, a beam expander, two gold mirrors and two dichroic mirrors, and
is subsequently focused by the objective lens. The LT functionality is mainly used for
initial trapping of the B.subtillis spores, which are then transported and transferred to
the multi-waveguide trap by translating the chip using translation stages while the ob-
jective lens remains fixed. In the chip trapping functionality the laser light is coupled
into a single mode polarization maintaining fiber using a laser to fiber coupler. At the
other end the fiber is mounted in a fiber array unit (FAU) and butt-coupled to the input
waveguide using translation stages in combination with a high resolution xyz piezo
cube, enabling optimum coupling to the fundamental TM mode of the waveguide. The
chip is mounted and held in place on a custom made chip holder which also functions
as a vacuum chuck.

In the imaging path, Kéhler illumination within the region of interest of the object
plane is achieved using a halogen lamp, fiber array, mirror and a relay lens-set. The
imaging branch is split off from the LT and Raman branches using a dichroic mirror.
Raman scattered photons collected by the objective either with on-chip trapping or with
the LT mode are guided to the spectrometer via a pair of dichroic mirrors, gold mirrors,
a confocal filter, focussing lens and clean-up filter for blocking laser light emitted at
wavelengths overlapping with the Raman spectral range. The experiments described
in this chapter are focused solely on characterizing optical trapping of B.Subtillis spores
with the 16 waveguide trap.

The solutions of B. subtilis spores (DSM-10-DSMZ) used in the trapping study are
prepared first by scraping the spores from a starved culture into demi-water leading
to a stock concentration of about 101°/mL. Then a sample is taken from the stock,
diluted to a ratio of 1:1000 and sonicated to obtain a homogeneous spore distribution
of about 107/mL . The chip is prepared and infilled with the sample fluid, as described
in chapter 3, and is finally sealed with a coverslip.

4.2.2. Trap stiffness measurement

The trapping capabilities of the 16 waveguide device for B.Subtillis spores are quanti-
fied with trap stiffnesses determined from recorded videos of the confined Brownian
motion of single trapped spores, in the same way as for the polystyrene beads in chap-
ter 3. To obtain the trap stiffnesses from the videos, we carry out the data analysis
process flow presented in figure 4.2.

The spore and micro-bath positions in each video frame are estimated using the
template matching algorithm described in appendix A, taking an image of the spore and
micro-bath, respectively, from one of the frames as template. The template matching
results in time traces for spore and micro-bath displacement in both (x, y) image coor-
dinates. Drift and vibrations are accounted for by first subtracting the micro-bath time
traces from the corresponding spore time traces. Residual fluctuations in the spore
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time trace after subtraction are filtered out using band rejection filters. As observed in
chapter 3, the 16 waveguide trap is harmonic, and according to the equipartition the-
orem, the trap stiffness along the x(y)-direction follows as ky(y)exp = kBT/a,%(y)_exp,
where kg is the Boltzmann constant, T = 293 K is the temperature and o,(y) exp is the
standard deviation of the spore’s confined Brownian motion. The x and y-directions
are as indicated in figure 3.1. The distribution of spore displacements are represented
in 1D histograms using the spore time traces after drift correction and band rejection
filtering, each histogram is fit by a Gaussian to determine the standard deviation of
the confined Brownian motion oy () exp-
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Figure 4.2: Schematic illustration of the data analysis process flow to extract the trap stiffness ky(y) exp along
the x(y)-direction from the recorded videos of the confined Brownian motion of the spores. The algorithm
includes the template matching procedure, time trace subtraction, band rejection filtering, Gaussian fit to
histograms reflecting the spore displacement and computation of k) cxp Using the corresponding values
for the standard deviation in the spore Brownian motion, gy(y) exp-
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The values for the trap stiffnesses k., exp are expected to be directly proportional
to the combined optical power emitted by the waveguides in the trap, P, With the
constant of proportionality being the normalised trap stiffnesses, kx(y),exp. To obtain
these normalised trap stiffness values, the non-normalised values are first determined
for six optical powers offered by the fiber to the input waveguide, P, and the By, are
then converted to P, by taking into account the expected fiber-to-waveguide loss
of -0.5 dB and the -0.5 dB loss at each of the four Y-splitter stages in the waveguide
circuit. The value for k is then computed through linear regression between
k and Py

x(¥).exp
x(¥).exp

4.2.3. Data analysis and simulation

Two factors that may impact the distribution of trap stiffnesses are investigated in
detail. These are the heterogeneity of size and shape in the spore sample, and random
phase errors between the 16 waveguides of the photonic trap. The first factor is
addressed by image analysis of microscopy images acquired with the imaging branch,
the second factor by comparison with a simulation study.

The B.Subtillis spore sample is not mono-disperse, i.e. there are variations in parti-
cle size and shape. The trap stiffnesses are expected to increase with the volume of the
spores, as observed with the polystyrene beads in chapter 3. This is investigated by
computing the Pearson correlation coefficient between the measured trap stiffnesses
and the effective spore sizes for 11 measured spores. The effective spore size is es-
timated from the microscope images by segmentation using an intensity threshold at
an empirical value of 23 % of the maximum image intensity to create a binary image
of the spore. The intensity threshold value was determined with the aid of a 1 um
polystyrene bead image, where the intensity threshold of 23 % leads to a correctly
sized segmentation of the bead. The image threshold is applied to the microscope
image after subtraction of the image baseline and subsequent re-scaling of the image
with the maximum image intensity. The spore area is then measured from the binary
spore image and finally converted to an effective spore radius Rgpore. In addition, the
mean and standard deviation of the measured trap stiffnesses are computed to further
assess the stiffness of a typical spore and the heterogeneity of spore shapes within
the spore sample.

Finite Difference Time Domain (FDTD) simulations of the electromagnetic fields
within the 16 waveguide trap are carried out using the Lumerical FDTD solutions pack-
age. The goal of the simulations is to compute the expected normalised trap stiffness
of B. Subtillis spores for comparison with the experimental values.

The simulation model for the 16 waveguide trap is similar to the model used in
chapter 3 and is shown in figure 4.3 together with a bright field image of the actual
device. The waveguide thickness and width are 50 nm and 1 um, respectively, and the
refractive indices of silicon nitride, silicon oxide, and water are taken to be ng;,n, =
2.00, ngijp, = 1.45 and ny,o = 1.33, respectively. The microbath is 14 um deep
and has a circular cross-section with a diameter of 15 um. The fundamental TM
mode, with polarisation along the z-axis, is excited in each waveguide with wavelength
A =785 nm. In the following it is assumed that the polarization in the trapping region
is uniform along the z-axis, so that a scalar approach to computing the electromagnetic
energy density inside the trap can be used.
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Figure 4.3: (a) Optical microscope image of the 16 waveguide device. The schematic representation of the
16 waveguide trap simulation model seen from (b) the top and (c) the side.

The B.Subtillis spore is a near-spherical biological particle and its refractive index
distribution is well known [6—8]. In the simulations the spore is modeled as a core-
shell particle, similar to the EVs in chapter 2, with an effective radius Rypore @and a shell
thickness tq,.; = 75nm [8]. The core refractive index is taken to be n.,.. = 1.51, and
the shell refractive index ng,.; = 1.39. Multiple simulations are carried out in which
Rspore is varied between 0.40 um and 0.65 um to determine the expected relationship
between Rgpore and the simulated normalized trap stiffness ]_(x(y),sim- This range is
chosen to be close to the expected effective spore radius of 0.50 um. The normalized
trap stiffness values I}x(y)_sim are derived from the time averaged normalized optical
force, (Fy(y)), through the following relationship:

. (Fxz))

kx(y),sim - Ax(y)
where Ax(y)= 33 nm is a small displacement from the trap center along the x(y)-
direction, and F,(, is computed using the simulated electromagnetic fields as de-
scribed in chapter 2. The trapping potential well is at least the size of the spore,
around 0.5 um, as the spatial variations in the electromagnetic trapping energy land-
scape are convolved with the spore refractive index profile. For that reason the choice
Ax(y)= 33 nm is sufficiently small to make the finite difference approximation for
the derivative valid. From this point k,(yysim is denoted as ky(yysim for simplicity of
notation.

In the above described simulations, the 16 beams generating the electromagnetic
fields in the trap are all in phase. In the real devices, however, the beams are not ex-
pected to be in-phase due to random path length differences between the 16 waveg-
uide branches and phase errors accumulated by the guided modes at e.g. the Y-
splitters. The optical force and thus the trap stiffness is directly proportional to the
electric field energy within the trap. The impact of phase errors on the trap stiffness
is characterized by the global maximum of the electromagnetic field energy in the
simulated fields with phase errors, Upg (%), in the trap without spore.

The approach for simulating the fields resulting from phase errors is as follows.
First the complex fields arising from the beams emitted by the single waveguides are
simulated separately, resulting in 16 complex wave fields £j(x), with j = 1,2, ..., 16.
These fields are then added with random phase errors ¢, giving a total field, £pg(x):

4.1)
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16
Epp(®) = ) Ej(®)e ' (4.2)
2
The energy density Uy pg(x) is computed from Epg(x) using:

€on (%) | Epg (%) |?
2

Ugpe(X) = (4.3)

where ¢, is the vacuum permittivity and n(x) is the refractive index distribution inside
the trapping region. To reduce memory requirements, Upg (%) is recorded in the xy-
plane, xz-plane and the yz-plane as is shown in figure 4.4 for the energy density
without phase error, U(x), in the central region of the 16 waveguide trap excluding
spore (taking n(x) = ny,0).
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Figure 4.4: The electric field energy density in the 16 waveguide trap excluding spore and without phase
errors in the (a) xy-plane,(b) xz-plane and (c) yz-plane. The colors indicate the strength of electric field
energy density.

Multiple hot spots are generated as a result of the interference of the beams emit-
ted by the 16 waveguides with random exit phase. In the x- and y-directions the
characteristic hot spot dimensions are on the order of 1/(2ny,0)=295 nm, while in
the z-direction the hot spot elongation is on the order of a few um.

The trap stiffness for a spore with radius Repore = Reore +tshen IS Proportional to the
average of the energy density over the volume of the spore, weighted by the square
of the refractive index distribution. For a 1 um spore, the trap stiffness as a result
of the energy density with phase errors is estimated in the xy-plane (z=0) using the
energy density in the xy-plane while assuming a constant field energy density in the
z-direction. This is justified as the size of the spores is typically smaller than the axial
elongation of the hot spots. Accordingly, the spore is modeled as a disk with refractive
index, ngpore(r = y/x2 + y2), averaged along the z-direction and expressed in polar
coordinates as follows:
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72 )
Reore |1- R2 Reore [1- R2
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Ultimately, the approximated spore averaged energy density with phase errors,
Ug pE,av(X,¥), as a function of spore position (x,y), is expressed as follows:

1 2 ’ ! 2 I 2
UppEav(X,y) = dxdy € (n8pore(x — X',y — y") = n§) | Epp (x, y)| (4.5)

Aspore

with ny, o = 1.33 the refractive index of water, the fluid in which the spore is immersed.

The integral is taken over the projected area of the spore Aspore (¥ + Y% < Repore)s
and is approximated by a summation over the simulation grid points. Ug pgay(x, ),
denoted as Upg(x,y) from now on, is computed for 180 realisations of the random
phase errors ¢;, sampled from a normal distribution with standard deviation o,. This
computation is executed for g4 from m/8 to = with steps of n/8. For each of the
180 computed Upg(x, y)) and every o4, we compute the global maximum value of the
field energy density Max(Upg (x,V)) = Upg (Xmax Ymax) @nd the corresponding location
(Xmax» Ymax)- With the resulting distribution in (xpax, Ymax) WE mMap a region where
the spores are most likely to be trapped since the global maximum in the field energy
density, corresponding to a minimum in trap potential energy, is the location of the
strongest trap, as demonstrated in chapters 2 and 3. In addition, the trap stiffness
is directly proportional to Upg (xmax Ymax), DY the conservative nature of the trapping
forces in a trap with counter propagating beams 2 and by virtue of equation 4.1. As-
suming that the size/width of the energy density hot spots in the presence of phase
errors are comparable in size/width of the hot spot at the trap origin in the absence of
phase errors (see figure 4.4), we obtain an estimate of the trap stiffness in the pres-
ence of phase €rrors, kx(y),sim,PEl by scaling kx(y),sim by UPE(xmax' ymax)/u(xmaxr ymax)
with U(xmax Ymax) the global maximum in the energy density in the absence of phase
errors. The Ky(y)sim anNd Ky(y)simpe are then compared with k() cx, to verify pre-
dictability of the trapping behaviour using the simulation models.

4.3. Results and discussion

Using the LT functionality, the spores are transported and released at a location near
the center of the micro-bath. The chip trap is then actuated and single spores imme-
diately snap into nearby local traps. Single spores are trapped in a local trap for tens
of minutes with B, values as low as 26 mW. A time trace for spore confined Brownian
motion along x, Axpere, Obtained from template matching is shown in figure 4.5 (a).
The time trace exhibits rapid random fluctuations superimposed with a pronounced
slow fluctuating component. The corresponding frequency spectrum in figure 4.5 (b)
exhibits a major low frequency peak and is flat at higher frequencies, combined with
pronounced peaks at 72 Hz. Confined Brownian motion is a Gaussian process and the
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corresponding frequency spectrum is expected to be flat with all frequency compo-
nents containing equal energy [9]. The central peak in figure 4.5 (b) corresponds to
the slow fluctuations in the time trace and arise from environmental vibrations which
are not damped by the optical table and lead to movement of the chip relative to the
objective. The exact origin of the peaks at 72 Hz is unknown but the peaks are at-
tributed to vibrations which are induced by the vacuum pump and coupled to the chip
holder through the vacuum tubing. The above mentioned artifacts are present in all
spore time traces and lead to broader tails in the histogram of Axg,ore, @s shown in
figure 4.5 (c), and result in an overestimation of o,y exp Obtained from the Gaussian
fit to the histogram, and thus finally to an underestimation of the stiffness k) exp-
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Figure 4.5: (a) Time trace for relative displacement of the spore in the x-direction, AXgpere, (D) the corre-
sponding frequency amplitude plot and (c) the histogram of Ax,re . (d) The time trace after subtraction of
the time trace for relative displacement of the microbath in the x-direction, Ax’spore, (€) the corresponding
frequency amplitude plot and (f) the histogram in Ax’spore - (@) The time trace for displacement in the x-
direction, Ax"pore as a result of band-rejection filtering of the grey shaded areas in the frequency amplitude
plots, (h) the corresponding frequency amplitude plot and (i) the histogram in the x-direction, Ax"spore -
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The slow fluctuating component is less pronounced in the time trace AX’spore (S€€
figure 4.5 (d) after subtraction with the time trace obtained for the micro-bath move-
ment along x, as explained in the previous section. Accordingly, the peak height of
the 0 Hz peak in the corresponding frequency spectrum (see figure 4.5 () is 30 %
smaller in amplitude while the peaks at 72 Hz are no longer present. The resulting
histogram (see figure 4.5 (f)) has a smaller width than the original Axgp,ore histogram
(around 21 % smaller full width half maximum (FWHM)). The remaining peak around
0 Hz 4.5 (e)) is filtered out with a band rejection filter and the resulting frequency
spectrum shown in figure 4.5 (h)) is inverse Fourier transformed to obtain the final
time trace for the confined Brownian motion of the spore along x, Ax"sp.re, Shown in
figure 4.5 (g)). The time trace exhibits random fluctuations around a single equilibrium
position, as expected for confined Brownian motion. The histogram corresponding to
AX"spore has @ FWHM that is 29 % smaller than the histogram for Ax’spore-
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Figure 4.6: (a) Time trace for relative displacement of the spore in the y-direction, Aygpore, (b) the corre-
sponding frequency amplitude plot and (c) the histogram of Ay, . (d) The time trace after subtraction of
the time trace for relative displacement of the microbath in the y-direction, Ay’spore, (€) the corresponding
frequency amplitude plot and (f) the histogram in Ay’s,ore - (9) The time trace for displacement in the y-
direction, Ay”spore @s a result of band-rejection filtering of the grey shaded areas in the frequency amplitude
plots, (h) the corresponding frequency amplitude plot and (i) the histogram in the y-direction, Ay”spore -
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The same procedure is carried out on the time traces of the confined Brownian
motion of the spore along y, Aysy.r. (Se€ example in figure 4.6). The time trace for
AYspore and its Fourier spectrum shows the same qualitative behaviour as for the x-
direction, but now it appears there are additional rapid fluctuations with a frequency
peak at 46 Hz (see figure 4.6 (b)). These peaks are attributed to the overall movement
of the micro-bath due to vibrations induced on the chip. Subtracting the time trace for
micro-bath movement along y from the Ay, time trace mainly causes a decrease in
amplitude of the rapid fluctuations as seen in the Ay’ time trace (figure 4.6 (d)).
In the corresponding frequency spectrum of Ay’s,.r. (figure 4.6 (e)) the peaks at 46
Hz are 75 % smaller than the corresponding peaks in the Ay, spectra. In addition,
the peak height of the 0 Hz peak is reduced by 17 % while the peaks at 72 Hz are
completely removed. The Ay’s,.r. histogram (see figure 4.6 (f)) has a smaller width
than the Aypore histogram (FWHM reduced with 32 %). The remaining peaks at 0 Hz
and 46 Hz are filtered out and the resulting frequency spectrum (see figure 4.6 (h))
is inverse Fourier transformed to obtain the final time trace for the confined Brownian
motion of the spore along y, Ay”pore (€€ figure 4.6 (g)). This time trace consists
of random fluctuations centered around a single equilibrium position, as expected of
confined Brownian motion. The corresponding Ay”s,ore histogram has a 10 % smaller
FWHM than the Ay’s,ore histogram.

The above time traces, Fourier spectra and histograms serve as examples to illus-
trate the steps involved in the post-processing chain of the raw time traces obtained
from the particle tracking algorithm. These same post-processing steps have been car-
ried out on all spore time traces, which contain similar the noise artifacts as explained
above. Full data on all spores are available at [10]

The 0y(y)exp are determined from Gaussian fits to the Ax(y)“spore histograms (see
red curves in figures 4.5 (i) and 4.6 (i)) for 11 spores and six B, values per spore.
The ky(y)exp Values as function of P, are shown for all spores in figure 4.7 (a-k).
These figures indicate the expected linear relationship between ky(y)exp and Pap.
The k,(yexp are obtained from the slopes of linear fits to the k() .x, data points,
and are shown with the bar plot in figure 4.7 (m). The error bars in the k() exp
bar plots represent the 95 % confidence interval of the linear fits to the data points.
The mean and standard error in ky,yexp for 11 spores are shown in figure 4.7 (1).
It appears that the k, .x, are on average larger than the k,, .., with mean values of
0.71 pN/nm/W and 0.56 pN/nm/W, respectively. This is expected since the multi-beam
interference along x is stronger as discussed in chapter 3, thus leading to a stronger
field confinement along x and larger optical forces. On the other hand, the k, .., vary
strongly from spore to spore compared to the k,, .., with 2.6 times larger standard
deviation on average.
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Figure 4.7: Experimentally determined trap stiffnesses along the x(y)-direction ki, exp as a function of
Pirap, for the 16 waveguide trap and for trapped B.Subtillis spore (a-k) 1 to 11.(l) The mean taken over
the 11 ky(y)exp along with the standard error in the means (represented by the error bars) as a function
Of Pyap. The lines in (a-k) are linear fits to the data points and provide (m) the normalised trap stiffnesses
kx(y)exp Fepresented by the blue(red) bars for the 11 B.Subtillis spores along with the 95 % confidence
interval of the fit (represented by the error bars)
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The observed spore-to-spore variations of k., xp are expected to correlate with
the spore size. The spore size is estimated in each image by segmenting the bright cen-
tral spot (as described in the previous section), computing the area of the segmented
spot (see results for four of the spore images in figure 4.8 (b-e)), and converting the
area to an effective spore radius Rypore. The Rgpore O €ach spore is an average com-
puted over 1000 microscope images. The same is done for the 1 um polystyrene bead,
shown in figure 4.8 (a), to determine a conversion factor between the effective radius
estimate from the microscope images and the true bead radius, Ry.,q. The estimated
Rspore are then scaled with this conversion factor for a more accurate estimate of the
Rspore Values, shown in the bar plot of figure 4.8 (f). The effective spore radius val-
ues Rypore Obtained in this way fluctuate around 0.49 um with a standard deviation
0.03 um. These values agree well with the literature value of Rgpore ~ 0.5um[6].
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Figure 4.8: Bright field image of (a) a 1 mm polystyrene bead and (b-e) four of the 11 B.Subtilles spores
trapped within the 16 waveguide trap. An estimated of the bead or spore area is determined from the spore
image, indicated by the red contour, is segmented using thresholding. f) Bar plot indicating the estimated
effective spore radius Rgpore determined from the segmented area for 11 B.Subtillis spores.

The polystyrene bead image and all spore images (figure 4.8) are elliptical and consist
of a bright central spot and two dark side lobes, instead of a rotationally symmetric
shape consisting of a central spot with outer rings, as expected from normal micro-
scope images. The following tests were carried out on a polystyrene bead in an attempt
to clarify the non-symmetric intensity profile of the bead image:

¢ To exclude imaging aberrations, most importantly astigmatism, a through focus
image stack was taken of a trapped polystyrene bead. This was carried out by
holding the polystyrene bead in place with the 16 waveguide trap while moving
the objective lens along the z-axis as is illustrated schematically in figure 4.9(a).

¢ To exclude polarisation dependent effects, a Glan-Taylor polariser was inserted in
the imaging branch (see figure 4.1) between the beam-splitter (BS) and tube lens
(Liupe) and two perpendicularly polarized images were taken of the polystyrene
bead trapped with the 16 waveguide trap, as illustrated schematically in figure
4.9(b).
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Imaging polystyrene bead in different circumstances
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Figure 4.9: Schematic overview of imaging tests carried out with a 1 um polystyrene bead including (a)
A through focus image stack test, (b) polarisation test, (c) imaging location test. The resulting images for
each test is shown alongside the schematic overview.
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« To exclude contributions caused by secondary reflections from the trap walls, the
polystyrene bead is imaged outside the 16 waveguide trap while being held in
place wih the LTRS, as is shown in figure 4.9(c).

The through focus image stack includes bead images from -1.6 um to 1.8 um along
the z-direction in steps of 0.2 um, with the focal point at the origin. The results show
no indication of astigmatism as the bead image remains elongated along the vertical
image direction, instead of flipping to a horizontal elongation on the opposite side
of the focal plane. In addition, the image background is correlated to the imaging
location along the z-direction, indicating an influence of the microbath in the bead
illumination and thus image formation. This is further confirmed with the bead image
taken outside the microbath in figure 4.9(c) in which the bead image intensity values
are inverted compared to the images taken within the microbath, as seen in figure
4.9(a). As for the polarisation tests, the two images (see figure 4.9(b)) recorded with
perpendicular polarisation configurations of the Glen-Thomson polariser are practically
the same, thus implying no correlation between image formation and polarisation. All
in all, none of the above described imaging tests provide a clear explanation of the non-
symmetric intensity profile in the bead image, which should be further investigated in
a follow-up study.

The experimental stiffnesses, k() exp are shown as a function of Ry, in figure
4.10. These are compared with the simulated trap stiffnesses with and without the
contribution of phase errors, ky(y)sim and Ky(y)simpe, respectively.
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Figure 4.10: The normalised trap stiffness determined from simulations with and without phases error
correction obtained from below results, k.(y)sim and kx(y)simpe respectively, and normalised trap stiffness
from experiments, Ky(y)exp, along (a) the x-direction and (b) the y-direction as a function of Rgyore. The
error bars indicate the standard error in the mean in both the ky(y) ey, and the Rypor.. The grey shaded
area between the ky(y)sim aNd kx(y)simpe CUrves indicate the range of expected trap stiffness values.

The ky exp(sim) are correlated with Ryp,... This is expected as the electric field en-
ergy density oscillates rapidly compared to the bead size along the x-direction (see fig-
ure 4.4), since the interference is markedly stronger along the x-direction. As observed
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from the simulations, the k, i, (and thus F,) vs Ry, Oscillate around k gim = 0

(F, = 0), an effect arising from the competing pulling forces of the hot spots on the
bead. This effect is studied and described extensively in chapter 2. Spores with Rypqre
where k, i, < 0 experience a stronger force from off-center hot spots and are pulled
out of the central hot spot, whereas spores with R,.r. leading to k, ¢ > 0 experience
a stronger force from the central hot spot and are pulled towards the central hot spot.
The ky exp(sim) ON the other hand are only weakly correlated with Ry, Since the en-
ergy density varies slowly along the y-direction compared to the spore size. Contrary
to Ky gim/ Ky,sim €Xhibits weak oscillations with Ry, as the off-center hot spots along
the y-direction are markedly weaker than those along the x-direction.

Accounting for the random phases at the exit facets of the 16 waveguides leads to
a redistribution of the electromagnetic field energy within the trap Ui pg, as is clearly
shown in figure 4.11.
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Figure 4.11: The spore averaged electric field energy density, Ug pg, in the 16 waveguide trap with phase
errors, A¢, from (a) w/8,(b) 2m/8,(c) 4c/8 and (d) m. (e) The scatter plots portray the 180 locations
(X*max Ymax) Of the global maximum electric field energy density ,(Ug pg max), for A¢ values in (a) to (d)
while (f) the histograms represent the distribution of 180 global maxima values for the A¢ shown in (a)-
(d).(g) shows the mean in (Ug pgmax) histograms with corresponding standard deviations for A¢ from 0 to
TT.
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As oy increases, the spore averaged field energy is redistributed in the trap tran-
sitioning from a standing wave with a clearly defined central focus to a random inter-
ference pattern with hot spots (See figures 4.11 (@) to (d) ). This transition is clearly
visualised in figure 4.11 (f), which shows the distribution in the location (xmax, Ymax)
of the global maximum of the field energy density Ug pgmax and thus the strongest
trapping location. For o4 < 4m/8 the possible (xmax, Ymax) are localised on the in-
terference pattern hot spots. However when o, increases the (xmax, Ymax) gradually
redistribute to a random location within a box of approximate size 2 ym x 3 yum around
the origin, which is clearly seen in figure 4.11 (e) for o4 = 4m/8 and =. In addition,
Upg,max DE€COMes weaker and transitions from being a single, well-defined value to a
distribution of values (See figure 4.11(g)). Between o, = 0 and 4n/8, the average
Ug pE,max gradually drops from 5.5 to 3.05 times the average field energy within the
trap Umean, Which remains constant for all o4 (see figure 4.11(f)), while simultane-
ously the spread in Upg max increases. For oy > 47/8, both the average and spread in
Upg,max f€main constant. This is caused by the cyclic nature of the random phasors
e~ at the basis of the formation of Upg, as expressed in equations 4.2 and 4.3, which
output unique values for —m < ¢; < . For g4 < 4m/8, the distribution in ¢; is Gaus-
sian. However as g, tends to 4m/8, the cyclic nature of the phasors converts the ¢
distribution to a uniform distribution, and the average and spread in Upg max remain
constant.

The intensity distribution inside the trapping region in the limit of large phase errors
is reminiscent of a speckle pattern. The ratio of the maximum to the mean energy
density Upg max/Umean May then be estimated with a model in which the light distribu-
tion is described by N statistically independent speckles, where the random intensity
of each speckle follows Rayleigh statistics (exponential probability distribution). Ac-
cording to this model (see appendix B for a derivation), Upg max/Umean iS €qual to

the so-called harmonic humber Hy = zﬁzl (1/n), where N is the number of speckle
patches. Taking the 2 um x 3 um region defined by the (x.,.x Ymax) realizations and
m(A/2ny,0)? as the typical speckle area, N is estimated to be 86. This leads to Hy=
5.04, which is within a factor of two of our result of 3.05. We consider this a reason-
able result in view of the crudeness of the model. Several effects are not accounted
for, such as smearing out of the speckles due to convolution of the optical field with
the spore refractive index, and the non-homogeneity of the speckle field where the
average speckle intensity decays radially outward from the trap center. Modification of
the model with these effects is expected to result in a lower value for Upg max/Umean:
which would be closer to the experimental result.

In actual microfabricated waveguide traps, the randomly accumulated phase in
each waveguide arm most likely have a spread o4 >> 4m/8. Causes of phase er-
rors generation include waveguide side wall roughness, non-identical waveguide arm
lengths, and microfluidic channel side-wall roughness, which all originate from the
limited resolution of fabrication processes and the associated tolerances. According
to the above results for the random phases, the actual phase distribution is uniform
and Upg max is 3.05/5.5 = 0.55 times the maximum field energy density in absence of
phase errors. The trap stiffness is therefore approximately halved due to the random
waveguide phases as is represented by the k() «impr Curves in figures 4.10(a) and
(b), which are generated by scaling the k., (yysim by 0.55. The ky(y)sim and ky(y) simpE
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show reasonable agreement with the k,(,exp, Values, both in magnitude, as in the
dependency on Rgpore. This result, along with the experimental vs. simulation trap-
ping results in chapter 3, show the validity of the FDTD simulation models developed
in chapter 2 to predict optical trapping of both synthetic and biological particles within
multi-waveguide traps.

In practice the trapping strength in a multi-waveguide trap is reduced while the
trapping location is shifted to a random location near the trap origin. The degree in
which these effects occur is depends on the number of waveguides and the complexity
of the waveguide circuitry. In a dual-waveguide trap, the trap strength approximately
maintained as hot spot constituting Upg max ONly shifts in the direction of light prop-
agation by 1/(4ny,0)~ 150 nm from the origin at most before being replaced by a
neighbouring hot spot. With 16 waveguides, the trap strength is halved on average
while the trapping location is shifted to a random location within a 2-3 um radius from
the trap origin. Despite this we were able to stably trap 1 um B.subtillis spores prac-
tically in suspension within a relatively large trap of 15 um in diameter and P, as
low as 30 mW. Stable trapping was also observed at lower powers. This result is a
promising first step towards demonstrating the feasibility of stable on-chip trapping
of EVs. The trap strength can be further improved by minimizing the accumulated
phase errors. On the Si;N, platform this can be achieved by adding thermal optical
modulators, otherwise known as heaters, to each waveguide and tuning the phase to
minimise the resultant phase errors and maximise the collective coherent addition of
the light from all waveguides.

4.4. Conclusion

In this chapter we have demonstrated stable on-chip optical trapping of B. subtillis
spores in a microfabricated multi-waveguide trap. Optical trapping experiments on
11 B. Subtillis spores were carried-out, where each spore was stably trapped at six
optical powers with powers as low as 30 mW in the trap for time intervals on the order
of minutes. Stable trapping of spores was even observed for lower powers. While
trapped the confined Brownian motion of each trapped spore was recorded, and using
a particle tracking algorithm confined Brownian motion time traces were measured.
After post processing and analysis these led to trapping stiffnesses that for each spore
depend linearly on power, as expected. Simulations with FDTD were carried out of
the trap using a core-shell refractive index structured sphere to model the spore. The
simulated force exerted on the spore was computed for various spore radii between
0.40 and 0.65 um and at different x-location and y-location close to the origin to then
derive the trapping stiffness predictions from the simulated forces.

Special attention was given to the effects of random waveguide phases on the
expected trapping performance. The optical field emitted by each waveguide was
simulated separately, and then coherently added with a random phase term to model
the field in the trap. This enabled the rapid generation of multiple instances of the
optical field affected by the random waveguide phases. Using phases randomly sam-
pled from a normal distribution with 32 standard deviation values between 0 and = we
showed a clear transition of the field within the trap from a clear focus, to a distorted
standing wave pattern to a speckle like interference pattern. Accordingly, the prefer-
ential trapping location, defined by the global maximum in the spore averaged field,
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transitioned from being located at the origin for o4 = 0, to somewhere on the standing
wave fringes for 0 < o4 < 4m/8, to finally a random location within a 2 um x 3 um
region around the origin for o4 > 47/8. The global maximum value in the spore aver-
aged field and accordingly the trapping stiffness steadily decreased by 45% between
o4 = 0 and 4m/8 to then remain constant for o4 > 4m/8. Using this calculated de-
crease in stiffness, an estimated phase error affected trapping stiffness was obtained
by scaling the simulated trapping stiffness in absence of phase errors. Comparison
of the simulation predicted trap stiffnesses, with and without phase errors, with the
experimentally determined trap stiffnesses, show reasonably good agreement in both
the x and y-direction. These results serve as a verification and validation of the sim-
ulation models and method used in this chapter and previous chapters to predict the
trapping behaviour of both synthetic and biological particles within micro-fabricated
waveguide traps.

The trapping results show promise for the employment of micro-fabricated waveg-
uide traps for on chip optical trapping of biological particles down to the size of EVs.
In contrast to micro-fabricated dual-waveguide traps employed for trapping biological
particles in the past, the multi-waveguide trap generates an intense hot spot of optical
field energy near the center of a relatively large trapping volume of up to 15 um in di-
ameter instead of near the waveguide facets. This shifts the preferential trapping area
from near the waveguide facets to the trap center and thus truly in suspension without
interference of surface effects of the micro-fluidic channel side walls. A big advantage
of the multi-waveguide traps is that the trapping location is relatively far away from
any surfaces that can influence the optical trap or the potential detection of a Raman
signal. A disadvantage of the multi-waveguide trap are the random exit phases of
the waveguide branches which lead to a halving of the optical trapping strength. This
disadvantage, however, can probably be circumvented by implementing heaters on
the waveguide branches as thermal optic phase modulators to correct for the phase
errors.
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Conclusion and outlook

The feasibility of on-chip optical trapping and Raman spectroscopy of extracel-
lular vesicles using multi-waveguide traps and its applicability for bio-particle
detection was studied in this thesis. To this end, we first conducted extensive
simulation studies towards the feasibility, capabilities and limits of on-chip op-
tical trapping of EVs using a dual-waveguide trap. We also attempted to im-
prove the on-chip trap strength and Raman signal generation strengths by ex-
tending the dual-waveguide trap to multi-waveguide traps. We determined the
multi-waveguide trap capabilities through optical trapping of single polystyrene
beads and B. Subtillis spores and Raman spectroscopy of single polystyrene
beads. Here we summarize the results of this work and present an outlook for
future research.
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5.1. Conclusions

In the introduction, the main research question was divided into three sub-questions,
which were separately addressed in the subsequent chapters of this thesis. In this
section we summarize the results presented in this thesis and formally answer these
sub-questions by reviewing the conclusions of the corresponding chapters. We then
address the main overarching research question of this thesis.

Question 1: What are the capabilities and limitations of the dual-waveguide trap
for stable on-chip optical trapping of EVs?

Chapter 2 presents an extensive and detailed numerical study of the trapping ca-
pabilities and limitations of the dual-waveguide trap for stable optical trapping of EVs.

Using FDTD simulations with Lumerical, we determined the optical fields arising
within dual-waveguide traps, based on box-shaped composite SiO,-SizN, waveg-
uides, with and without EVs in the traps. The optical forces exerted on the EVs were
then computed using Lumerical’s volumetric technique which is based on the Lorentz
force density model.

We computed the optical force for EV diameters in the range 50—1000 nm using
two refractive index distribution models, viz. homogeneous and that of the realistic
core-shell structure, and within three dual-waveguide traps with facet spacings of 5,
10 and 15 um. The results firstly reveal the conservative nature of the optical forces
within traps with counter propagating beams, which leads to a cancellation of the two
contributions to the scattering force. The fringe pattern arising from the interference
of the counter-propagating beams, contains multiple highly confined hotspots of the
optical field which all can function as a separate optical trap, and are shown to strongly
contribute to the trapping stability and EV location confinement in the longitudinal di-
rection, especially for smaller EVs. However, the trapping stability of the local hotspots
fluctuates strongly with EV size for EVs larger than the characteristic hotspot size of
295 nm. For these EV sizes, multiple hotspots contribute to the resultant force exerted
on the EV leading even to cancellation of the local longitudinal forces for certain EV
sizes, leaving the global longitudinal force which make for a stable trap but weaker EV
confinement. Finally, the EV shell of a mere 5 nm in thickness is shown to contribute
considerably to the optical force and thus trap stability for EVs as large as 450 nm.

The conservative nature of the optical forces enable the computation of trapping
potentials which lead to the so-called stability curves, which ultimately show the min-
imum optical power required for stable EV trapping as a function of EV size. These
curves indicate that EVs with diameter in a wide range can be stably trapped with the
attainable trapping power of 210 mW, down to a smallest size of 115 nm for the 5 um
trap.

The simulation model and computation methods presented in chapter 2 are later
verified and validated in chapters 3 and 4 through comparison of simulated trap stiff-
ness values with experimentally determined trap stiffness, thus also confirming the
results in chapter 2.

Question 2: Can a micro-fabricated waveguide trap comprising more than two
waveguides be realised with improved on-chip optical trapping and Raman signal gen-
eration compared with the dual-waveguide trap?
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Chapter 3 presents the full process flow of design, fabrication and functional per-
formance demonstration of multi-waveguide devices for on-chip optical trapping and
Raman spectroscopy of particles.

The design was guided by FDTD simulations to arrive at suitable SizN, optical
waveguides and waveguide arrangement around a microfluidic bath. The design of
the waveguide connecting circuitry for realisation of the optical trap was done in col-
laboration with LioniX, the foundry responsible for the chip fabrication process, which
is described in detail in chapter 3.

The optical trapping and Raman spectroscopy performance demonstration was car-
ried out on 1 and 3 um diameter polystyrene beads with two devices types, a 2 waveg-
uide trap in a wide 15 ym microfluidic channel and a 16 waveguide trap in a 15 ym
diameter microfluidic bath. Both device types show clear trapping events of both bead
sizes, however for low optical powers the 2 waveguide trap exhibits preferential trap-
ping near the waveguide facets as the bead hops from the center to one of the channel
walls. On the other hand, the 16 waveguide trap shows preferential trapping in the
center, which is according to design.

The normalized trap stiffness values were determined through a detailed study of
the confined Brownian motion by tracking the position of the trapped beads. The
resulting normalized stiffness of the 16-waveguide trap are higher than for the 2-
waveguide trap. This is particularly visible for the trap stiffness values determined
form the 1 um bead trapping data. In addition to stable trapping, Raman spectra of
both beads, induced by the the same light that was used for trapping, was detected.
The Raman signals contained distinct polystyrene peaks which were stronger for the
16 waveguide trap. This was again particularly visible for Raman spectra collected
from the 1 um polystyrene bead.

Finally the difference in performance between the 16 waveguide and the 2 waveg-
uide traps, for both the trap stiffness and the Raman signal generation, is shown to
increase as the bead size becomes smaller. This is a result of the difference in energy
density distribution between the two traps, where the energy density in the case of
the 16 waveguide trap is concentrated in a relatively small region in the center of the
trap. As a consequence, the difference in performance between the two traps in terms
of both trap strength and Raman signal generation is expected to further increase as
the particle size decreases towards the characteristic hotspot size (295 nm) of the
multi-beam interference pattern formed within the traps.

Question 3: Is on-chip optical trapping and Raman spectroscopy with a multi-
waveguide trap feasible for micron sized biological particles?

As a logical next step chapter 4 provides a detailed on-chip optical trapping study
with the 16 waveguide trap on Bacillus Subtillis spores, biological particles as large as
the 1 um polystyrene beads studied in chapter 3.

Stable trapping events of 11 B. Subtillis spores in multi-waveguide trap were recorded
for optical powers as low as 30 mW in the trap and time intervals on the order of
minutes. Unrecorded stable trapping events of spores were observed for even lower
powers of light in the trap. Analysis of the recorded confined Brownian motion trapped
spores with the particle tracking algorithm yielded trap stiffness values that depend
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linearly on the optical power, in agreement with expectations. In addition, the exper-
imental trap stiffness values agreed reasonably with values derived from FDTD simu-
lations, which were carried out as explained in chapter 2 with the 16 waveguide trap
and a core-shell refractive index model for the spore. These results provide further
validation of the simulation models and methods employed throughout this thesis to
predict on-chip optical trapping capabilities in multi-waveguide traps for both synthetic
and biological particles.

In chapter 4 we also study the effects of random phase errors, accumulated during
propagation in the waveguides, on the expected trapping performance. The optical
field was shown through simulations to transition from a well defined interference pat-
tern to a speckle-like field distribution, while still maintaining high field concentration
and thus preferential trapping near the micro-fluidic bath center. However, the study
also indicated an average decrease of the maximum energy density by a factor of two,
which is also the expected factor with which the trap strength is expected to weaken.

In spite of the detrimental effects of the phase errors to the optical trap strength
of the multi-waveguide trap, the trapping results obtained in chapters 3 and 4 for
polystyrene bead and B. subtillis spores, respectively, show potential for stable optical
trapping of even smaller particles, EVs in particular.

As for Raman spectroscopy, efforts have been made to detect a B. Subtillis spore
related Raman signal, unfortunately to no avail. Raman acquisition was carried out
using the same laser power as for the polystyrene beads in chapter 3 and with inte-
gration times ranging up to 10 minutes but this did not result in a distinguishable B.
Subtillis Raman peak. Reasons for not being able to detect the Raman signal from the
spore could be:

1. Misalignment between the Raman excitation volume and the Raman detection

volume.
— Obijective lens

E Optical field hotspots

Raman excitation volume

Raman collection volume
( ) Trapped 1 um spore

Figure 5.1: Schematic representation of Raman collection scheme in the 16 waveguide trap center while
trapping of the EV. The optical field hotspots, Raman excitation volume, Raman collection volume, and
trapped 1 um spore are visualised to scale.

The Raman signal is excited using the light for optical trapping. To be detected
at the spectrometer, the Raman light must pass through a confocal microscopy
beam path as depicted in figure 4.1 of chapter 4. This then leads to a collection
volume in the region which is defined by the objective lens NA, the focal length
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of lens L5 used for focusing light into the pinhole, and the confocal pinhole diam-
eter. The light passing through the pinhole originates from a collection volume
which is centered around the objective focal point. This Raman collection scheme
is schematically depicted in figure 5.1. Maximising the detected Raman signal
requires precise alignment of the Raman excitation and collection volumes. Fur-
thermore as inferred from figure 3.9 of chapter 3, detection of polystyrene bead
Raman spectra requires an integration time of about a minute at an optical power
of 100 mW. As a result, aligning the Raman excitation and collection volumes
requires substantial effort, is time consuming and can be prone to error.

2. Raman signal excitation in a fraction of the Spore. Only the spore fractions co-
inciding with intensity hotspot regions in the optical trapping speckle pattern
generate a Raman signal, as is also apparent from figure 5.1. In contrast to
the homogeneous material nature of the polystyrene beads, a B. Subtillis spore
comprises multiple material constituents of which the main Raman contribution is
from dipicolinic acid chelated with Ca2* [1], located mainly in the spore core [2]
(Ca-DPA). The Raman signal strength generated from trapped spores is highly
dependent on the overlap with the intensity hotspot regions with the spore re-
gions containing Ca-DPA.

3. Weak Raman yield from B. Subtillis spore. The Raman yield from B. Subtillis
spores are at least 6 times lower than for polystyrene, as deduced in ref. [3].
The 16 waveguide trap presented in this research is capable of exciting a Raman
signal of about 5 counts per second from a 1 um polystyrene bead with 100 mW
optical power injected in the trap as is evident from figure 3.9 (a) of chapter 3.
In addition the spectra in chapter 3 were collected with an integration time of
60 s to clearly discern the Raman signal from the background noise. The optical
power injected via fiber to the chip was 157 mW which converts to 88 mW in
th optical trap taking into account -0.5 dB fiber-to-chip coupling transmission
and -0.5 dB transmission at each of the Y-splitters. Consequently, detection of
similar Raman signal levels from 1 um spores in the 16 waveguide trap would
require integration times of at least 6 minutes with 157 mW injected from fiber
to chip and thus 88 mW injected directly into the trap. As a result, obtaining a
Raman spectrum from a spore trapped in the 16 waveguide trap is impractical
considering the required integration times, optical powers and the effort to align
the Raman detection volume, formed by the objective, and the Raman excitation
volume in the spore.

Main research question: Is on chip optical trapping and Raman spectroscopy
with multi-waveguide traps a viable technique for high throughput EV diagnosis?

The optical feasibility study for EVs in a dual-waveguide from chapter 2 combined
with the experimental optical trapping results presented in chapters 3 and 4 show
promise for on-chip optical trapping of EVs. As shown in chapter 2, on-chip trap-
ping of EVs with diameters of a few hundred nm is feasible with powers around 100
mW. Plausibility of this result is confirmed in chapters 3 and 4, on the one hand
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through agreement between simulations and experimental results, and on the other
hand through improved optical trapping strengths observed in the 16 waveguide trap
as opposed to the 2 waveguide trap. Unfortunately, simultaneous Raman identifica-
tion of the EVs proves to be significantly challenging, as deduced from the efforts to
carry-out on-chip Raman identification of B.Subtillis spores. Moreover Raman spec-
troscopy on an EV in the 16 waveguide trap would require even more effort, as these
are typically 3 to 10 times smaller than the B. Subtillis spore. Reasonably assuming
linear proportionality between Raman signal and volume, the Raman signal strength
for EVs is expected to be at least 9 times weaker than for B. Subtillis spores. As a
result, detectability of a Raman signal from an EV would require integration times of
close to an hour.

Consequently, the maximum throughput of the current chip-based laser tweezing
Raman spectroscopy device is expected to be on the order of at most one EV per hour
making this device unsuited for practical applications where throughputs of millions
per second are required.

5.2. Outlook

This final section provides an outlook to further research aimed at tackling the problem
of on-chip biochemical characterisation of EVs, in particular employing optical diagnos-
tic techniques allowing for high throughput. In addition, this technique must be com-
patible with on-chip photonic integration and scale-up to fully exploit the advantages
of lab-on-a-chip based diagnostics.

Based on the results detailed in the conclusion section on on-chip spontaneous
Raman spectroscopy, a number of approaches can be followed for optical chemical
characterisation of EVs. These include enhancing the induced Raman signal or in-
corporating other optical techniques such as Rayleigh scattering or fluorescence with
on-chip trapping and a Raman spectroscopy scheme.

A straightforward method to enhance the Raman signal is through coherent anti-
stokes Raman scattering (CARS), which also enables label free spectral finger print-
ing [4]. This technique requires two picosecond pulsed lasers, one of these being
tunable over a bandwidth of 100 nm. In addition, the complexity of this technique
makes short term on-chip integration challenging. An attractive alternative for signal
enhancement is surface enhanced Raman spectroscopy (SERS), which is based on the
enhancement of the electromagnetic field with plasmons that are excited at metalic
surfaces composed typically of gold (Au) and/or silver (Ag) [5, 6]. This electromag-
netic field enhancement can give rise to Raman signal amplification with several orders
of magnitude. A drawback is that the enhancement only occurs in close proximity to
a conductive surface which can lead to surface adhesion effects interfering with the
optical trapping.

In refs. [7, 8], SERS of EVs has been demonstrated by functionalizing single EV
surfaces with synthesised silver coated gold nanoparticles, AuNP, silver coated gold
nanoparticles, AuU@AgNP, and effectively encapsulating single EVs with irregularly shaped
Au@Ag nano-shells. Upon illumination with a focussed laser beam at 785 nm, local
surface plasmons were excited in the Au@Ag, leading to strong enhancement of the
field between 0 and 7 nm from the Au@Ag surface. This region of field enhancement
corresponded with the EV membrane and led to SERS signal from the EV membrane
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content with just 15 mW of optical power and 0.5 s of integration time. Previous at-
tempts without metallic coating have resulted in no discernable Raman signal from EVs.
Assuming applicability of this method to Raman amplification in the multi-waveguide
traps, an integration time of 0.5 s per EV would lead to about 2400 EVs per hour. This
is assuming 1.0 s transfer time between EVs using a micro-fluidic circuitry employed
for EV supply to the optical trap as demonstrated in ref. [9]. In addition, powers as low
as 15 mW open up the possibility of including the laser on-chip through hybrid integra-
tion of the multi-waveguide circuitry with a semiconductor chip laser, as demonstrated
earlier [10, 11].

In the above studies the SERS spectra were collected from AgNP and Au@AgNP
coated EVs adsorbed onto a CaF, substrate in a 60 uL droplet. In a single beam opti-
cal tweezer setup, the coated EVs would induce enhanced scattering forces due to the
plasmonic resonances in the AgNP or Au@AgNP coating. As a result, the enhanced
scattering forces will diminish trap stability in a traditional optical tweezer. Howeuver,
in traps formed by counter propagating beams the scattering forces are practically
canceled out, as shown in chapter 2 for the two waveguide trap. Moreover, this has
been demonstrated already in ref. [12], where a standing wave optical trap was used
to stably trap AuNPs as small as 100 nm. Consequently, the above method for SERS
signal generation from EVs combined with the counter-propagating beams generated
with the multi-waveguide traps studied in this thesis show promise for on-chip optical
trapping and Raman spectroscopy of EVs. On the other hand, compared to spon-
taneous Raman spectroscopy, this method is no longer label free and thus requires
additional sample preparation steps. In addition, plasmonic NPs are highly absorbing
and can lead to sample heating. This poses a limitation on the maximum optical power,
which is highly dependent on NP composition, size and concentration, and needs to
be determined empirically.

Fluorescence detection is a different optical technique with potential for chemical
identification of EVs based on their chemical content. Fluorescence signal levels are
on the order of 1 million times stronger than those for Raman spectroscopy, which is
clearly an inherent advantage for detectability and throughput. Promising results have
been reported in the literature for fluorescence-guided identification of EVs [13, 14]
particularly in the area of flow cytometry [15, 16]. In recent times, efforts have been
made towards the development of on-chip solutions to flow cytometry [17]. These
developments suggest an attractive solution in on-chip flow cytometry for EV char-
acterisation. A multi-waveguide opto-fluidic chip is envisioned with a well-designed
microfluidic circuit to generate a sheath flow and allowing for sequential passing of
single EVs in the optically active region. In this region a single waveguide can be
used for sample illumination while two others can then be employed to collect for-
ward scattered light and another for sideways scattered light and fluorescence signal
collection, as described in ref. [18]. Separation of the sideways scattered light and
fluorescence signals can be achieved using a spectral demultiplexing building block
such as an arrayed waveguide grating [19].

Optofluidics chips employing fluorescence signal detection have been reported to
exhibit typical throughputs of 500 to 700 particles/s [18, 20], which is an order of
magnitude smaller than what is typically observed for standard flow cytometry. The
gap in throughput can be bridged by including multiple devices on a single chip and
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testing in parallel, which is a particular strength of lab-on-a-chip devices. These reports
and considerations indicate the potential that on-chip fluorescence cytometry offers a
possible solution for high throughput detection and biochemical characterisation of
EVs.

Identification of EVs based solely on above techniques is limited as Raman sig-
nals provide a volume averaged chemical fingerprint with response mainly originating
from the phospholipid shell, while fluorescence provides only the presence of spe-
cific receptor molecules also from the shell. In addition, current gaps in knowledge
on EV composition and the presence of contaminant particles in the EV size range,
such as lipoproteins and protein aggregates, lead to false EV identification. This prob-
lem is approached by simultaneously recording the Rayleigh scattered signal to deter-
mine refractive index and particle size along side biochemical content. This has been
demonstrated for Raman spectroscopy by measuring the back scattered light [21] and
for fluorescence with recording both forward scattered and side scattered light [22].
Another such technique with Rayleigh scattered light is interference contrast imaging,
as demonstrated for single viruses in ref. [23]. Here, Rayleigh scattered light from the
particle which is combined with light from a reference beam to record an interference
pattern. This interference signal is then analyzed to accurately yield particle size of
single nanoparticles as small as a few tens of nm. This method can be employed with
a fluidic channel for determination of nanoparticles like EVs based diameter with a
throughput of 1000/s [24].

In conclusion, feasibility of on-chip bio-chemical characterisation of EVs by means
of integrated optical techniques momentarily still requires prior labeling of the EVs. For
Raman based characterisation, the throughput is expected to be limited to a few thou-
sand particles per hour, which can possibly be improved with an order of magnitude
through parallel characterisation with multiple device blocks on a single lab-on-a-chip.
However, techniques based on Raman identification are low in throughput compared
to flow cytometric methods, but there is a trade-off between the throughput and the
specificity. Nonetheless, both methods are potential candidates for on-chip biochemi-
cal characterization of EVs on-chip.
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Particle tracking algorithm

This appendix provides a description of the particle tracking algorithm employed for
the estimation of the location as a function of time of trapped polystyrene beads and
spores in chapters 3 and 4, respectively, trapped within the multi-waveguide optical
traps comprising 2 waveguides and 16 waveguides.

The algorithm for estimating and tracking the position of a particle throughout a
sequence of image frames starts by identifying the particle amongst all other image
structures within each frame. To that end we carry out a matched filtering procedure
on each image frame to identify the sought for particle [1]. In a matched filtering
procedure, an image of the particle in question is taken from the first frame in the
frame sequence and is then used as a template. This is done by defining a region in the
image that is small enough to include only the particle of interest. The template is then
applied as a 2D filter for computing the 2D auto-correlation between the image frame
and template. The maximum 2D auto-correlation value is obtained at the location of
the particle within the image under analysis which defined the optimum match with
the template. The next step is estimating the particle location with sub-pixel accuracy.
This is achieved by interpolating the global maximum of each 2D auto-correlation
maps from the template matching procedure with a 2D parabola fit. The 2D parabola
fit is carried-out within a v/2 - 2.5 pixel radius of the auto-correlation global maximum,
which is a surface comprising 25 pixels in total. The coordinates corresponding to the
parabola maximum are the sub-pixel estimation of the particle.

The estimation error of the method is assessed by applying the full particle tracking
algorithm to sequences of simulated 1 um bead images. Each bead image is simu-
lated first by generating a binary circle template around the center of an N x N grid,
taking square grid pixels and pixel dimension A = 20 nm. Then random horizontal
and vertical displacements of the circle center with respect to the grid center Ax and
Ay, respectively, are generated using a normally distributed random number gener-
ator. The standard deviations oy sim = 0y sim = Osim iN Ax and Ay, respectively, are

generated from trap stiffness values k., via the relation o, = kT /kgim and are
converted to pixel dimensions through A. In this way the sub-pixel estimation accu-
racy of the particle tracking algorithm can be translated to accuracy in estimated o,
and k.. values. The kg, values are generated somewhat arbitrarily by taking the
normalized experimental trap stiffness for a polystyrene bead in a 16 waveguide trap,
kyexp16 = 0.92pNnm~'mW~!, from chapter 3 and computing kg, values at five
optical powers, B, between 0 and 100 mW.

At each PR;,, we generate a sequence of 1000 circle templates with different
combinations of Ax and Ay. The circle templates, which represent optical inten-
sity field values from the simulated bead in the object space of the imaging system,
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Iobject (x1, 1), are then converted into bead optical intensity field values in the image
Space, limage(¥2,¥2), and thus bead images with the relation:

iimage(fxﬂfy) = I:I(fx'fy) : iobject(fx' fy) (Al)

where [inage and Ipiect are the 2D Fourier transforms of £, ge (2, ¥2) and Iopject (¥1, Y1),
respectively, with spatial frequencies £, and f,, along the x and y axis, respectively.
Moreover, the image space coordinates (x,, y,) and object space coordinates (xq,y;)
are proportionally related via the imaging magnification, M, as x, = Mx, and y, = My;,.
The incoherent optical transfer function f (f,, f,) is taken to be [2]:

H{fe fy) = 7 |arecos | —u s avaa | |1\ zvaga

where NA = 1.2 is the numerical aperture of the objective lens used within the laser
tweezing Raman microscope used in chapters 3 and 4, and the wavelength 1 =
0.5um. The intensity field of the bead image, limage (x2, ), is obtained from an inverse
Fourier transform of Timage(fx, fy)- Figures A.1 a) and b) illustrates one of the object
and image imaging intensity pairs for a simulated 1 um bead.

The final step in simulating the bead images is the addition of image noise. The
noise in current cameras is predominantly Poisson/shot noise. The number of incident
photons per pixel is estimated from the ADU counts with the camera specifications in-
cluding temporal dark noise, bit depth, saturation capacity and the quantum efficiency.
This data is listed in the camera specification sheet in [3]. Poisson noise is generated
for each pixel with the Matlab poisrnd function using the estimated photon number.
An example simulated bead image including Poisson noise is illustrated in Figure A.1c).

c) image with noise

60 -30 0 30 60
X, (nm)

Figure A.1: a) The simulated bead imaging intensity field in the object space and b) the conjugate imaging
intensity field in the image space resulting from incoherent imaging and image system magnification, M =
60, without Poisson noise, and c) with Poisson noise.

The sequence of simulated bead images including noise is then inserted into the
particle position estimation algorithm. A subset of the estimated bead positions in the
x- and y-direction is shown in Figs. A.2 a) and b), respectively.
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Figure A.2: The simulated 1 um bead position and estimated, with the particle tracking algorithm, bead
position in @) the x-direction and b) the y-direction. The simulated bead positions are generated with P;,,, =
50 mW . In both the plots, the left-side axis shows the bead positions in nm and the right-side axis shows
the corresponding pixel values.

Comparison between the estimated bead positions and the simulated ones seem
to show a systematic offset between the two. This is confirmed through analysis of
the statistics of the difference in estimated and simulated bead position traces, as is
shown in figure A.2.
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Figure A.3: The distribution of the difference between estimated and simulated bead positions in the x-
direction in pixels and generated for bead diamter of 1 um with Pg;,, = 50 mW. The red arrow and dotted line
shows displacement of histogram center with the origin, Mean[Ax], showing tracking algorithm accuracy.
The blue arrow and dotted lines indicate the histogram width in terms of standard deviation, g5, showing
tracking algorithm precision. The variability in b) Mean[Ax] and c) oa, between 15 estimation iterations
with each iteration containing 1000 estimated bead positions. Results for the y-direction omitted as the
behaviour is identical.

The histogram in difference of estimated and simulated bead position is centered
approximately around 0.1 pixel. This confirms the systematic offset between esti-
mated and simulated bead position shown in figure A.2. Furthermore, the offset for
15 iterations of the particle tracking algorithm, each with 1000 estimated positions,
reveals varying offset values between tracking runs. Further investigation shows that
the offset is caused by choice of template, chosen at the start of each tracking run,
which is why the offset is constant with a tracking run and varies between tracking
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runs. Such biases are known to occur in position estimation procedures based on
maximizing a cross-correlation [4]. On the other hand, the width of the histogram
in difference of estimated and simulated bead position fluctuates around 0.018 pix.
Consequently, the precision of the particle tracking algorithm is around 3 o,,,= 0.054
piX.

Estimated trap stiffness values, k., are computed via ks = kg - T /02 Where kg
and T are Boltzman's constant and temperature, respectively. The o, is the standard
deviation in the estimated position series resulting from a single particle tracking run.
Based on above results, the g.; and k. are only limited by the precision of the particle
tracking algorithm. The g, and k. for 1 um and 3 um are shown in figure A.4
for corresponding P, € [10,100] mW together with o, and kg, respectively, to
illustrate the estimation error in o and k achieved with the particle tracking algorithm.

For the 1 um bead, o.s; agrees well with o, for oy, = 10 nm, corresponding
approximately to 0.125 pix and P,;,,=50 mW. While for smaller o;,,, the discrepan-
cies between o, and o. become larger as o.; approaches the position estimation
precision limit of 0.054 pix with o.; = 0.075 pixel at P,;,,=100 mW. This leads to an
underestimation of k. and a deviation from the expected linear relationship between
kes and Py, clearly apparent in figures A.4 (c) and (d) for k.s = 0.04pNnm™1.

On the other hand for the 3 um bead, o.; agree well with a;,, as small as 8.5 nm
corresponding to 0.105 pix. This becomes more apparent from the k. in figures A.4
(c) and (d) where the agreement with kg, and thus the expected linear relationship
with P, is extended to kg, as high as 0.06 pNnm~!. A higher estimation precision
for larger bead sizes is expected as the image contains more pixels contributing to the
generation of the 2D autocorrelation correlation curve, which leads to a broader auto-
correlation curve. As a result, the autocorrelation curve extremum becomes smoother
and the 2D parabolic fit for subpixel particle position becomes more precise.

Further inspection in figure A.4 (e) shows an average discrepancy of between kg
and kg, below 5 % for kg < 0.03pNnm~! for both the 1 and 3 um beads. As kg,
increases beyond 0.03 pNnm™!, the discrepancy between kg, and k. becomes
larger as k. is increasingly and systematically underestimated, a consequence of the
particle tracking precision limit.

In chapter 3, the stiffness values determined for 1 um polystyrene beads range
between 0.01 pNnm~! and 0.08 pNnm™!, as is shown in figure 3.8 (a). Here, the
trap stiffness values for ky 516w, are all below 0.02 pNnm™! and are a good estimate
of the actual trap stiffness according to the prediction shown in figure A.4 (e). This is
further confirmed through the linear relationship with the optical power P, exhibited
by the experimentally determined k, »(16)wg- The ky 16wg Values increase up to 0.051
pNnm™! and also exhibit linear behaviour with P.,,. However the k, 16y, data-set
also contains points slightly deviating from linear behaviour both at low stiffness values
as 0.01 pNnm~! and at high values as 0.051 pNnm™!. In the same way the Ky owg
values also exhibit a linear relationship with A, for stiffness values as high as 0.07
pNnm™!, also with slight deviations from linear behaviour. These deviations can be
caused by several effects.

Firstly, the k, »(16)wg data visualised in chapter 3 each result from a single measure-
ment while from figure A.4 e) the stiffness is expected to vary by £5% of the ground
truth. As a result, the deviating k, »(16)wg Values may be less precise estimates.
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Figure A.4: The standard deviation in simulated bead position (black) and estimated bead position for a
1 um bead (blue) and 3 um bead (red), using the particle tracking algorithm in a) the x-direction and b)
y-direction, and the corresponding trap stiffness in c) the x-direction and d) y-direction. In a) and b) the o
values are illustrated both in nm and corresponding pixel dimensions. e) shows the accuracy and precision
of the estimated trap stiffness as a function of the simulated trap stiffness, employing the estimated trap
stiffness data of both the x-direction and y-direction.

However according to figure A.4, stiffness values above 0.03 pNnm~! are always ex-
pected to be underestimated. Secondly, external contributions such as the channel
movements which remained unfiltered out of the tracked particle time traces. The
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channel movements are explained and shown extensively in chapter 4 lead to larger
estimated trapped particle displacement and result in an underestimation of the stiff-
ness. Finally, the simulated bead images presented here may not be an accurate
enough representation of the bead images recorded in chapter 3, as the recorded
bead image details are not captured in the simplified model employed for the simu-
lated bead images. This may lead to a higher particle tracking precision in chapter 3
than estimated here for the simulated bead images and in turn resulting in a higher
estimation accuracy for stiffness values above 0.04 pNnm~1.

Moving to the results for the 3 um polystyrene beads, the stiffness values range
between 0.01 pNnm™' to 0.2 pNnm™! as is shown in figure 3.8 (b). The ky (16)wg
are below 0.05 pNnm~! and are expected to be accurate estimates of the actual
trap stiffness, according to figure A.4 (e). This is again confirmed through the lin-
ear relationship which the ky 5(16)wg €Xhibits with Pr.p. The ky o(16)wg Values on the
other hand, are as high as 0.2 pNnm~! while stiffness values above 0.04 pNnm™!
are expected to deviate from linear behaviour as the stiffness becomes increasingly
inaccurate, as shown in figure A.4. However the k, 2)16wg Values up to 0.1 pNnm™!
all exhibit a good linear relationship with P, which indicates accurate stiffness es-
timation. These results show that the stiffness accuracy range can be extended to
larger stiffness values as the simulated bead images are probably not an accurate
representation of the recorded bead images from chapter 3 leading to an underesti-
mation of the accuracy limit of the estimated stiffness values for the trapped beads in
chapter 3. However, the k, >, go up to 0.2 pNnm~! and continue to exhibit linear
behaviour with P, except for the two right-most data points in figure 3.8 (b) which
appear underestimated. Possible reasons for underestimation of these data points are
explained above for the case of a 1 um bead. Nevertheless, the estimation accuracy
of the stiffness for 3 um beads can apparently be extended at least to 0.2 pNnm™!.
Furthermore, exclusion of the underestimated data points leads to alignment of the
ky owe @and k,, 16w lines and equal trapping forces for both traps along the x-direction.
This result is not surprisings since the 3 um bead is large enough to average out rapid
spatial variations of the field, leaving the global field variations to contribute to the
optical forces, resulting in similar optical force magnitudes for the 2 waveguide and 16
waveguide traps. As the trapped bead becomes smaller the rapid field variations be-
come more dominant leading to a higher trapping for generated by the 16 waveguide
trap, which contains stronger field gradients in the trap center.

In chapter 4, the stiffness values determined for the trapped spores are on aver-
age < 0.03pNnm~! with a maximum value of 0.051 pNnm™!, as shown in figure 4.7.
According to figure A.4 (e), the estimated stiffness values for the trapped spores are
underestimated by at most 5 % on average, which is acceptable. Moreover the esti-
mated stiffness values in figure 4.7 of chapter 4 show the expected linear relationship
with optical P, for all trapped spores.

In future studies, the range of trap stiffness values for which the analysis pipeline
applies, could be extended by taking the estimation precision o,,.. into account in

determining the distribution of bead or spore positions, by e.g. using o = /Uezsf — Ofrec

as the width of the position distributions instead of the apparent width o, directly
obtained from the particle tracking.



Expected maximum intensity of a
speckle pattern

Consider n = 1, 2, ..., N speckle patches with intensity I,, according to Rayleigh statis-
tics:

1 _In
P(ly)=—e 1o (B.1)
Io
with [, the average intensity, i.e. we have:
f dip()=1 (B.2)
0
f dri-pQ) =1, (B.3)
0
We look for the expected value of the maximum of the N speckle intensities:
+co
0

Insertion of equation B.1 gives:

I1+.+ly

1 ([ _inttly
< Irnax >= I_N ff dIl ...dINe To maX(IllN) (B.S)
0
0

To solve equation B.5 we implement a change of variable I; = —Iylog(z;) giving z; =
I.

_4
e To and dI; = — (I/z;) dz;. This leads to a uniform probability distribution of the z;
over the interval [0, 1] and an expected value for the maximum:

1
< Ipax >
% = J-f dz, ...dzymax(—log(z,), ..., —log(zy)) (B.6)
0
0
which can be rewritten to:
I 1
< >
% =— f f dz; ...dzylog(min(zy, ..., zy)). (B.7)
0
0
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Defining z, = min(z,, ..., zy) this can also be expressed as:

1

< Ipax >

A = —deOD (20) log (zy) . (B.8)
0

where D (z,) is the Probability Distribution Function (PDF) of z,. For one value of j we
have z; = z,, the remaining values z, > z, for all k # j. An expression for D (z,) then
follows as:

D(z) =N(Q1—z)" " (B.9)
Using computer algebra tools (e.g. Wolfram Alpha) it can subsequently be found that:
< Ipax >
———— =Hy (B.10)
I

where the so-called harmonic number Hy, is defined by:

N
HN = Z
n=1

(B.11)

S|k
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