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Abstract

Optical tweezers have been studied for over four decades to trap and
manipulate particles using light, advancing research in single-particle
technologies. We have developed, studied, and experimentally demonstrated
a novel on-chip tweezer platform combining fiberized lasers and
microfluidics. The tweezing is actuated by the balance of the optical and
hydrodynamic forces acting on the particle. Furthermore, the use of one
diverging laser through a single-mode optical fiber reduces stress due to light
exposure on the trapped particle compared to other tweezing approaches that
either employ a focussed beam or involve multiple lasers to trap particles.

With our opto-hydrodynamic tweezer (OHT), we were able to perform various
operations such as translation, rotation, and isolation, on trapped particles
and cells. OHT offers control over the flow trajectories owing to the
implementation of 3D hydrodynamic focusing. The trapped particle could be
translated over a long distance of up to 500 pym along the length of the
microchannel. This allows the integration of other optical detection modalities
with the chip further improving its functionality. A Stimulated Raman
microscope was integrated with the microfluidic device to image trapped
leukaemic cells. It offers a label-free approach to investigating and
understanding the composition of proteins, nucleic acids, lipids, etc., at
different wavenumbers within a few seconds.
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The unparalleled synergy between microfluidics, optical tweezers and Raman
microscopy is a promising step towards transforming personalised medicine
approaches.

The primary obstacle in our manipulation approach lies in the stability of the
trap applied to various particles, thus limiting applications. Essentially, this
is contingent on the stiffness of the trap which is controlled via the output
laser power of the fiber and the fluctuations in the flow field. At high flow
rates, this can be considerably improved but a feedback system is still in
development to cater to the changing conditions such as the size of the cell,
refractive index with respect to its surroundings, the shape (currently only
spherical or close to spherical objects can be trapped), temperature variations
due to heating of the substrate material, etc.
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Streszczenie

Od ponad czterech dekad szczypce optyczne sa przedmiotem intensywnych
badan naukowcow na calym swiecie majacych na celu wykorzystanie Swiatta
laserowego do chwytania, zatrzymywania i manipulowania obiektami w mikro
i nanoskali, przyczyniajac si¢ tym samym do znacznego postepu w rozwoju
technologii pojedynczych czasteczek. Nasze badania pozwolily na
opracowanie, zbadanie i eksperymentalne zademonstrowanie nowatorskiej
putapki optycznej na chipie, ktora zostata zbudowana w oparciu o potaczenie
laserow swiatlowodowych z technologia mikrofluidyczna. Rozwiazanie to
umozliwia chwytanie pojedynczych czasteczek poprzez wytworzenie
rownowagi pomiedzy dzialajacymi na nie silami optycznymi i
hydrodynamicznymi. W odréznieniu od dotychczas stosowanych metod
wykorzystujacych skupione promieniowanie lub kilka laserow do
pulapkowania, nasze innowacyjne rozwiazanie bazuje na uzyciu jednej
rozbieznej wigzki laserowej doprowadzonej do mikrokanalu za pomocg
Swiatlowodu jednomodowego, co pozwala na znaczne zmniejszenie obciazenia
czasteczki.

Nasze opto-hydrodynamiczne szczypce pozwolily na przeprowadzenie szeregu
roznych manipulacji schwytanymi czasteczkami i komoérkami, takich jak, na
przyklad, ich izolowanie, przesuwanie czy obrot. Dzieki wykorzystaniu
trojwymiarowego skupiania hydrodynamicznego narzedzie to umozliwia
zatem kontrole trajektorii przepltywu. Schwytana czasteczka moze zostac
przesunieta na znaczng, do 500 um, odleglos¢ wzdhuz mikrokanatu, co
pozwala na uzycie roznych metod detekcji optycznej, a zatem na zwiekszenie
funkcjonalnosci ukladu. W naszej pracy, stworzona opto-mikrofluidyczna
pulapka zostala zintegrowana z mikroskopem wymuszonego rozpraszania
Ramana w celu obrazowania zatrzymanych komoérek biataczki. Zbudowane w
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ten sposob innowacyjne urzadzenie diagnostyczne oferuje bezznacznikowa,
nieinwazyjna metode badania i analizy sktadu komorek zawierajacych m.in.
biatka, kwasy nukleinowe i lipidy, dokonujac pomiaru przy roéznych
dtugosciach fali w kilka sekund.

Wykorzystanie wyjatkowej synergii pomiedzy mikrofluidyka, szczypcami
optycznymi oraz mikroskopia Ramanowska stanowi niezwykle obiecujacy
krok naprzod w kierunku catkowitej zmiany podejsScia i otwarcia sie na nowe
spojrzenie w medycynie spersonalizowane;j.
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Glowna jednak przeszkoda ograniczajaca zastosowanie naszego rozwiazania
w praktyce, a zarazem glownym jego wyzwaniem jest zapewnienie stabilnosci
i niezawodnosci chwytania i manipulacji niezaleznie od rodzaju czasteczki.
Zalezy to przede wszystkim od sztywnosci pulapki, a zatem wiaze sie z
kontrola mocy lasera na wyjsciu ze swiatlowodu oraz wahan pola przeptywu.
Stabilnos¢ ta mozna znacznie poprawi¢ przy wysokich predkosciach
przeptywu, co wymaga zastosowania, bedacego nadal w fazie rozwoju,
systemu  sprzezenia zwrotnego pozwalajacego na  uwzglednienie
zmieniajacych sie warunkow, w tym, na przyklad, rozmiaru czasteczki, jej
wspolczynnika zalamania wzgledem otoczenia, jej ksztaltu (obecnie tylko
sferyczne lub prawie sferyczne obiekty moga zostac¢ pulapkowane), zmian
temperatury spowodowanych podgrzewaniem sie materialu podloza, itp.
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Thesis Structure

This dissertation is split into six chapters and includes work from two papers
I have co-authored.

Chapter 1 introduces the aims of the thesis and various tools available for
single-cell manipulation and analysis.

Chapter 2 provides the necessary prerequisite knowledge to understand the
theory and governing equations in microfluidics. Further, it briefly discusses
Raman spectroscopy combined with optical tweezers.

Chapter 3 details the development of a novel opto-hydrodynamic tweezer
(OHT) system. It discusses the fabrication, characterisation, and working
principle in detail. It also analyses various forces in the delivery and trapping
of particles.

Chapter 4 describes all possible operations on single cells in the OHT system
from trapping and translation to isolation and rotation. The various particles
that can be trapped are discussed.

Chapter 5 combines stimulated Raman microscopy with the OHT platform
for non-invasive leukaemic cell imaging. The different Raman bands of single
cells are studied and critical information required to discern healthy cells
from cancerous ones is discussed in this chapter. It also demonstrates a
comparative study between different cell types and their spectral images.

Chapter 6 concludes the thesis and sheds light on the shortcomings,
improvements, and future directions in this area of research.

This thesis is developed as part of a larger consortium project with leading
institutions from across Poland such as Jagiellonian University in Krakow,
Institute of Physical Chemistry, Laser Center, Warsaw University, Medical
University of Lodz, Institute of Haematology and Blood Transfusion, and the
Microfluidics group headed by Prof. Piotr Garstecki at the Institute of Physical
Chemistry, Polish Academy of Sciences, Warsaw as part of the Foundation
for Polish Science (FNP) FNP TEAM-NET grant POIR.04.04.00-00-16ED/18-
00. The objective of the consortium was to develop a microfluidic stimulated
Raman scattering based cell sorting device for rapid imaging of live cells in
leukaemia diagnostics. At the heart of this project is the microfluidic system
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for manipulation and sorting of cells which was developed as a part of this
thesis. In summary, the goal was to develop a Raman-compatible microfluidic
platform which can be readily utilized by clinicians for leukaemia diagnostics.
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Sic parvis magna
“From small things, arise great things.”

— Sir Francis Drake
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“Would you tell me, please, which way I ought to go from here?”

— Lewis Carroll in Alice’s Adventures in Wonderland

1. Introduction

1.1 Problem Statement and Thesis Aims

Leukaemia ranks as the 13th most prevalent cancer in adults and holds the
unfortunate distinction of being the most common type of cancer in children.
According to a report from the Global Cancer Observatory, an estimated
474,519 new cases were diagnosed in 2020 alone, accounting for 2.6% of all
cancers (1). While the precise cause of leukaemia remains elusive, scientists
and clinicians continue to study the various triggers contributing to its
incidence in addition to investigating the genetic components involved.

Prevailing leukaemia diagnostic techniques involve complex
immunohistochemistry and a series of intricate assays that lead to
inconclusive results after prolonged consultations with experts and medical
representatives (2,3). The existing diagnostic regimen for rapid leukaemia
prognosis is characterised by its tedious and technically challenging nature
(4-6). The current imperative, therefore, is to swiftly enhance and modernise
existing diagnostic tools to address leukaemia effectively.

Spectroscopic techniques, especially Raman spectroscopy, have emerged as
a powerful tool for leukaemia diagnostics and research. It exhibits high
sensitivity and specificity to the molecular fingerprints of the cells, is non-
invasive, and does not require additional sample preparation steps such as
fluorescent labelling or markers for identifying cellular components.
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This thesis endeavoured to advance leukaemia diagnostics by innovating
Raman-compatible microfluidic devices to image single cells and their
constituents. The primary focus was on tackling three pivotal challenges in
the diagnostic process: precise and continuous cell delivery for the detection
of Raman signals; stable immobilisation for Raman imaging; and efficient
sorting of desired cells post Raman acquisition for further downstream
assays, chemosensitivity studies, and immunohistochemistry.

The stepwise workflow was as follows:

Fabrication of a Raman-compatible microfluidic device using state-of-the-art
fabrication techniques. The goal was to minimise background Raman signal
that could potentially interfere with the signal from the cells. This was
achieved by minimising the thickness of the device at the Raman acquisition
window. The constraints imposed by the Raman microscope to integrate the
device between two large objectives were also taken into consideration during
the design and fabrication of the device.

Focusing and delivery of the cells to the region of interest (Rol) one by one,
with a high spatial precision. This was achieved by employing 3D
hydrodynamic focusing within the microfluidic device, which allowed
excellent control of the flow trajectories in the X, Y, and Z axes.

. Trapping cells at precise locations in the microchannel using optical tweezers
integrated on-chip. A fiber-based diode laser was integrated with the
microchannel to facilitate the trapping of the single cells flowing through the
device. This improved the portability of the device compared to large flow
cytometers which typically have immobile components. Additionally, various
other operations on single cells—such as translation, rotation, and
isolation—were demonstrated within the device.

Sorting cells of interest for further downstream assays and analyses. Sorting
was achieved via two approaches: optical fiber-assisted sorting and sheath
flow-assisted sorting. Both these methods have their advantages and
disadvantages and have been discussed in detail in later chapters.

The combination of precise control and manipulation of single cells offered by
microfluidics, in tandem with the molecular resolution of Raman, within a
single lab-on-a-chip device will pave the way for new developments in rapid
diagnostics of leukaemia.



This document consolidates my findings and serves to establish an edifice of
knowledge for pursuing further research in this domain.

1.2 Tools for Single-cell Manipulation and Analysis

Investigation of particles and cells from the perspective of an individual
particle or cell unlocks a comprehensive and holistic understanding of their
behaviour, interactions, and impact on biological and engineered systems (7—
13). Reports about variability in the Adenosine triphosphate (ATP) levels of
cells within the same population have been attributed to the dynamics in the
mitochondria, regulation of gene expression, or metabolic pathways. Single-
cell approaches to quantify cellular ATP have been proposed to understand
the correlation between the genetic pathways and corresponding phenotypic
response (14,15). Thus, understanding the response of single cells reveals
information which is obscured when studying the population as a whole (16—
18). For example, circulating tumour cells (CTCs) have been identified by
analysing single cells from human blood, thereby facilitating early detection
of cancers (19-21). Similar studies involving the investigation of the
biophysical and biochemical composition of single cells have implications
that are fundamental to disease diagnosis and drug discovery (22-32).
Characterising the phenotypic and genotypic features of single bacteria or
viruses provides insights into the heterogeneity of these populations, which
is crucial for designing effective antibiotics and vaccines (33-40).

There are several unique challenges to address before manipulating single
cells. These challenges arise owing to their size and the high concentration of
cellular components. Early methods for single-cell analysis relied heavily on
flow cytometry or laser scanning cytometry for rapid screening of
fluorescently labelled cells in a flow (41,42). Although flow cytometers are
mostly automated and capable of integrating multiple detectors, they are
bulky, mechanically complex, and can only be operated by a professional with
extensive training and experience.

Miniaturisation of bulky systems has always been attractive and recent
advances in the field of microfluidics have opened promising avenues for
single-cell manipulation and analysis (43-48). Microfluidic techniques allow
the integration of various functionalities into one platform while offering
flexibility in design for real-time analysis. Owing to their miniaturisation,
microfluidic systems typically work with a few hundred nanolitres or
picolitres of sample solution, minimising sample loss and resulting in
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sensitive approaches (49,50). Hence, developing tools and techniques to
isolate, detect, and analyse individual particles with high spatial and
temporal resolution in a lab-on-chip format is indispensable to the progress
of single-particle science and technology (51-53).

Diverse particle manipulation strategies (54) relying on mechanical (55,56);
optical (57,58); electrical (59-61); acoustic (62,63); hydrodynamic (64,65); or
a combination of these forces (66—69); have been applied successfully to
single-cell research.

Droplet microfluidics is one such emerging area where single-cell research is
thriving (70-72). The cells are compartmentalised and encapsulated into an
emulsion whose size scale is similar to that of a cell, and its environment is
well-controlled. Droplets are generated by flowing two immiscible liquids
through micron-sized channels. The flows are controlled precisely by syringe
pumps and the geometries are specifically engraved to achieve monodisperse
droplets, such as T-junctions, flow focusing, and co-flow systems. The
droplets are stabilised by surfactants and single-cell encapsulation follows a
Poisson distribution.

Although droplet microfluidics presents itself as one of the best tools for
single-cell research, two-phase systems add to the complexity of deciphering
Raman signals and could potentially hinder the signal from the cell. Because
the encapsulated cell is freely moving within the droplet, the control over its
movement is minimal. This is challenging, especially for imaging applications
that require the cell to be static for a few seconds. Therefore, in this thesis, I
focus on single-phase systems enabling control over the cell movement and
simplifying Raman analysis by reducing interferences around the sample.

Similar to how biologists use multi-well plates for parallel analyses of various
combinations of samples, within microfluidics, a usual method to isolate and
trap single cells is by fabricating geometrical structures that function as
barricades, walls, or wells (73,74). Microwells are a fine example of one such
method wherein the diameter, number of wells, and shape can be tuned to
suit the needs of the research (75-77). Revzin et al. (78) demonstrate an array
of microwells for the retrieval of individual leukocytes. Han et al. (79) report
the mapping of a mouse cell atlas by analysing over 400,000 single cells in a
microwell array—a high throughput low-cost platform for single-cell RNA
(scRNA)-sequencing. Microwells offer an ideal platform for single-cell profiling
with very high throughputs that depend on the total number of wells that can
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be fabricated on the device. However, they offer limited control in the analysis
and run a high risk of contamination during sample seeding due to being
exposed to the surroundings.

Microfluidic valves (80) introduced by Stephen Quake in 2000 addressed
some of the above-mentioned limitations of microwells. They offer high
control as well as the ability to program the valves and automate operation.
Lecault et al. (81) developed a microvalve-integrated microfluidic platform
consisting of thousands of chambers enabling single hematopoietic stem cell
proliferation analysis. Sun et al. (82) presented a novel valve-based
microfluidic platform for on-chip cellular assays. The microvalves provided
excellent control, facilitating precise exchange of the medium to study
individual cells in well-controlled environments. They allowed for control and
programmability but were accompanied by certain disadvantages: the
fabrication of these valves is still quite complex, employs a multilayer
fabrication process, and the operation of the devices requires precision
pressure control systems.

Compared to the complexity involved in fabrication, hydrodynamic methods
utilise the actuation of fluid flow to control particles. By manipulating the
drag forces generated by the surrounding fluid flow precisely, hydrodynamic
tweezers can manipulate individual particles within microfluidic devices
(65,83-85). However, their intricate design and fabrication requirements to
establish well-defined flow vortices and their sensitivity to flow disturbances
pose challenges to achieving robust particle trapping and manipulation.

Dielectrophoretic (DEP) (86-89) and acoustic forces (90-92) offer alternative
strategies for particle manipulation in microchannels due to their robust
trapping capabilities, minimal damage to particles, and wide applicability.
However, both these methods necessitate the integration of complex electrode
structures that require specialised designs to create the 3D traps and
introduce additional instruments, such as AC generators, resulting in
complex and bulky lab-on-chip devices.

Thus far, optical tweezers have been the preferred method for particle
manipulation, ranging from metallic to biological. However, their widespread
use in academic laboratories is hindered by the need for high numerical
aperture (NA) objective lenses, complex instrumentation, and high-intensity
optical operation. Compact dual-beam optical fiber tweezers (93-98)—which
employ two opposing, diverging beams from optical fibers to trap a single
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particle—present a promising alternative to conventional objective-based
tweezer systems. Their simple design, minimal instrumentation, reduced
trapping intensities, and on-chip operation make them an appealing choice
for industrial applications as well. However, limitations such as precise fiber
alignment, unstable trapping in high flow rate environments, and restricted
manipulation over long distances have limited their broader adoption. Single-
fiber tweezers (99,100) address some of these limitations but at the expense
of fabrication costs involving fiber lensing or tapering of the fibers. Table 1
summarises the commonly used particle manipulation approaches, the
primary forces responsible, and their advantages and disadvantages.



Table 1. Comparison of Widely Used Single-cell Manipulation Approaches

Single-cell Advantages Disadvantages References

Manipulation
Methods

Drag forces High throughput, Lack of selectivity, (101,102)
simple fabrication poor sorting
. process, label-free, efficiencies, risk of
Geometrical . . L
and biocompatible contamination, and

constrictions/
mechanical
methods

low controllability

T Td4 00 T3 e (I DEP force, Ease of control, low Joule heating, (86,89)
(DEP) electroosmosis  cost, and issues with

integration of medium
electrodes with conductivity, low
microfluidics throughput, and
operation requires
complex
instrumentation
Acoustic Streaming and Biocompatible and High costs, high (62,91,92,103)
radiation noncontact operation
forces manipulation complexity, and
low throughput
Scattering and  High precision, Low throughput, (104,105)
gradient forces label-free, and expensive
noncontact instrumentation,
manipulation high operation

complexity, and
cell damage from
focused lasers

Opto-
hydrodynamic



This chapter outlined the major drawbacks of the current diagnostic regime
of leukaemia. I briefly introduced the workflow to address these drawbacks.

This chapter also tabulates the importance of single-cell manipulation tools,
various approaches, and their advantages and disadvantages. In the next
chapter, I will discuss the theoretical background, focusing on the concepts
of microfluidics, optical tweezers, and Raman spectroscopy.



Microfluidics: A Story of Size

2.1 Definition of Microfluidics

Microfluidics involves manipulating and precisely controlling fluid flows at
the microscale. The field has evolved significantly in the past few decades
owing to interdisciplinary research, and its applications from the point of view
of a scientist are constantly evolving. From the perspective of a physicist,
microfluidics involves employing devices for the study of fluid behaviour
through small channels. From the standpoint of a biologist, it means
developing a system to isolate single cells from the culture medium with
precision and study the dynamics of living systems when exposed to fluids
(usually accompanied by imaging). In a chemist’s world, it involves the
intermixing of fluids for synthesis in specifically designed channels to
engineer or mimic conditions that would otherwise prove challenging to
achieve. More synonymously, the field is now expanding to the use of micron-
sized channels that drive fluids for various applications, commonly referred
to as “lab on a chip”. Figure 1 highlights the importance of microfluidic
devices and their operations along the length and volume scales.

Nanoparticles/  Prokaryotic and
single molecules eukaryotic cells
viruses
| nm um mm m length scale |

[volumescale fL pL nL pL mL L |

Nanoscience and Microfluidic systems Bulk fluidic

technology/ microvalves/ reactors/ systems I

i . M total analysis
nanofluidic devices systems (uTAS)

Figure 1: Importance of length and volume scales as size reduces.



2.2 Historical Perspective

The semiconductor industry had an astounding impact on the development
of microfluidics as a standalone field of research. The initial development of
integrated circuits (ICs) back in the 1930s propelled a revolution in
microelectronics. This led to the building of sophisticated systems, electronic
devices, and machines with applications in the fields of communication,
medicine, and national security. Synonymous with the fabrication of the IC
devices, microfluidic devices were soon fabricated on silicon wafers thanks to
Lathrop and Nall (1952), who coined the term “photolithography” to pattern
transistors made of germanium for military applications (109). Manz et al.
pointed out the many advantages of studying flow physics on the micrometre
scale and proposed the first micro total analytical system (uUTAS) (110). This
was the first footprint of total analysis systems as a concept and led to the
development of handheld devices capable of performing bulky chemistry
within microchannels.

Another strong factor driving the development of microfluidics was national
security related. With the Cold War at its end, the use of biochemical weapons
caused widespread unrest and led to the development of
microelectromechanical systems in the 1990s; the Defense Advanced
Research Projects Agency, USA (DARPA), spearheaded research and
development to deploy portable devices to detect these threats (111).

In summary, the developments in the semiconductor industry, the
introduction of patterning through photolithography, and the need for
portable devices for various applications, propelled the development and
adoption of microfluidics as we know it now.

2.3 PDMS: The Cornerstone Material for Microfluidics

The choice of material imposes several constraints when considering the
requirements for microanalytical systems. Applications involving imaging of
biological samples or cell cultures encouraged scientists to look for materials
that were easy to fabricate, transparent, cost-effective, and biocompatible.
Silicon was opaque, expensive, and offered limited integration of optical
modalities. Glass was an excellent alternative to silicon and offered excellent
imaging quality but the fabrication and selective etching of geometries and
intricate valves was challenging. Plastics overcame many of these limitations
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and one material —PDMS—became so popular that it continues to be the go-
to material for device fabrication.

A research group, led by George Whitesides at Harvard, pioneered the use of
polydimethylsiloxane or PDMS for the rapid prototyping of microfluidic
devices (112). Soft lithography, as described by Whitesides, involves the use
of elastomeric materials as stamps that are cast from a master mould. The
master mould, which has a desired pattern, is fabricated via traditional
photolithography techniques, micromachining, or other sophisticated
techniques such as laser ablation (113,114). The desired pattern is replicated
onto the elastomer and is hence referred to as “replica moulding”. The
prepolymer and curing agent are mixed in appropriate ratios before being
poured onto the mould. The PDMS channels can be bonded covalently to
either PDMS or glass after the plasma activation of the surface withstanding
fluid pressures for operation.

The replication of valves, pumps, or complex channel architectures onto
PDMS obtained via conventional silicon lithography is straightforward and
cuts down the requirements of expensive clean rooms. PDMS is optically
transparent, has low autofluorescence, and is an excellent choice for research
where imaging or optical detection is non-comprising. It is permeable to gases
facilitating cell culture (115) within the device and is relatively inexpensive
compared to silicon. It is widely employed in the fabrication and mass-
production of microfluidic devices. The structure consists of an alkane
backbone, silicon, and oxygen as shown in Figure 2.

H, — — CH,

C
H3C CH

/S'_'__"O/S]\ /

H,C CH,

Figure 2: Chemical structure of polydimethylsiloxane (PDMS). ‘n’ is the
number of monomer chains.
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2.4 Theory and Governing Equations

As the name suggests, microfluidic devices all have one thing in common:
they are small. This characteristic offers many advantages but the most
prominent one is the need for reduced sample volumes and reagents.
Typically, the volumes handled by these devices are in the nL-uL. The use of
reduced amounts of reagents and miniaturisation consequently lower the
overall costs for fabrication and operation. The miniaturised devices are
quickly replicated using soft lithography to produce a large number of
batches. The technique utilises a hard master mould onto which patterns are
fabricated and a soft polymer is poured into the mould, which hardens and
cures when subjected to chemical treatment and temperature.

A fluid can be defined as either a gas or a liquid, wherein, there is a continuous
deformation due to an applied external force or a shear stress. The physics of
fluids in the microscale offers considerable advantages as compared to the
bulk systems, where the interaction between fluids is primarily convective. In
bulk systems, the inertial forces are much larger and, therefore, more
dominant than the viscosity of the system. At the micron scale, however, the
surface-to-volume ratio is large and these viscous forces are significant
relative to the inertial forces and, thus, cannot be disregarded. This
inconsistency in the action of the forces at different length scales gives rise
to interesting effects. Therefore, it is essential to characterise fluid flow to
understand and take advantage of these effects.

Figure 3: Example of a rectangular microchannel characterised by length
l, width w, and height h. The fluid flow within the channel flows with a
characteristic velocity v.
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Dimensionless numbers are used to characterise the various phenomena at
the microscale. Consider a fluid flowing with velocity (v) within a rectangular
channel with length (), width (w), and height (h) as shown in Figure 3.

One such parameter is the dimensionless Reynold’s number (R.) (116) given
by the ratio of the inertial forces to viscous forces within a fluidic system.

R.=2" ...(1)

where p is the density of the fluid, vis its velocity, lis the characteristic length
scale of the system, and u is the dynamic viscosity.

When the dimension of the system is reduced, as is in the case of microfluidic
systems, R.is reduced considerably. When R. is below 2,000, the flow within
such systems enters a laminar regime as compared to R. above 4,000, where
the flow is turbulent. In turbulent systems, fluids are continuously
undergoing mixing chaotically, which significantly enhances the presence of
gradients within the system due to the vortices and eddies in flow.

To best understand these two flow regimes, one can imagine water flowing
from a tap. The moment you begin to turn the tap on—when the volume of
water is still small (Figure 4a)—the flow is transparent and smooth, with
negligible mixing. Such a flow can be divided into individual lanes, or
laminae, which are predictable. In contrast, when the tap is fully turned on
and a lot of water gushes out of the nozzle unpredictably, there is
considerable mixing (Figure 4b). The former is referred to as the laminar
regime while the latter is the turbulent regime.

a) Laminar flow b) Turbulent flow

Figure 4: Example of (a) laminar and (b) turbulent flow regimes.

13



Certain boundary conditions are assumed at the walls of the microchannel.
Due to pressure-driven flow, the fluid velocity at the walls is zero. This is
referred to as the no-slip boundary condition resulting in the development of
a parabolic flow profile within the main channel and the highest velocity is at
the centre (Figure 5).

Another crucial dimensionless number is the Péclet number (P.), which is the
ratio of the convection to the diffusion in the system. Depending on the
application of the respective research, diffusive mixing may be desired or not.
Within microfluidic systems, control over diffusion is of utmost importance
to achieve precise control and tailor microfluidic devices for specific end-goal
applications.

Laminar flow

Turbulent flow
—_—

Figure 5: Velocity flow profile in a rectangular microchannel for laminar and
turbulent flow regimes.

Due to the miniaturisation, the diffusion time is rather short in
microchannels. The diffusion time can be approximated as:

tam 2 -(2)

where x is defined as the distance traversed by a single solute molecule along
one axis after a certain time t; and D is the diffusion coefficient of the solute.

If the velocity of the particle in-flow for a given width of the channel is known,
P. can be estimated using equation 3:
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vL, ...(3)

The Navier-Stokes equation is used to describe the flow of fluids and is
essentially a modification of Newton’s second law of motion (F = ma):

..(4)

p [(%) + (u- V)u] = =V, +nV?u+f

where p is the fluid density, u is the fluid velocity, p is the pressure, and 7 is
the dynamic viscosity.

The change in fluid momentum is described by the left side of the above
equation. The change in velocity over time is given by the term p (%), and the

relative change in velocity due to fluid movement is given by p(u - V)u. The
pressure gradient is expressed by —V, on the right. The viscous effects are

incorporated in the term nV?, whereas the third term f denotes forces such
as gravity, electrostatic interactions, etc.

Conversation of mass requires that,

ap _ ...(5)
E-i_ V-(pu)=0

At a given time and space, the density is assumed to be constant and is
expressed as the continuity equation:

V-u=20 ...(6)
The flow rate within the microfluidic devices is controlled by applying a
pressure difference (4p). The volumetric flow rate, Q, can be calculated by the

Hagen-Poiseuille law:

Ap =Ry Q (7)
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where Ry is the hydraulic resistance. The flow rate is higher if the resistance
is lower under an applied pressure difference.

Hydraulic resistance for a microchannel with rectangular and square or
circular cross-sections attributed by height h, width w, length L, or radius R,
respectively, can be expressed as:

R, ~ 2 (;) ...(8)

wh3 \1-0.63h/w

for a square cross-section,

28.41L
h ~ h4

..(9)
or, for a circular cross section,

8nL
™ nR%

The flow profile within a microchannel is parabolic with the highest velocity
at the centre of the channel. By assuming the no-slip boundary condition and
no influence of the inertial forces, the flow velocity along the channel can be
described as in Figure 5 (a) and equation 10:

ue(y) =y, [1 _ (1 _ 2_3’)2] ...(10)

w

where w is the width of the channel and O<y<w.

Capillary forces also begin to dominate in the microscales. It is the interfacial
force that drives flow within narrow constrictions against gravitational forces;
examples include, the rise of juice in a thin straw, wicking in plants allowing
transport of water against gravity, soaking of sponges, etc. Many analytical
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devices—such as micro paper analytical devices (uUPAD), blood glucose
meters, and pregnancy test devices—utilise capillary forces.

2.5 Raman Spectroscopy (RS)

Sir C. V. Raman first observed inelastic scattering of light back in 1923 when
studying sunlight incident on a photographic filter to focus light onto dust-
free liquid. He observed that some light passed through this filter, a
phenomenon that could only be explained by the change in energy of the
incident photons on the sample. When light impinges upon a material, it can
give rise to various effects depending on the properties of the material: the
light may scatter—that is, be reflected or refracted—or the material may
either absorb it or transmit it. Most of the light which is incident on the
sample undergoes Rayleigh scattering. This is an elastic effect, meaning that
the total momentum is conserved and the intensity is proportional to A% The
photon that is incident excites the molecule to a short-lived, virtual excited
state (typically 10-1* seconds) and eventually returns to the ground state. This
process results in the emission of a photon and possesses the same energy
as that of the transition. Effectively, the scattered photons have the same
wavelength as that of the incident-impinging photon. The ground state level
is denoted by Eo. The dotted lines represent the short-lived virtual states. The
inherent vibrations of molecules give rise to the virtual energy states above
the ground state.

The Raman effect occurs when the photon either loses or gains energy during
the process resulting in a change in wavelength. If the wavelength decreases,
it is termed “Raman anti-Stokes scattering”, and if it increases then it is
termed “Raman Stokes scattering” as described in the energy level diagram
in Figure 6. Raman scattering is a rare event as compared to Rayleigh
scattering and occurs approximately every 107 photons that are incident on
the sample.
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Figure 6: Energy level diagrams for the Rayleigh and Raman scattering
processes.

This loss/gain in energy resulting in a change in wavelength is termed
“Raman shift”. It is represented in wavenumber and is calculated as follows:

1 1 (11
AWgpife = (/1—— ) (11)

exc /167?1

where Awgp;rr is the Raman shift, represented usually in units of inverse
centimetres, A,,. is the excitation wavelength, and 4., is the emission
wavelength.

This scattered radiation is collected, and the corresponding spectrum
obtained is analysed to distinguish between different materials. Different
atoms and molecules interact with photons differently providing a unique
spectrum. This spectrum is characteristic of the material and is sensitive to
the vibrational states (117) within the sample. The typical Raman spectra of
PDMS is shown in Figure 7.
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Figure 7: Typical Raman spectra of PDMS.

Raman spectroscopy greatly impacted the fields of biology and medicine, as
it is a label-free, non-invasive, highly specific, and selective technique
(118,119). The developments in the area of Raman spectroscopy can be
attributed primarily to improving the low probability of spontaneous Raman
scattering. With the advances in laser sources in the 1960s, scientists began
to explore light-matter interactions involving multiple incidents (120) due to
non-linear effects.

Stimulated Raman spectroscopy (SRS) is one such coherent non-linear
process that provides much stronger signals in comparison to spontaneous
Raman spectroscopy. The vibrational motions are time-resolved to study and
image biological samples such as cells (121,122), biomolecules, (123) etc. SRS
employs two lasers, which are separated in frequency, to initiate stimulated
emission if the frequency differences correlate to the Raman vibrational mode
being probed. The conditions for excitation are a complete spatiotemporal
overlap of the pump and Stokes beam, with a Raman shift that matches the
molecular vibration frequency of the sample. The interaction between the
sample and the photons from the two laser sources results in an energy loss
or energy gain depending on the polarizability of the sample. The energy loss
is known as stimulated Raman loss (SRL). The energy gain is termed
stimulated Raman gain (SRG). The overall Raman signal is deducted from
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SRL or SRG to result in a Raman spectrum devoid of non-resonant
background improving the fidelity of the spectrum.

This chapter looked at how forces in the micron scale give rise to fluid
phenomena. It drew a roadmap of how microfluidics developed into the field
it is today and the factors responsible for its popularisation. It briefly
discussed the various materials employed in microfluidics as well as the
reasons for PDMS as a widely accepted material for device fabrication within
this community. I also reviewed the characteristics of fluid flow within
microchannels and the governing equations. And, finally, this chapter also
outlined the significance of Raman spectroscopy along with a brief
description of stimulated Raman spectroscopy.

The next chapter will introduce “light force” and how its interaction with
particles can be exploited to manipulate them. I will introduce the different
optical forces, the background and literature behind the development of
optical tweezers, and the various governing equations in the literature to
estimate optical forces. I will then discuss how microfluidics and optical
tweezers can be combined into a single powerful analytical tool for single-cell
manipulation. The fabrication and operation principles of the microfluidic
device will be detailed and followed by the results of focusing and trapping
particles. I will also discuss and estimate the various forces acting on a
particle within such a system in addition to the device parameters. A
comparison of these parameters vis-a-vis other optical manipulation
approaches will also be drawn.
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3.1 Radiation Pressure (light force) and its Origins

The force within light is carried by the quanta of electromagnetic radiation,
that is, photons. These tiny packets of light are massless but possess
momentum and energy. One macroscopic evidence of light force is a comet
tail—a visible feature of the comets observed in space. Comet tails form due
to tiny dust particles interacting with the sun’s radiation, which causes them
to be pushed away. The tail of a comet is always positioned away from the
sun because there is a momentum transfer between the photons and the dust
particles. This strange behaviour of comet tails always pointing away from
the Sun was first observed in the 1600s by Johannes Kepler. Some two
centuries later, in 1862, James Clerk Maxwell theorised that light has
momentum and thus exerts pressure when incident on an object to explain
the behaviour of electromagnetic fields. This pressure is now understood as
a consequence of the law of conservation of momentum. The nature of light
force can be thought of as a repulsive force, for example, the use of solar sails
in the propulsion of spacecrafts (124).

3.2 Light-Particle Interactions

In order to understand how this force can be utilised to manipulate
microscopic objects as described in Section 1.2, one needs to understand the
interactions between light and matter. Consider an example where a
spherical bead interacts with a ray of light. Assuming that the bead is
reflective and is exposed to a light source, let us now discuss the momentum
in the system. As is shown in Figure 8, if pi» is the momentum of the incident
ray of light, upon interaction with the reflective spherical bead, the
momentum of the light after reflection, pou:, will be:

Pout = ~Pin (12)
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Figure 8: Interaction of a light ray with a spherical bead. The bead completely
reflects the incident ray of light. The direction of net momentum pushes the
bead towards the direction of the incident light ray.

According to the law of conservation of momentum, the total amount of
momentum before and after interaction with the bead must remain the same,
that is, the momentum gained by the bead can be expressed as:

Pread=— (pout_pin) ces ( 13)

From Newton’s second law, the definition of force is mass times acceleration
of the given object. However, since light never accelerates and is made of
photons—which are essentially massless—we can conclude that light exerts
a force by exchanging momentum. This phenomenon is known as “radiation
pressure”. The force scales with frequency,! which means that the higher the
frequency of light, the larger the momentum it carries, and therefore, the
more capable it is of exerting a stronger force on the object. In simple terms,
blue light—a smaller wavelength—is capable of exerting a stronger force on
an object than red light—a larger wavelength.

In the above example, we discussed a situation where the bead is reflective
(equation 13). What if the bead happens to let all the light through instead of
reflecting it? Let us now consider the case of a transparent bead. As light
propagates through different media, the direction of light changes depending
on the refractive indices of the media. Revisiting Snell’s law we know that if

! Frequency of light relates to the energy of individual photons. Intensity of light is defined as the total number
of photons per second.
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the refractive index of one medium (n,) is smaller in comparison to the second
medium (n2), the incident light ray will bend towards the normal to the
surface as shown in Figure 9. If the refractive index of medium 1 is higher
than medium 2, the light ray will bend away from the normal to the surface
as in equation 14.

normal

Incident light ray

6 i “Reflected ray
n, air

n, water

Refracted ray

Figure 9: Snell’s law and the principle of refraction.

sin® n, ...(14)

singp ny

Let us return to our spherical bead. The light ray interacting with the bead
will be deflected depending on the refractive index of the bead. If the refractive
index of the bead is much larger than its surrounding medium (Figure 10),
the outgoing light ray will be deflected. If we map out the overall change in
the momentum of the system in a vector form, we can conclude that the beam
of light will impart momentum to the bead. This exchange of momentum
causes the bead to be pulled towards the beam of light. Following this, we
can correlate the refractive index and its effect on the imparted momentum
or the overall force on the bead. If the refractive index contrast between the
bead and light is high, the light will be deflected more and, hence, the
momentum gained by the bead will be larger.
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Figure 10: Interaction of a light ray with a spherical bead whose refractive
index is larger than the surrounding medium. The incident light ray is
deflected, and the bead gains momentum, causing it to be pulled towards the
ray’s axis.

Reflections reduce the magnitude of momentum, which has an effect on the
force exerted on the bead as shown in Figure 11. Though the internal
reflection of the bead is ignored here, it influences the direction and
magnitude of the overall momentum exchange to the bead.

a) b)
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Figure 11: (a) The net momentum is reduced due to reflections. (b) According
to Snell’s law, if the refractive index of the bead is lower than the surrounding
media, then the bead is pushed away from the incident ray.

With this information about the interaction of single rays of light, let us now
consider a light beam composed of multiple rays defined by a uniform
intensity profile. When this beam is incident on a bead, a pushing force is
experienced by the bead, propelling the beam to propagate along the direction
of the beam profile (Figure 12a). If the beam profile exhibits a gradient
intensity—such as that of a Gaussian beam, which is collimated—the
momentum in the middle of this beam is larger compared to the sides. This
gradient intensity, when interacting with the bead, will either attract or pull
the bead towards regions of maximum intensity. In this case, the centre of
the beam is as in Figure 12 (b). The force responsible for pulling the beam
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towards the area of maximum intensity is referred to as the “optical gradient
force”, and the force that pushes the bead along the direction of the beam is
called the “optical scattering force”. These are the two forces primarily
responsible for realising optical tweezers—a tool that utilises light force to trap
and manipulate particles.

a) b)

Figure 12: The beam of light interacts with a spherical bead. (a) Interaction of
a bead with a beam of light of uniform intensity profile. (b) The bead interacts
with a light beam composed of a Gaussian profile.

The optical gradient forces are responsible for stable trapping in 2D. However,
since the scattering force still pushes the bead in the third dimension, this
results in instability in the third dimension. To effectively stabilise the motion
of the bead along the axial axis, the most intuitive approach would be to
introduce a second beam propagating in the opposite direction of the initial
beam. The scattering forces from the oppositely positioned beams will cancel
each other, resulting in a trapped bead, stabilised in 3D. This technique
remains effective even when the two opposing beams are positioned at sharp
angles (Figure 13).
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Figure 13: Interaction of collimated beams of light from (a) opposite sides and
(b) at an angle to trap beads with high stability.

3.2.1 Arthur Ashkin and His Discovery

Arthur Ashkin realised that this effect of two laser sources was superfluous
and could be reproduced within a single highly focused Gaussian beam
(Figure 14) (104). He introduced this technique—which was initially termed
“single-beam gradient force trap” and later recognised as optical tweezers—
in his seminal paper (104). The effectiveness of this approach hinges on the
utilisation of a lens with an exceptionally high numerical aperture (NA) to
achieve a tightly focused beam of light. When this tightly focused beam
interacts with a bead, regardless of its position in front of or behind the focus
of the beam, the bead will be pulled towards the point where the gradient
intensity is the highest or, simply, the focus of the beam.

Ashkin’s discovery marked a paradigm shift in particle manipulation
strategies, offering the ability to manipulate and study individual particles
with unparalleled precision and paving the way for advancements on all
fronts, including the fields of biology, chemistry, and physics.
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Figure 14: Particle trapped in a focused beam as published by Ashkin et al. (a)
Diagram showing the ray optics of a spherical particle trapped in water by a
focussed laser. (b) Photograph, taken in fluorescence, of a 10 um sphere
trapped in water, showing the paths of the incident and scattered light rays
[Reproduced from Ashkin et al. (104) with permission “The Optical Society.]

3.3 3D Hydrodynamic focusing

Before delving into the intricacies of the optical trapping employed in this
thesis, let us first examine how the principles of microfluidics help harness
fluid flow to focus and deliver cells within microchannels to facilitate

trapping.

The technique we will discuss in this section was originally developed by
Knight et al. (125) as a faster alternative to mixing in laminar regimes by
controlling the diffusion at small length scales and was termed
“hydrodynamic focusing”. A fluorescent stream of dye particles is squeezed—
or “hydrodynamically focused”—from both sides and the width of this focused
stream is controlled by modulating the relative flow rates of the side and inlet
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flows. In current research, hydrodynamic focusing is strongly associated with
flow cytometers. A typical flow cytometer measures a population of cells in
flow (126). Figure 15 depicts the optics and fluidics elements within a flow
cytometer.

Modern flow cytometers combine particle focusing and manipulation
methods with optical detection to sort individual cells. In order to measure a
large population of cells, the flow velocities in such types of equipment are
quite high, which results in inaccuracies due to the optics not being able to
keep up with flow speeds. One method to resolve such inaccuracies in flow is
by driving all the cells in the solution to a single location within the flow
cytometer. This is achieved by employing fluid dynamics. A “sheath flow” is
introduced to surround the “sample flow”. The sheath fluid confines the
sample stream and forces the cells to form a single file when passing through
the detection point.

o | ®
[ J
e Sheath fluid
Fluorescence
detection
Scattered light

Figure 15: Optical and fluidic elements involved in the construction of a
typical flow cytometer.

Although flow cytometers are versatile tools to study cells at extremely high
throughputs, analyse single cells, and enable sorting, they are quite bulky
and expensive and require a considerable level of expertise to operate. With
advancements in microfluidics research, scientists are now aiming to
miniaturise flow cytometers (127-129). The integration of various detection
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modalities within a microfluidic flow cytometer has propelled research in
various areas to expand detection capabilities. Several particle-focusing
strategies employing sheath or sheath-less focusing have been demonstrated
in the literature previously (130). However, most of them employ complex
fabrication processes and impose constraints on applicable flow rates. The
use of multilayer designs often makes the chip difficult to integrate with other
components necessary to build the cytometer. Zhao et al. (131) have
successfully employed a single-layer design of a microfluidic cytometer
employing 3D hydrodynamic focusing to count basophils based on scattering.
The selection of one method over the other is dependent on the needs of the
research and factors such as design constraints, feasibility, throughput, and
resolution.

The reader is acquainted with the basics of microfluidics, optical tweezers,
and Raman spectroscopy, let us now look at how all this comes together
within a microfluidic chip. The following sections delve into the fabrication
and operational principles of the developed opto-hydrodynamic tweezer (OHT)
chip. The platform combines microfluidics, optical tweezers, and stimulated
Raman microscopy to create a unified and potent analytical system. It
synergises the molecular precision and sensitivity of SRS with the control and
efficiency of microfluidics and holds great potential as a diagnostic tool. The
characterisation and calibration of the focusing effect of OHT are conducted
out with respect to cells and polystyrene (PS) particles, which is discussed in
detail in Section 3.6.

The experiments in this thesis were performed using 15 um PS particles to
validate the system. Thereafter, different cell lines were tested with the chip.
Parameters such as the focusing accuracy, trapping stability, trap stiffness,
etc., are measured and discussed in sections 3.6, 3.9, and 3.11, respectively.
The variety of forces acting on the particle within the tweezer system is
estimated and discussed in Section 3.7 and compared to other optical
approaches.

3.4 Fabrication of the Microfluidic Chip

The AutoCAD software was used to draw and design the device geometries
based on calculations of the hydrodynamic resistances and the overall
requirements of the experiments. Standard photolithography was used to
fabricate the necessary devices using SU 8 negative photoresist onto a 3-inch
silicon (Si) wafer at exposed at 365 nm. Prior to clean room fabrication, the

29



designs were drawn and sent out for the printing of the photomasks. The
resolution of the photomasks influences the quality of fabrication
significantly, and therefore, the highest possible resolution is desired. The
chip design and the PDMS chip with inlets, sheath flows, and outlet are
shown in Figure 16.
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Figure 16: (a) AutoCAD design of the microfluidic chip. (b) The corresponding
PDMS chip after fabrication is bonded on glass.

Figure 16 shows the inlets and outlets for the sheath flow and sample as the
region of interest (Rol) (red, dotted circle). The Rol is a Raman window where
the cells are trapped for Raman acquisition. Technical details of the
fabrication process, chip assembly, and operation are discussed in detail in
Appendix Al.

The 3-inch Si wafer is cleaned thoroughly and baked at 200°C. Post-baking,
the wafer is gradually cooled to room temperature. SU-8 2100 photoresist
(micro resist technology GmbH, Germany) is spin-coated as specified by the
manufacturer onto the wafer and baked at 65°C and then at 95°C before
exposure. The photomask with the desired pattern is aligned with the wafer
on a mask aligner system to position the patterns onto the wafer and,
consequently, exposed. Post-exposure, the wafer is carefully baked at 95°C
as per the manufacturer’s instructions. The wafer is developed and cured at
200°C for 15 minutes after which the master mould is ready. This master
mould is used to produce PDMS replicates via soft lithography. The final
PDMS stamp peeled from the wafer is activated by oxygen plasma and bonded
to glass to obtain the final device.
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3.5 Principle of OHT

The synergy between hydrodynamic forces and optical forces is exploited to
realise equilibrium positions along the length of the channel to trap particles
and cells. The unique geometry in the microfluidic device positions the optical
fiber opposite to the direction of the fluid flow taking advantage of the forces
acting on the particles to trap them at specific locations. Since the optical
fiber is in direct contact with the flow, artefacts and losses resulting from
material interfaces are minimised. The scheme presented in Figure 17
outlines the working principle of the OHT system.
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Figure 17: Operating principle of an OHT system. (a) Top view of the
microfluidic device depicting the various inlets for sheath flow and the
opposing fiber. (b) The cross-sectional view shows the influence of 3D
hydrodynamic focusing to deliver particles/cells at designated locations
within the channel by modulating the flow rates of the sheath flow. The
various forces acting on the particle are depicted: Fsnear (Shear forces) and Farag
(drag forces) due to the fluid flow and the optical forces, respectively; Fscat and
Fgraqa are the scattering and gradient forces, respectively, arising from the
optical fiber due to the input laser power.
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The optical fiber is a single-mode, polarization-maintaining fiber, with a core
diameter of 6 um, an NA of 0.12, and a mode field diameter of 6.6 um at 980
nm. A dedicated tapered fiber guide structure on the microfluidic device
ensures the easy insertion of the fiber. The fiber is glued in place to eliminate
any fluctuations during the operation of the device. A UV epoxy resin of
appropriate viscosity is used. The glue flows into the fiber guide structure via
capillary action and is cured for 30 seconds with the help of a high-intensity
UV gun.

A four-way sheath flow aligns the particles and cells flowing from the sample
inlet with the optical axis of the fiber fixed at the opposite end. It is important
to state that the four-way sheath flow enables control along the X, Y, and Z
axes of the sample inlet. The side flows control the Y-direction of the sample
while the top and bottom flows control the Z-direction. By precisely varying
the concentration of the sample as well as the overall flow rate ratios of the
sheath flows with respect to the sample stream, it is possible to align the flow
trajectories of single cells to the optical axis of the fiber.
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Figure 18: Sheath flow surrounding the sample stream in OHT and driving the
cells at specific positions within the microchannel. (a) The top view and (b)
cross-sectional view depict how the sheath flows squeeze the sample fluid in
the respective axes. Adapted from (131).
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The sample from inlet 3 is focused from the side (inlets 1 and 2) and from the
bottom and top (inlets 4 and 5, respectively) as shown in Figure 18. As a
consequence of laminar flows in the microchannel, the fluids in the channel
flow parallelly with no disruption between the layers and negligible lateral
mixing. By properly adjusting the flow rate ratios of the four sheath flows
with respect to the sample flow, the trajectory of the sample stream can be
manipulated hydrodynamically within the cross-section of the microchannel.

3.6 Focusing and Trapping of Microparticles in the OHT

Trapping within the OHT is realised by aligning the flow trajectories of the
particles in the microchannel with the optical axis of the fiber. To
demonstrate the effect of focusing and estimate trapping efficiencies, a 0.02%
weight-to-volume of PS particles, whose diameter was 15 um, is flown from
inlet 3. In the absence of sheath flows, the PS beads flowed randomly within
the channel, and the trapping efficiencies were very low as depicted in Figure
19. This is because the number of particles aligned with the core of the optical
axis of the fiber was very low and distributed statistically.

When sheath flows 1 and 2 were activated, the particles slowly began to
converge in the centre of the channel in a process called “2D focusing”. This
forced more of the particles to align with the core of the fiber but only in the
Y-direction as evidenced by the low trapping efficiencies. Along the cross-
section, that is, in the Z-direction, the beads interacting with the laser of the
fiber were low in number. Therefore, to improve trapping efficiency, the
bottom and top sheath flows were increased steadily. This confined the flow
of particles in the Z-direction, causing most of the particles to align with the
optical axis of the fiber.

Consequently, the trapping efficiency increased and was found to be >70%
as shown in Figure 19 for a laser power of 450 mW. To achieve higher
trapping efficiencies, all the particles flowing in the channel must be aligned
along the core of the optical fiber with high precision. This necessitates
exceptionally high sheath flow rates leading to strong drag forces that cannot
be counteracted by the optical forces in our system. 3D hydrodynamic
focusing offers the flexibility to address positional inaccuracies in fiber
placement within the channel. This is achieved by adjusting the ratio of the
sheath flow rates to aid in the alignment of the particles along the optical axis
of the fiber.
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Figure 19: Trapping efficiency versus sheath flow focusing. The particles when
focused along both horizontal and vertical axes resulted in high trapping
efficiencies as compared to only one-axis focusing or no focusing.

To determine the accuracy of focusing particles within the device, two
approaches were adopted. The first one involved the measurement of the
centroid position of the PS beads flowing in the microchannel. The relative
change in the position of the particles in Y-direction during flow is determined
while varying the sheath flow rate between O uL/hr-100 uL/hr. The sample
flow rate was fixed at 10 uL/hr. A custom MATLAB code was written to extract
the centroid positions of beads from each frame of the video for different
sheath flow rates. The Y-position of the bead was plotted as a function of the
sheath flow rate from the side. A standard deviation of £2 um was observed
at flow rates of 100 uL/hr as shown in Figure 20.
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Figure 20: Particle position versus side sheath flow rate. The centroid position
of PS particles flowing in the microchannel was extracted from the video
sequence for different side sheath flow rates. The sample flow rate remained
fixed at 10 pL/hr. Each point represents a single particle, and the error bar
represents the mean and standard deviation in the positions.
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Figure 21: (a) The relative deviation in the X-position is measured for 20
particles after 3D hydrodynamic focusing. (b) The standard deviation was *2
pm from the mean position.

From Figure 21 we can see that 3D hydrodynamic focusing constrains most
of the particles to specific regions within the microchannel—in our case, the
centre of the channel. The effect of focusing improves with an increasing
sheath flow rate ratio. The standard deviation for 20 particles is calculated
and in agreement with the centroid position method.

The other method to determine the quality of focusing utilised the software
within the Nikon Ti2 eclipse microscope which was used to obtain video
sequences during the experiments. Different Rols were chosen within the
microchannel to determine the accuracy of focusing. In this case, three
regions along the X-direction were chosen to calculate the deviation of
particles in this direction during flow. Most of the particles passed through
the preferred Rol (marked in red). The standard deviation measured after 3D
hydrodynamic focusing was *2 um. The relative error compared to the
centroid measurement arises from the size of the chosen Rol (15 um) and the
relative distance between the Rols (5 um) as shown in Figure 22.
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Figure 22: (a) Designated Rols, marked along the X-direction of the channel,
to determine the deviation in particle trajectory. (b) The total number of
particles passing through Rol 1 after 3D hydrodynamic focusing. Each peak
corresponds to one particle flowing through the region at a given instant.

In summary, 3D hydrodynamic focusing was realised and validated within
OHT. PS beads with a diameter of 15 um were successfully delivered to
specific locations in the microchannel after hydrodynamic focusing. The effect
of the sheath flow rate on the sample stream was studied to comment on the
quality of focusing. The relative error in focusing was measured using two
methods to compute the relative position of the bead during flow. The relative
error estimated from the above methods after 3D hydrodynamic focusing of
the beads was 2 um. The efficiency of focusing particles increased with an
increase in the sheath flow rate.

3.7 Forces Within OHT

To estimate the forces within the OHT, we need to understand the beam
profile of the laser at the output end of the fiber within the microchannel.
Figure 24 shows the spatial intensity profile in the X-Y direction of the laser
beam from the optical fiber core operating at an output power of S50 mW.
The scattering due to the flow of 500 nm PS particles makes it possible to
visualise the beam profile. A single-mode fiber with NA 0.12 is integrated into
the open end of the microfluidic device from the side and glued in position
with the help of a UV-curable epoxy resin.
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Figure 23: Beam profile visualised within the channel as a result of scattering
due to 500 nm PS particles.
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Figure 24: Intensity profile of the laser beam emitted from the single-mode
optical fiber. The origin (Y = 0) marks the centre of the fiber core.

3.7.1 Estimation of Optical Forces Within OHT

In Section 3.2, we looked at light-particle interactions and understood the
concepts of radiation pressure and momentum transfer. What we did not
consider then is the size of the particle with respect to the wavelength of the
interacting light beam. Optical trapping regimes can be understood by
considering the size of the particle versus the wavelength of the trapping laser
under a set of assumptions. Broadly, two such regimes exist, one where the
size of the particle is much greater than the wavelength—the Mie regime—
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and the other where the particle is much smaller than the trapping
wavelength—the Rayleigh regime.

In the Rayleigh regime, the ray optics theory is not valid and, therefore, the
particle needs to be considered as a point dipole to explain the forces. Since,
my thesis focuses on biological cells, which are much larger than the
wavelength of the trapping laser used here (980 nm), I will focus on the Mie
regime. In the Mie regime, typically, ray optics are used to describe the
trapping behaviour. Light from the laser is incident on the particle, which
exerts a force owing to momentum change as discussed in sections 3.1 and
3.2. Since we have already discussed the concept of scattering and gradient
forces, let us now look at how to estimate these forces within our system.

Ashkin studied and developed the tweezers based on the ray optics regime,
which applies to non-spherical objects and different beam intensity profiles
(105). He reported radiation force as qualitative values. Gauthier and Wallace
(132) further expanded on his work to derive a closure form for the optical
forces by describing what they referred to as the behaviour of the photon
stream. Essentially, the stream of photons when incident on a spherical
particle divides infinitely, continuously undergoing reflection and refraction
as it traverses the sphere. From this photon stream interaction, they
calculated the radiation force based on the number of photons interacting
with the surface and undergoing a change in momentum.

ny,h ...(19)
where nn is the refractive index of the medium, h is Planck’s constant, and A
is the wavelength of the light.

The Gaussian intensity profile at the output end of the fiber propagating in a
medium of water (n = 1.33), is given by:

16 y) = o exp <W(x)2> T <w(x)2>

where, Pis the total power of the beam, I, is the peak irradiance at the centre
of the beam, y is the radial distance away from the axis, w(x) is the radius of
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the laser beam where the irradiance is eiz (13.5%) of I,, and x is the distance
propagated from the face-end of the fiber.

_ MFD MFD 2 T (MFD\?

we) =521+ (5) % =5(57)

..(17)

where MFD is the mode field diameter of the optical fiber (Figure 25). The

width of the Gaussian intensity profile is described by the mode field

diameter, which is constant along the length of the fiber and carries 86% of
the beam power.

a)

o

Intensity

I, Peak
intensity

1/e? of Peak intensity

X

Radial position

Mode field diameter

Figure 25: Gaussian profile intensity distribution at (a) the output of the
single-mode optical fiber. (b) MFD estimation for the Gaussian beam.
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Figure 26: Stream of photons represented by a ray of light incident on the
sphere. [Reproduced from Gauthier et al. (132) with permission ®“The Optical
Society.]

To calculate the mean number of photons within the photon stream as shown
in Figure 26, Gauthier et al. considered an infinitesimal area normal to the
direction of the beam. The photons are continuously undergoing reflection
and refraction when encountering the surface of the bead. Therefore, an
expression to determine the total number of photons in the Gaussian beam
is given by:

A ...(18
Ny = Rl(x,y)dAAt (18)

Considering reflections and refractions, the initial number of photons Nk
separate to Nki, Nk2 ... Nkn as they interact at the interface. This interaction is
expressed as a summation of the mean number of photons over all the
interfaces.
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...(19)

Ny, = z Ny n
n=1

Using equation 19, the total number of photons N in the Gaussian beam is
estimated as:

o ® o ...(20
N=Y_1N, = Zk—l Y Nin (20)

The spherical bead experiences a momentum change owing to its interaction
with the photon stream. The change in momentum in the axial and radial
direction are expressed as:

axial, ...(21)

_ noh
Ap, —TNk 1+—cos 26, — —cos(a+nﬁ)

radial,

- ...(22)

bp, = == Ny —sm291 E —sm(a+nﬁ) cosy

where 6,, with respect to the normal, is the angle of incidence of the stream
of photons, 6, is the angle of refraction based on Snell’s law, and y is the
polar angle. Then:

a = 2(91 + 92)

B = (mr—26,)
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Figure 27: Geometry of a photon-stream path interacting with the Gaussian
beam. [Reproduced from Kim et al. (133) with permission ®The Optical
Society.]

Kim et al. (133) reported a simplified expression for the scattering and
gradient forces based on the photon stream approach proposed by Gauthier
et al. From Figure 27, by expressing the mean number of photons undergoing
a change in momentum as a probability by combining the Fresnel reflectance
and transmittance, we get:

Ni,1 = Nir ...(23)
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Nk,n = NkRn_ZTZ for n>= 2 (24)
The Fresnel reflectance is expressed as:

_ 1[sin®(8, — 6,)  tan®(6; — 6,) ...(25)
~ 2|sin%2(6, +6,)  tan?(6, +6,)

Assuming the absorption is zero, the transmission can be expressed as T=1-
R.

By expressing the change in momentum as Fresnel reflectance and
transmittance, the above equation for change in momentum becomes:

_ ngh _ mpc0s(20,-26;)+Rcos26,1] _ noh ...(26
Apz = =5~ Ni [1+RC05291 T 1+R2+2R cos 26, ]_ 7 NieQz (26)
__ —ngh . _ 2 5in(26;—26,)+R sin 26,
Ap, =3 N [R sin26, =T 1+R2+2R cos 20, ]COSI’D
h
— ™tyQ, ..(27)

The dimensionless coefficients for the scattering and gradient forces

determined by Kim et al. were in agreement with the calculations presented
by Ashkin (105).

The force equations can now be obtained by relating the above equations to
Newton’s second law:

A ...(28
podp 28
At
_ Mo 3 , €0s(26; — 20,) + R cos 20, ...(29)
dF, = CI(p,z) 1+Rcos20,—T 1T RZ + 2R cos 26, dA
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2 5in(261-26,)+R sin 26,
1+R2+2R cos 26,

dF, = ="21(p,z)[Rsin26, - T | cosaa ..-(30)

The radial distance from the centre of the Gaussian beam of the photon
stream is expressed as p:

p? = a* + 1} sin® 0, — 2ar, sin 6, cos P ...(31)

where 1, is the radius of the spherical bead and a is the offset of the sphere
in the radial direction from the axis of the Gaussian beam.

The scattering and gradient forces expressed in double integrals can be
written as:

...(32)

B
I

1+R2+42R cos 26,

2
/2
Z—EJ. f 1(p,2) [1 + Rcos 260, — T? c05(281-26,) +R 603291] 17 sin2 6,d6, dip
0
0

...(33)

1+R2+2R cos 26,

2w
/2 . ,
F,= - %f f 1(p, z) [R sin 20, — T? Sin(26,~26,) +R szel] 17 sin2 6, cos 1 db, dip
0
0

Based on the expressions for the optical forces in equations 32 and 33, we
can estimate the optical forces for a PS particle trapped in our OHT system
For a particle significantly larger than the wavelength of the trapping light
source, the scattering and gradient forces on the particle within the channel
can be calculated using equations 34 and 35:

...(34)

nma? (2w = .
Fscar(x,y) = fo J-OZ 1(x,y)Qscar sin(260,) dB;de

2c
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-y, 2 2 T . eee 35
Fyraa@y) = 2% (27 (3 1(x,1)Qyraq sin(26;)cose db; dg (55)
where n,, is the refractive index of the medium, a is the radius of the trapped
particle, and cis the speed of light. Qgcq: and Qgrqq are given as:
_ _ m2 c05(261-263)+Rcos(26;) ...(36
Qscat = [1 +Rcos(260,) =T 1+R2+2Rcos(26,) ] (59)
_ . 2 Sin(26,-26,)+Rsin(26,) ..(37
Qgrad = [Rsm(zgl) T 1+R2+2Rcos(265) ( )

where R and T are the Fresnel reflection and transmission coefficients for
optical rays’incident at an angle 6, and 0, is the angle of refraction calculated
using Snell’s law.
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Figure 28: Spatial distribution of the optical scattering force exerted by the
laser beam from an optical fiber on a 15 uym PS bead flowing in the
microfluidic channel. (Core diameter of the fiber = 6.4 uym, 4,,,.,, = 973 nm,
Power (P) = 550 mW, NA =0.12).

The spatial distribution of the optical scattering force exerted on a 15 um PS
particle flowing in the microfluidic channel for a given laser power, derived
using equation 34, is illustrated in Figure 28. The scattering force is
maximum along the laser beam axis and reduces with increasing distance
from the tip of the optical fiber. This is attributed to the Gaussian intensity
distribution of the laser beam within the optical fiber. Since the fiber acts as
a diverging laser source, the scattering forces are strongest at the fiber end
(X =0, Y = 0) and decrease as the particle moves away from this position.
This results in reduced optical intensities, lowering scattering forces and,
consequently, minimising photodamage to the particle.

In the transverse direction, the gradient force on a particle that flows in
alignment with the optical axis of the fiber is zero as calculated from equation
35 and depicted in Figure 29. Initially, the gradient forces increase with an
increase in the displacement of the particle from the beam axis and then
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decrease significantly as the particle is completely displaced from the beam
path. The maximum gradient force is observed at a displacement where the
beam divergence is equal to the size of the particle, which results in a
maximum overlap of the light cone with the particle. A consequence of this
trend is the automatic alignment of particles that were not perfectly aligned
with the optical beam axis already. These particles are pulled into the beam
axis due to gradient forces and are eventually trapped.
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Figure 29: The gradient force exerted by the laser beam from an optical fiber
on a 15 ym PS bead flowing in the microfluidic channel.

3.7.2 Estimation of Non-optical Forces Within the OHT

A particle trapped in the OHT system experiences a variety of forces,
including optical forces (scattering and gradient), fluidic forces
(hydrodynamic drag, shear gradient, and wall lift), and other forces
(gravitational and buoyant).

The hydrodynamic drag forces on a particle flowing within the microchannel
are calculated using the Stokes law:

Farag = 6mnav ...(38)
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where 7 is the dynamic viscosity of the fluid and v is the flow velocity in the
microfluidic channel.

The drag force is dependent on the overall flow velocity in the channel. The
trap location can be modulated by varying the input flow rates to translate
the trapped particle along the length of the channel.

The buoyant force acting on a rigid spherical particle suspended in a medium
is given by:

4
F, = §na3pmg ...(39)
The gravitational force is given by:
4
F = gna?’ppg ...(40)

where p,, and p, are the density of the medium and particle, respectively, a
is the radius of the particle, and g is the acceleration due to gravity.

The lift forces are given by (134-136):

shear-gradient lift forces,

ad ...(41)
Fsp & pm v? ﬁ
and wall lift forces,
a® ...(42)

Fyy, & pp v? e

where p,, is the density of the medium, v is the maximum flow velocity, a is
the radius of the particle, and H is the characteristic dimension of the
channel. Then, for rectangular channel:

_ 2wWh
T (w+h)

where w and h are the width and height of the channel.
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Since 3D hydrodynamic focusing ensures that particles are aligned with the
optical axis of the fiber—which is close to the centre of the channel (within +
10 uym) and further away from the channel walls—the magnitude of the
inertial lift forces acting on the particle is almost three orders of magnitude
smaller than the optical trapping forces in our geometry and, therefore, the
lift forces do not contribute to the trapping forces. The major forces at play
are the optical scattering and hydrodynamic drag forces, which are
responsible for the stable trapping of the particle within the OHT platform.

The channel geometries employed in this design (125 pm x 125 um) and the
flow constraints that squeeze the sample stream towards the centre of the
channel ensure that the net effects due to the wall forces are balanced on
either side. The gravitational and buoyant forces estimated based on the
relations given in equations 39 and 40 are an order of magnitude lesser
compared to the optical and drag forces and, therefore, their influence in the
trapping process is minimal and neglected here.

3.8 Comparison of Optical Tweezing Approaches

In comparison to the widely available tweezing approaches, OHT offers
several advantages as shown in Table 2. Traditional objective-based tweezers
employ high NA objectives that are quite bulky and expensive. The operation
is limited to small working distances, requires complex optics to complement
the setup, and reduces the portability of the assembly. Fiber-based tweezers
were developed to replace the bulky objectives and improve the portability of
the setup while still retaining the advantages of tweezing. Dual-beam and
single-beam fiber tweezers have gained significant popularity owing to their
smaller size and the ability to be integrated with lab-on-chip devices
performing challenging biology, especially as an optical stretcher (94) probing
single cells.

However, the use of fiber-based tweezers is still limited due to the
requirement of precise alignment tools and stages. The integration of the
fibers with microfluidic devices involves implementing complex fabrication
techniques, which increases costs as well as the complexity of the operation.
The manipulation of particles at high flow rates is challenging and the
operations on a single particle are limited to trapping, stretching, and sorting.
OHT offers a novel optofluidic arrangement to trap, translate, rotate, and sort
single particles within the same device. It can operate at high flow rate
conditions up to 4,500 um/s and translate the trapped particle over 500 um
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along the length of the channel. It also offers the ability to trap particles in a
linear chain array, further promoting the integration of various spectroscopy
and microscopy techniques to probe single particles rapidly.

Table 2. Comparison of the widely available tweezing approaches

Objective- Dual-beam Single-beam Evanescent Opto-
based optical fiber tweezers fiber wave trapping hydrodynamic
tweezers tweezers tweezers (OHT)
Trapping Optical Optical Optical Optical near- Optical scattering
force gradient gradient and gradient field gradient and hydrodynamic
scattering drag
(dominant)
Direction Orthogonal Orthogonal Orthogonal Orthogonal Parallel
of flow
(vis-a-vis
trapping
laser
direction)
Trapping 0.2 nm-5 pym 50 nm-100 ym 100 nm-15pm 10 nm-5um 3um-50 um
particle

3.9 Trap Stability

The stability of the trapped particle is evaluated by assessing the fluctuations
in position along the X- and Y- directions. The trapped particle exhibited a
variance of £0.195 pym and +0.02 um around the mean positions along the X-
and Y- directions, respectively, as illustrated in Figure 30. The enhanced
trapping stability in the Y- and Z- directions compared to the X-direction can
be attributed to the symmetrical laser beam profile and the uniform flow
characteristics within the channel cross-section, specifically the Y-Z plane.
This symmetry results in equivalent trapping accuracies along the Y- and Z-
axes.
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In contrast, the trapping stability along the X-direction, which aligns with the
flow direction, is comparatively lower. This difference stems from fluctuations
induced in flow speed due to the mechanical pumps employed in this system.
These flow speed variations exert a fluctuating drag force on the trapped
particle, consequently affecting its position along the X-axis.
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Figure 30: (a) Microscopic image of a 15 um PS bead trapped in the
microchannel using OHT. (b) Fluctuations around the mean position of the
trapped bead in the X- and Y- directions. The position corresponds to the
centroid coordinates of the particle extracted from individual frames.

Conversely, trapping in the Y- and Z- directions is primarily governed by the
gradient force and the net lift forces. These forces are not influenced by flow
fluctuations within the channel, which contributes to the enhanced trapping
stability in these directions. To improve trapping stability along the X-
direction further, the implementation of a glass-based microfluidic device or
a pressure-controlled flow system would effectively minimise flow
fluctuations within the channel. By mitigating these fluctuations, enhanced
trapping stability along the flow direction can be achieved. In summary, OHT
demonstrates remarkable robustness and stability for particle trapping.

3.10 Precision of Particle Manipulation in OHT

To evaluate the precision of the system and understand the particle
manipulation capabilities of the OHT platform, the trapped PS bead was
subjected to varying input laser powers at a constant flow velocity. The
trapped particle within OHT can be translated along the length of the channel
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in two ways: either by modulating the drag force in the system by altering the
input flow rates of the sheath flows or by varying the input laser power of the
trapping laser. Both of these methods are robust and can be utilised in
combination to influence the quality of the trap. These methods have been
discussed in detail in Chapter 4, section 4.6.

The precision in position is validated by varying the optical forces exerted on
the trapped particle. This is achieved by switching between two different
input laser powers and measuring the position of the trapped particle over
time. A custom-written MATLAB code helped extract the exact centroid
position of the particle from the different frames of the video sequence. The
laser diode was initialised for an input power of 182 mW and 500 mW in
consistent intervals. The mean position of the trapped particle was measured
for a few iterations to estimate the accuracy of particle manipulation as
shown in Figure 31.
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Figure 31: Microscopic image depicting a trapped PS bead of diameter 15 pm

at a laser power of (a) 182 mW and (b) 500 mW for a fixed flow velocity. (c) The

relative change in the X-position of the particle is measured by manipulating
the particle between two positions by modulating the laser powers.

As is evidenced from the graph in Figure 31, the trapped particle oscillated
between a distance of 30 um and 210 pm from the tip of the fiber (Y = 0) for
applied input laser powers of 182 mW and 500 mW, respectively, with respect
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to time. A particle trapped within OHT can be precisely and accurately
translated to different positions along the length of the channel by varying
the forces exerted on it. The unique optofluidic synergy minimises laser
damage to sensitive cells by translating the particle to farther distances away
from the laser at low input laser powers. The long-range translation of the
trapped particle provides access to integrate other detection systems along
the length of the channel to study single particles.

3.11 Trap Stiffness

Thus far, we have discussed the principles of OHT and understood the
capabilities of the system from the perspective of trapping PS particles.
Advanced experiments are possible by understanding the relation between
the forces and the motion of the trapped particle. To apply optical tweezers
in quantitative biology, the stiffness of the trap must be calibrated accurately.
By extracting information from the particle time trace, one can quantify the
forces acting on the particle, calibrate the system, and even gain information
about the surrounding fluids.

The equipartition theorem (146) is one method to evaluate the stiffness or
strength of a trap. The theorem states that “a system at thermodynamic
equilibrium will have, on an average, Y2 kgT of energy in each degree-of-
freedom.”

The optical trap stiffness is related to the size of the trapped particle.
Depending on the size of the particles and the wavelength of the trapping
laser, the maximum optical force exerted on a particle diminishes in inverse
proportion to its radius, resulting in a decrease in the maximum force
experienced by the particle (Mie regime, particle size greater than A). On the
other hand, when the particle size is much smaller than the wavelength of
the trapping laser, the force is proportional to the third power of the particle
radius.

For my experiments, I have strictly adhered to the Mie regime, where the
particles are much larger compared to the wavelength of the trapping laser.
Using the equipartition theorem to evaluate the trap stiffness, for the X- and
Y- directions, this can be written mathematically as:

__ kT -..(43)
< x,y2 >
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where, k,, is the trap stiffness in X- and Y- directions, ks is the Boltzmann

constant, < x,y? > is the positional variance of the trapped particle, and T is
the absolute temperature.
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Figure 32: (a) A microscopic image of a single 15 um PS particle trapped in the
microfluidic device using OHT. (b) Theoretically estimated optical scattering
and drag forces exerted on a 15 um PS particle as a function of its position
along the length of the microchannel. The tip of the fiber is positioned at X =
0. (c) and (d) represent the positional fluctuations of the particle trapped in
OHT in the X- and Y- directions, respectively.
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For a particle with a diameter of 15 um, Figure 32 shows the fluctuations in
its mean trapped position. The stiffness in the X- and Y- directions were
evaluated to be 0.1 pN/um and 342 pN/um, respectively. The trap stiffness
in the X-direction—the direction of flow—was found to be three orders of
magnitude smaller owing to the fluctuations in the flow profile. This was
primarily due to the operation of the mechanical pumps, which were pulsing
at regular intervals and adding to the fluctuating drag force on the particle in
addition to the thermal fluctuations in the system.

The bead was trapped at a distance of 150 um from the tip of the fiber. The
average flow velocity was estimated at 1,400 um/s within the channel. Figure
32 (b) shows the maximum scattering force exerted at a distance of 100 um
from the tip of the fiber; it decreases with increasing distance as the laser
intensity scales inversely with distance. Assuming a constant flow velocity at
a distance of 134 um, the magnitude of the drag force is equal to the
scattering force for an output laser power of 860 mW. This is the expected
location of the trap determined from theoretical calculations. This agrees with
the distances estimated for the trap location experimentally at 150 um from
the tip of the fiber.

This chapter introduced light-matter interactions and defined the various
optical forces responsible. Opto-hydrodynamic tweezer platform and its
principle of operation were discussed with details of the fabrication process.
The device takes advantage of optical forces and the precision of microfluidics
to trap and manipulate single particles. Various experiments to validate and
characterise the system were discussed in detail. The quality of the trap and
focusing of 15 um PS particles was assessed. The OHT platform was
compared to conventional optical trapping approaches available in the
literature. Parameters such as stability, precision, and stiffness of the trap
were measured and discussed. The functionality of the OHT device with
respect to cells is covered in the next chapters.
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Chapter 4

Rollin’ in the Deep

4.1 Single-cell Operations Within OHT

The functionalities of a microfluidic chip are limited by the number of
components that can be combined with it while still retaining all the
advantages of a lab-on-a-chip device. More often than not, the combination
of operations on single cells—such as trapping, translation, and sorting—
requires bulky components for actuation to achieve functionality. As
discussed in Section 1.2, many tools exist for the manipulation of single cells
but most of them require the integration of electrodes, high-power amplifiers,
or expensive fabrication facilities, making the process challenging and
inaccessible especially in a resource-limited setting. In chapter 3, we
discussed the fabrication of the OHT device and its various parameters by
studying PS particles. Parameters such as precision, trap stability, and trap
stiffness were also evaluated. In this chapter, we will discuss the
functionality of the OHT device further, with an emphasis on the trapping,
translation, and rotation of single cells, along with isolation or sorting of
desired cells into designated outlets. Moreover, I will highlight the versatility
of the platform with examples of particles of varying sizes and refractive
indices trapped within the same device.

4.2 Single-cell Trapping

Trapping within the OHT is initiated by sequentially focusing the sample
stream of cells through sheath flows. The sheath flows confine the sample
stream to the optical axis of the fiber, at which point the laser is turned on
to begin trapping. The concentration of the cell solution and the flow rate
ratio of the sheath to sample flow are adjusted to achieve high trapping
stability and efficiency, that is, 1 cell/ 10 seconds. This allows enough time
for the investigation of the cell at the trap via microscopy and/or
spectroscopy. This may be fine-tuned depending on the aims of the
experiment.
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In my experiments, THP-1 leukaemic cells were cultured in RPMI 1640,
supplemented with 2-mercaptoethanol (0.05 mM) and foetal bovine serum
(FBS). The size of these cells ranged between 10 pym-30 um. The solution was
pipetted thoroughly to avoid clumping of cells. Figure 33 demonstrates the
trapping of single THP-1 leukaemic cells using OHT.

Figure 33: Microscopic image demonstrating the trapping of a single THP-1
leukaemic cell using OHT at an input laser power of 450 mW.

When comparing the trap locations and applied input laser powers, for
trapping cells and PS beads, the cells are trapped much closer to the optical
fiber. This is attributed to the low refractive index difference of the cell
compared to its surrounding fluid. Due to the low contrast in refractive index
matching between the cell and the surrounding, the scattering forces
required to trap the cell are not enough and, therefore, require more input
laser power.

The OHT can function in two modes depending on the end goal of the
research application. The first is a continuous “trap-and-release mode”,
where particles are trapped sequentially, one at a time, to collect
information. In this mode, the sample flow can be stopped to acquire
information from a single particle or conduct time-lapse studies to
understand the dynamics from the perspective of a single cell (147,148). The
throughput of the system can be adjusted by changing the initial
concentration of the cell solution to maintain a specific frequency of the
incoming cells.
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The second is the “linear array mode”, as shown in Figure 34, wherein the
OHT can trap multiple particles forming a chain. This is achieved by applying
a high input laser power to sustain the chain of particles. At a laser power
of 860 mW, the OHT can trap up to 12 beads in an array. Beyond this
number, the optical forces are weak and subsequent particles do not
experience the effect of the force after the twelfth particle. This is due to the
shielding effect of the particles in the chain. The chain length is dependent
on the applied input laser power and flow velocities within the channel. In
some cases, these linear arrays of trapped particles are advantageous for
studying cell-cell interaction (149) or imaging the sample across an area to
acquire information about multiple cells in a single shot.

b)

Figure 34: Trapping of (a) PS beads and (b) THP-1 cells in a linear chain array
within the OHT.
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4.3 Translation of the Trapped Particle in OHT

The trapping of a particle or a cell occurs along the optical axis of the laser.
However, the exact position of the trap is dependent on various factors.
Within the OHT, the input laser power determines the overall optical forces
exerted and the fluid drag within the system is controlled by the applied flow
rates via syringe pumps. Apart from the forces, the characteristics of the
sample itself—the particle size, refractive index, and the shape of the
particle—influence the location of the trap. Consequently, this determines
the stiffness of the trap. This control over the trap position and manipulation
of the trapped particle over a long range make OHT more appealing
compared to traditional fiber tweezers.
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Figure 35: (a) Translation of the trapped particle along the length of the
channel while varying the flow rates of the sheath flow. (b) The applied laser
power is constant at 860 mW.
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To determine the maximum translation range of the trapped particle, the
input laser power was fixed, and the subsequent drag force was steadily
increased by varying the sheath flow rates. The position of the trapped
particle was analysed for varying flow rates as shown in Figure 35. The flow
velocity within the microchannel can be controlled via mechanical syringe
pumps operated by the user. High-precision, low-pressure syringe pumps by
NemeSYS, Cetoni, manufactured in Germany, were used for this study. The
sample and sheath fluids were injected from a 1mL-Hamilton glass syringe.

While maintaining the optical output power from the fiber at 860 mW, the
trapped particle is subjected to the lowest flow rate that can be achieved by
the syringe pump for a given syringe. The pulsation-free flow rate limit for a
1 mL—-glass syringe was 2uL/hr. The distance from the fiber end for the given
conditions of laser power and applied flow rate was estimated to be 407 um.
The position of the trapped particle was monitored while steadily increasing
the flow velocities in the microchannel as shown in Figure 35 (a).

The particle moved closer to the tip of the fiber with an increase in applied
flow rate of the sheath flows. This is because a larger scattering force
required to compensate for the increasing drag force on the particle. The
magnitude of the scattering force scales with distance from the tip of the
fiber due to the diverging nature of the laser. With modulation in the flow
rates, the maximum distance the trapped particles can translate is 370 um,
with average flow velocities in the microchannel ranging from 270 pym/s-
2,100 um/s.

4.4 Modulating the Laser Power for Particle Manipulation

Alternatively, laser power can also be modulated to manoeuvre the particle
trapped within the OHT. To assess the effect of the applied laser power on
the trap position, the flow velocity within the microchannel was kept
constant and the laser power was varied steadily; the position of the trapped
particle was measured simultaneously. The arrangement of the optical fiber
opposite to the flow field within OHT allows the manipulation of the trap
along the length of the microchannel. To study the effect of optical power
modulation, a 15 um PS particle was initially trapped at a flow velocity of
600 um/s at a distance of =60 pm from the optical fiber. Without changing
the flow velocities, the optical power at the output end of the fiber was
ramped up from 350 mW to 550 mW in steps of =50 mW as shown in Figure
36 (b).
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Figure 36: Translation of a trapped 15 pm PS particle while varying the
applied laser power at the output end of the fiber and maintaining a
constant flow velocity of 600 um/s in the microchannel.

The trapped particle was manipulated up to distances of 260 um from the tip
of the fiber while varying the laser power from 350 mW to 550 mW. The
increase in applied laser power results in an increase in the magnitude of the
scattering forces exerted on the trapped particle. This shifts the balance
between the optical and fluidic forces, causing the trapped particle to readjust
its position and, hence, move away from the tip of the fiber.

The laser diode can be operated at much higher powers to increase the
translation range further. The maximal powers are limited to values where
the localised heating of the surrounding media and fluids is avoided.
Furthermore, the use of very high powers with biological samples for long
durations can be damaging and should be avoided.

A heat map based on all possible power and flow combinations was
generated for a 15 pm PS particle based on theoretical considerations, and
the resulting information is compared to the experimentally obtained values
(Figure 37). The trap locations obtained as a measure of the distance of the
trapped particle from the tip of the fiber were in agreement with the theory.
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Figure 37: (a) Heat map of the possible trap positions of a 15 pm PS bead
trapped in the OHT for a range of optical powers and flow velocities gathered
from theoretical calculations and applied in the microchannel. The region to

the left of the dashed line corresponds to the no-trapping zone. (b) Graph

depicting a comparison of the theoretical predicted trap positions and the
corresponding positions for different flow velocities and optical power
combinations validated through experiments.

A 15 um PS bead can be translated to a maximum distance of 500 um when
the OHT is operating at the maximum laser power of 880 mW and at an
average flow velocity of 190 um/s. Beyond this maximum power, bubbles
tend to form within the channel due to absorption. The flow velocity
minimum was determined by the operation range of the syringe pump below
which fluctuations become significantly higher and lead to unstable

trapping.
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4.5 Rotating Single Cells

The implementation of sheath flows within the OHT allows precise
manipulation of flow trajectories within the microchannel. By taking
advantage of laminar flows, a torque—arising from the difference in sheath
flow ratios on the two sides—can be applied to a trapped particle. This torque
causes a rotation in the particle and can be controlled by varying the sheath
flow rate ratios on the side. Figure 38 shows how a trapped leukaemic cell is
rotated and arbitrary markers (marked as red circles in Figure 38 (c)) are
assumed on the cell to quantify the rotation speed.

Figure 38: (a) Trapping of a single THP-1 leukaemic cell at the bifurcation
region. (b) Magnified image of the cell. (c) Trapped cell rotating due to
inhomogeneous flow field distribution in the region.
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The trapped cell is rotated at the flow bifurcation junction of the OHT by
applying an asymmetric side sheath flow rate. This causes the majority of
the flow to be directed to one outlet, as the sheath flow rate of one side is 30
times higher than the other, thereby resulting in the rotation of the cell as
shown in Figure 38 (c). The data acquisition parameters were adjusted to
obtain high frame rates to quantify the rotation speeds. The trapped cell
rotated at about 40 Revolutions per minute (RPM) for an average flow velocity
of 250 um/s in the microchannel.

Evaluating rotation is interesting for research in biological systems, as it
enables visualisation of the cell and its constituents in 3D at different angles
as compared to confocal microscopy, where the sample is static and the
angles of observation are fairly limited (150-152). Imaging has inherent
advantages: it retains spatial and temporal information of a single cell. With
advances in label-free microscopy techniques far surpassing super-
resolution microscopes that usually rely on fluorescent labelling to image
structures, it is possible to visualise fast processes in living systems. Junger
et al. (153) employed a rotating illumination laser on a sample to obtain
super-resolved images based on multiple interferences and image
reconstruction. Techniques such as rotating coherent scattering (ROCS)
(154,155) can be combined with OHT to study the dynamics within single
cells in a flow-cytometric approach while circumventing all the
disadvantages of fluorescent labelling. Combining state-of-the-art
microscopy techniques with OHT to obtain a 3D image of a rotating cell can
bring critical information to light.

4.6 Sorting of Single Cells

Cells are inherently heterogeneous. The response of one cell to applied
stress, or external stimulus, differs from that of another. It is, therefore,
crucial to develop tools and techniques capable of isolating single cells from
the bulk of a population. Once this has been achieved, the single cell can
now be subjected to different stimuli to understand its behaviour and
response to changing conditions. For example, consider the success of
chimeric antigen receptor (CAR) T-cell therapy. In loose terms, the therapy
relies on reprogramming the immune cells within a patient to target and
attack the cancer. CAR T-cell therapy relies heavily on isolating lymphocytes,
which are further sorted to isolate T-cells to engineer them with new
receptors. These receptors help T-cells seek out the cancer cells in the
patient’s body and attack them. Fluorescence-activated cell sorting (FACS)
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(156) is the gold standard in biology and is heavily relied on for sorting cells
based on fluorescence. Techniques such as magnetic cell sorting (MACS)
(157) have also been sought out to further improve the sorting of cells in
terms of efficiency, viability, throughput, and purity.

In the OHT device, sorting can be achieved by either integrating another
optical fiber perpendicular to the trapping fiber laser or modifying the sheath
flow ratios as needed to redirect flow trajectories into the preferred outlet for
the collection of desired cells. In the next sections, let us look at how these
are realised.

4.6.1 Optical fiber-assisted Sorting

We have already discussed the working principle of the OHT and how it traps
particles at desired locations by leveraging the optical forces from the
integrated optical fiber and the hydrodynamic drag forces due to laminar
flows in the microchannel. The trapped particle can be sorted by integrating
another optical fiber, independently operated by a laser diode. This fiber—
let us call it a sorting fiber for ease of understanding—is placed
perpendicular to the trapping fiber laser and utilises the optical scattering
forces to push the particle towards the desired outlet. Once the particle
experiences this pushing force from the sorting fiber, it is pushed away and
the flows in the main channel direct it into the collection outlet.

Figure 39 shows the device used for the sorting of a single cell trapped in
OHT wusing optical forces. The device is fabricated via conventional
photolithography on a 3-inch Si wafer. PDMS, mixed in the ratio of 10:1
prepolymer to curing agent, is poured onto the wafer and the peeled stamp
is plasma treated and bonded onto the glass as described in Chapter 3.
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Figure 39: The OHT device integrated with an optical sorting fiber to sort
cells.

The sorting process is initiated depending on the information collected when
the cell is trapped in OHT. The cell is first trapped by actuating the trapping
fiber as shown in Figure 40 (a). Once the necessary information from the cell
has been collected, a decision has to be made whether to isolate the cell for
further downstream analysis. If the decision is to isolate the cell, then the
power of the trapping laser is steadily increased to translate the cell towards
the optical axis of the sorting fiber as shown in Figure 40 (b). When the cell
reaches the optical axis of the sorting fiber, the sorting fiber is actuated, and
the laser is switched on. This exerts a strong scattering force to push the cell
in the direction of the preferred outlet for collection.

Note that the sorting fiber is operated at maximum power for a very short
duration to minimise photodamage to the cell. At this point, the cell is ejected
from the trap and directed by the flow field in the microchannel to the
preferred outlet as shown in Figures 40 (c), (d), and (e). In this way, trapped
cells can be sorted further and collected downstream within the OHT to
conduct other immunohistochemistry or chemosensitivity assays on desired
cells individually.
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Figure 40: Microscopic images showing the trapping and sorting
processes involved in the OHT.

4.6.2 Sheath fluid-assisted Sorting

The OHT device can take advantage of the sheath flows to isolate particles of
interest and one does not need to modify device designs or make additions
to implement other physical phenomena necessary to assist sorting. This is
achieved by increasing the sheath flow rate on one side, for example, either
inlet 1 or inlet 2. By only changing the sheath flow rate on one side, most of
the fluid flow is directed to one outlet. This increase is typically 60-fold to
achieve high purity of isolation, and the trapped particle is released from the
trap to be isolated for further investigation. Figure 41 demonstrates the
sorting capabilities of the OHT by altering the sheath flow rates on the side.
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Figure 41: Scheme showing the particle isolation capabilities in the OHT. (a)

By increasing the sheath flow inside sheath flow inlet 2, the trapped particle

is sorted into outlet 1. (b) An increase in sheath flow from inlet 1 will result
in the isolation of the particle towards the outlet 2.

This way, sorting can be achieved on either outlet depending on the needs of
the experiment and the overall goal of the study.

4.7 Versatility in Trapping with OHT

The trapping of a particle in the OHT is dependent on its material properties
such as its size, shape, and composition (its refractive index contrast
compared to the surrounding fluid). It is only possible to trap particles
provided the scattering forces exerted on the particle are sufficient to
overcome the drag forces in the system. To demonstrate the versatility of the
system, particles with different sizes, shapes, and refractive indices were
trapped in the OHT. Figure 42 shows the trapping of PS beads of 5 um and
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15 um (Figures 42 (a) and (b), respectively). Figures 42 (c) and (d) are optical
micrographs of THP-1 leukaemic cells trapped in the OHT. The heterogeneity
in size can be observed here, where one cell is 10 um while the other is almost
30 um. Yeast cells of size 5 um, as shown in Figures 42 (e) and (f), can also
be trapped.

Shape diversity

=5um, n=1.58 (b) 15 um, n\,l 5’&"

- . "’A.
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Figure 42: Trapping versatility in the OHT device. Various particles of different
sizes, shapes, and compositions can be trapped. Scale corresponds to 100 um.
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Particles with very low contrast in refractive index to that of the surrounding
fluid can also be trapped in the OHT as shown in Figures 42 (e) and (f). The
refractive index of water is 1.33 and that of yeast cells is 1.34. Within the
OHT, particle sizes ranging from 5 um up to 50 um can be trapped efficiently.
Beyond the size of 50 um, the output channels tend to clog due to the
aggregation of cells. For cell sizes larger than 50 um, the retrieval of desired
cells after interrogation also becomes cumbersome.

On the lower end, the OHT was able to trap PS particles as small as 1 um,
due to the excellent refractive index contrast, for short durations. However,
the stability over long time scales proved to be challenging. This can be
attributed to the insufficient scattering forces when the size of the particles
becomes comparable to the wavelength of the trapping laser. Since the
Rayleigh regime applies to particles much smaller than the wavelength and
the ray optics regime describes the behaviours of particles much larger than
the wavelength of the trapping laser, both these models fail when the size of
the particle becomes comparable to the wavelength of the laser.2

In this chapter, I detailed the various single-cell operations such as trapping,
translation, rotation, and sorting. The OHT platform can conduct trapping
in two modes: the continuous trap-and-release mode, where single cells are
trapped, subjected to investigation, and sorted based on the needs of the
experiment, and the linear array mode, where long chains of single cells can
be trapped for a single shot image acquisition thus improving the throughput
of the system. The cells can be translated along the length of the channel up
to distances of 500 uym from the tip of the fiber by modulating the applied
laser power and/or overall flow rates in the system. Moreover, the trapped
cells can be rotated, and by combining novel microscopy techniques with the
microfluidic platform, 3D spatial information of the cells and its constituents
can be acquired. Cells of interest can be sorted within the OHT device owing

2 There exists another trapping regime apart from these two. Since most of the experiments and studies
concerned with the thesis focused on particles much larger than the wavelength of the laser, this regime was
not applicable here. For more information, the reader is directed to references describing the generalised Lorenz-
Mie theory GLMT (158,159), which bridges the gaps between the Rayleigh and the Mie regimes.
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to integration of an additional optical fiber or by manipulating the sheath
flow rates. This chapter also highlights the versatility of the OHT device with
trapping examples of yeasts, mammalian cells, and inorganic micron
particles of various sizes. The next chapter will look at how the microfluidic
device is combined with a state-of-the-art microscopy technique to obtain
information about trapped single cells and the potential of the device in
cancer diagnostics.
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5.1 Human Blood

Human blood constitutes about 7% of the human body weight and is
responsible for the exchange of gases and essential nutrients required to
sustain life. Blood has several components that can be broadly divided into
erythrocytes or red blood cells (RBCs), leukocytes or white blood cells (WBCs),
thrombocytes or blood platelets, and plasma (Figure 43). The functions of
these different cells are unique: the RBCs are responsible for oxygen delivery
and transportation; the WBCs drive the immune system, fighting off
infections and protecting the body; and the platelets help with repair and
participate in clotting. The typical sizes of blood vessels through which blood
flows within the body can range from 5 um in small capillaries to around 30
mm in diameter for the aorta or the vena cava.
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Figure 43: Types of human blood cells.3

Leukaemia describes the abundance of white blood cells observed in the
bloodstream of an afflicted individual. The word is derived from the Greek
words “leukos”, meaning “white”, and “haima”, meaning “blood”. This
umbrella term encompasses a diverse spectrum of blood cancers that are
classified based on their morphology, immune phenotype, genetic alterations,
and clinical characteristics (160). Leukaemia can be broadly categorised into
acute and chronic forms, each having distinct clinical presentations. Acute
leukaemia manifests when immature WBCs—known as blasts—multiply
abnormally; chronic leukaemia arises from these WBCs. Leukocytes can
originate from lymphoid lineage (T- and B- cells) or myeloid lineage
(neutrophils, basophils, eosinophils, and monocytes). Consequently, the four
groups into which medical experts classify leukaemia are: 1) acute lymphoid,
2) chronic lymphoid, 3) acute myeloid, and 4) chronic myeloid leukaemia.

3 Image by brgfx on Freepik.
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5.2 Current Diagnostic Regime for Leukaemia Treatment

Prompt recognition of abnormal blood count patterns is pivotal in initiating
timely diagnostic procedures. A hallmark feature of leukaemia is
leucocytosis, often accompanied by one or more cytopenias.* Notably, the
degree of leucocytosis is not a reliable indicator of disease aggressiveness.
Some aggressive types of leukaemia may present with a modest increase in
white cell count, while certain indolent forms are often characterised by
significant leucocytosis. Conversely, the absence of leucocytosis does not rule
out a leukaemia diagnosis. These “aleukaemic” leukaemia exhibit a normal
or low white cell count but frequently manifest with cytopenias (161).

Let us consider a hypothetical scenario where a person presents with
symptoms suggestive of leukaemia. The general practitioner (GP) initiates the
diagnostic process by ordering a battery of assessment tests (162-165).

Day 1: Clinical assessment

Typically, on day 1, the doctor begins with a comprehensive medical history
and performs some physical examinations, noting down symptoms, if any, of
fatigue and weight loss and signs of abnormal bleeding or bruising.

Day 2: Complete blood count (CBC)

On day 2, a CBC is ordered to assess the patient’s blood cell counts.

Day 3: Peripheral blood smear

On day 3, depending on the results of the CBC, if the patient presents with
an abnormal WBC count, a peripheral blood smear is performed to examine
the blood cells under a microscope. This helps to identify any abnormal or

immature cells, providing additional clues. The results usually are compiled
in a day or two.

4 Cytopenia refers to a decrease in the number of one or more types of mature blood cells.
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Days 5-7: Bone marrow biopsy

If the blood smear reveals abnormalities, the next step is a bone marrow
biopsy. This usually involves extracting a small sample of bone marrow from
the hip bone. The results take from a few days to a week and provide
information on the type and subtype of leukaemia, as well as any genetic
abnormalities.

Days 10-14: Cytogenetic analysis

Building on the results from the bone marrow biopsy, a chromosomal
analysis of the leukaemic cells is conducted to identify structural
abnormalities. This aids in the classification and prognosis. The results
typically take around one to two weeks.

Days 12-16: Immunophenotyping (166,167)

Flow cytometry is used to analyse surface markers on leukaemia cells,
helping to determine the specific type of leukaemia. This test usually takes a
few days and is especially tricky when the sample needs to be extracted from
minor patients.

Days 18-21: Imaging studies

If the above tests confirm leukaemia, imaging studies such as CT scans or
MRI may be performed to further assess the extent of organ involvement and
lymph node enlargement. These results might be available within a week.

After about a month of tests, a definitive diagnosis is made, and the doctor is
then able to discuss treatment options with the patient. The treatment varies
based on the type, subtype, and stage of the disease. Most common treatment
modalities including chemotherapy, targeted therapy, immunotherapy (168),
and, in some cases, even stem cell transplantation are not tailored/
personalised to the specific patient’s cells. Depending on the urgency of the
situation, the time frame is decided. Most acute forms of leukaemia require
prompt intervention while chronic forms may allow a more gradual treatment
approach.
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5.3 Raman Microfluidics

As evidenced by the example in Section 5.2, it takes about one month to
arrive at a definitive diagnosis from the moment the individual visits the
doctor. The current treatment modalities do not consider chemoresistance,
the tests are not selective for the subtypes or coexisting subtypes of
leukaemia, and the treatment is more generalised, making relapses and
further treatment more challenging.

The work presented in this thesis carries in it the hope of cutting down this
diagnosis time to as short as possible by providing critical information, which
is chemically sensitive and reliable for the clinician but would normally take
a month of tests to come forth. The ability to utilise as little sample as possible
while providing fingerprint information of individual cells can be life-altering,
especially in the diagnosis and understanding of leukaemia and its subtypes.

In this section, I will discuss some examples available in the literature that
employ Raman spectroscopy (RS) in tandem with microfluidics as well as
some of the results I obtained using the OHT device integrated with a
stimulated Raman microscope to study and image leukaemic cells.

Since the 1970s, RS has been successfully applied to the study of whole blood
and its components by analysing its morphological and molecular features
using imaging. Granulocyte—a type of leukocyte with granules inside the
cytoplasm (neutrophils, eosinophils, and basophils)—can be easily
distinguished by analysing the Raman bands of characteristic proteins—
myeloperoxidase (MPO) and eosinophil peroxidase (EPO)—as well as their
nuclei and lipid distribution (169). Similarly, agranulocytes are identified
based on their carotenoid, haemoprotein, and lipid composition through
chemometric analysis.

Although RS offers advantages such as the collection of full spectral
information and the inherent confocality in microscopes allowing
segmentation, it has some disadvantages. The measurements for a single cell
are slow, typically requiring a few minutes to integrate, and average over the
signal. SRS emerged as a rapid technique to image single cells within a few
seconds and provide specific information with high sensitivity, in addition to
having the capability to monitor single-cell dynamics (170,171). The
combination of SRS with microfluidics opens up the potential to study single
cells in well-controlled environments.
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The unique ability to manipulate single cells on demand extends the
functionality of microfluidics beyond conventional flow cytometers. Certain
constraints must be met to integrate the SRS system with microfluidics to
successfully acquire Raman maps of leukaemic cells. Any vibration or
fluctuations during measurements of the sample affect the signal quality and
signal-to-noise (SNR) ratio. Therefore, the system must be stable and free
from unnecessary fluctuations. The materials employed in the fabrication of
the microfluidic device must not interfere with the signals of the sample
during Raman measurements. The acquisition parameters must be
standardised to compare measurements of different cell lines. Since
leukaemia cells are suspension type, it is ideal to mimic similar flow
conditions in the microfluidic device as in the flow of blood cells in veins and
arteries. This presents microfluidics with the challenge of delivering single
cells accurately to the Raman window for signal acquisition. Moreover, during
signal acquisition, the cell must be stable with minimal or no fluctuation.

Suzuki et al. (172) demonstrated the potential for acquiring line scans of
individual cells, flowing at a velocity of 2 cm/s, through Raman imaging. Nitta
et al. (173) established the capacity to dynamically sort cell subtypes based
on their morphological features in real-time. Furthermore, Jackson et al.
(174) published findings on a microfluidic assay designed for the real-time
detection of minimal residual diseases, specifically in isolating circulating
leukaemic cells in patients who have undergone a stem cell transplantation.

SRS is a powerful analytical tool and is usually combined with microscopy to
image biological samples. To facilitate stable image acquisition and obtain
ample signal (upon averaging and improving signal quality), it is necessary to
immobilise the cell at the Raman window. There are various methods to
immobilise cells including physical methods such as microarrays, pillars,
wells, or chemically fixing them. However, these methods affect the physical
or chemical properties of the surface of the cell. In this chapter, we will
explore optical tweezers—a non-contact force to immobilise single cells—and
study them wusing Raman microscopy. Optical tweezers have various
advantages such as fast, sequential signal acquisition and elimination of the
requirement of cell labelling (as in fluorescent microscopy).

Ever since Ashkin’s disruptive findings, the interest in combining optical
trapping with state-of-the-art microscopy and spectroscopy techniques has
grown exponentially. The manipulation of microparticles and precise
measurement of the forces acting on them have found several applications in
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understanding the dynamics of biological macromolecules, interactions
between cells, and in measurement of deformation in cells. Raman
spectroscopy has been combined with optical tweezers for over a decade,
which has helped advance research in single-cell studies (175). The spectra
obtained are a chemical fingerprint unique to the sample and consist of rich
information on the proteins, lipids, nucleic acids, DNA content, etc., of the
cell (176). The system consists of an optical tweezer system—which facilitates
the trapping of single cells—and a Raman imaging system—to acquire the
spectra of the trapped cell.

Jess et al. (95) reported a dual beam fiber trap for the analysis of HL-60
human leukaemic cells using Raman spectroscopy in a flow cytometric
approach at flow rates of 1.2 nL/s. Although the potential of the technique
was demonstrated well, the spectra-acquisition time was almost 60 seconds,
and the throughput was fairly limited due to the low operational flow rates.
Volpe et al. (176) analysed the spatial distribution of forward-scattered light
from a single trapped yeast cell, Saccharomyces cerevisiae, in its growth
period by combining optical tweezers with a high-resolution force microscope.
By analysing the scattered light during the cell cycle of the yeast, they could
probe the different physiological states and thus emphasised on comparing
spectroscopic data with respect to time only after ensuring the stable trapping
of single cells. Ajito et al. (177) studied single-cellular organelles in neurons
known as synaptosomes—which are about 500 nm-700 nm in diameter—
using a near-infrared laser Raman trapping system (NIR-LRT). They identified
strong Raman peaks for lipids and proteins, thereby demonstrating the power
of laser trapping with spectroscopy.

Recently, researchers have applied Raman spectroscopy to sort cells within
microfluidic platforms (173,178-183). Since Raman spectroscopy requires
longer acquisition times owing to the restricted cross-section as compared to
fluorescent microscopy, it is necessary to immobilise the cells at the Raman
window to acquire ample signal (184,185).
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5.4 SRS of Trapped Cells

Cancerous cells exhibit an wupregulation in lipid synthesis (186)—a
phenomenon attributed to the critical role of lipids in facilitating rapid
proliferation, migration, and survival (187). In my experiments, I explored the
possibility of employing Raman imaging to distinguish trapped leukaemic
cells based on their lipid content. Healthy peripheral blood mononuclear cells
(PBMCs) and Philadelphia chromosome (Phl)-positive cells TOM-1 cells—
were chosen to demonstrate the potential of the system as a rapid diagnostic
tool for leukaemia. Cell lines exhibiting a distinct molecular subtype—
namely, BCR-ABL1 (Phl)-positive—are of special interest due to their notably
unfavourable prognosis when assessed through conventional methods
(188,189).

5.4.1 Sample Preparation

PBMCs were collected from healthy donors at the Institute of Hematology and
Blood Transfusion in Warsaw and isolated through density gradient
centrifugation with Histopaque®-1077 (Sigma). In instances of RBC
contamination, erythrocyte lysis was conducted using a 1x BD Pharm Lyse™
lysing solution (BD Biosciences, San Jose, California), followed by two
phosphate-buffered saline washes (PBS; 300 x g, 5 minutes each). For Raman
analysis, cells were fixed with 0.5% glutaraldehyde for 10 minutes at room
temperature and washed thrice with PBS (without Ca2+ and Mg?2¥).
Subsequently, the cells, PBMCs (including lymphocytes and monocytes),
were resuspended in a saline buffer and stored at 4°C until Raman
measurements were conducted.

TOM-1 cells were obtained from the Medical University in Lodz and cultured
in an RPMI 1640 with 20% FBS. After seeding, the cells were incubated for
24 hours with fatty acids, saturated palmitic acid (PA, Sigma Aldrich), and
unsaturated oleic acid (OA, Sigma Aldrich) at a concentration of 100 uM.
Before being added to the cells, the fatty acids were saponified (NaOH, Sigma
Aldrich) and conjugated with bovine serum albumin (BSA-free fatty acids),
Sigma Aldrich) to facilitate their uptake. Control cells were analogously
incubated with BSA. After incubation, cells were collected, centrifuged (400g,
S5 min), and washed twice with the PBS buffer. The survival rate was
determined using trypan blue staining. The cells were then fixed with 0.5%
glutaraldehyde for 10 minutes at room temperature and washed thrice with
PBS (without Ca2* and Mg2+).
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5.4.2 SRS Acquisition Parameters

The experiments were conducted with specific acquisition parameters to
ensure accurate and detailed data. The Rol selected for imaging was set at 60
x 30 um, providing a focused area for analysis as well as minimising imaging
time. The pixel dwell time of the laser was maintained at 300 us. This reduced
the overall time of acquisition to 5-7 seconds per image for a single
wavenumber. Wavenumbers measured during the experiments included
3,015 cm!, 2,930 cm!, and 2,850 cm-!, capturing crucial spectral
information about the lipids, proteins, and unsaturation in the cells. The
power of the pump beam applied to the sample was maintained at 12 mW,
while the Stokes beam power was set at 24 mW. The corresponding Raman
loss was measured carefully and has been represented in the colour scale for
the respective wavenumbers interpretation in the figures applicable below.

5.4.3 Raman Imaging of Trapped Cells

T - - == -0.95V

Figure 44: Spatial distribution of the proteins of a trapped cell obtained by
stimulated Raman imaging at 2,940 cm1. The intensity of the SRS signal is
depicted on the colour scale (190).

The trapping was initiated by introducing PBMCs into the device via the
sample inlet and subsequently focusing them with the help of sheath flows.
The cells were sheathed using 3D hydrodynamic focusing and delivered to
the optical focus of the fiber within the microchannel. When the alignment
was optimum, the cells were trapped by switching the laser on at 300 mW
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power. Once trapped, the cell was ready for Raman imaging as seen in Figure
44.

5.4.4 Raman Images of TOM-1 Cells Incubated in BSA, PA, and OA

The lipid content in WBCs can vary considerably in comparison to leukaemic
cells. Changes or alterations in the lipid metabolism pathway are directly
linked to pathological conditions such as leukaemia (191-194). To track the
lipid content in cells, TOM-1 cells were incubated with PA and OA. The
Raman maps for these cells were compared with the control sample, which
is, TOM-1 cells incubated in BSA. The cells were introduced into the
microfluidic device via the sample inlet, focused with the help of 3D
hydrodynamic focusing, and trapped within the microchannel. At this step,
three different wavenumbers were chosen to obtain Raman images of the
composition of lipids, proteins, and unsaturation within the cells at 2,850
cm1, 2,930 cm-1, and 3,015 cm-!, respectively.

TOM-1 cells incubated in BSA

TOM-1 cells incubated in BSA are imaged in Figure 45. The bright spots on
the image show the distribution of lipids and proteins mapped at 2,850 cm-!
and 2,930 cm!, respectively. At 2,850 cm-!, the composition of lipids within
the cell has been imaged using stimulated Raman imaging. The distribution
of proteins is mapped out at 2,930 cm! and from these two images, the
morphology of the cell can be deduced. To further differentiate the lipid
content, a higher wavenumber (3,015 cm-!) was chosen to understand the
composition of unsaturated lipids within the cell. By comparing the images
of the cells from 2,850 cm-! and 3,015 cm-!, it can be concluded that there is
some unsaturation in the cells. This information may be crucial and can act
as a marker for determining malignancy in cells.
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2,850 cmr?

2,930 cmr?

3,015 cm’

Figure 45: TOM-1 cells incubated in BSA imaged at (a) 2,850 cm-1, (b) 2,930
cml, and (c) 3,015 cm! showing the spatial distribution for lipids, proteins,
and unsaturation in lipids, respectively. The colour scale represents the
stimulated Raman signal. Scale bars corresponding to 6 pym.
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TOM-1 cells incubated in PA

Similar to the previous step, the microfluidic device was thoroughly flushed
with PBS and a new suspension of TOM-1 cells incubated in PA was
introduced. The goal was to compare the difference in lipid content against
TOM-1 cells incubated in BSA based on the uptake of fatty acids due to
incubation. From Figure 46, it is evident from the aggregation of bright lipid
droplets at 2,850 cm! that the fatty acid uptake was successful. The
aggregation of the lipid droplets is more concentrated as compared to that of
images from TOM-1 cells incubated in BSA, wherein the lipid content is more
evenly distributed through the volume of the cell. The difference in images for
Figures 46 (a) and (b) arises from the rotational effect due to the flows in the
system. Owing to the large size of the cell, the cells tend to rotate at lower
laser trapping powers of 300 mW.
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Figure 46: TOM-1 cells incubated in PA at (a) 2,850 cm1, (b) 2,930 cm-!, and
(c) 3,015 cm!, respectively. Scale bars corresponding to 6 um.
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TOM-1 cells incubated in OA

The bright parts in the cell images for Figures 47 and 48 correspond to the
lipid compositions in the single cells at the respective wavenumbers. The lipid
droplets could be easily distinguished based on these images confirming the
uptake of fatty acids due to the incubation. The protein composition in the
cytoplasm of the cell is visible clearly in Figures 47 (b) and 48 (b). The
abnormality in morphology is also an important factor to consider when
studying cancer cells, and imaging makes it possible to deduce information
about the shape of the cell.

-3V -08V -1.4V
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2,850 cmr? 2,930 cmr? 3,015 em’

Figure 47: TOM-1 cells incubated in OA at 2,850 cm'1, 2,930 cm-!, and 3,015
cml, respectively. Scale bars corresponding to 2 um.
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Figure 48: TOM-1 cells incubated in OA imaged at (a) 2,850 cm and (b) 2,930
cm. Scale bars corresponding to 7 um.

These results underscore the potential of combining microfluidics with
stimulated Raman microscopy and optical tweezers, especially for leukaemia
diagnostics. The process is dynamic and fast, only taking a few tens of
seconds to scan cells. The advantage of integrating optical tweezer with
microscopy allows continuous imaging of a cell for extended periods of time,
thus unravelling new information. The technique is label-free, which means
it requires no additional staining or markers to modify the cell surface.

Here, we employed the OHT device in combination with SRS microscopy to
successfully study the uptake of fatty acids in leukaemic cells via imaging.
High levels of unsaturated lipids have been linked with cancer cells, and Li
et al. proposed the increase in unsaturated lipids as a potential metabolic
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marker for ovarian cancer stem cells (CSCs) using SRS microscopy and mass
spectrometry analysis (195). They highlighted the role of the nuclear factor
kB (NF-xkB) pathway in the regulation of the expression levels of lipid
desaturases. The study proposed targeting lipid desaturation as a therapeutic
approach in ovarian cancers.

Sarri et al. developed a framework for gastrointestinal cancer detection based
on stimulated Raman imaging by studying the ratio between CH3z and CHa
with less than 1 um resolution (196). The presence of collagen in
gastrointestinal tissues is a crucial indicator of cancer development and can
be correlated by quantifying the ratio between CHz and CH,. On the other
hand, in conventional histology, collagen can only be visualised using saffron
staining.

Du et al. studied drug-resistive mesenchymal cells and identified
upregulation in lipid activity via SRS imaging. They specifically focused on
the spectral region of 2,800 cm-1-3,100 cm! to investigate lipid droplets in
cancer cells recognising fatty acid synthesis pathways that are susceptible to
drugs (197).

Zhang et al. applied stimulated Raman microscopy to quantify lipid droplets
in glucose-starved HeLa cells and outlined the importance of lipogenic activity
(198). They acquired 60 images in 2 minutes (512 by 512 pixels) and used
particle-tracking plugins to quantify lipid droplet trajectories to deduce the
size and their movement.

Using SRS imaging cytometry, Huang et al. revealed protrusions containing
lipid droplets as metabolic markers to identify stress resistance in human
pancreatic cancer cells when subjected to starvation and chemotherapeutic
drugs (199).

Hislop et al. combined SRS microscopy with k-means cluster analysis (KMCA)
to study lipid biochemistry for prostate cancer across higher spectral regions
(2,800 cm1-3,100 cm). They explored the potential of chemometric
analysis—such as KMCA combined with SRS microscopy—to streamline,
analyse, and robustly segment multiplex labels within the same sample in
depth (200).

All of the above-mentioned studies demonstrate the potential of SRS
microscopy to study imbalances in lipid pathways and metabolism as well as
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identify characteristic markers for specific types of cancer, thus furthering
our understanding of cancer. In this thesis, a portable microfluidic platform
combined with SRS is proposed, offering the ability to screen individual cells
non-invasively in a systematic manner.
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Chapter 6

s e e Goswithuthe F'low!

6.1 Conclusion

Single-cell manipulation tools are popular and widely applicable, especially
in biological systems if one is interested in isolating and understanding the
behaviour of individual cells in a population. Optical tweezers, chosen for
their non-contact application of forces on cells, are widely adopted for
studying cells, bacteria, and viruses. Microfluidics, with its precise fluid
manipulation at the micron scale, has also emerged as a powerful tool for
biological investigations. This thesis extensively explored the principles of
opto-hydrodynamic tweezers—a fusion of optical tweezers and microfluidics
designed to manipulate single cells.

The OHT device successfully focused and delivered single-cells to desired
locations in the channel with a precision of = 2 um owing to the incorporation
of 3D hydrodynamic focusing. The use of a four-way sheath flow allowed
excellent control over the fluid flow, with an extended operational velocity
range between 190 um/s-5,000 um/s to trap cells. The trapped particle/cell
was translated over a long distance—up to 500 um from the tip of the optical
fiber. The trapped cells were successfully rotated to capture 3D spatial
information of a single cell. This device also offers the possibility to sort cells
of interest. To demonstrate the sorting capability of the device, two
approaches—optical fibre-assisted and sheath flow-assisted sorting—were
verified. A range of particles with varying refractive indices and sizes (from 3
um to 50 um) were successfully trapped within the OHT.

This thesis also highlighted the significance of leukaemia diagnosis and
explored potential areas of improvement within the current diagnostic
framework. The conventional prognosis for leukaemia, which can take
approximately up to a month, can be expedited significantly by utilising a
lab-on-a-chip platform for collecting and analysing white blood cells. The
microfluidic platform integrated innovative optics and hydrodynamics and
stands out for its capability to trap, translate, rotate, and isolate single cells
of interest. The integration with Raman microscopy provided molecular
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characterisation of single cells and offered crucial insights into the
distribution of proteins, lipids, nucleic acids, and DNA content within the
trapped cell. This information is pivotal for distinguishing between various
leukaemia subtypes.

This thesis expounds on assessing the lipid content in the white blood cells
from healthy peripheral blood mononuclear cells and leukaemic TOM-1 cell
lines. The tracking and analysis of lipid metabolism pathways—which are
often directly linked to malignancy—hold the potential to revolutionise
current diagnostic regimes and enhance treatment efficacy through
personalised approaches. The outcomes of this study underscore the
system’s indispensable role within the diagnostic workflow, with its ability to
capture images of single cells and isolate cells for chemosensitivity tests. The
fusion of optical tweezers and microfluidics not only broadens our
understanding of single-cell manipulation but also paves the way for
transformative advancements in the diagnosis and treatment of leukaemia
and other related conditions.

6.2 Improvements and Future Work

The stability of the trap over extended acquisition periods poses a significant
challenge in tweezing methodologies, particularly when investigating
dynamic changes within trapped cells under external stimuli. The trap’s
stability is directly influenced by its stiffness—a parameter that can be
enhanced by elevating the applied laser power to secure the cells. Optical
forces exerted on the cell increase proportionally and are contingent on the
cell’s properties such as size, refractive index contrast with its surroundings,
and shape. Addressing flow-related aspects involves minimising fluctuations
to control drag forces effectively. The presence of air within the system can
lead to variations in internal pressure, causing abrupt changes in flow rates
due to air compressibility. Mitigating this particular issue involves degassing
the PDMS chip in a desiccator and ensuring tubing and syringes are free from
air bubbles to achieve system saturation. Additionally, transitioning to glass-
based devices could potentially minimise fluctuations, enhance device
response time, and improve imaging quality.

Significant enhancements can be implemented to automate the trapping and
subsequent release of cells post-Raman acquisition. Currently, many
experiments rely on manually operated control switches for trapping and
releasing cells after acquisition, severely limiting system throughput and,
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occasionally, resulting in cell loss due to human errors. A more effective
approach involves establishing feedback between the tweezing laser and
syringe pumps and incorporating well-defined parameters for cell
manipulation. This automated feedback mechanism ensures that the system
dynamically adjusts laser powers and fluid flows to compensate for
fluctuations, thereby maintaining the trapped cell at optimal stability.
Consequently, this automation has the potential to significantly increase
system throughput while minimising the need for manual intervention.

Enhancing the imaging quality and sensitivity of the SRS setup can reduce
the acquisition time for Raman signals significantly, thereby improving the
speed of registering SRS maps and increasing system throughput. Improved
sensitivity is crucial for detecting low-concentration species in microfluidic
channels, enabling real-time tracking of components and subtle molecular
changes. To achieve better signal detection, noise reduction is essential, and
this can be accomplished by minimising background and system noise, which
will facilitate clearer Raman signals.

Higher temporal and spatial resolution in SRS systems—a critical area of
research—can revolutionise biomedical applications (201). Using high-quality
objective lenses or adaptive optics, or optimising the optical path, can also
enhance spatial resolution, which is crucial for microfluidic applications
requiring detailed observation of cellular morphology.

Meanwhile, improving the temporal resolution of the SRS system is pivotal
for tracking rapid molecular interactions in microfluidic channels. Faster
acquisition times facilitate real-time monitoring of dynamic reactions and
cellular metabolism, supported by the application of real-time data analysis
algorithms. Wavelength flexibility in SRS systems, achieved through easily
tuneable lasers or broadband SRS techniques, broadens the scope of
analyses by capturing a wide range of Raman shifts simultaneously
(202,203).

Multi-channel detection systems enable the study of multiple chemical
species within a single measurement, offering more comprehensive analysis
and the ability to probe different molecular vibrational modes. The flexibility
to switch between wavelengths or operate at multiple wavelengths
simultaneously has the potential to revolutionise the study of cellular
behaviour. Additionally, combining SRS with other imaging modalities such
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as fluorescence microscopy provides a comprehensive view of cellular
processes and increases effective resolution (204).

In contemporary clinical diagnostics, there is a growing reliance on machine
learning and deep learning, with continuous advancements in data analysis
methods (205-207). The utilisation of these techniques in the analysis of
spectral data, including spectra and images, presents extensive possibilities
for integrating spectroscopic methods into clinical diagnostics. Machine
learning algorithms and neural networks facilitate the automation of cell
counting (208), classification (185,209,210), and image segmentation
(208,211). Moreover, these methods improve the quality of acquired data and
image reconstruction (212-214) by correcting aberrations and enhancing
both temporal and spatial resolution post-acquisition. Advanced software
algorithms are employed to optimise wavelength selection based on sample
characteristics, which ensures that the most relevant information is captured
during analysis. This streamlines data interpretation, enhances accuracy,
facilitates the construction of reliable models, and aids in interpreting
complex SRS data, particularly in scenarios involving multiple species or
reactions in a microfluidic setup.

In the realm of portable diagnostic devices, the miniaturisation of SRS
systems emerges as a pivotal aspect. This area of research holds significant
promise for the future of cell analysis and broader applications in biomedical
science. The ongoing trend toward more compact SRS systems facilitates
seamless integration with other technologies, particularly microfluidic
devices. A promising avenue for future research lies in the development of
chip-based SRS systems. The objective is to create systems that seamlessly
integrate into existing lab configurations or even become part of portable
devices, offering functionalities similar to their larger counterparts but within
a more compact form factor.

As we anticipate the miniaturisation and integration of SRS systems with
microfluidics, the automation of the sample handling process becomes a
desirable direction. This achievement could markedly expedite the analysis
timeframe and reduce the likelihood of human errors. Additionally,
incorporating automated cell sorting based on the SRS signal would allow for
the continuation of the diagnostic process for individual cell fractions,
enabling additional tests such as drug resistance testing.
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The ability to study single cells at different wavenumbers using SRS and
identify characteristic peaks within the spectral fingerprint that can be linked
directly to the disease holds great promise. Collecting such datasets and
images from across the world to build a biobank consisting of SRS spectra
can ultimately lead to rapid development in the diagnosis process.
Furthermore, these characteristic peaks correspond to specific molecules
within the cell. Mapping these molecules could accelerate research in the
areas of drug development and refine our understanding of cancers.

By concentrating on the outlined directions of development in both SRS and
microfluidic systems, along with data analysis, researchers can aim to
establish diagnostic platforms that are not only more versatile but also more
efficient in capturing relevant data and detecting malignant cells and their
subtypes with high sensitivity and specificity. This progress holds the
potential to instil greater hope and positive outcomes for individuals facing
health challenges.
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Appendix

Al. Fabrication and Chip Assembly

The steps involved in the fabrication and assembly of microfluidic devices
are described below.

SUS8 Photolithography on a Silicon Wafer

Standard UV lithography is employed to fabricate the microfluidic devices.
The process involves the following steps:

1.

Cleaning the substrate

The silicon wafer is cleaned thoroughly to remove any contaminants
or dust. This helps with the adhesion of the photoresist.

Spin coating

A suitable resist is spin-coated onto the substrate at the required
speed to obtain a uniform layer of the photoresist. About 3 ml-4 ml of
the photoresist is spread onto the wafer and initially spun at 500 RPM
to spread the resist layer evenly throughout the wafer. The speed is
ramped up to 2,750 RPM for 30 seconds and then decelerated
gradually.

Soft baking

Undissolved solvents are removed by heating the substrate at 65°C.
This also helps stabilise the resist layer. The wafer was prebaked on
a hotplate for 1-2 minutes at 65°C and then transferred to a hotplate
at 95°C for S minutes.

. Exposure

The photomask is aligned with the resist-coated substrate and
exposed to UV light for a suitable duration. Some parts of the resist
are cross-linked. The wafer was exposed after alignment (MJB4,
Switzerland) at a constant intensity of 10 mW/cm? for 30 seconds.

. Post-exposure baking

To stabilise the crosslinked resist, and further enhance the contrast
of the pattern, the exposed substrate is heated at 95°C for a suitable
duration depending on the thickness of the resist layer.
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6.

Development

Depending on the qualities of the resist, parts of the resist will be more
soluble or less soluble. The wafer is washed gently multiple times with
isopropanol, and the developer mr-Dev 600 (micro resist technology,
Germany) is used to develop the wafer post-exposure.

Hard bake

A final hard baking is performed at 200°C to cure the substrate. This
improves the durability of the master for subsequent processing.

For my experiments, I used SU8 2100 photoresist and spin-coated it onto a
3-inch silicon wafer. To achieve a channel thickness of 125 um, which is
similar to the cladding diameter of the optical fiber, the resist was spin-
coated at approximately 2,700 RPM.

Soft Lithography

1. PDMS (Sylgard 184 Silicone elastomer kit, Dow Corning, USA) was
thoroughly mixed with the cross-linking agent to a ratio of 10:1.

2. The mixture is degassed in a vacuum desiccator for 15-30 minutes.

3. The PDMS mixture is then poured onto the patterned silicon wafer
and baked for 4 hours at 75°C.

4. After curing, the inlets are punched with the help of a biopsy puncher
(1 mm diameter).

5. The PDMS is cleaned thoroughly with scotch tape (3M) before plasma
treatment.

6. A suitable glass slide (Brain Research Lab, 48 x 60 mm, no.l
thickness) is cleaned and placed inside the plasma cleaner (Harrick
plasma, PDC-002-CE) along with the punched PDMS mould.

7. These are plasma treated in an O, atmosphere for 45-60 seconds.

8. The glass is then bonded to PDMS mould irreversibly.

114



A) UV Light
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Figure Al.1: Shows the steps involved in UV lithography using SU8
photoresist.

W 0.8 mm W 0.25—-0.8 mm
L 45mm L 1.5 mm

W 0.125—-0.25 mm
L2mm

L- length, W- Width
H- height

Figure Al.2: The dimensions and AutoCAD drawing of the chip are shown
along with the dimensions of the waveguide for fiber integration.
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Figure Al1.3: The process of glueing the fiber into the waveguide in the
microchannel. Reproduced from (108) with permission from the Royal Society
of Chemistry.

Integration of the Optical Fiber with the Microfluidic Device

The insertion of the fiber itself imposes no stringent requirements. Since the
fiber is cylindrical and is inserted into a square channel, this results in gaps
and results in leakage. This is solved by glueing and filling out the fiber-
guiding channel with an optical adhesive. Before the glueing process begins,
it is essential to ensure that the fiber is placed on a flat surface at the same
level as the microfluidic chip and remains level during the insertion process.
Additionally, precautions must be taken to prevent the adhesive from
entering the main channel, as this could obstruct the chip and render it
unusable. However, this issue can be easily mitigated by choosing a UV
adhesive with an appropriate viscosity. I opted for a highly viscous glue (2,200
cP), which allows for a gradual filling of the fiber-guide channel over a few
minutes. This enables the precise cessation of glue flow at a specific position
without the need for exceptionally precise timing. Conversely, a UV adhesive
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with a viscosity of around 500 cP would expedite the filling process, taking
approximately 1020 seconds and thereby streamlining the fabrication
procedure.

Glass Capillary Device Fabrication

Capillary end

Sorting fiber

Sorting channel

|
Waste;‘channels

v

Trapping fiber

Figure Al.4: CAD design of a hybrid device integrating glass capillary with
PDMS to improve delivery of the cells.

To further reduce the form factor of the OHT platform and improve
operational stability, the device can be modified to incorporate a glass
capillary for the delivery of cells. This eliminates the use of additional syringe
pumps and further minimises fluctuations due to flow. A suitable glass
capillary, with an inner diameter of 40 um and an outer diameter of 130 uym
(Postnova, UK), was chosen due to its size compatibility with the optical fiber
(diameter 125 um). The capillary was cleaved and carefully inserted through
an open end of the channel from the side as shown in Figure A1.5.
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Figure A1.5: Shows the final device with the glass capillary inserted and fixed.
On the right, the glass capillary (inner diameter: 40 um) is glued to the tubing.
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A2. Optical Setup
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Figure A2.1: Stimulated Raman microscope optical scheme as developed by
Zinkiewicz et al., as part of the TeamNET project.

The optical setup, with its various elements utilised for the Raman imaging
of leukaemic cells, is shown in Figure A2.1. The setup was built as part of a
consortium project within the TeamNET programme (POIR.04.04.00-00-

16ED/ 18-00).
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Figure A2.2: Components of the setup for the tweezing experiments 1.
Fiberized laser diodes 2. Chip assembly (also shown on the right). 3. Cetoni
syringe pumps for flow actuation.

The various components of the OHT platform are shown in Figure A2.2. The
fiberized laser diodes (marked 1 in Figure A2.2) are integrated into the
microfluidic chip (marked 2 in Figure A2.2) via dedicated guiding structures
fabricated using photolithography. The syringe pumps (marked 3 in Figure
A2.2) drive the fluid through tubing attached to the microfluidic chip.
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CMOS camera

Nikon Microscope

(b)

Microfluidic chip with optical fiber

Fiber-coupled laser diode

Figure A2.3: (a) Components of the OHT platform integrated with a
microscope for single-cell analysis. (b) Photograph showing the optical fiber
from the laser diode integrated with the microfluidic chip.
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A3. Numerical Analysis
The analysis of the data and videos obtained through the experiments was
conducted with the help of MATLAB. The positions of the particles and cells
flowing at high speeds were extracted via custom-written codes. The code
performed a frame-by-frame analysis of the large video files to accurately
track the position of the particles and cells. This information was useful to
plot velocity curves, compare theoretically estimated forces with
experimentally obtained values, and quantify parameters necessary to
characterise the OHT system.
MATLAB

1. Calculation of scattering and gradient forces on PS particles:

% Define parameters

n = 1.333; % Refractive index of the medium

alpha = 1; % Dimensionless scattering coefficient

P = 55e-3; % Incident optical power on the particle (in watts)

r = 7.5e-6; % Radius of the particle (in meters)

lambda = 980e-9; % Wavelength of the laser light (in meters)

x = linspace(-10e-6, 10e-6, 100); % Range of x-values (in meters)

w = (0.61*lambda)/ 0.12; %beam waist radius (in meters)

% Calculate the optical scattering force

Fs =[(8 * pi / 3) * n.A3 * alpha * P / (lambda”2) * (1 + (x / 1).”2)];

% Calculate the optical gradient force

Fg=[2*pi*nA2*rA3*P)/ (lambda * w.A2) * (x / (x."2 + 1.A2)."1.5)];

% Calculate the total optical force
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Ftotal = Fs + Fg;
% Plot the forces
plot(x, Fs, 'r');
hold on;
plot(x, Fg, 'g);
plot(x, Ftotal, 'b');
xlabel('x (meters)');
ylabel('Force (Newtons)');
legend('Scattering Force', 'Gradient Force', 'Total Force');
title('Optical Forces on a Particle');
2. Estimating centroid positions of particles and cells from video sequence:
clc;
clear all;
filename="Supplementary Trapping efficiency_ OHT.mp4';
v = VideoReader(filename);
vidWidth = v.Width;
vidHeight = v.Height;
s = struct('cdata’,zeros(vidHeight,vidWidth,3,'uint8),...
‘colormap',|]);
%
v.CurrentTime= 1.0; %specify start of the time
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endtime= 2.0; %specify end of time
k=1;
while v.CurrentTime <= endtime
s(k).cdata = readFrame(v);
k = k+1;
end
% for k=20:1:40
%  s(k).cdata = readFrame(v);
% end
% roi_x_start= 820;
% roi_x_end= 930;
%
% roi_y_start= 220;
% roi_y_end= 280;
numofframes= length(s);
for k=numofframes:-1:1
thisFrame = s(k).cdata;
%thisFrame = s(k).cdata-s(2).cdata;
int_img=im2double(thisFrame);
% h=int_img(roi_x_start:roi_x_end,roi_y_start:roi_y_end,1:3);
% inten(k)=sum(sum/(h));
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thisfig = figure();

thisax = axes('Parent’, thisfig);

% image(h, 'Parent’, thisax);
image(thisFrame, 'Parent’, thisax);
set(gca,'fontsize',16)

title(thisax, sprintf('Frame #%d', k));
% colormap('gray');

end

%

% for u=2:1:15

% thisFrame = s(u).cdata;

% thisfig = figure();

% thisax = axes('Parent’, thisfig);

% image(thisFrame, 'Parent’, thisax);
% set(gca, fontsize',16)

% title(thisax, sprintf('Frame #%d',u));
% % colormap('gray’);

% end

% Calc frames as time in seconds

% for i= 1:1:7

% time (i)= (Frame(i)- Frame(1))* 0.030
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% end;

% Calc. position into distance in microns
% for j= 1:1:7

%  dist (j)= (PosY(j)- PosY(1))*0.33

% end

% thisFrame = s(61).cdata-s(5).cdata;

% thisfig = figure();

% thisax = axes('Parent’, thisfig);

% image(thisFrame, 'Parent’, thisax);

% set(gca, fontsize',16)

% title(thisax, sprintf('Frame #%d', k));

% colormap('gray’);

% set(gca, Ydir','reverse'); (reverse axis order)
%

% NumberOfFrames=4;

% for frame = 1 : NumberOfFrames %fill in the appropriate number
% %this_frame = read(obj, k);

% thisFrame = mov(frame).cdata;

% thisfig = figure();

% thisax = axes('Parent’, thisfig);

% image(thisframe, 'Parent’, thisax);
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% title(thisax, sprintf('Frame #%d', k));

% end
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COMSOL
This part of the study was carried out with assistance from Dr Konrad
Gizynski. The idea was to model flow parameters based on the geometrical
requirements and flow velocities required. The calculations provided insight
into the flow rates necessary to regulate and focus single cells via 3D
hydrodynamic focusing.
2D model parameter for the simulations
1. Viscosity:
Water: 0.89 mPas at 25°C; density: 997.8 kg/ms3
Media: 1.46 £ 0.15 mPas at 25°C; density: 997.8 kg/m3
Density of cells: 1.08 g/mL (1,080 kg/m?3)
2. Flow rates:
Sample flow rates: 2uL/hr

Side flow: 25uL/hr

Top/bottom flow: 10uL/hr
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Figure A3.1: COMSOL simulation of the volume fraction within the
microchannel with time, based on the 2D Model.
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Figure A3.2: Simulation of the surface velocity parameters due to flow based
on the parameters of the 2D model.
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3D Model and New Mesh
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Figure A3.3: The competence of the sample fluid versus sheath fluid for
various flow rates simulated via COMSOL.

Figure A3.4: Updated 3D mesh model using which the flow rate ratios for the
sheath and sample fluid were determined.
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A4. Data Analysis

Velocity Curves

*  dist vs. time
Linear

0 0.05 0.1 0.15 0.2 0.25
time

Figure A4.1: Distance versus time curve of a single PS bead flowing in the

microchannel to determine flow velocities in the channel.

The velocity of particles after focusing was determined by measuring the
centroid position of the particle with time as it flows through the
microchannel. In the figures below, you will see that the velocity was
determined by accurately tracing the position of the particle via a custom-
written MATLAB code. The positions were then plotted against time and the
slope was calculated. A linear model was used to determine the confidence of
the experimentally determined positions represented by black dots on the
curve and the derivative velocity values were extracted based on best fit.
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Figure A4.2: Distance versus time graph for various centroid positions of the
bead flowing in the microchannel. The slope determines the average velocity
of the bead for the given flow rates.
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Figure A4.3: Centroid positions of the bead as it moves into the beam path, is
trapped for some time, and is released.
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AS. Optical Fiber Parameters
PS-PM980

The geometrical and mechanical specifications of the single-mode fiber used
in this thesis as described by the manufacturer.

Slow Axis

Fast Axis

Fast Axis

Cladding

PANDA
Stress Member

Dual Acrylate
Coating

(Not to Scale)

Figure A5.1: Geometrical and mechanical clad diameter: 125+1.0 pm; coating
diameter: 245115 um; core diameter: 6.0 um; core-clad concentricity: as
obtained from Thorlabs.
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Table 3. Description of the Thorlabs’ photosensitive 980 nm PM maintain fiber
from the manufacturer.

Geometrical & Mechanical

Clad Diameter 125+ 1.0 um
Coating Diameter 245 + 15 um
Core Diameter 6.0 pm
Core-Clad Concentricity <0.5 pm
Coating/Clad Offset <5 um
Coating Material UV Cured, Dual Acrylate
Operating Temperature -40 to 85 °C
Proof Test Level >100 kpsi (0.7 GN/m?)
Optical
Attenuation <3.0 dB/km @ 980 nm
Numerical Aperture 0.12
Operating Wavelength (nominal) 970 nm - 1550 nm
Cut-off Wavelength 900 + 70 nm
Mode Field Diameter 6.6 + 1.0 um @ 980 nm
Beat Length <3.5 mm @ 980 nm
Normalized Cross Talk <-40 dB @ 4 meters
Normalized Cross Talk (nominal) <-25 dB @ 100 meters
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