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Experimental investigation and analysis of a monolithic micro-optic system

by Erick Javier VARGAS-ORDAZ

A cell is the simplest functioning unit of life. A key objective of biology is to compre-
hend the mechanisms involved within this smallest unit. Cell type heterogeneity plays a
critical role in the design and response to therapeutic therapies, making it critical for biol-
ogy to understand the processes underlying illness at the single-cell level. Current light
microscopes conduct sophisticated analyses of cells and their subcellular compartments
by utilising the principle of �uorescence. Light-sheet �uorescence microscopy (LSFM)
illuminates only a single plane of the specimen at one time, mitigating the unavoidable
phototoxicity associated with �uorescence imaging, and thus assuring better physiolog-
ical conditions. As a result, LSFM is recognized as an outstanding tool for examining
many biological samples. However, most LSFM setups require complex optical and elec-
tromechanical components in addition to large quantities of custom-made components.
Such components not only typically expensive but also dif�cult to fabricate and oper-
ate, and hence limits the availability of LSFM to the broader scienti�c community. This
thesis investigates a monolithic microoptic system to substantially simplify a light-sheet
microscope system while retaining a high spatial resolution. This microsystem combines
�ow control capabilities afforded by micro�uidics with microoptics to integrate light-
sheet imaging directly into a monolithic micro�uidic polydimethylsiloxane (PDMS) de-
vice. Here, this design enables precise alignment, drift-free operation, and easy integra-
tion with traditional micro�uidics. The system images single cells in up to 120 ms with
sub-micron resolution which allows for the extraction of complex cellular phenotypes,
demonstrated by imaging cell clusters, receptor distribution, and endosomal size varia-
tions. Additionally, this microoptic system has non-invasively obtained high-resolution
3D images of the metabolic activity of live embryos, via �uorescent biomarkers, demon-
strating the low-phototoxicity and the high sensitivity of the system. Incorporation of
this rapid three-dimensional imaging into micro�uidic devices opens the door for future
applications such as high-content imaging in combination with carefully controlled cell
culture conditions, crucial most notably, for image-based cell sorting technologies. An-
other application of the system exploits the excellent signal to noise ratio which enables
imaging of multiple-biomarkers within a cell whilst only using a single excitation wave-
length, which further reduces the photodamage and complexity of the system. Finally,
high control and retention of cells via engineered micropillars enable multiple volumetric
images of the same cell to be acquired. Thus extending the system's capability to conduct
time-resolved experiments, notably in-situ drug delivery for single cells.
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“ I returned, and saw under the sun, that the race is not to the swift, nor the battle to the strong,
neither yet bread to the wise, nor yet riches to men of understanding, nor yet favour to men of
skill; but time and chance happeneth to them all.”

Ecclesiastes 9:11

“ Me volví y vi debajo del sol, que ni es de los ligeros la carrera, ni la guerra de los fuertes, ni aun
de los sabios el pan, ni de los prudentes las riquezas, ni de los elocuentes el favor; sino que tiempo
y ocasión acontecen a todos.”

Eclesiastés 9:11





xi

Acknowledgements
I would like to earnestly thank my supervisors Dr Victor J. Cadarso Busto and Prof.
Adrian Neild for giving me the opportunity to work with them and whose support
through these couple of years has been very precious not only academically but per-
sonally. I am very grateful to you both for providing �exibility to conduct my PhD, and
also for all the patience when I was not at my best. I am also enormously appreciative to
all the members of Applied Micro and Nanotechnology Lab (AMNTL) and Laboratory
for Microsystems (LSM) for providing an amazing working environment. I have learnt a
lot from you all.

Thank you Karina (Q) for walking by my side all these years, we have learned, grown
and changed so much since we were in high school. This achievement is as much yours
as mine. Thanks Bruno and Junyang for your friendship during the PhD was essential,
you made these years better without doubt. Thanks to Gaya, Vincent, Saab, Yaqi, Lilith,
Gerardo, Ridz, Karina, Cynthia, Hao for all the support and fun we had outside univer-
sity. Finally, special thanks to my parents and brothers who are my inspiration.





xiii

Contents

Abstract iii

Declaration of Authorship v

Acknowledgements xi

1 Research motivation and approach 1
1.1 Thesis motivation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1
1.2 Thesis structure . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2

2 Introduction 3
2.1 Light Microscopy for live-cell imaging . . . . . . . . . . . . . . . . . . . . . 3
2.2 Fluorescence Microscopy . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3

2.2.1 Fluorescence Microscopes for three-dimensional imaging . . . . . . 4
2.3 Light-Sheet Fluorescence Microscopy architecture . . . . . . . . . . . . . . 9

2.3.1 Light-sheet generation . . . . . . . . . . . . . . . . . . . . . . . . . . 10
2.3.2 Lateral and Axial resolutions in LSFM . . . . . . . . . . . . . . . . . 12
2.3.3 Optical sectioning with LSFM . . . . . . . . . . . . . . . . . . . . . . 13

2.4 Advances in LSFM . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 14
2.4.1 Improving resolution and reducing system complexity . . . . . . . 14
2.4.2 Integrating of LSFM in micro�uidics . . . . . . . . . . . . . . . . . . 15
2.4.3 On-Chip LSFM . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 16

3 Three-dimensional imaging on a chip 19
3.1 Overview . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 19
3.2 Publication . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 19

4 Non-invasive three-dimensional imaging on a chip 31
4.1 Overview . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 31
4.2 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 31
4.3 Results and Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 33

4.3.1 The opto�uidic device . . . . . . . . . . . . . . . . . . . . . . . . . . 33
4.3.2 Three-dimensional imaging of the spatial distribution of NADH . 35
4.3.3 Minimal photodamage and high signal-to-noise ratio imaging . . . 36
4.3.4 Embryo viability and illumination power . . . . . . . . . . . . . . . 38
4.3.5 Embryo quality within the low-dose specimens . . . . . . . . . . . 40

4.4 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 40
4.5 Methodology . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 41

5 Spatial and temporal multi-colour three-dimensional imaging 47
5.1 Overview . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 47
5.2 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 47
5.3 Results and Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 49



xiv

5.3.1 LSFM in a microsystem for in situ drug delivery . . . . . . . . . . . 49
5.3.2 Simultaneously dual-channel imaging with single-wavelength ex-

citation. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 50
5.3.3 Simultaneously dual-colour 3D imaging. . . . . . . . . . . . . . . . 51
5.3.4 4D analysis of in-situ drug delivery . . . . . . . . . . . . . . . . . . 52

5.4 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 53
5.5 Experimental . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 54

6 Research Contribution and Future Work 57
6.1 Ongoing and Future Work . . . . . . . . . . . . . . . . . . . . . . . . . . . . 58

A Supplementary Information for Chapter 3. 59

B Supplementary Information for Chapter 4. 67

Bibliography 75



xv





1

Chapter 1

Research motivation and approach

1.1 Thesis motivation

Variety is the spice of life. However, when it comes to a disease, too much variety in a
cell population (heterogeneity) might result in exactly the opposite to life, since each cell
type might respond differently to the same treatment. Therefore, cell-type heterogeneity
is a key factor in the design and response to drug treatments, making a crucial purpose
of biology the understanding of the mechanisms involved in diseases at the single-cell
level.

This Thesis focuses on the creation, utilization and characterization of a monolithic
microsystem that integrates light-sheet �uorescence microscopy into a micro�uidic de-
vice. Typically, a light-sheet �uorescence microscope (LSFM) excites a single plane of the
sample at a time, so minimising the inherent phototoxicity associated with �uorescence
imaging and thereby assuring optimal physiological conditions. SHowever, conventional
LSFM requires a multitude of costly optomechanical components to generate a light-sheet
for high-resolution imaging. The proposed monolithic microsystem seeks to signi�cantly
reduce the complexity of standard light-sheet �uorescence microscopes owing to the util-
isation of micro-optical components. The ability to integrate fast three-dimensional imag-
ing within any micro�uidic device, this will have a wide range of applications since they
will enable low-cost, quick, and automated imaging examinations of �uorescent samples
in a controlled environment and at high resolution. To realise this promise, an investiga-
tion must �rst consider the principles of light-sheet formation at this scale, and the optical
properties of the material for the microsystem, and then analyse micro�uidic systems to
control the sample through the light-sheet.

On the other hand, a common drawback of most imaging systems, including Scan-
ning Confocal Microscopy and Light-Sheet Fluorescence Microscopy, is that living cells
usually need to be attached to a substrate prior to imaging, which affects the conservation
of cellular morphology and structure. [1] Moreover, studies have demonstrated that cells
in suspension exhibit different physiological functions than cells attached to a substrate.
For example, the behaviour of the epidermal growth factor receptor (EGFR) in breast
cancer cells differs from cells in suspension to those attached to a substrate,[2] similarly,
cells in suspension respond differently to electrical �elds than attached ones. [3] Further-
more, during the metastasis process, cancer cells have different morphology when they
travel through the bloodstream than when they are in the tumour area. [4] As such, a
system capable of imaging cells in suspension at high-resolution whilst maintaining low
phototoxicity which allow imaging in a more realistic environment is needed.
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1.2 Thesis structure

This thesis aims to investigate and experimentally analyse a microoptic system to minia-
turise Light-Sheet Fluorescence Microscopy. The microsystem seeks to create a mono-
lithic, easy-to-use, opto�uidic device for obtaining high throughput three-dimensional
images of cells and subcellular components. A signi�cant bene�t of creating an opto�u-
idic chip out of polydimethylsiloxane (PDMS) using standard soft lithography is its ca-
pability of being integrated into an extensive range of micro�uidic systems. Once the
feasibility of this fabrication approach has been established, the work demonstrates high
spatial and temporal resolution and low phototoxicity imaging of biological samples.

Chapter 2

This chapter introduces the relevant aspects of Light Fluorescence Microscopy and the
different techniques used for three-dimensional live-cell imaging. It covers the advances
made in Light-Sheet Fluorescence Microscopy and then examines how, when combined
with micro-optics, this form of illumination can be used to achieve single-cell imaging
systems.

Chapter 3

This chapter covers the design and fabrication of the monolithic system to obtain a sub-
micron light-sheet for high-resolution imaging. Quanti�ed drug-induced changes in live
cells prove the spatial resolution of this system.

Chapter 4

The phototoxicity and high sensitivity of the system are demonstrated in this chapter
through three-dimensional imaging primary cells as those cells are essential for in-vitro
cell-based assays and generating in-vivo models.

Chapter 5

This chapter shows the sensitivity of the microsystem for obtaining simultaneously a
dual-signal when using a single-wavelength. Additionally, this chapter provides the
capabilities for performing four-dimensional imaging in the microsystem. Two-colour
imaging allows spatial reference information by using different biosensors in a cell.

Chapter 6

This chapter states the research contribution of the preceding chapters' work and presents
a projection for future work.
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Chapter 2

Introduction

2.1 Light Microscopy for live-cell imaging

Light microscopy provides unique spatial and temporal information that has the poten-
tial to transform our understanding of diversity and singularity in the living world. Since
its inception in the 18 TH century, optical microscopy has bene�ted greatly from break-
through technologies, including high-resolution and high-throughput light microscopy.
[5][6] Using light microscopy for live-cell imaging has enormous potential for mapping,
understanding, and predicting cellular actions from within the structure and organiza-
tion of cells at both large spatial and temporal scales. [7] Light microscopy permits
selective and precise identi�cation of molecules at small concentrations with a strong
signal-to-background ratio. As a result, �uorescence microscopy has become an excel-
lent microscopy technique for the investigation of all biological specimens. Using the
�uorescence principle allows today's light microscopes to perform advanced investiga-
tions of cells and sub-cellular compartments. [8, 9] However, the health of the cells on
the microscope stage must be considered. Photodamage is a problem for cells, especially
when �uorophores are present producing free radicals when photobleached As such. As
such, there are a variety of approaches to limit light-induced damage. [10]

2.2 Fluorescence Microscopy

By de�nition life is dynamic, and this dynamism, drawing generation after generation
of researchers to the life sciences, is a critical feature that can be observed using time
resolved light microscopy methods. Over the years, many technical advancements in
microscopes have focused on enhancing the contrast between what is interesting (sig-
nal) and what is not (background). A well-established technique to distinguish different
regions of interest in biological samples, to analyse morphology or determine locations
of biomolecules is �uorescence microscopy. Fluorescence microscopy uses targeted �uo-
rescent molecules (�uorophores) to highlight the regions of interest, which act as probe
molecules that absorb and emit light in response to their environment. [11] After light
is absorbed via either one-photon or two-photon at the excitation wavelength, molecules
in their ground electronic state are stimulated to various vibrational and rotational levels
of excited electronic states. Fluorescence occurs when a molecule in an excited electronic
state relaxes to its ground state, emitting photons with lower energy than the photons
utilised to achieve the excited state. [12] The complete process of light absorption and
emission can be visualised using the well-known Jablonski diagram described in Fig.2.1,
which determines how a molecule reacts to light.
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Figure 2.1. Fluorescence Excitation and Emission Fundamentals. Jablonski di-
agram showing the excitation �uorescence at one-photon (linear) absorption and
two-photon (nonlinear) absorption. The x-axis represents the average distance be-
tween two bonded atoms, i.e. bond length. The y-axis represents the singlet state
energy level. [Reprinted with permission from [13]. © Optical Society of America.]

2.2.1 Fluorescence Microscopes for three-dimensional imaging

As discussed in section 2.1, �uorescence microscopy is a crucial method for analysing the
dynamics of biological processes in the life sciences. However, recording such processes
accurately is dependent on spatial resolution of the optical instrument, temporal resolu-
tion of the recording instrument and light exposure effects such as photobleaching of the
�uorophores and phototoxicity susceptibility of the sample. In addition, photobleach-
ing of the �uorophores and phototoxicity that affects the sample health need to also be
considered. [14–16] All of these factors cannot be maximised simultaneously—trade-offs
must be made for improving the sample health, for example, by compromising the qual-
ity of the contrast of the image (signal-to-noise-ratio) in order to increase imaging speed.
Such trade-offs are illustrated in Fig. 2.2. [17, 18]
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Figure 2.2. Trade-offs in three-dimensional imaging. The fundamental needs for
an optimal imaging data set are interconnected, necessitating trade-offs between
sample health, temporal resolution, spatial resolution, and signal-to-noise ratio).
[Reprinted with permission from [18]. © Nature Publishing Group, a division of

Macmillan Publishers Limited.]

The main principle of a �uorescence microscope is to illuminate the sample with a
single wavelength and �ltering the return light, so that only longer wavelength–shifted
�uorescence is visible.[12] Over the last �fteen years, �uorescence microscopes has dra-
matically improved, achieving image resolution of 200 nm, which is below the diffraction
limit of light for a wavelength of 488 nm. [19, 20] The preferred approach in modern �u-
orescence microscopy is 'Wide�eld' in which the whole specimen is exposed to a light
source, and the resultant �uorescence image is registered instantly by the detector col-
lecting all light from the plane at the focus as shown in Fig. 2.3. Despite its preference this
`Wide�eld' approach has always been limited by the fact that the entire sample is excited
uniformly and thus the majority of �uorescent photons originate from out-of-focus �uo-
rophores. The redundant out-of-focus light diminishes image contrast, inhibiting optical
sectioning capabilities, ultimately hindering three-dimensional (3D) rendering where a
stack of acquired images are computationally integrated. Scanning Confocal Microscopy,
technique disclosed for the �rst time in a patent application 60 years ago,[21, 22] over-
comes this limitation by limiting photodetection to the light emitting from the focal point
using a pinhole.
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