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This thesis details the design, fabrication, and testing of two optofluidic platforms, a
square fused silica capillary and a MgF.-PDMS microfluidic chip to detect radiation-
induced biochemical changes in cells during radiation treatment (radiotherapy).

The platforms integrate a near-infrared Raman system of 785 nm excitation and a fiber-
based optical trap at 1064 nm in a dual-beam configuration for the manipulation and
subsequent examination of single polystyrene beads (5um) and two breast carcinoma cell
lines, MCF-7, and MDA-MB-23 (20-30 pum).

Particular attention was paid to the role of MgF2 as a novel substrate for microfluidic
fabrication and the device background contributions that could hinder spectral
contributions from the samples.

Successful optical trapping within the platforms was performed, which allowed the
sample immobilization for the entire Raman acquisition time (10-30 s) via an orthogonally
positioned objective for the excitation and collection of Raman signal.

Data collected in the MgF2-PDMS microchip yielded high-quality spectra with no

presence of PDMS characteristic Raman peaks in the spectral region of 450-1800 cm™.
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1. Introduction

1.1.  Current Radiotherapy approach and evolution

A critical challenge in radiation oncology is the administration of effective and
significant doses of ionization radiation to cancer patients while minimizing toxicity effects
and damage on healthy tissue. Although important successes have been achieved in
radiotherapy (RT) development, this particular aspect is not yet solved in its entirety.!

Radiotherapy refers to the use of radiation as a therapeutic approach for cancer
treatment.? This approach can be applied as a primary treatment or combined with other
methods such as chemotherapy or surgery, either before (neoadjuvant) or after (adjuvant)
the primary treatment.> About half of all cancer patients worldwide currently undergo
radiotherapy as part of their treatment.*®> The magnitude of this number should be
proportional to the efforts to develop methods that allow us to understand the effects and
the mechanisms with which radiation acts in the control of cancer and should become a
priority for the successful recovery of patients.

RT follows the discovery of X-rays by Wilhelm Réntgen in 1895.%" Several novel
medical and non medical applications for X-rays emerged and anything that could be
photographed suddenly became subject to the “new ray”.2° Although the mechanism by
which X-rays seemed to affect tumours was not understood, the immediate remission in
symptoms and even the temporal or permanent improvement of patients with cancer, lupus,
or tuberculosis proved the therapeutic properties of X-rays.°

Notorious side effects from the use of excessive radiation became apparent soon after,

including post-diagnostic redness, weakness, hair loss, reproductive problems, leukemia,



2
erythemas that evolve into severe radiation burns leading to amputations and the death of

several patients.!

The enigmatic response of non-cancerous tissue to radiation became of high interest for
the scientific guild, which promoted early studies regarding the influence of dose rate and
treatment length.®'? However, even fractionating the radiation dose over a number of days
failed to eliminate the risk of normal tissue toxicity. The term therapeutic ratio is used to
this day, to imply the acceptance of a certain degree of toxicity and damage to healthy
tissue, representing the balance between tumour control and healthy tissue injury
considered during treatment design.

Throughout the first four decades of the 20t century, several machines for diagnostic
imaging and radiation therapy using X-rays were steadily improved in Europe and later in
North America. The radiation that was initially produced through Crooke tubes, adapted
on static generators and equipment used by the electrotherapists of the time evolved to be
able to control the quality and quantity (dose) of radiation independently, obtaining
significant improvements in ray stability and performance.®
Although methods were developed to keep the skin dose under tolerance limits, such as
using multiple beams, the high dose problem remained an overriding concern in this period
due to the beam producing a significant amount of scattered radiation derived from
Compton scattering. A high proportion of the dose was still absorbed in the surface layer
of healthy tissue, rather than being delivered to the tumour, causing both severe acute
reactions and late skin damage as well as dose attenuation in bone, resulting in
inhomogeneous dose distribution in soft tissue and significant bone-fracture risk.!*

Finally, in 1948 the electron linear accelerator (LINAC) was developed by D.W. Fry.*®
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A LINAC is amachine that accelerates charged particles in a straight line down an

evacuated tube of 1-2 meters in length, by a steady electric field or through a radio-
frequency electric field. The first LINAC operated at 8 MV, achieved by decreasing X-ray
leakage using collimators to shape irradiation beams for accurate delivery and lead shields
for the protection of adjacent organs. Today, LINAC is the most widely used treatment
device in cancer therapy and offers a reduced dose at the skin surface, a maximal dose to a
relatively broad tissue thickness, and a rapid fall of dose at a depth corresponding to the
electron energy.
More recent advances in RT occurred hand-in-hand with computer technology
development by incorporating imaging tools for treatment guidance, which improved the
screening and detection of previously overlooked tumours; notable examples are the
development of 3D conformal radiation therapy (3D-CRT), intensity-modulated radiation
therapy (IMRT), Volumetric Modulated Arc Therapy (VMAT). Advances in 3-
dimensional imaging enabled the delivery of therapy shaped to the contours of the tumour
by the use of multiple radiation beams delivered from different directions, increasing the
conformity of the high dose region to the target volume even in the case of complex
geometry or invagination’, to obtain even higher control of dose distribution by adjusting
the delivery and decreasing the radiation reaching normal tissue while overcoming errors
resulting from daily organ movement.8

Advances in the imaging field have allowed a higher degree of complexity into RT
systems that influence the outcome of the treatment. The integration of optical elements
provide the ability to control elements such as beam modifiers, nominal energy, field size,

physical dose, dose rate, and more detailed physical measurements, including
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comprehensive characterization of beam quality by microdosimetric spectrum and

fragmentation spectra.*®

The advances mentioned above in RT, although significant, have been mainly achieved
thanks to improvements related to dose management technology and imaging tools.
However, even with these developments, RT is still limited in efficacy due to toxicity
factors to healthy tissue.?’ These factors span in levels of detriment from non-lethal
endpoints, such as skin erythema and cognitive dysfunction, to potentially morbidity.

In consequence, new approaches to cancer treatment have emerged, including chemical
modifiers or radiosensitizers, which are substances able to increase the tumour sensitivity
without affecting normal tissue;??? target agents, focusing on the molecules or antibodies
that inhibit cellular pathways;?*?° hormone therapies, to immunotherapies that promote the
body’s immune cells to fight cancer through our knowledge in cellular checkpoints.?8:?

Our knowledge about the cellular mechanism of cancer and the individual molecule
signaling that operates within the cell expanded in the last decades, but biomedical research

is still in active development; enriching our understanding of the role that radiation plays

in leading cancer cells towards death paths.?®

1.2.  Radiosensitivity

In RT, radiosensitivity is the relative susceptibility of a cell, tissue, or organ to suffer
damage due to exposure to ionization radiation.?® Identifying this property has helped to
characterize the different degrees of damage that a cancer cell can undergo compared to a
healthy cell and provides important insights in the prediction of treatment outcomes.

The notion of radiosensitivity originated as early as 1906 with the studies of two French

scientists, Jean Alban Bergonié and Louis Tribondeau, which led to the development of an
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important law in medical physics known as the "law of Bergonié and Tribondeau".30-32

Their studies showed that different degrees of sensitivity were manifested depending on
the extent of proliferation in the same biological system. Therefore, they concluded that
cells were more affected by X-ray radiation if they possessed three properties: a high
division rate, an extended karyokinetic fate, and an undifferentiated phenotype.* Although
now obsolete, this law is considered a founding law in radiation oncology and paved the
way for several radiobiology rules discovered years later.

Furthermore, Bergonié summarized the state of radiation oncology at the time, "they
[sic] are two error types that may affect the medical application of X-rays: (1) the
uncertainties in the assessment of radiation dose, and (2) the differences in the sensitivity
of the patients".3

Rod Withers, in 1975 described factors that can contribute to the likelihood of local
tumour control after fractionated radiotherapy, the so-called four Rs of radiotherapy.®*
These factors are the recovery from damage, cell-cycle redistribution, cellular
repopulation, and tumour re-oxygenation, with a later addition of intrinsic cellular
radiosensitivity as a fifth 'R' to account for the radiation tolerance of different tissues.>®

Identification of prognostic (a “clinical or biologic characteristic that is objectively
measurable and that provides information on the likely outcome of the cancer disease in an
untreated individual” ) and predictive (a “clinical or biologic characteristic that provides
information on the likely benefit from treatment (either in terms of tumor shrinkage or
survival” %) factors remain an important aspect in the treatment decision-making process
in breast cancer. Besides the five Rs, factors such as age, tumour size, lymph node status,

histology, grade, margin status, and integration with clinical records are considered for
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dose management. Imaging techniques such as magnetic resonance imaging (MRI) are

used as a prognostic tool for determining the tumour stage and have been shown useful to
alter the surgical options in up to one-third of breast cancer patients who undergo it.*’
However, there is no evidence that the use of MRI over conventional mammography
produces a difference in clinical outcomes regarding any local failure, overall survival,
freedom from distant metastases, or contralateral breast cancer.®

Pathological factors as predictive tools include, for instance, estrogen and progesterone
receptor status and quantification, HER2 protein overexpression, and axillary nodal status,
which remain the top pathologic factor that drives adjuvant treatment choices to
accompany breast surgery and radiotherapy.*

Clinical intuition of a multidisciplinary team is another factor of current importance that
still plays a fundamental role in treatment outcomes, especially for types of cancer that do
not present biological markers to assess radiosensitivity, as in the case of head and neck
cancer. Nonetheless, considering these factors, identically staged tumours under the same
prescribed treatment can still show different outcomes.*°

Identifying relevant molecular probes is another approach that attained further advances
in the development to predict methods for the response mechanism of tumours and healthy
tissues to radiation. Early assays for the radiation response of tumours are fundamental for
the therapy's success as there is significant variation among patients in the levels of toxicity
following radiation, limiting the maximum doses that can be safely delivered.** In addition,
there is no recognized marker for assessing radio-response during the course of
therapy. Therefore, there is a high interest in developing a test to measure the individual

radiosensitivity of the patient before and during irradiation to increase the effectiveness of
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the treatment, which needs to consider that radiosensitivity not only varies among cell

origin but also varies among patients.

Radiosensitivity is an inherited genetic trait, and recent progress in genotyping raises the
possibility of genome studies to characterize genetic profiles that predict patient response
to radiotherapy.?® The overwhelming cases of overtreatment and the current inability to
address this particular problem are the motivation behind the search for personalized

radiation treatment.

1.3.  Previous Research on the Application of Raman Spectroscopy to Follow
Radiotherapy

During the last decade, studies on the application of Raman spectroscopy for the
understanding of radiation-induced tumour responses have been demonstrated by our
group.*?-*" The study corresponds to the identification and analysis of signaling pathways
in cancer cells originating from radiation exposure and their correlation to radiation
sensitivity and the manipulation of these pathways to alter the tumour response to radiation.

The radiation work conducted at the University of Victoria represents the first
application of RS to study the radiation response signatures of tumours irradiated in-vivo
that may serve as potential biomarkers for radioresistance in human tumour cells.** The
experiments consisted of the exposure of cell populations to radiation followed by Raman
scattering examination and the statistical spectral analysis to identify intrinsic spectral
variations. Among the research highlights was the use of MgF2 as a clear window for

Raman examination and the detection of intracellular glycogen accumulation by RS.4346
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In the study three different cell lines, MCF-7 (breast), H460 (lung), and LNCaP

(prostate)s were exposed to typical clinical radiation doses (2-10 Gy). Cell monolayers
were exposed to single doses of X-ray radiation using a linear accelerator at a dose rate of
6 Gy/min at isocenter and the colony of cells derived from the irradiated cells was analyzed
by Raman scattering at a 785 nm excitation light on the days following irradiation (days 1
to 3). The cells were harvested, washed with phosphate buffer saline to remove any media,
and then re-suspended in phosphate buffer saline (PBS) plus 10% fetal bovine serum
(FBS). The suspension was centrifuged to form a pellet to be spread onto a MgF2 disk.
After waiting approximately 5 minutes to allow the sample to air dry, Raman data
collection was performed.

Lastly, a principal component analysis (PCA) was implemented to evaluate the obtained
Raman spectra. PCA is a statistical technique that uses multivariant analysis to discriminate
between data sets, allowing independent sources of variability to be identified. The
variations between the spectra are known as principal components. The differences in these
spectra were statistically quantified by examining the spectral components with maximum
variation compared to the original spectra and separating them in data sets. This technique
helped to elucidate the components related to specific radiation-induced biochemical
changes from inherent variability between cell cycle progression and incubation times.*’

The glycogen increase represents a radiation-induced biochemical response with
potential use as a therapeutic target. The cell lines MCF-7 and H460 are inherently more
sensitive to radiation, corresponding to the highest glycogen accumulation. The likely
explanation behind the triggering of glycogen accumulation was related to the expression

of different kinases; the inactivation of glycogen synthase kinase 3 beta (GSK-3) and the
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activation of AMP-protein kinase (AMPKa). Both of them are in charge of regulating

glycogen production, which is sensitive to ionization radiation effects*. Glycogen plays a
role in the cytoplasm as energy reserve, reflecting the efforts of the cell to survive and
repair itself after radiation damage. In addition to glycogen accumulation, the results
showed variations in spectral features related to the expression of proteins, lipids and
nucleic acids.*4547

The studies were conducted on the combined administration of molecular target drugs
such as metformin, a commonly used medication for the treatment of diabetes and known
radiosensitizer, and the delivery of radiation.*®*® The Raman data obtained following the
irradiation of cancer cells while in the presence of metformin showed a significant
reduction in glycogen accumulation in the two radioresistant cell lines (MCF-7 and H460),
showing no changes in the analyzed prostatic cells (LNCaP). The reduced presence of
glycogen can be partly explained by the phosphorylation GSK-3p following radiation
which interferes with the capacity of glycogen synthase to accumulate and the activation
of AMPKa intracellular glycogen previously associated with radiosensitivity.**>° These
results demonstrate that this RS approach can detect the response to radiation inherent to
specific cells and tissues. However, it can also be used to determine the effects on
radiosensitivity produced by external factors. In this case, the administration of Metformin
simultaneously with radiotherapy

Another novel approach was the use the RS protocol and partial least squares
discriminant analysis (PLSDA) to detect subtle differences in the relative intensity of
spectral features among breast cell lines.*”152 The approach revealed inherent differences

in biomolecular compositions between tumour cell lines and discriminated them from the
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healthy surrounding tissue.>* The PCA components suggested that glycogen is the main

contribution of MCF-7 cell response to radiation as the 69.1% of variance and showed a
time-dependent positive median score shift towards higher glycogen content post-
irradiation. In addition, other less prominent features were observed from DNA and amide
l.

Although in early stages, these studies support the possibility of using a spectroscopy
approach as a predictive tool for radiation sensitivity. A tool for both, the planning of a
radiation treatment protocol, based on the radiosensitivity of the patient's specific tumour;
and the monitoring of treatment response during early stages of radio treatment, which in
turn would allow to assess and adjust radiation doses according to the observed tumour

reaction to the treatment.

1.4, Thesis Scope

The results described in Section 1.3 represent the breakthroughs obtained by our group
in detecting biochemical induced radiation effects on different cell lines using Raman
spectroscopy to correlate specific Raman signatures with individual radiosensitivity.

The most promising application of this RS approach is a tool for assessing biochemical
signatures from a patient's sample, allowing treatment modification as required based on
the patient's specific response to radiation.

Although the method seems promising, the Raman approach mentioned above cannot be
employed for real-time monitoring of tumour response due to extensive and lengthy data
acquisition relative to the treatment timeline. The focus must be placed on automating the
spectral acquisition protocols for the potential application in the clinical environment. Also,

steps to alleviate drawbacks in the data acquisition process must be taken, such as the
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placement of living cancer cells on a MgF2 disk which does not represent an actual cell

monolayer and which handling could potentially change the chemical microenvironment
of the living cell from the bulk solution and may yield unknown effects on the cells.

Benchtop equipment for real-time quantitative monitoring of cellular samples has been
commercialized for high-throughput screening applications.>® Nevertheless, most research
results will never be applied in clinical practice, due to a lack of translational research.>* In
order to narrow the “Bench — Bedside” gap,> it is necessary to look for promising
technologies that allow the integration of screening and bio-sensing techniques that provide
accessible and easy operation. To move forward with this technology to monitor radiation
effects, high-quality translational research needs to be implemented.

This thesis proposes the fabrication and implementation of a Raman-microfluidic device
suitable for radiation oncology combined with optical trapping (OT). The development of
a microfluidic platform with an integrated system-level design would address critical issues
in the Raman spectra methodology. A system capable of performing rapid measurements
of a cell sample while achieving experimental results similar to those presented by Harder
and Matthews*3*6 could help to observe radiation responses produced in the early stages
of the treatment.

A Raman-microfluidic system for assessing the response to RT with these characteristics
has not yet been implemented. However, integrated optofluidic platforms combining
Raman and laser tweezers have already been proposed.>®-°8 The following literature review
shows the mature development of microfluidic technology in research laboratories and
provides examples of integrated microchip platforms that support this work's suggested

approach as an excellent candidate for future clinical implementation.
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The manipulation of individual cells is a widely pursued subject in microfluidics

research. In the last decade, the push for thorough single-cell analysis has resulted in the
development of new highly parallel fluidic devices and integrated detectors with the ability
to overcome many of the problems from traditional data acquisition techniques.>®
Therefore, roughly 1000 papers are published regarding cells in microfluidic devices every
year.5°

The potential to develop and implement a Lab-on-chip (LOC) platform as a decision tool
comes from the inherent advantages of microfluidic technologies (Section 2.1.1).
Microfluidics allows the production of highly reproducible devices suitable for high
throughput applications. Thus, reducing data variability associated with laboratory
conditions, instruments used to conduct the experiment, or personnel differences,
simplifying sample preparation, and increasing the automation of systems.

Some microfluidic systems implemented Raman spectroscopy as a tool for spectra
acquisition and single or double beam optical tweezers as part of interrogation points.
There are reports on integrated optofluidic Raman-activated cell sorting (RACS) platforms
that require no prior sample manipulation or staining with fluorescent markers for cell
classification by vibrational spectroscopic analysis, as well as laser tweezers Raman
spectroscopy (LTRS) systems that combine multichannel microfluidic devices and laser
tweezers for delivery, label-free identification, and sorting of individual cells.®* These
configurations are a powerful tool for identifying micrometer-sized particles in an aqueous
environment.®2

Optical traps enable the capture of small particles in solution using a laser beam. OT

combined with microfluidic environments enable biomechanical and morphological
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research of single living cells and provide a high degree of automation for cell

classification. The utilization of optical traps may ease those obstacles for single cell
research during high sensitivity studies. Therefore, several examples of microfluidic-based
flow cytometers exist in the literature.

Xie et al.® reported in 2002, the first study of Raman tweezers to examine living cells.
The system was used to study red blood cells (RBCs) in solution and differentiate between
living and dead yeast cells. A low-power Ti:Sapphire diode laser operating at 785 nm was
used to reduce photochemical and thermal cell degradation and reduce fluorescence spectra
interference.

Living RBCs diluted to 1:10000 with 0.9% saline solution were placed on a cover plate
and held trapped ~15 pm above the bottom plate. The system implemented a power-
switching technique for which the diode laser was programmed to operate at low power
2.0 mW during trapping and switch to high-power 20 mW when a Raman measurement
was taken. After background subtraction, several bands were observed and compared
against assigned and published characteristic bands.

Another valid configuration for the entrapment of larger cells is the use of separate beams
for Raman interrogation and trapping. An example of this is the work of Jess et al. 2016,%
where they used a dual-beam fiber trap to hold and maneuver human keratinocyte (PHK)
skin cells (30 pm in diameter) combined with an orthogonally placed objective to record
localized Raman spectra. Due to its divergent light fields, the dual-beam trap offers the
ability to hold and move large cellular objects with reduced possibilities of photodamage.

In order to trap the cells, a 1070 nm fiber laser coupled to two single-mode fibers via a

half wave plate and a polarizing beam splitter cube with a power of 40 mW coming from
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each fiber (irradiance of 4.6x10° W/m?) with a fiber face separation of 85 pm was used. At

the same time, a 785 nm, 20 mW laser beam for Raman excitation (irradiance of 2.5x10 1°)
passed through an 100x NA=1.25 oil immersion objective to the sample in an inverted
configuration.

The trap successfully permitted the spatial manipulation of the cell by adjusting the laser
power or adjusting the position of the fibers relative to the Raman excitation laser beam
via mechanical movement of the sample stage. A high-power objective was selected to
achieve a tightly focused beam coupled to a 100-micron diameter pinhole in the image
plane, corresponding to a 1-micron aperture in the sample plane. Spectra from membrane,
cytoplasm, and the nucleus within the PHK cell was integrated for two minutes, summed
together, and smoothed using the adjacent averaging method.

Previous experiments to demonstrate the system’s ability to measure the depth of the
particle at each point were performed using polystyrene beads. The traps consisted of
multimode fibers, used to trap a 100-micron bead requiring 800 mW (output irradiance of
5.2x108 W/m?) from each fiber with a fiber face separation of 240 pum; and single-mode
fibers, with a fiber face separation of 175 um, used to trap a 50-micron bead requiring 40
mW (output irradiance of 4.6x10° W/m?) from each fiber. The Raman excitation laser was
set to 30 mW (irradiance of 4x10%° W/m?) and focused onto the sample with a Nikon x50
N.A.=0.9 oil immersion objective, and the Raman signal was then integrated for two
seconds. The intensity of the 1000 cm™ benzene ring breathing mode present in the polymer
was monitored during scanning.

Finally, a rudimentary microfluidic system based on a glass capillary was developed to

combine the dual-beam trap with a flow system. The setup was used to hold and acquire
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Raman spectra from individual polystyrene beads and cells from a sample of HL60 human

promyelocytic leukemia cells. The system consisted of two single-mode fibers placed
opposing each other, against the outside wall of the 80 um inner diameter capillary tube,
resulting in a fiber face separation of 160 um with an orthogonally placed objective to
excite and then record Raman spectra. The capillary ends were placed in two reservoirs
resulting in a flow driven by capillary action.

The use of a square glass capillary offers optical properties, such as good transparency,
precise calculation of the propagation of the laser beam from the fiber ends to the location
of the particles in the center of the capillary. Polystyrene beads (10 pm) at a volume flow
rate of 1.2pL/s were analyzed with a fiber power of 80 mW (irradiance of 4.6x10° W/m?).
A 50 mW Raman examination beam (irradiance of 6.3x10'° W/m?) was then introduced
from below using a Nikon 50x NA=0.9 oil immersion with an excitation time of 5 seconds.

Additionally, HL60 cells, a human promyelocytic leukemia cell line at a volume flow
rate of 40 pl/s and a fiber power of 80 mW (irradiance of 4.6x10° W/m?) was also analyzed.
Despite the higher laser power from the fiber trap, and an acquisition time of 60 seconds
the cells did not get damaged during the trapping.

The dual-beam fiber laser trap combined with a capillary-based microfluidic system
configuration presented by Jess et al. has been used by other researchers, such as Lincoln
et al.®, to serially trap and deform MCF-10 mammary epithelial cells and compare the
distribution of deformability found within a normal cell line to that of a cancerous one by
the measurement of their time-dependent response to constant stress. This setup explores
the possibility of diagnosing cancer and of characterizing the differentiation of cells by

using optical deformability as an inherent cell marker.
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The microfluidic optical stretcher (MOS) based structure is a cross-section pattern that

quarters a SU-8 photoresist rectangle (35 um thickness) built onto a glass microscope slide.
The gaps formed from the cross-sectional cuts served as guides to align opposing optical
fibers and position them perpendicular relative to the capillary. The square capillary (160
um OD; 80 um ID) sits inside a 180 um gap and extends well off the glass slide on both
sides connecting to a flow tubing. The optical fibers (125 um diameter) are aligned by
being placed on the 110 um gap on either side of the capillary and connected to an
Ytterbium fiber laser (A=1,064 nm) that splits evenly into two single-mode optical fibers
(HI 1060, Corning) via a 1x2 fiber coupler (Gould Fiber Optics) with divergent Gaussian
beam. A thin piece of Poly (dimethyl siloxane) or PDMS with a 1.5 mm hole in the middle
is placed over the setup for holding the capillary and the fibers in place. The hole that
encompasses the trap region is filled with index matching gel to reduce reflection and
distortion of the laser beams. Finally, a coverslip is placed and gently pressed over the
PDMS piece to seal de system.

Cells were introduced into the capillary, trapped (80 mW per fiber), and subsequently
deformed for 5s (800 mW per fiber) at a measuring rate of 50-100 cells/h. Due to the flat
glass walls, the capillary avoids optical distortion, and the ability to analyze the
deformation of cells within 5 nm resolution.

A capillary setup provides flexibility to an optofluidic system. This type of design allows
control over the size and position of the trap relative to the flow channel. It accommodates
many sizes and combinations of cells, capillary material, and optical fiber mode-field
diameter, which is a desirable feature for manufacturing specialized microfluidic

prototypes.
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Another optically transparent material have been used in similar configurations by

Dochow et al.®8, whose research likewise combines Raman spectroscopy to acquire spectra
of single cells in microfluidic channels. The study described two devices, a quartz capillary
setup and a borofloat 33 glass microchip coupled to optical fibers to collect Raman spectra
of single cells.

The capillary setup was made up of quartz with dimensions of 330x330 um OD and
50x50 ID placed on a metal block that doubles as a capillary holder and fiber guide. Raman
spectra of five cell types were recorded: erythrocytes, leukocytes, acute myeloid leukemia
cells (OCI-AML3), and breast tumour cells (BT-20 and MCF-7). LDA classification
models were used to identify the cell and differentiate healthy and cancer cells with
accuracies comparable to Raman spectra from fixed cells in a Petri dish.

Although the capillary setup was combined with two 1070 nm single-mode fiber lasers,
the collected spectra result from studying individual cells trapped by the Raman excitation
laser operating at 785 nm, which was enough to trap them with a tweezing power of 100
mW for 10s acquisition time. The setup provides valuable engineering recommendations
for the implementation of optical traps for identifying and classifying single cells from
body fluids such as saliva, urine, and blood.

The second setup introduced a microfluidic glass chip that accommodates different
functionalities. A flow-focusing unit for thinning out the cell suspension before the
trapping area formed by four single-mode optical fibers with facilities for single-cell
Raman spectroscopy, and a Y junction for flow switching and cell sorting between two
outlets depending on the Raman-based classification. Functions that are not possible to

incorporate in a capillary configuration.
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The microfluidic device, with dimensions of 16 x 25 mm, consisted of nine fluid ports

and four fiber ports. The glass substrate allowed the channel formation by isotropic wet
etching. The trapping structure forms a circular cavity with a height of 60 um and a
diameter of 190 um, centered between two fiber channels. The distance between the fibers
is 210 um, while the capillary setup was of 330 um distance between fibers.

On the other hand, the Raman spectra could only be obtained at 514 nm excitation
(Argon-ion laser for excitation and a 60x, NA=1.0, water immersion objective) to decrease
glass background signals. However, this excitation wavelength induces degradation of
living cells at the required high intensities, even at short exposure times.

These two devices led to the development of a microfluidic chip using quartz wafers as
a substrate. The use of quartz allowed the implementation of a laser operating at 785 nm
for Raman excitation, similarly to the experiment used for the quartz capillary from the
previous manuscript. The quartz chip included all the same functionalities as the glass chip
and was used for Raman-activated cell sorting studies of tumour cells (BT-20, MCF-7, and
leukemia cells OCI-AML3) and leucocytes. The space between the objective and the chip
was filled with water to reduce the refractive index gradient, combined with an 60x, NA
1.0 water immersion objective. Single cells in suspension were injected at a flow rate of 1
nL/s altogether, 405 cells were manually trapped by the 1,070 nm trapping lasers, and their
spectra were collected at an exposure time of 10 s each.

Compared to the Raman results obtained from the glass microfluidic chip at 514 nm
excitation, the overall cell identification accuracy improved from 94.9 to 98% due to the
higher signal-to-noise ratio of the acquired spectra. In addition, a new spectral data

processing approach involved the additional acquisition of spectra without cells as
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background spectra. These spectra improved background correction offering the advantage

of assigning spectra with low signal to the background group instead of an incorrect cell
group like in the previous models.

A prior attempt to solve the implementation problems of the RS approach produced by
our research group and create a microfluidic device to identify radiation-induced responses
in single cells was performed by Samantha Van Nest in 2018, performing cell spectra
characterization within different microfluidic systems with simple microchannels
fabricated in either MgF, or Parafilm®.%’

Cell spectra were obtained within a laser-cut channel produced in a 170 um thick MgF:
window, an optical window manufactured from crystalline Magnesium Fluoride. A
Ti:Sapphire specialized laser was used to create the 15 mm long channel with dimensions
207 pum wide and 75 um deep. The data obtained from this microchannel contained all the
spectral features relevant for our cell studies with no impeding substrate-based
contamination. However, there are critical issues with the manufacturing of this system; in
particular, creating a 15 mm long channel required a lengthy process of 10 hours that
yielded an irregular channel geometry. Furthermore, sealing procedures were not
implemented in this design as there is currently no effective way to fuse two pieces of MgF»
directly. More properties of MgF> can be found in Table 3-1. Therefore, despite the
appealing spectral features of the MgF system, the manufacturing of a chip with these
properties represents extensive challenges regarding chip production.

In the same work, a Parafilm®-MgF. microfluidic system found to produce promising
cell Raman spectra. It did not suffer from important levels of background contamination

levels and presented key cell spectral features. This system consists of a Parafilm piece
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with a channel-shape cut of 79 um wide and 200 um deep, placed between two 170 um

thick optical grade MgF2 windows sealed using heat. The channel dimensions were limited
by the width of the knife blade used and the thickness of the Parafilm. The sealing between
the MgF. window and the surface of the Parafilm showed unclear results on whether it
would be strong enough to resist high pressures derived from the liquid sample flow. In
addition, parafilm is a single-use material, which is impossible to clean thoroughly without
affecting the material's structural integrity.

Even though the parafilm-MgF. microfluidic chip represents an unsuitable choice for
radiobiological applications, the studies revealed that using Parafilm as the substrate for
the microchip walls and not as the chip "window" diminishes the contribution of the
polymer.

The substitution of Parafilm by PDMS is a fabrication choice explored in this thesis.
Most microfluidic systems use PDMS as a substrate; unfortunately, PDMS vyields strong
Raman peaks that contaminate critical regions of interest for single-cell studies and
particularly for this radiobiological work.%® The use of PDMS as the middle layer of the
microchip offers the possibility to create channels using traditional microfluidic fabrication
techniques while avoiding contribution from the substrate.

A microfluidic chip pairing PDMS and MgF- follows compatibility requirements.5%"
Ideally, the proposed microfluidic device should serve as a tool for scanning cancer cells
grown in vitro, and the materials must promote a controlled microenvironment to analyze
biological samples. Toxicity or stress produced on the cells can give rise to unwanted
spectral Raman contributions that are hard to distinguish from the ones produced by

ionizing radiation.
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MgF2 possesses superior optical properties for Raman spectroscopy (Section 3.2). The

benefit of MgF- as a substrate follows the established protocols of our group's RS approach
that uses a MgF> disk for spreading the biological samples before Raman data collection.
Using this substrate to create a transparent base and top device provides a clear optical
window for RS examination and facilitates data comparison with previous research to
validate the chip's capacity to obtain information-rich spectra. However, the use of MgF»
represents an engineering challenge.

The use of MgF2 as a microfluidics substrate is not a standard. The material is highly
resistant to chemical etching and thermal shock and possesses a high laser damage
threshold, making it resistant to the most common methods of microchannel fabrication
(Figure 2.2). Also, its fragility stops it from being drilled for inlet/outlet creation, and its
molecular structure makes it unable to become bonded by using Plasma treatment.
Therefore, this research requires modifying traditional microfluidic fabrication methods to
accommodate a polymer body and MgF: as the device window for our specific research
purposes.

The decision to integrate optical traps comes from the spectra collected from the 2018
parafilm microfluidic device.®” The spectra collected presented a degree of noise and
variation throughout the channel and from one acquisition to the next that could be
explained by the inconsistency of the channel dimensions, increasing the contribution of
background spectra. Fixing the position within the channel in which cell spectra are
collected could help to improve these inconsistencies. Therefore, the emphasis on
integrating an entrapment system where a single cell is completely isolated from other cells

and substrate surfaces; eliminating any unwanted background signals and ensuring that
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information is collected only from the selected individual cell and maximizing signal

collection.

1.5.  Objectives

The general aim of this research project is to design and fabricate an optofluidic device
for the radiobiological study of single cells by Raman spectroscopy. This system will
integrate Raman spectroscopy equipment operating at 785 nm connected to an upright
optical microscope and a compact laser diode at 1060nm to produce contra propagating
optical traps inside a microfluidic platform. Optical traps are intended to immobilize a cell
within the Raman laser focus to maximize the signal collection for the interrogation of
Polystyrene beads (PS beads) and MCF-7 and MDA-MB-231 human breast cancer cell
lines.

Many considerations underlie the construct of the microfluidic system. This thesis
presents the design of two distinct microfluidic platforms: A fused silica capillary-based
microfluidic device and a MgF2 microfluidic device. To this end, this thesis investigates
the spectral characteristics that each system can yield.

The first objective is to design and fabricate a capillary microfluidic system that
integrates injection of single cells, trapping by laser fibers, and Raman spectroscopy
examination.

The following can be defined as the specific objectives for this microfluidic design.

1. To design a microfluidic platform with a fused silica capillary as the central fluidic

component.

2. To achieve biocompatibility with cancer cells through material selection
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3. To design a holder that provides accurate and stable adjustment of the capillary,

microfluidic connections, and the trapping laser fibers.
4. To design and test an optical trapping setup, including the search for adequate
conditions of laser power for the trapping of PS beads and cancer cells inside the

capillary system.

The second objective is to design and fabricate a microfluidic chip-based device.

The following can be defined as the specific objectives for this microfluidic design.

1. To design a microfluidic chip that incorporates a dual beam trapping region and
facilitates Raman spectroscopy examination.

2. Toemploy MgF2 as a novel substrate for the fabrication of the microfluidic device.

3. To achieve biocompatibility with cancer cells through material selection.

4. To modify the capillary holder for the integration of the microfluidic chip,
microfluidic connections, and the trapping laser fibers.

5. To demonstrate the optical trapping withing the microchip

6. To obtain Raman spectra of PS beads and cancer cells inside the microchip

1.6. Thesis outline

The thesis contains the following chapters:

Chapter 1 provides a general introduction regarding the evolution of radiotherapy as
cancer treatment, introduces the term radiosensitivity, and showcases our group's previous
research milestones on a RS approach to study the effects of radiation on cancer cells to

contextualize the motivation behind the current work. The chapter also reviews relevant
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literature regarding the development of contemporary microfluidic systems, emphasizing

technologies that comprise optical traps and Raman spectroscopy for cell analysis with
application in the biomedical and chemical fields.

Chapter 2 delves into the fundamental concepts in microfabrication, emerging
technological applications, as well as the benefits of the microfluidic environment
compared to conventional models; also addresses the issues of Raman scattering,
optofluidics platforms, and optical trapping, with important considerations and relevant
examples from the literature of their application in cell studies.

Chapter 3 introduces the physical and chemical properties of the desired platforms.
Addresses the engineering challenges and describes in detail the fabrication of a fused silica
capillary platform and a new fabrication technique for a PDMS—MgF, microchip system
and the material selection process for generating ultra-high SU-8 master molds using
photolithography and PDMS replicas by soft lithography.

Chapter 4 introduces the materials and specific experimental methodologies used for the
testing and characterization of the fabricated microfluidic devices in combination with
optical traps for the manipulation of polystyrene beads and single cells.

Chapter 5 shows the results obtained after the procedures introduced in chapter 4 for the
testing of the microfluidic platforms. The chapter also includes a discussion about the
findings of the investigation.

Chapter 6 Concludes this thesis work with the final remarks regarding the overall
performance of the microfluidic platforms and provides recommendations for future
projects regarding the further development of a microfluidic platform for oncological

research.



25
2. Background

2.1.  Microfluidics

Microfluidics is the study of fluid mechanics at the microscale (107® to 107%° L) and the
technology that encompasses the manufacturing of microfluidic systems’®.

A microfluidic device is created by stacking independent layers comprised of etched or
molded channels into a material. Subsequently, the channels are sealed by the layers above
and below, bonding the chip together. This action allows the creation of inlets and outlets
to inject a fluid sample that will flow in a constrained manner. The pathway geometry of
the channels provides specific functionalities to the system enabling the controlled
manipulation of the fluids.

Microfluidic manufacturing originates from the technological adaptation of processes
introduced by the microelectronics industry and, since its origin, has developed ever-more-
complicated configurations in continuously smaller devices. The original manufacturing
method for microelectromechanical systems (MEMS) or semiconductors is
photolithography on a silicon substrate. However, silicon and not optically transparent and
the technique requires expensive specialized facilities;’? therefore, a variety of new
materials have replaced it to increase chemical compatibility, reduce costs, facilitate
structural reconfiguration, and incorporate external elements, such as active (e.g., sensors,
heaters) and passive (e.g., filters, physical traps) components that add new functionalities
to the system.

There are many methods to fabricate the necessary channels and features that meet the

required dimensions to work at the microscale, including photolithography, chemical or
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dry etching, and laser cutting.” Current microfluidic devices are commonly fabricated

from polydimethylsiloxane (PDMS) using multilayer soft lithography, a well-documented
technique introduced in 2000 by Whitesides.” In the simplest sense, soft lithography refers
to replica molding using silicon-photoresist molds created using standard photolithography
techniques. In order to form a closed channel, the polymer is poured into a mold, cured,
and peeled, resulting in a polymeric casted stamp that can be bonded with a glass slide.
SU-8 is a common negative photoresist used in mold fabrication due to its high resolution,
mold durability, and capacity for high aspect ratios. A schematic of the lithography process

is shown in Figure 2.1
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Figure 2.1 Typical Photolithographic Process: (a) Silicon wafer, (b) Spin coating allows

photoresist (e.g., SU-8) deposition on Silicon wafer, (c) a photomask blocks UV Exposure in
some areas of the photoresist; the exposed areas become crosslinked. (d) The photoresist
undergoes baking and developing; non exposed areas get removed (e) PDMS is pour onto the

master mold and baked (f) Plasma bonding between PDMS cast and glass slide.
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Polymer bonding refers to the encapsulation of the open channels and cavities on the

polymer substrate using another polymer layer or film. The bonding method selection is
inherently tied to the materials employed in the fabrication method and has a significant
impact on the pressure that the device can withstand, which can significantly affect the
performance. Poor bonding is also the source of many problems present in microfluidic
devices, including air bubbles between layers that lead to leakage and the deformation of

features in the microfluidic device, which can seriously degrade the device performance.
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Figure 2.2 Overview and comparison of key fabrication techniques used in microfluidics. The
Ilustration showcases the relative merits of each technique regarding speed of fabrication of
a single device (vertical scale), Adaptability for batch fabrication (horizontal scale),
achievable feature dimensions (radial scale), and total production costs (Color scale). Color

scale: green (low cost), orange (medium cost), red (high cost).”®7>-77
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Therefore, adequate optical transparency and strong bonding strength under elevated

flow pressure are generally the requirements for window selection. The use of polymers
(including acrylic and polycarbonate) and glass layers are common for many of the same
reasons: optical clarity, low cost, and sample compatibility. While these are the three most
common materials, an immense number of other substrates can be employed. Indeed, due
to its compatibility with so many different forms of bonding (including simple adhesives),
glass is the most compatible with the widest variety of materials, making the Glass-PDMS
combination a standard in the fabrication of microfluidic devices.

Microfluidic devices can be made using a wide range of materials and fabrication
methods. The chart in Figure 2.2 compares the general aspects to be considered before the

development of a microfluidic platform.

2.1.1. Benefits and applications

Microfluidics allows the automation of labor-intensive experimental processes by
performing many operations simultaneously, shortening experiment reaction times.

Table 2-1 displays several advantages and benefits of microsystem platforms, including
less sample/reagent consumption, reduced contamination risk, less cost per analysis,
reduction of repetitive operations, and elimination of the need for expensive laboratory
equipment.’

Additionally, as we scale down, the behavior of physical laws changes. Properties such
as inertia and gravity become irrelevant compared to surface tension and hydraulic
resistance, which become more significant. The surface to volume ratio also increases
during miniaturization; thus, the chemical interactions between the surface and solution

phase are much faster because the diffusional distances decrease, which is of high
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relevance to the study of reaction kinetics,’® evaporation effects,® enzyme catalysis, and

on-chip cell culture.®

Table 2-1 Summary of advantages of implementing microfluidic systems.8

Microfluidics Advantage Description
Less sample and reagent Microfluidic devices typically require 102 — 10° less
consumption sample volume than conventional assays.

Higher surface area-to-volume ratio of microfluidic

Enhanced heat transfer . . o
channels increases effective thermal dissipation.

Laminar flow Low Reynolds number flows reduce sample dispersion.
Lower power Fewer components and enhanced thermal dissipation
consumption require less power input.

Several assays can be multiplexed or run in parallel on a

Parallelization . .
single chip.

System integration and reduced power allows for assays
to be conducted using portable, hand-held device.

Automation of labor-intensive experiments may reduce

reagents and energy consumption, instruments, and labour

Portability

Global cost reduction

High surface area to volume

ratio Faster analyses and shorter reactions times

In microfluidics the Reynolds number in most devices is well below the turbulent limit.
Reynolds number, Re, is a dimensionless quantity that describes the ratio of inertial to

viscous forces in a fluid.

Re =— 2.1

Where, Re is proportional to the characteristic velocity (v) and density (p) of the fluid
and the length scale of the system (L), and it is inversely proportional to the fluid viscosity
(n), which means that viscous forces play a significant role dictating fluid flow
characteristics and that inertial force effects dominate the flow behavior.

Reynolds help to predict flow patterns and understand the transition from a turbulent

flow (high Re number) to a laminar flow (low Re number) in geometrically similar objects.
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Due to the dependence on length scale, Reynolds number in microscale systems tends to

be small and flows laminar.

A laminar flow regime allows for highly predictable fluid dynamics applied for
diffusion,® gradient formation,®8* and focusing studies.®

Microfluidic devices are widely used in many scientific and industrial fields.®® Some
practical applications are the development of lab-on-a-chip (LOC) technology that enables
the integration of a variety of processes and functionalities on a single microfluidic
platform or the development of point-of-care (POC) technology, a sub-branch of LOC that
focuses on the creation of miniaturized instruments that deal with the ever-increasing need

for biomedical testing at or near the patient bed in a hospital.®’

Microfluidic systems are beneficial for research topics such as diagnostics, high
throughput screening, and sensing, sample preparation, genomics, polymerase chain
reaction PCR, regenerative medicine, and flow cytometry.8-°° Microfluidic technologies
can serve as predictive models to understand biological behaviors further. Miniaturization
allows working in conditions similar to real-life; adjusting parameters to mimic the
physiological environment closely creates optimal conditions for local processes to take
place. %! It can be implemented to automate immunoassay operations, a bioanalytical
technique widely used in clinical and pharmaceutical research to measure the presence and
concentration of antigens in biological samples for disease detection, which conventionally
involve time-consuming and labor-intensive steps such as incubation and washing.
Micropumps can be integrated into a microfluidic device to sequentially pump samples and
reagents to reaction chambers within the chip to precisely control the flow rate by

addressing the reaction times of the different assay steps. Likewise, droplet-based
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microfluidic devices have shown amplification efficiencies with no evaporation loss,

reaching a total reaction time of half of the required for benchtop PCR, which shows

potential for POC applications.®?

2.1.2. Microfluidics and single cell studies

Single-cell analysis has gained considerable attention for biological assays and system
biology in the past decade due to the increasing importance of studying highly
heterogeneous cell populations, as well as a sampling of complex biofluids such as blood.
The reductionist approach provided by integrated microfluidic systems allows the
spatiotemporal analysis of single cells under well-defined environmental conditions.

Single-cell analysis is the measurement of signaling events within individual cells at the
molecular level. The goal is to analyze and synthesize this information to better understand
the cell population, which links to the behavior of tissues, organs, and eventually whole
organisms. Bulk measurement can only reflect the average value, leading to a loss of
valuable information about rare sub-populations (diseased cells or abnormal cells) present
in the sample.

Furthermore, microfluidic systems offer several key advantages for studying single cells,
including facile automation, parallelization, and reagent reduction with minimal dilution,
resulting in high sensitivity assays.

In cancer research, microfluidics technology holds great promise for diagnosis, cell
counting, and sorting®® as a classification tool® and for the understanding of cancer

biology.*®
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Microfluidic technology has emerged as a potential tool to create and manipulate the

cellular microenvironment, leading to a greater insight into cellular physiology.

The technology has been applied for gaining knowledge about circulating tumour cells
(CTCs) and the development of anti-metastatic drug therapies. Some examples are the
development of fluidic platforms for the identification, capture, and screening of CTCs.
Fan, X.%® developed PDMS-based filters integrated into a microfiltration chip for CTCs
isolating from whole blood samples, achieving >90% recovery of isolating lung cancer
cells. Another device by Shaner, S.°7 isolates the CTCs using a specific antibody binding
approach by the modification of the microchannels with an alginate hydrogel coating.
Furthermore, label-free approaches that do not rely on antibodies or biological markers can
also be incorporated into the system (Section 2.3.3). Both pieces of technology exemplify
how engineering and material science can facilitate a better understanding of circulating
cancer cells by introducing micro-features to produce specific functionalities.

Microfluidics can be used in combination with other complementary analysis methods

to enable further characterization of a sample.

2.1.3. Combination with other techniques

The reductionist approach that prevails in various biomedical and chemical applications
has promoted an accelerated rise in the manufacture of integrated microfluidic systems that
use optical elements for studies at the single-cell level, which allows for the understanding
of highly heterogeneous cell populations.

To meet the key requirements that bioanalysis instruments and point-of-care devices

demand, the field of optofluidics was created which is the symbiotic integration of the
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microfluidic environment with the photonics technology for the creation of highly sensible

bioanalytical devices.%®

Optofluidic devices can present a higher amount of capabilities, increased flexibility, and
decreased space requirements than traditional flow cytometers that also integrate laser light
sources and electronics for the analysis of cells, DNA, and other particles, in studies related
to cell cycle, cell viability, immunophenotyping or sorting.®® Nonetheless, relevant single
cellular information can get lost in its conventional average-based process analysis.*%

Cell handling has been integrated into microfluidic and LOC devices to manipulate and
immobilize cells and various biological materials. On-Chip manipulation of micro-objects
involves trapping, sorting, and separation, finding their applications in chemistry, biology,
and colloidal science.

Many recent technological advancements rely on a force to manipulate trap, sort, isolate,
and measure single cells from suspension. The forces that can be externally applied range
from acoustics,%* mechanical;°"*%? magnetic;**® electric,** and optical forces.1>10%

Optical trapping is a proven reliable tool for manipulating single cells with the ability to
preserve cell integrity after performing detailed biomechanical characterizations. It is
possible to hold and interrogate a cell away from any surface without damage reducing
extraneous signals from the local environment.*%’

Different technologies can be coupled to microfluidics to aid with the characterization
of species in the fluid, including optical microscopes, excitation lasers, optical filtering,
manipulation devices, and spectrometers.'®® Some examples of systems and spectroscopic
techniques used in microfluidic systems include atomic force microscopy (AFM), which

uses scanning probes for nanometre-scale chemical resolution analysis to reveal
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complementary mechanical information,*® ultraviolet-visible absorption (UV-Vis),10:11

Fourier-transform infrared spectroscopy (FTIR),*2* fluorescence spectroscopy,*® and
Raman spectroscopy.!'® RS, showing highly relevant results for the study of cancer cells

in suspension, including stationary cell measurements, trapping, and sorting.108:117

2.2.  Optical trapping

Optical trapping (OT) is a technique that exploits the physical properties of light,
utilizing the momentum of the photons from a highly focused laser beam to exert forces on
microscopic objects. Over the last few decades, this technique has become widely used as
a non-contact manipulation tool in diverse fields, such as biology, material science, and
physics, for the mechanical characterization of particles. These traps can capture and
manipulate dielectric particles, cells, bacteria, and viruses. The distinctive characteristics a
particle must present are having a high refractive index compared to the medium and being

small; a typical length corresponds to 0.1-1000 nm.

2.2.1. The discovery of optical tweezers

In 1970, the physicist Arthur Ashkin published “Acceleration and trapping of particles
by radiation pressure”,!*® where he described the first report of the acceleration of
suspended particles in water and air through the use of a continuous laser. This work led to
an understanding of the gradient force and the discovery of the first stable optical trap.
Two configurations were showcase: for a single trap (single beam) the beads tended to be
pushed along the direction of propagation of light, while for a dual trap (double beam), the
propagation of light in opposite directions contributed to obtain stable spot for trapping the

beads in the centre between the two beams.
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That work laid the groundwork for many other papers studying radiation pressure, being

recognized by many as the father of laser trapping and winning the 2018 Physics Nobel
Prize whose prize motivation is “for the optical tweezers and their application to biological
systems”. 119

Subsequent discoveries includes the levitation of small glass spheres,*?° the

121 the first atom trap,*?? the trapping of living

demonstration of a single-beam gradient trap,
organisms, such as bacteria and viruses, without optical damage adopting the term optical
tweezers,'? and the trapping of cells using infrared laser beams.'?*

Constable et al. revisited the double beam trap in 1993. They created the first dual-beam
trap using optical fibers to guide the beams to trap polystyrene spheres and yeast cells and
provided an equation to calculate the scattering force for these two beams.'? This led to
related developments involving fiber-based traps, including lensed fibers for trapping

beads,?® a four-fiber divergent optical trap,'?” the optical stretcher as a means of deforming

cells!? and cell manipulation and characterization using a dual-beam laser trap.?°

2.2.2. Optical trapping instrumentation

Optical tweezers can be incorporated into a microscope system or as an external trapping
source. One of the strengths of optical tweezers is that they can be integrated and combined
with different imaging systems such as bright field, differential interference contrast, phase
contrast, and fluorescence microscopy for extended spatial range of applicability as well
as with spectroscopic techniques.

In a typical set-up for cell biology applications a single-mode near infrared laser beam
goes through a beam expander filling the back of a high numerical aperture (NA)

microscope objective and then focused through a diffraction-limited beam waist, creating
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a three- dimensional light gradient. The numerical aperture (NA) equals the index of

refraction of the immersion fluid.

For external optical trapping system, the trapping laser can be coupled to a single mode
optical fiber which produces a clean, Gaussian TEMgo-mode beam profile and it is
relatively simple to implement a second optical trapping beam by splitting the trapping
light based on polarization.

Optical fiber-based setups can be done in a variety of ways, involving either solid-core
or liquid-core waveguides. In the former approach, light is guided by total internal
reflection in a high index core.

Near-infrared wavelengths are the most common lasers used for entrapment. Typically,
an Nd:YAG laser at a wavelength of 1064 nm is used due to its biological amiability as it
produces significantly less photodamage by minimizing the absorption of light by water
and biological specimens.

In conventional OT, the laser intensity profile shows a Gaussian radial distribution, a
single central maximum with a bell-shaped beam. It is possible to trap and manipulate a
single particle at a time using such a beam.

The stiffness and force of an optical trap depend on the intensity of laser power, the shape
of laser focus, the size and shape of the trapped particles, polarization, and the index of
refraction of the trapped particles relative to the surrounding medium.

Typical trapping forces range from sub-picoNewton to hundreds of picoNewtons. This

range is sufficient to characterize the mechanism of individual biological systems.
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2.2.3. Optical trapping theory

The fundamental physical principle behind OT is that light can exert pressure and forces
on matter. As illustrated in Figure 2.3, the trapped objects experience two main forces: the
scattering force (Fs.4:) produced by the photons striking the object along their propagation
direction and the gradient force (Fj,.q) produced by a gradient of field intensity that pulls
an object transversely inwards into a strong region of optical intensity. The magnitude of
the Fycqr and Fg.qq COmponents exerted on the particles depend on the wavelength of the
laser beam (A) and the particle size (d). The direction of the force is independent of the
particle shape, and its magnitude varies with the particle orientation.

In order to understand how an optical trap works, the trapping is described in two

different regimes: Rayleigh regime, where d<< A; and Mie regime, where d>> A.}%

Figure 2.3 Schematic of the forces involved in optical trapping (Rayleight regime) optical
tweezers. Particle (P) experiences two types of forces generated by a Gaussian beam. A force

F,.qq pulls P toward the high-intensity region of the beam, and a force F 4,.,4 pushes P along

the direction of light propagation.

If the particle size is substantially less than the wavelength, then the particle is in the
Rayleigh regime. The electric field of electromagnetic radiation (polarized light) induces
an electric dipole moment p in the object. The intensity of the dipole moment can be

determined by:
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U=ak (2.2)

Where a is the polarizability of the particle and E is the electric field. The induced dipole

moment will be attracted towards the most intense part of that beam (I) with force, Fy;q4,

where the induced dipole may minimize its energy. The gradient force can be calculated
as:

1
Fyraa = — 5 aVE? (2.3)

Equation 2.3 shows that F,.,4 acts in the direction of the high-intensity regions of the

beam proportional to the gradient intensity V.
Besides the gradient force, Rayleigh particles experience a force due to the scattering of
light. When the photons hit the particle, some photons scatter away. Moreover, because

each photon of the light carries an amount of momentum equal to the plank constant
divided by the wavelength of light (p =%), the particle experiences a recoil force

proportional to the amount of power (intensity) that hits the particle.

The scattering force is proportional to the optical intensity and acts along the laser light
propagation, drawing the particle into an equilibrium position slightly downstream of the
maximum intensity. The competition between the two forces can result in stable
trapping.?

In the Mie regime, where the particle size is larger than the wavelength, it is no longer
possible to describe the interaction solely in terms of gradient force or scattering force, but
trapping can be understood using conservation of linear momentum or ray optics.**°
According to Newton's second law, force can be described as the rate of change of

momentum p of a system. As describe in Eq. 2.4:
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F=% (2.4)

Figure 2.4 illustrates how any momentum changes from individual rays of light, when
striking the particle, result in an equal opposite momentum change on the particle. Thus,
stable trapping requires the balancing of the forces arising from reflection and refraction.
AP
Pin Fin

Pout AP

Pout

Figure 2.4 Conservation of momentum model. When the light reaches the particle, part of the
light gets refracted on its way in (Pin) and again as it comes out (Pout) in a different direction.
The light loses momentum proportional to delta P, which is the force that acts on the object
with an opposite sign. In this case, upwards and forward.

Any momentum changes from individual rays of light, when striking the particle, result
in an equal opposite momentum change on the particle. Thus, stable trapping requires the
balancing of the forces arising from reflection and refraction.

A more intensive beam imparts a larger momentum change towards the center of the trap
than the less intensive beam. When the particle is out of trapping focus, the net momentum
change, or net force, can draw the particle back to the center of the trap. When the particle
locates in the center of the trap, individual rays of light are refracting through the particle
symmetrically, resulting in zero net lateral force and canceling out the scattering force of
the laser light.*%

The Mie regime includes biological particles such as cells, viruses, and bacteria. In this

regime, both the magnitude and the direction of the forces depend on the particle shape.
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Working with living organisms is limited by the trapping efficiency and the available laser

power. These are deformable particles; therefore, stresses and consequent particle
deformation result in a change in optical forces.

When a single cell is trapped, light hitting the cell surface changes the intensity and
direction of the bouncing photons. Increasing the laser power to increase trapping forces
leads to heating and potentially photodamage. In addition, the index of refraction of the
cytoplasm varies among cell types and may depend on the local environment in different
regions of a cell.

The arrangement of opposing optical beams produced from a beam splitter has been
widely used to create dual optical traps. In this configuration, a cell becomes trapped at
the point of symmetry by identical, divergent beams with any displacement from this
center, leading to a restoring force. The trap placement can be either parallel or counter-

propagating and controlled by a single laser source or by different x—y deflector systems.*3!

Figure 2.5 Schematic of two divergent counter-propagating beams (red cones) exerting a
gradient force on an off-centre particle. The laser produces a force on the particle due to
refraction and momentum change (black and white arrows). The larger momentum change
of the more intense rays (thicker arrows) causes a net force to be applied towards the center
of the laser or laser focus, while the outer rays (thinner arrows) cause a force pointing away

from the laser.
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Two divergent optical beams, Figure 2.5, rather than a single highly focused beam have

several advantages. Homogeneous illumination is more easily obtained since the traps can
be positioned horizontally relative to the imaging plane, making it possible to perform
particle characterization experiments using a confocal microscope. The traps can be
positioned independently; therefore, the user has three-dimensional control over the trap.
Measurements can be performed far from possibly interfering surfaces while reducing
photodamage or any two-photon-induced damage caused by a tightly focused light beam.%
Laser selection is a crucial parameter for the trapping of biological samples. The effects
of illumination from OT using different laser powers, irradiation time, and wavelength on
sample damage have been systematically investigated.'** The photodamage throughout the
near-infrared region favors optical trapping between 790-1064 nm. Shorter wavelengths
below 760 nm can produce significant cell damage mainly due to photochemical effects,
while at 800 nm and over, the cell damage is mainly due to photothermal effects. 32132
The integration of optical traps into microfluidic devices has shown to be a powerful
combination for actively manipulating and positioning biological objects at the nano and
microscale and several applications were conceived or became benefited by the

incorporation of OT.

2.2.3.1.  Optical Trapping for Cell isolation and manipulation

One of the most popular applications is to apply OT to confine or constrain cells at a
predetermined position in a static or fluid flow environment. Single-cell isolation before
molecular analysis allows spatial fixation without surface interactions.

The addition of microscopy techniques creates a powerful single-molecule manipulation

and visualization tool with widespread application in biology enabling continuous
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observation using advanced imaging techniques.5* This method holds potential for in vitro

monitoring of cellular drug response by feeding the pharmaceutical solution to the fixed
cells and measuring physical and chemical changes in cellular components. Such is the
case of combining Raman spectroscopy with OT and a microfluidic system. The
oxygenation cycle of a single RBC selectively trapped by OT can be monitored in real-
time while different buffers are transported through a microfluidic channel using electro-

osmotic flow.13*

2.2.3.2.  Cell sorting

Another application in which OT can be applied is the contactless organization,
assembling, relocation, and classification of individual cells in a liquid medium.

A popular function in microfluidic platforms is the sorting of cells either actively or
passively, where the optical force from the light trap serves as a tool for cell deflection.**®
In the case of active sorting, cells require the addition of fluorescence markers that help
them to be detected and separated from the sample bulk in a detection region within a
microchip.®*® In an experiment by Tung in 2004,"*" two independent laser sources were
used for cell sorting: a visible wavelength laser for fluorescence detection and
measurement and a near-infrared laser for optical manipulation of the cells of interest. This
microchip counted with different system stages; cells were hydrodynamically focused into
an analytical region (IR light) and then through the optical switch region (Visible light).
Once there, an acoustic-optical modulator is triggered to switch the cell based on the
fluorescence signal when a cell is detected and determined to be a target cell. A focused
laser spot deflects the cells into the output target channel, while the cells that do not show

the signal flow to a waste channel without being subjected to a laser beam.
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Unlike active sorting, passive sorting is an approach without markers, which has the

advantage of keeping cell integrity since it is not necessary to develop an appropriate
marker for cell identification nor to remove the markers after separation. In contrast, cells
are sorted by a gradient force within a microfluidic channel depending on the size, shape,
and refractive index of the cells, in competition with the viscous drag force of the

medium.138

2.3. Raman Spectroscopy

Raman spectroscopy (RS) is a vibrational spectroscopic method that provides useful
information about the chemical composition of a sample. This information is obtained by
analyzing a Raman spectrum, the graphic representation of scattered light collected from a
sample that exhibits a frequency shift with respect to the incident light. The energy shift
reflects the energy of specific molecular vibrations within the sample of interest, but due
to sample complexity, a substantial overlap of spectral contributions from all molecules in
the spectra can occur; making it challenging to assign individual bands to single
biomolecules and requiring the use of chemometric tools for data analysis, extracting
information, and obtaining a specific spectral fingerprint. In other words, the chemical
composition of a cell organism is associated with specific spectral patterns.

Raman scattering arises when monochromatic incident light on a sample is inelastically
scattered, inducing transitions to vibrationally excited normal modes in molecules present
in the interacting sample. Raman signal is relatively weak as the scattered light at a slightly
different frequency represents close to 0.0001% of the collected light, only one scattered
photon out of one million incident ones. The evolution of Raman as an analytical technique

has led to the development of modern Raman spectrometers that overcome the low signal
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challenge, filtering out the light that maintains the same energy as the incident laser

(Rayleigh light) and conserves the Raman scattered photons.

Named after its discoverer, the Nobel Prize laureate, Sir Chandrasekhara VVenkata Raman
Singh Rajinder’®®, Raman radiation has become fundamental in molecular spectroscopy
techniques used in different fields of research such as semiconductors,**%*! thin film
technology,*#?43 polymer studies,**4> pharmaceutical chemistry,#6147 process lines,4®
and biomedicine for the study of biological materials in particular biomolecules, individual
live cells, and tissues.'*

Raman is a non-destructive qualitative and quantitative characterization technique that
can measure the molecular content of a sample. Raman analysis possesses several
advantages, especially for in-vitro experimentation. As it is a label-free technique, sample
manipulation can be limited to placing it on a transparent window under the microscope
offering chemical selectivity using the intrinsic properties of the molecules.*> Due to this
attribute, no prior knowledge of the sample composition is needed in order to perform a
Raman experiment. Therefore, it has the potential to measure previously unknown
components in a sample. Besides, under the proper optical conditions, Raman allows
performing multiple interrogations without damaging the sample, considering that all
materials possess a laser power density threshold beyond which structural or chemical
modification may occur.*®

Raman allows for the interrogation and identification of materials as it is capable of
differentiating chemical structures, even if they contain the same atoms in different
arrangements, allowing its implementation in phase, polymorphy, and crystallinity

research.'® Raman provides molecular fingerprints that originate due to vibrations of the
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molecule as a whole, rather than localized functional groups that are highly characteristic

features of a specific molecule. These valuable spectral patterns allow monitoring changes
in molecular structure during product formation and other more subtle effects of significant

interest like stresses & strains.'>?

2.3.1. Raman principle

In the case of scattering, when monochromatic light illuminates a sample almost entirely
of the scattered light will consist of photons of the same energy than the incident beam, but
a small portion will consist of discrete frequencies higher and lower than the original beam.

These quantized frequency changes are known as Raman scattering and are the result of
a polarization process consequence of the incident photons generating vibrational energy
level transitions and promoting molecular vibrations within the material.

The scattered photons can be observed by collecting light at an angle relative to the
incident light beam. Differently to what happens in absorption spectroscopy (i.e., infrared
spectroscopy, IR), the energy of an incident photon does not correspond to the energy gap
between the ground state of a molecule and an excited state, which is measured as the loss
of energy from the incident light. Instead, there is no promotion to a higher energy excited
state, what occurs is the formation of short-lived "virtual state™. This virtual state is of little
stability, turning in the quick transfer of energy released in the form of scattered radiation.

The Jablonski diagram shown in Figure 2.6 is typically used to describe the Raman effect
and to illustrate the different forms in which photons are released depending on the original
electronic state of the molecule and the interaction with light.

In Raman spectroscopy, when a laser of energy E=hve strikes a sample, the molecules

get promoted to a higher “virtual state” (upward arrow), which generates vibrational and
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rotational motions that result in a shift of energy after molecular relaxation (downward

arrow).

In Figure 2.6b, when a molecule in the ground state is promoted to a virtual state that
corresponds to the energy from the incident light, the molecule releases the excess of
energy relaxing back to its original state by scattering a photon of the same energy than the
original incident radiation. This phenomenon is called Rayleigh scattering, and it represents
the "elastic” properties of the light in which case, the molecule relaxes to their original state
ground or excited.

However, when a nuclear motion was induced during the scattering process, then the
scattered energy will be different than the incident light, as some of the energy will be
transferred either from the incident photon to the molecule or from the molecule to the
scattered photon. These processes are both referred to as inelastic Raman scattering,
regardless of the direction of the transfer.

The inelastic process can be either Stoke Raman scattering (lower energy photons) or
Anti-stoke Raman scattering (higher energy photons). In Figure 2.6a the molecule is
promoted from a ground vibrational state (v=0) and posteriorly emits a photon of reduced
energy; this process is called Stokes’s scattering, and the energy of this photon is equal to
the difference between the incident light and the energy retained by the molecule, E= hvey-
AE; where AE is the energy of the vibrational transition.

In contrast, the process in Figure 2.6¢ is called Anti-Stokes scattering and occurs when
a molecule in an excited vibrational state is promoted to a virtual state and decays back to
a lower energy state or ground state, emitting a higher energy photon than the incident

radiation (E= hvex+AE).
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The probability of finding the molecules in an excited vibrational state other than the

ground state at room temperature is very low. Therefore, although both types of Raman

signal represent equivalent vibrational information,>*

anti-Stokes scattering is an even
weaker signal and will reduce the intensity as the frequency of the vibration energy
increases, making Stokes scattering the predominant measurement of shifted light.

In order for a molecule to exhibit Raman signal (Raman active) the molecule has to
undergo a change in polarization during the interrogation with laser light. The laser induces
an electric field that in turn perturbs the electron cloud of the molecule causing the
positively charged nuclei to be attracted towards the negative pole of the field, and the

electrons to the positive pole. The separation of charges results in an induced dipole

moment that disappears during the relaxation and reemission.
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Figure 2.6 Jablonski Diagram of Energy Transitions for Rayleigh and Raman Scattering.

The polarizability of a molecule is directly proportional to the intensity of the Raman

scatter produced, if there is no change in the polarisation during a molecular vibration then
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no Raman scatter is observed. Therefore, only those vibrations that induce a change in bond

length, e.g., symmetric stretches will normally be Raman active. The intensity of the
Raman signal is also dependant on the intensity of the light source and other

instrumentation factors.

2.3.2. Raman Instrumentation

A Raman instrument consists of four essential components: a light source needed to
excite the target species (laser), a sample illumination and scatter collection system, a
spectrograph to collect Raman scattering, filter out Rayleigh light and diffract the Raman
shifted light into its wavelength components, and a detection system to record the signal.
Figure 2.7 shows a simplified diagram of a typical spectrograph configuration. In this
diagram, the light enters from the left side (in red) and passes through a dichroic beam
splitter whose function is to transmit a wavelength to the sample. Subsequently, the light
scattered off the sample (in blue) is collected back through the objective, filtered by the
dichroic element where the Rayleigh light is reflected, and the Raman light is transmitted

and focused through a pinhole onto the detector.

Raman light

Spectrometer

Raman light

Filter

I Scattered light
[ J

Laser

Sample

Figure 2.7 Schematic of a basic Raman spectrometer.
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The choice of experimental parameters largely depends on the type of analysis to be

performed and the materials to be examined and a proper configuration is fundamental for

the collection of high-quality spectra.

2.3.2.1.  Raman Microscope

In Raman microscopy, a confocal microscope is coupled to the spectrometer to visualize
and magnify a sample while performing Raman analysis with a microscopic laser spot. The
coupling makes it possible to control the collection volumes, allowing to analyze structures
that are less than 1 um while maintaining high sensitivity. The basic principle of a confocal
system is the use of a pinhole to reject the out-of-focus light. In this method, only a small
volume of the sample is imaged onto a detector.

Light exiting the laser source needs to pass through a series of filters and mirrors before
reaching the sample. This is the function of the microscope which additionally upon laser
interaction with the sample, collects the light scattering from the sample trough the
objective to be then focused, and collimated into the spectrometer.

The spectral resolution is the smallest spectral feature that a sensor can resolve into
separate components and is limited by diffraction.?® The resolution is defined by the
frequency and quality of the wavelength and the type of microscope objective selected.
The following equation, deducted from diffraction theory, yields the minimum achievable

spot size while using an optical microscope:
Theoretical Spatial Resolution = 0.61 & (2.4)

Where, A is the laser wavelength and NA is the numerical aperture of the selected

microscope objective (optical system). The numerical aperture is a measure for angular
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acceptance for incoming light or light-collecting ability of any lens. It is defined by NA=n

sin a, where n is the refractive index of the medium between the objective and the sample

(e.g., air, oil, water) and a is one-half of the opening angle of the objective (the half-angle

of the light cone entering the lens) Figure 2.8.

This equation is for diffraction-limited spatial resolution, meaning that for a higher

spatial resolution, a high magnification objective (higher NA) and UV laser excitation

(shorter wavelength) will often produce better results. Nevertheless, this combination

increases sample damage due to photobleaching or thermal decomposition. The higher the

numerical aperture of a lens the greater the light-collecting ability and the finer are the

details that can be imaged.

Objective

Incident
light

/

Objective

] aperture

angle

Sample

Figure 2.8 Incident light from an objective striking a sample.

The automated microscope stage and the positioning of the objectives facilitates the

analysis of the sample volume in all three planes (X, Y, and Z) for lateral and depth

observation. For a confocal microscope, depth resolution can be in the order of 1-2 um,

allowing the analysis of multilayered samples with features beneath transparent surfaces.

156
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2.3.2.2.  Raman spectrometer

A spectrometer is composed of a series of filters and mirrors that serve two general
functions: direct and condition the light exiting a laser source before its passage through a
microscope system and process the scattered light upon interaction before reaching charge-
coupled device (CCD camera).

A standard Raman spectrometer is depicted in Figure 2.9 showing the path of the laser

from source to detector.

Figure 2.9 The internal configuration of a Renishaw Raman spectrometer. Showing the
pathway of the excitation light between the light source (1) and the microscope objective (4).
Passing through optical elements (2,3) to the sample and back from the optical microscope to
the spectrometer to be detected by a CCD camera (7) after undergoing optical conditioning
(5-7).

When the light coming from a laser enters the spectrometer, the first optical element
encountered is a beam expander and a pinhole setup, which produces the laser beam to

adopt a more circular shape. Once expanded, a mirror reflects the light upwards onto a long
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pass edge filter or notch filter, reflecting the light at a working wavelength and transmitting

any wavelengths greater than that.

The difference between these two commonly used filters is that a notch filter blocks a
range of wavelengths around the central absorption of the frequency corresponding to the
laser radiation (typically a few nanometers wide), absorbing the laser line and transmitting
the Raman scatter. This type of filter allows for the collection of both Stokes and anti-
Stokes’s scattering. In contrast, an edge filter is a long-pass optical filter that reflects a
wavelength range and transmits all wavelengths above this point with high efficiency. It
possesses a lower cut-off, blocking everything below a specific value, usually a couple of
nanometres above the laser wavelength. The edge filters have an ultra-steep edge between
the absorbing and transmitting spectral region and offer excellent blocking of the laser line.
This type of filter only permits the collection of Stokes scattering.

The filters are laser wavelength-specific and thus are interchangeable depending on
which laser source is in use.

Once split, the beam is reflected into the back aperture of the microscope and focused
onto the sample by the objective. After the interaction, the scattered light is collected with
the same objective lens and focused on the spectrometer to be further processed.

Light collected is directed back to the filter that acts as a dichroic beam splitter that
selectively blocks the Rayleigh scattered light while allowing the comparatively weak
Raman scattered light through to the spectrometer.

The beam is then focused onto the entrance slit of the spectrometer. Light entering
through the slit is collimated by a mirror and directed to a diffraction grating that disperses

the light separating it into its different components. The grating determines the spectral
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resolution obtainable and thus directly correlates to the amount and quality of information

obtained from the spectrum. A lens focuses the light on the detector (CCD) to count the
number of photons at a given wavenumber, producing the Raman spectrum.
Details specific to the spectroscopy system used in this work are discussed in Section

3.3.2.

2.3.2.3.  Excitation sources

The wavelength selection and the laser power are fundamental factors in obtaining an
adequate signal and working under experimentally compatible conditions. The wavelength
dramatically impacts the scattering intensity, spatial resolution and maximizes the
probability of producing superior quality spectra with Raman features not buried by
fluorescence contributions. The presence of fluorophores in samples also contributes a
broad background signal to the collected Raman spectrum.

Due to the weak nature of Raman scattering, it is imperative to deliver sufficient power
to the sample in order to generate Raman scattered photons for detection in a reasonable
integration time relevant to the clinical setting under consideration.

The scattering efficiency is directly proportional to the wavelength of the laser used.
When no absorption from any electronic transitions of similar energies to that of the
incident light occur, the efficiency increases as the fourth power of the frequency of the
incident light. Hence, for improving Raman sensitivity, it is required to use the highest
frequency possible; the shorter the wavelength, the more intense the Raman scatter
produced. However, shorter wavelengths also mean a higher energy on the sample, leading

to photochemistry and photodecomposition. In addition, when spatial resolution is
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important, for example, for the collection of imaging data instead of single-point spectra,

a shorter wavelength can produce much lower spatial resolution when compared to longer
wavelengths.

Therefore, longer visible and NIR sources at wavelengths such as 633, 785, and 830 nm
are preferred over those in the UV/VIS to reduce the amount of fluorescence interfering
with the detectable Raman signal. Nevertheless, this choice is not straightforward, as
competing factors often govern selecting appropriate NIR wavelengths for excitation. The
longer the wavelength, the lower is the fluorescence and scattering background to be
rejected; however, the Raman scattering also decreases.

Furthermore, the properties of the target tissue or sample are one of the major criteria for
choosing a laser excitation source for a clinical Raman instrument. Many compounds
absorb UV radiation, meaning that the spectra may differ from standard Raman spectra due
to resonance with any electronic transition, which may cause absorption, changing the
relative intensities of the bands. Strong absorbing molecules in a sample can also lead to
the generation of excess heat deposition, which can cause damage with high irradiance.

Likewise, the presence of strong fluorophores can generate signals that overwhelm the
modest Raman peaks that are concurrently detected.

Tissues such as the breast that do not have strong autofluorescence signals relative to the
Raman features can be collected with several different wavelengths; however, highly auto
fluorescent tissues like the kidney require the use of longer excitation wavelengths to obtain

useful Raman spectra.



2.3.3. Raman and microfluidics

The combination of microfluidic technology with RS has shown to be particularly useful
at solving problems in biological studies. Raman microfluidic systems capitalize on the
exceptional spatial control of the Raman excitation laser achieved with Raman microscopy.
Its practical integration with a confocal microscope allows the manipulation and study of
low concentration analytes with a high degree of selectivity and high collection efficiency
of the objective lens while allowing real-time monitoring processes.

Together this is an ideal combination for studying micron-sized particles such as single
cells, as microfluidics provides controlled manipulation of small fluid volumes. At the
same time, Raman offers the advantages of obtaining a full vibrational spectral profile>’
in an environment that is amenable to cell viability due to its compatibility with the study

of samples in aqueous media.
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3. Optofluidics Device: Design, Fabrication, and components

An optofluidics system, as described in section 2.1.3., is a device in which optics and
fluidics operate in conjunction to create novel functionalities. The microfluidic platforms
presented in this work have as a basic structure a fluidic element, a central channel to
facilitate the flow of suspended particles, and an optical element, a fiber-based optical trap

for their positional manipulation.

Figure 3.1 Cross-section configuration, consisting of a primary channel for the flow of
suspended particles to an examination area, located at the interception of two optical fibers
orthogonal to a microscope objective.

The general configuration of the microfluidic devices is shown in Figure 3.1, with the
addition of a microscope objective that acts as a tool for visualization and as an
interrogation device for Raman spectroscopy.

This section describes the optical elements used to develop two cytometry platforms for
the acquisition of Raman spectra, together with the rationale behind the selection of those
elements and the steps followed for the development of our platforms.

The first configuration consists of a system based on a microcapillary to facilitate the

flow of mammary cells for preliminary studies and proof of concept of optical entrapment.



57
The second is a device based on a microfluidic chip with a design that evolved from the

investigation results of the microcapillary system.
Additionally, a reconfigurable microscope platform was developed to adapt both devices

into a microscope stage and the connections used in microfluidics and the optical fibers for

trapping.

3.1. Microfluidic platform 1: Capillary-Based system

The first microfluidic platform fabricated was capillary-based. The design follows the
cross-section configuration presented in Figure 3.1, with the use of a fused silica capillary
to simulate a microchannel in a microfluidic device. This setup is a modified version of

experiments performed by Dochow (2010) and Jess (2006), described in section 1.4.

3.1.1. System design

The main fluidic element of the system consists of a fused silica capillary column
(Polymicro Technologies, Phoenix, AZ USA) with a square cross-section. The capillary

has an external dimension of 300 x 300 um and an internal of 50 x 50 um (Figure 3.2)
Coating

Internal diameter .
External diameter

Figure 3.2 Crossection view of a 350 um x 350 pum fused silica capillary, including a 50 pm

coating and an internal dimension of 50 pm x 50 pm.

Using a fused silica capillary for suspended particle flow provides several advantages.

Fused silica poses a high damage threshold for the passage of high-power laser light, it
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shows a relatively flat Raman spectrum with less intense bands in the biological window

of interest than glass, resists chemical cleaning required for multiple uses of the flow
channel and is less expensive than other materials such as quartz.

In addition, the planar walls of the capillary reduce optical distortion of the lasers used
for trapping and examination, minimize shear stress produced from the optical fibers placed
against the material, and allow the precise calculation of the laser beam propagation from

the fiber ends to the location of the cells in the center of the capillary.

N

Figure 3.3 Diagram of capillary setup.

The capillary exists between two optical fibers facing each other in the same plane,
orthogonally to a Raman laser beam, as shown in Figure 3.3. The interception of these three
system elements creates an examination area for the optical manipulation of the sample
during the acquisition of Raman spectra.

PEEK (Polyetheretherketone) tubing (IDEX Health & Science LLC, Harbor, WA USA)
was selected to load the sample into the capillary, due to biologically compatibility and
resistance to high internal pressure. The capillary was connected to internal reducing

unions and graphite ferrules (VICI Valco Instruments, Brockville CA), indicated in Figure
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3.4, to match the internal diameter of the capillary and avoid the vortex effect at the

capillary inlet while coupling the capillary with the syringe pump system.

Figure 3.4 Zero dead volume reducing union.

To guarantee stable trapping of cells, the fiber cores require to be aligned with each other.
The proper alignment minimizes possible fiber power loss and produces a proper signal
transmission and a proper field intensity distribution.

The fiber core of the single-mode optical fibers used in this project is approximately 5
pum; therefore, to obtain proper alignment of the fibers to each other and to the capillary, a
translatable microscope stage holder was developed for a precise adjustment of the

mechanical settings.

3.1.2. Aligner stage

gy e

RENISHAWE

Figure 3.5 Optofluidic platform on a Raman microscope stage.
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The aligner, shown in Figure 3.5, was fabricated in the University of Victoria Machine

shop. The stage showcased in Figure 3.6 consists of a shared metal plate that holds a series
of stages and holders (Newport Corporation, Irvine, CA USA). Two Linear Stages
(UMR5.16) coupled to Micrometer Heads (BM11.16) were attached to the shared plate
and two Fiber Optic Positioners (FP-1A) to support brass fiber holders (FPH-S-2.5) were

installed parallel to each other onto the linear stages.

Figure 3.6 3D view of optical fiber alignment stage.

This configuration permits the adjustment of the fibers in the X and Y plane with a
sensitivity of 0.75 um, while the Linear stages allow the Z plane adjustment with a
sensitivity of 1.00 um.

The holder was designed to fit our InVia Renishaw microscope (Prior Scientific Inc.,
Rockland, MA USA); however, it can be modified to be incorporated onto any other
commercial microscope and avoid modifications of the microscope stage.

The motorized sample stage from the microscope provides additional translational
control within 0.1 um steps along the X, y, and z directions.

The capillary lies on a metal block attached perpendicular to the shared metal plate by

holders positioned at both ends of the capillary (Figure 3.7). These secondary holders allow
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modifying the height of the block to adjust the capillary relative to the trapping fibres (y

plane).

Figure 3.7 Metal holders that clamp capillary unions in place. Perspective view.

The stage (Figure 3.8) allows for the simultaneous use of optical fibers and microscope

objectives for simultaneous illumination from both sources.

Figure 3.8 Aligner stage front view with capillary union holder and capillary holder.

3.2. Microfluidics platform 2: Microchip system

The primary goal of this microfluidic chip is to allow the detection of the changes that a

cancer cell undergoes after radiation exposure. The microchip must meet specific
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requirements to successfully integrate our Raman spectroscopy approach into the

microfluidic environment to obtain reliable results.

3.2.1. Transparency requirements for optical measurements

As Raman scattering provides a relatively low signal, background noise can easily
overpower the information pertaining to the analytes. The transparency of the microchip's
substrate is crucial to avoid interactions with the incident laser, reducing contributions from
outside the focal volume.

MgF. is a transparent optical material that exhibits excellent broadband transmission
from 120 nm to 8 um, from the deep UV to the mid infrared. Table 3-1 shows material

specification for MgF», relevant during the process of optical window selection.

Table 3-1 Magnesium fluoride (MgF2) properties.**®

Property

Value

Transmission Range
Refractive Index
Absorption Coefficient
Density
Melting Point
Boiling point
Thermal Conductivity
Thermal Expansion
Specific Heat Capacity
Dielectric Constant
Youngs Modulus (E)
Apparent Elastic Limit
Solubility
Molecular Weight

Class/Structure

0.12to 7 pm
1.413 at 0.22 um
5.5x 1072 cm™ at 2.8 um
3.1766g/cm? at 25°C
1255°C
2260°C
28 W/im K
13.7 (para) 8.9 (perp) x 10°¢/K
1003 J Kgm!' K™
4.87 (para) 5.45 (perp) at IMHz
138 GPa
49.6 MPa (7200 psi)
0.0002g/100g water
62.302 g/mol
Tetragonal P42/mnm (#136) Rutile Structure. Can
cleave on c-axis but not easily.
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3.2.2. Biological compatibility

Toxicity or stress produced on the cells can give rise to unwanted spectral Raman
contributions that are hard to distinguish from the ones produced by ionizing radiation.
The use of MgF, and PDMS follows compatibility requirements,* " including their

compatibility to the cellular aqueous medium.

3.2.3. General Layout of the Microchip

The choice of MgF. as a substrate poses significant challenges for its manufacture.
Although adequate for our optical analysis conditions, it possesses fundamental limitations
that make it non-suitable for traditional microfluidic fabrication processes.

The fragility of MgF2 hinders drilling, one of the most common approaches for producing
inlets and outlets to link the device with the macroenvironment; furthermore, as an inert
material, it is not affected by techniques such as chemical etching for creating channels nor
is suitable for plasma bonding.

Another factor that plays a role in the platform design and dimensions is the addition of
external elements. The ideal device should house and accommodate the connections
necessary for optical traps (e.g., optical fibers, fiber holders, aligners), related microfluidic

elements (e.g., tubing, connectors), and optical elements (i.e., microscope lenses).

3.2.4. System design

Due to the system requirements listed above, the design of the platform consists of a
casted polymeric layer stacked between two transparent substrates. The overall layout of

the chip is shown in Figure 3.9
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MgF;

I

PDMS

“

Figure 3.9 The layered device comprises three tiers: (from top to bottom) a MgF; top window,

a PDMS layer for microchannels formation, and MgF; base.

The polymer layer contains the pattern that will eventually form the microchannels once
bonded with the top and bottom windows. A finished microchips design consists of a cross-
section configuration formed by three straight channels: a central channel for the flow of
the sample (flow channel), situated between two non-continuous channels perpendicular to
the flow channel, designed to guide optical fibers towards an interrogation point (fiber
channel) (Figure 3.10). The gap between the flow and fiber channels avoids the contact of
the fiber with the flowing liquid, ensuring sterility and a leak-free flow. Making the fiber
ends remain clean of biological debris which could otherwise cause destructive absorptive
heating and beam deterioration

The channels in our microfluidic platform are formed once the polymer layer is placed
between two layers of transparent material, in this case, MgF.. The PDMS layer was design
to extend beyond the circular MgF2 window to accommodate additional pieces of PDMS.
The smaller and thicker PDMS pieces will cover and seal by plasma bonding the remaining
exposed flow channel (the channel ends not covered by MgF-). The thickness of the added
piece will serve to hold the connections of the inlet and outlet that link the microchip to the

macroenvironment.
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Figure 3.10 Top view of a sealed microfluidics chip. The diagram shows a cross-section
configuration of a primary channel for the flow of suspended particles to an examination
area, located between two non-continuous channels, perpendicular to the main channel,
designed to guide optical fibers towards the interrogation point. In this configuration, the two

layers of MgF, sandwich the polymer, sealing the microchip and creating the channels.

The suggested design offers a simple solution to overcome the two main limitations
associated with MgF-, its fragility that prevents drilling holes for microfluidic connections
and its lack of oxygen in its molecular structure, making it unable to bind to PDMS by
plasma bonding. Moreover, the similarity in the chip's design with the configuration of the

capillary-based system facilitates the translation of results obtained by the fused silica

"—" v
. D, |

Figure 3.11 Slide vs disk vs window 170 pm thick.

platform.

Different varieties of one-channel microchips were implemented. The difference
between these designs was the presentation of MgF. used for covering the examination

area in the PDMS layer (Figure 3.11), including MgF2 windows (170 pm thick, 25 mm
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diameter, Global Optics UK Ltd, Poole, UK), MgF: disk (Global Optics), or MgF- slides

(Crystran Limited, Dorset, UK) for sealing the system. (Figure 3.11).
The different platforms were subjected to experimentation to test their suitability in the

manufacture of the chip of interest. The configurations are presented in Figure 3.12.

]
’.q i

Figure 3.12 The schematic shows the side and top view of the three similar microfluidic

prototypes. The horizontal line represents the flow channels, and the vertical one the channel,
capable of fitting optical fibers with room for alignment. The small circles are ports to
interface the device with a syringe pump. The chip design therefore uses the same basic design
as the capillary setup with one inlet and one outlet to pump either in or out the fluid into the

flow channel.

3.2.5. Chip Fabrication

The fabrication of the three-layer microfluidic device starts with the creation of the
middle PDMS layer by photolithography.

The microfluidic mold was fabricated using a modified version of a MicroChem SU-8
2000 protocol for ultra-thick layers. The photolithographic process was used as a guideline

to obtain ultra-thick SU-8 molds. The aspect ratio (height vs. width of a channel) is one of
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the fundamental properties that need to be considered while designing a microfluidic

device. This property is inherent to the material, therefore procuring a 1:20 or less aspect
ratio for SU-8 ensures an optimum design without the risk of walls collapsing during the
subsequent steps of the master mold fabrication.*®

Reusable negative master molds were produced by photolithography using Prime quality
silicon wafers (Silicon Materials, Inc., PA, USA) and negative photoresist SU-8 2075
(Microchem Inc.). Before spin coating, which refers to the spinning of a flat substrate with
a thin layer of solution that leads to a uniform film, the wafers were placed on a hotplate
for moisture removal. This dehydration process helps to increase SU-8 adhesion to the
wafer and takes around 20 min to become completely dehydrated.
Subsequently, the microfluidic channels were cast using polydimethylsiloxane (PDMS) by
soft lithography.

Multiple layers of SU-8 2075 formulation were deposited and spin-coated onto the wafer
to obtain an ultra-thick film of 700 — 1000 um. Approximately 1 mL of photoresist was
dispensed per inch of wafer diameter (3-4 mL for a 3-inch wafer) and spin at 1000 rpm for
30 seconds at an acceleration and deceleration time of 10 s. A Soft bake process followed
it on a level hotplate with a uniform temperature set at 65°C and baked for ~15 minutes
with a posterior increase to 100 °C for ~2 hours when the evaporation decreases, the
thickness too and increases the layer hardness.

After baking, the silicon wafer cooled down to room temperature on a turned-off
hotplate. To guarantee the wafer is ready for the subsequent coating, it was recommended
to return the hotplate to 60°C and wait for the film to "wrinkle." The presence of wrinkles

works as an indicator of the remaining amount of solvent within the SU-8 layer. Therefore,
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it is necessary to warm up on the hotplate for 60 to 120 min. The cool-down and heat cycle

are repeated until no more wrinkles (no solvent contamination) are present in the film.
The resultant thickness of the first SU-8 layer was ~225 um approximately. The exact
process was performed for the second and third layers with increments of 1 hour per

number of layers during the soft bake. Their thicknesses are indicated in table 3.3.

Table 3-2 SU-8 thiskness layering

Layer Thickness
1 225 um +5
2 550 pm +10
3 700 pm +20

In order to generate the wells in the SU-8 master mold, a photomask (Figure 3.13) was
placed in contact with the SU-8 multi-film using a mask aligner (OAI 800 MDL, Raith 50
and UV 21052C) and exposed to UV light (350 W Hg lamp from a Short ARC lamp) for
25 s. Subsequently, the UV-treated film was immediately hard-baked on a hotplate at 100
°C for 60 min and posteriorly cooled down overnight to avoid thermal shock and cracking.

The wafer was subject to mild agitation in SU-8 Developer (product information) to
remove the non-crosslinked SU-8. Lastly, the wafer was rinsed with isopropanol before

microscope quality inspection.

Figure 3.13 AutoCAD design of the microfluidic chip containing a single central channel for
the injection and recovery of particles and cells and two optical fiber channels with marks for

inlet and outlet holes.
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The master was placed under vacuum in the presence of 50 uL of silane (Trichloro

(1H,1H,2H,2H-perfluorooctyl, 97%) per wafer for 60 min to increase the hydrophobicity
of the negative master and improve the later removal of cured PDMS after soft lithography.
Subsequently, the master was placed on a hotplate for 60 min at 100°C.

After the developing process, a microchip’s polymer layer was created using the silicon
elastomer PDMS (SYLGARD 184 kit, Dow Corning, Midland, MI) at an elastomer-curing
agent ratio of 10:1. Uncured PDMS was poured within the pattern created on the master
mold, as shown in Figure 3.14b. An essential requirement was to ensure the PDMS level
remained below the height of the crosslinked SU-8 walls. Posteriorly, a MgF, window was
placed on top of the uncured PDMS and the raised features that will form the examination
area, Figure 3.14c. After gently and evenly pressing the window, the mold was baked using
an oven at 70°C for 6 hours, causing the window to become affixed to the polymer
layer. The resultant layer piece was peeled off cautiously of the mold to avoid breaking or

separating the MgF2 coverslip from the cured PDMS.

a) b)

Figure 3.14 lllustration of the soft lithography process for the creation of a PDMS-MgF; chip.
(a) SU-8 master mold created by a photolithographic process on a Si wafer substrate (dark
gray); the black area represents the pattern created in the negative photoresist after
developing. (b) PDMS (light gray) poured within the developed SU-8 pattern. (¢) A MgF:
coverslip placed over the PDMS, and crosslinked SU-8 walls photolithographically created.
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Once the MgF coverslip was attached to the PDMS layer that contains the mold features,

the next step consisted in pressing the PDMS layer against another MgF- substrate. Figure
3.15 shows the formation of the microchip. After gently pressing the polymer against the
disk, the materials became joined by contact forces. The length of the flowing channel was
purposely designed to protrude from opposite sides of the window.

The remaining opened channel ends were covered using two additional PDMS pieces
(»1.5x1.5 cm). and attached by plasma bonding. The first step in plasma bonding is to
make any needed holes in the PDMS (i.e., fluid inlets and outlets). Both the PDMS layer
and the smaller PDMS pieces were placed into the chamber of the plasma bonder for a
brief exposure to plasma treatment. The PDMS pieces were placed in position, brought into
immediate contact, and pressed together with the PDMS layer. For this purpose, the PDMS
pieces should overlap the edge of the MgF, window to hold it against the PDMS layer. The

PDMS pieces were now irreversibly bonded via strong Si-O-Si bonds.

< / Inlet/Outlet
Tubing
v
| ! [ Window | [ ‘
1
Disk

Figure 3.15 Depiction of the sealing steps of a PDMS (gray) - MgF: (gray) chip. A PDMS layer
with an attached MgF, window is pressed against a MgF, disk. Additional pieces of PDMS
with an inlet and outlet for accommodating a tubing connection are positioned at both ends

of the window and plasma bonded to cover the open flow channel ends.
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Lastly, uncured PDMS was used as glue for securing the edges of the PDMS pieces and

placed in the oven at 70°C for crosslinking. The result, a sealed microchip with side

openings for the insertion of an external optical trapping setup.

3.3. Lasers used in this work

3.3.1. Laser diode for optical trapping

Diode lasers utilize electro-optical components (diodes), which emit light as a function
of both applied current and operating temperature. Laser diodes characterize by their small
size and elliptical beam output (rectangular shape). Diodes themselves are small and
require highly accurate controlling electronics to obtain the stable output necessary for
optical trapping.

The trapping beam is generated using a compact Laser Diode Driver (cLDD), Figure
3.16, that combines a laser mount with built-in laser current and TEC (thermoelectric

cooler) drivers in a single unit (Innolume GmbH, Germany).

Figure 3.16 (Left)Top panel view of cLDD, showing LCD display, two status LEDs, control
buttons, and 14-butterfly mount. (Right), Single mode optical fiber with an FC/APC

connector.

The cLDD is configured as a 60 mA to 2.0 A laser diode current driver, with a 14-pin

butterfly mount for a 1064 nm diode laser. The driver was operated as a stand-alone system
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(disconnected from a computer) and parameters such as laser diode current, output power,

temperature, mode of operation, were adjusted via local keypad and display.

The laser beam launches into a high index of refraction core and high numerical aperture
single-mode optical fiber (Corning HI 1060 Specialty fiber for high photonic applications)
(Corning Incorporated, NY, US) with a core of approximately 5.3 um in diameter.

After light is launched from the cLDD into the single-mode fiber the light is directed into
a 50:50 beam splitter (Gould Technology, LLC). The splitter is a wavelength flattened
coupler formed by placing two or more independent optical fibers adjacent to each other,
fusing, and stretching them to create a central coupling region. The incident light is
separated into two individual single mode fibers (arms) with the same optical power as

shown in Figure 3.17. Each arm emerges from the coupler with a 900 um jacketing and

FC/APC connectors.
ARM #2
ARM #1
o~
> '-( ’ /\
SPLITTER Wy
50:50 '

Figure 3.17 Diagram of 50:50 beam splitter used for dividing the diode laser light into equal

amplitudes traveling along the two fiber arms.

A laser diode produces a divergent beam with a gaussian intensity profile and plane
wavefronts in focus. This beam characteristic reduces biological material damage during
double beam trapping and produces a more stable grip. A detailed explanation about double

beam OT is presented in Section 2.2.
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A parameter for efficient optical trapping is the use of fibers with a clean and smooth

end face. If the fiber ends were not cleaved properly and solid contaminants were present,
fiber loss would occur, which in turn could affect the transmission of signals, increase back
reflectance, and produce non-symmetrical beam face circumference.

A cleaver produces a crack on the fiber that creates a flat end after applying some tension

along the fiber to split it. A high-efficiency cleaver provides a suitable surface for optical

trapping.
OPTICAL ALUMINUM
FIBER HOLDER
b) SYRINGE C)
OPTICAL FIBER SYRINGE
CLADDING EQ:.001785n
2000965 04535mm
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a) d) 0015mm Q0o

Figure 3.18 Elements of an aluminum holder for optical fibers a) cross sectional side view of
fiber holder, b) top view of fiber holder, ¢) picture of a flat end face optical fiber fixed inside
of a syringe needle after a polishing process, d) Diagram of the elements that constitute the

optical fiber holder.
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Likewise, a polishing process avoids back reflection to which high-power fiber devices

such a CLDs are often susceptible. Moreover, as the effective mode area is relatively small,
fiber ends are easily destroyed by reflection proportional to the laser power.

For our purpose, the fibers were incorporated in an in-house fiber holder to obtain an
equivalent smooth surface that substitutes the use of expensive tools while reducing the
loss of limited fiber length during traditional cleaving, Figure 3.18.

The FC/APC connectors were removed to perform the stripping of the jacket and
cladding (=10 cm) of the fiber, followed by the cleaving in the fiber's longitudinal axis.
Following the preparation of the fiber, the stripped core was introduced into an aluminum
holder to be semi-permanently glued in position by using commercial epoxy glue. Excess
glue was removed, and the end face of the fiber exposed at the end of the holder was
polished until a flat end termination was obtained using reducing gratings of sandpaper and
polishing sheets (Thorlabs, Newton, NJ USA). Separately, both single-mode fibers
underwent the same process. The optical arms were mounted on a translational stage
(Section 3.1.2) used for aligning the fiber cores relative to the flow channel of the
microfluidic devices.

Due to the nature of the single-mode fibers, the beam diverges upon fiber exiting. The
beam radius varies along the propagation direction due to diffraction effects. In the case of
a beam traveling between two optical fibers separated by a gap, the quality of the
propagation depends on laser wavelength, the width of the gap, and the material between
the fiber ends. The beam diameters produced in each experimental setup were

mathematically calculated, and detailed information can be found in Appendix A.
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In the case of the experimental setup presented in Figure 3.3, the two optical fibers ends

are placed close together with a gap between them that corresponds to the width of the
respective microfluidic channel. The beam thus travels into another medium, passing
through a planar interface while keeping its Gaussian profile and divergent properties just

with modified parameters.

3.3.2. Laser Excitation from the InVia Renishaw Raman spectrometer.

Optical excitation was produced by continuous wave laser operating at 785 nm coupled
to a Renishaw inVia Raman Microscope controlled by WIRE software version 4.4
(Renishaw Inc., Illinais, IL USA). An image of the Raman microscope is shown in Figure
3.19. The WIRE software facilitates sample visualization, control of spectral acquisition

parameters, data display, and the control of lasers, grating, detector, and filters.

Figure 3.19 Renishaw Confocal Raman microscope

The microscope coupled to the Raman system is a regular upright microscope equipped
with objectives (Leica Microsystems, Wetzlar, Germany) 5 -100x for visualization from

which the 50x and 100x 0.75 NA and 0.9 NA, respectively were used for collection of
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scattered light. The output power of the laser was measured using a 50x and a 100x

objective at different laser power percentages.

Table 3-3 Power output (z5mW) of a 785 nm continuous wave diode

Objective  100% 50% 10% 5% 1% 0.5%
50x 922mwW 52mwW 17mw 88mwW 45mW 24mW
100x 543mW 29mW 9mw 40mwW 25mwW 1.3mwW

The spectrometer is equipped with a rotating diffraction grating that allows the selection
of two groove densities 600 '/mm or 1200 '/mm which spatially disperses the scattered light.
As well a 1024x127 pixels CCD camera (Andor Technology, Conneticut USA) of 26 x 26

um? pixel size.
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4. Experimental details

A series of experiments were carried out for the testing of the microfluidic platforms
described in Section 3. These tests consisted of the structural validation of the platforms
and their ability to facilitate the sampling of cells for Raman spectra. Both qualities were
judged based on their potential suitability to serve as a tool capable of easing the Raman
spectroscopic approach for detecting cellular changes developed by our group and
automating the sample handling for the spectra collection process currently carried out in
the macroscopic environment.

Among the tests includes the structural assessments of the platforms to determine the
correct manufacturing of the chip or the correct installation of the microfluidic components
in the capillary system (e.g., tubing connectors) to avoid common problems found in
microfluidics (Section 2.1.1), followed by their spectroscopic interrogation to determine
the spectral contribution of the substrates.

Additionally, this project introduces a novel method to manufacture microfluidic chips
constituted by challenging substrates to handle due to fragility and inert nature, as in the
case of MgF.. The following spectroscopic studies assisted to discard possible
contamination created during the fabrication process.

The ensuing experiments observed the efforts to confirm the capacity of the systems to
accommaodate the spectroscopic screening of cancer cells. The validation was carried out
by the initial flowing of polystyrene beads with the subsequent study and flowing through
the microsystems of two breast cancer cell lines, MFC-7 and MDA-MB-231, for qualitative

measurements using Raman spectroscopy.
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4.1. Samples

Uniform Polystyrene Latex Microspheres (5 um) in aqueous suspension with a polymer
density of 1.05g/mL were purchased from SPI Supplies Division. The cell lines MCF-7
(HTB-22; 20 - 25 um) and MDA-MB-231 (HTB-26; 18 - 25 um) were obtained from the
Facility of Biomolecular Sample Preparation at the University of Victoria, which required
Phosphate buffered saline (PBS) purchased from Sigma-Aldrich; Dulbecco’s Modified
Eagle’s Medium (DMEM), Dulbecco’s Modified Eagle’s Medium (DMEM) phenol red
free, Eagle’s Minimal Essential Medium (EMEM), fetal bovine serum (FBS), penicillin-
streptomycin, 10X Presto Blue cell viability reagent, LIVE/DEAD viability/cytotoxicity
kit for mammalian cells, and Pierce TM 16% Formaldehyde (w/v) methanol-free purchased
from Thermo Fisher Scientific. Millipore Milli-Q water with a resistance value of 18.2 MQ

x cm was used for all aqueous solutions.

4.1.1. Preparation of microspheres solution

Polystyrene (PS) bead solutions of different concentrations were prepared for several
assays. The solutions were prepared by diluting aliquots from the original 15 mL vial
of Polystyrene Latex Microspheres aqueous suspension with de-ionized water.

In a typical procedure, 1.0 mL of PS bead aqueous solution (1.05g/mL) was transferred
to a glass vial to 9 mL of water and mixed by sonication. The 1:10 solution was used to
produce PS bead solutions at 1:20 and 1:40 concentrations. Each solution underwent

sonication prior to validation experiments to avoid sedimentations of the spheres.
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4.1.2. Preparation of Breast Cancer Cells

In this study, the human breast MCF-7 and MDA-MB-231 (1.401 and 1.399 refractive
index respectively'®) cell lines were selected for their identification by Raman
spectroscopy. These cell lines have been used in prior in vitro RS experiments from our
group,**454651 yielding measurable radiation response signatures. In addition, the main
biochemical constituents that contribute to their Raman vibrational pattern are well-
established in the literature from a variety of studies.6:-164

MCF-7 cells were grown in Dulbecco’s Modified Eagle’s Medium (DMEM) and MDA -
MB-231 in Eagle’s Minimal Essential Medium (EMEM). Both media were supplemented
with 10% (¥/v) fetal bovine serum (FBS) and 1% penicillin-streptomycin and kept at in a
humidified atmosphere of 5% CO> in an incubator. Media was exchanged every two days,
and cells were sub-cultured at 80% confluency. Cells were harvested with trypsin,
resuspended in media (PBS buffer, DMEM, or EMEM depending on cell line experiment),
then transferred to a 15 mL sterilized centrifuge tube and placed in an ice-filled cooler. Cell
culture took place in the Facility of Biomolecular Sample Preparation at the University of
Victoria.

After each cell collection, the concentration of cells in solution (stock solution) was
around 2.0x10® - 8.0x10° per 5 mL collected. The stock solution was diluted using PBS
buffer, DMEM, or EMEM (cell media) to obtain solutions at different concentrations. In a
typical procedure, cells were prepared and used as follows:

Stock solution containing approximately 1.0x10° cells were transferred to a 1.5 mL
Eppendorf tube (Stock tube). Dilutions 1:10 were made by collecting and transferring 10

pl of the stock solution into an Eppendorf tube to 900 pL of cell media, followed by gentle
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mechanical mixing of 100 rpm, obtaining a sample with a cell count of 10x10° per

milliliter. The procedure was repeated until obtaining a final concentration of 100 cells per
milliliter.

The diluted samples were immediately placed in the iced cooler and subjected to
mechanical mixing at 100 rpm prior to validation experiments. The samples were used

within 6 hours of being collected.

4.2.  Optical fiber aligner

A proper alignment of the fibers and the center of the flow channel of the microfluidic
platforms is necessary to achieve stable optical trapping.

A translatable stage was developed for holding and controlling the different elements of
the platform to allow precise adjustment of the fibers. The holder consists of a metal base
that accommodates two translational stages with fiber holders attached to them. In-house
aluminum fiber holders allocate the fibers in the translational stages. The capillary and
microchip were mounted on the central stage support and could be aligned relative to the
trapping fibers in the Y plane. Adjustment screws were used for shifting the fibers in the
X and Z planes to align the fiber cores against the flat walls of the capillary to ensure proper
field intensity distribution. Section 3.1 describes in detailed the fabrication steps and
components of the Raman cytometer.

Before each experiment, an alignment protocol was performed involving the use of an
IR viewer and the activation of the optical fibers to produce a streamline of PS beads within

the capillary.
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4.3.  Fused Silica Capillary platform

Initial tests were carried out in a flow cytometer prototype with a fused silica capillary
as the central component. Efforts focused on demonstrating the disparity in quality of
spectra obtained from particles in motion at a constant flow compared to particles trapped
with light, highlighting the importance of incorporating traps to keep the particles in
position during the analysis. The methodology for obtaining Raman spectra from

polystyrene spheres and cancer cells is shown in Section 4.5.

4.3.1. Materials

Square Flexible Fused Silica Capillary Tubing, Inner Diameter 50um, Outer Diameter
363um was purchased from Polymicro Technologies. PEEK Tubing 1/16" OD x .010" ID

x 5ft was obtained from IDEX Health & Science LLC.

4.3.2. Capillary Setup and Instrumentation

The capillary-based platform described previously in Section 3.1, allows the integration
of a microfluidic system to a Raman spectroscopy microscope. A schematic of the
arrangement can be seen in Figure 4.1, which illustrates the incorporation of two optical
fibers connected to a diode laser for the optical trapping of particles within the capillary to
facilitate the analysis by the spectroscopic method. The cytometer was placed on a Raman
microscope stage perpendicular to the emitting Raman beam. The size of the base is

suitable for the dimensions of a standard microscope stage.
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Figure 4.1 a) Schematic of the optical and microfluidic setup based on fused silica capillary;

b) examination area.

The laser system consists of a laser diode (CLD) for power generation, operating at 1064
nm, connected to a 50:50 beam splitter to divide the power of the light path equally into
two different single-mode fibers (arms). The single-mode fibers were set to face each other,
creating a cross-section with the capillary on the same plane. Particles flow unidirectionally
along a 330 x 330 um fused silica capillary with an inner channel of 50 x 50 pum. An
objective with a 785 nm Raman laser wavelength is perpendicular to the capillary and
optical fibers, integrating the examination area. This configuration was used for all

experimental studies Figure 4.2.
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Figure 4.2 Front view of the capillary-based flow cytometer system on a microscope stage
that shows two optical fibers (A.1) aligned to each other and perpendicular to the flow
capillary. The capillary is connected to Polyetheretherketone (PEEK) (B.2) tubing using a
standard reducing union (C.3) with a 0.5 mm ferrule (VICI Valco). The connector holders
(C.4), placed at both ends of the capillary platform (C.5), hold the capillary into place and
the separate holder top (C.6) serves as strain relief for the connectors while adjusting the
capillary.

4.4. MgF2-PDMS Microfluidic Chip

A MgF2-PDMS microfluidic chip that integrates optical trapping and confocal Raman
spectroscopy was fabricated for spectral analysis that supports oncological studies. An in-
depth description of the microchip realization process is provided in Section 3.2.5.

A series of experiments performed using a capillary platform (described in sections 4.5

and 4.5.2), laid the foundation for developing a microchip platform with the potential of
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further housing functionalities. Efforts focused on the process of creating a chip suitable

for biological tests and determining its ability to identify trapped particles, namely

polystyrene microspheres, and breast cancer cell lines in solution.

4.4.1. Materials

Sylgard 184 Silicone Elastomer kit (Polydimethylsiloxane - PDMS) with curing agent
was used with a 10:1 ratio and obtained from Krayden Incorporated. Permanent Epoxy
Resist SU-8 2075 and SU-8 Developer were purchased from MicroChem Corporation
Silicon wafers (76.2 mm, P-type, Boron) were purchased from Silicon Materials Inc.

MgF. disk (5 mm thick) was obtained from Janos Technology Inc., and MgF2 slides
MgF2 coverslip window (170 pm thick, 25 mm diameter) were obtained from Global
Optics UK Ltd. PolyGone™ 505, silicon depolymerizer, was ordered from RPM

Technology.

4.4.2. Microchip setup and Instrumentation

The microfluidics platform here described has an approximate dimension of 40 x 50 mm
with a central flow channel and two fiber ports to incorporate a double-beam optical trap
in a similar configuration as described in Figure 3.3. Unlike a capillary, the microfluidic
chip is a three-layer device made up of a Raman optical grade MgF» base, a PDMS mid-
layer (details in Section 5.2.1), and a second Raman optical grade MgF. window (Figure
4.3)

Photo- and soft lithography were selected for the creation of microchannels. These

fabrication techniques allowed the making of polymer walls structures, open
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microchannels without a planar bottom face. Two MgF. windows sandwich the polymer

and create full channels with clear top and bottom faces and PDMS walls.
The fabrication of the microfluidic chip and the ultra-thick photoresist mold for PDMS

molding is described in Section 3.2.5.

a) b)

Figure 4.3 (a) Top-view scheme for a PDMS/MgF chip consisting of a PMDS layer confined
between 170 um thick MgF, windows; (b) Side-view scheme of the same microchip with the
addition of four PDMS blocks to assist the sealing of the fluidic system.

The microchip design is based on a cross-section configuration with a central channel
for the flow of particles and lateral channels perpendicular to the flow chamber to position
optical fibers, allowing a proper alignment of the fiber cores.

A PDMS separation barrier exists between the flow and fiber channels to protect the
fiber ends from the solution and prevent contamination and leakage of hazardous fluids.

A series of chips with different gap-to-flow channel ratios were manufactured to study
the influence of the fiber-to-fiber distance for the trapping of biological particles, in
combination with different flow channel dimensions to determine the smallest channel
width capable of avoiding PDMS contributions during Raman examination.

The chip was placed orthogonal to the Raman microscope objective on a bottomless

aluminum platform incorporated into the previously described aligner stage. A confocal



86
Raman spectrometer (Renishaw InVia Raman Microscope) was used with a 785 nm diode

laser. A schematic of the experimental arrangement can be seen in Figure 4.4

Tubing
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Figure 4.4 Schematic of the optical and microfluidic chip setup. Asindicated by the direction

of the arrow a sample enters the chip via tubing and flows to the right, exiting to a reservoir.

The fluid interconnection holes of the chip were coupled to tubing using standard
connectors to link the platform with a syringe pump system. The system can be cleaned
easily between measurements to avoid cross-contamination between samples, while the
MgF. can be recovered by immersing the chip in a commercial solvent, Polygone 505

(RMP Technology, USA), for 24 hours.

45, Raman measurements

All Raman acquisitions were performed using a Renishaw inVia Raman Microscope
(Section 3.3.2) coupled to a continues diode laser operating at 785 nm. For all PM studies,
either a 50x (NA=0.75) or a 100x (NA=0.9) dry objective were used, as the laser volume

in these set-up (~2 x 5 x 10 um) allows for analysis of the contributions at the single cell
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level. A 600 I/mm (lines per millimeter) diffraction grating was used for the study of the

spectral window of 380-2589 cm™?, while a 1200 I/mm covered a spectral range of 474—
1620 cm™t. All spectrometer components and spectral acquisition parameters were
controlled by WIRE version 3.0 software package (Renishaw).

Before an experiment session, silicon wafer spectra with a strong peak at 520.00 + 0.50
cm™* was used for calibration of the spectrometer. Background spectra of the microfluidic
systems were obtained before every set of experiments to detect variations coming from
impurities in the capillary substrate or sample media. Additionally, background spectra for
PS beads and cancer cells (MCF-7, and MDA-MB-231) were acquired and presented in

Section 5.2.3

4.5.1. Polystyrene bead trapping experiment

PS beads were used to determine the efficiency of the trapping system and the capacity
of the Raman spectrometer to identify particles within a microchannel prior to the loading

of human cancer cells.

45.1.1. Experimental Parameters for the Capillary Platform

Solutions of varying concentrations (40:1, 20:1, 10:1; Section 4.1.1) were injected into
the fused silica capillary and underwent optical trapping forces. Experiments consisted of
identifying the ideal combination of microspheres per minute circulating in the
examination area and the power needed to trap them.

A syringe pump was used for injecting the PS bead solutions into the capillary at flow
rates ranging from 0.01 to 0.6 pL/min.
A glass syringe was selected in order to undergo the pressure generated from the reduced

diameter of the system. The syringe of volume 1000 pLL was mounted on the syringe pump
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and connected to the capillary via 1/16th-inch (OD) 0.25 mm (ID) PEEK tubing (VICI

Valco Instruments).

Initial decision-making regarding adequate flow rate was based on finding beads as
regularly as possible in the examination area of the capillary while maintaining a
reasonable distance between them.

Optical fiber connected to a diode laser operating at 1064 nm was introduced for the
trapping of particles. Once a constant flow rate of the PS beads-PBS solution was achieved,
a CLD was used to modulate the trapping current and power.

The optical traps were activated when a sphere was detected approaching the
examination area. When the laser was in operation, the beads inside the capillary were
subject to optical forces to slow down or stop their motion through the capillary. The
movement of the microspheres along the capillary was tracked by confocal microscopy,
while the fiber trap was manually operated via the CLD interface.

The optical power emerging from each fiber was studied and adjusted to ensure the
trapping using the lowest effective power. Once trapped, the bead is ready to be analyzed
by a Raman laser, orthogonal to the optical trapping beams.

PBS solution was injected at a constant injection rate of 15 uL/min to purge the system
between different PS bead concentrations while deionized water was injected at a constant
injection rate of 15 puL/min in order to reuse the system for future experiments.

Once identified the appropriate concentration of spheres and the minimum necessary
force exerted by the optical traps to hold them in place, entrapment tests were carried out

on the microchip-based system.
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45.1.2. Experimental Parameters for the Microfluidic chip platform

After finding the appropriate concentration of beads in solution, this information was
used as the starting point for the experiments carried out later on in the microchip.

The central channel became the subject of tests to determine its ability to host biological
experiments. Millipore water was injected at increasing flow rates to determine the
maximum pressure that the chip structure could withhold while maintaining functionality.
A proper bonding technique is crucial to prevent leakage of biological material and
maintain control of the microchip conditions; therefore, ensuring the perfect assembly of
the components of the chip is fundamental.

A syringe pump with a 1000 pL glass syringe was mounted and connected to the system
via a 1/16-inch (OD) 0.75 mm (ID) polymer tubing for the injection of solutions into the
chip.

Once knowing the information pertinent to the concentration and flow rate in which the
beads can be adequately visualized, they became subjected to optical trapping at varying
optical power to find the lowest power in which the PS beads become trapped.

Optical fibers connected to a diode laser operating at 1064 nm were introduced for the
trapping of particles. The optical power emerging from each fiber was studied and adjusted.
Once trapped, the bead is ready to be analyzed by a Raman laser, orthogonal to the optical
trapping beams. Once the platforms and their ability to trap and analyze beads had been

tested, the spheres were replaced by two cancer cell lines to study the devices further.

4.5.2. Experimental parameters for the cell experiment

The capillary system underwent a second round of biological studies following the initial

validation studies concerning the injection of poly beads to determine an appropriate flow
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rate and trapping force ratio before their interrogation with Raman scattering. The new

studies involved the injection into the system of two different cancer cell lines: MCF-7 and
MDA-MB-231. The cell lines endured similar tests to those performed with PS bead, yet
new challenges were inherent to the cell lines involved.

Similar to the tests performed in section 4.5.1, background spectra of the device setup
were taken before every set of experiments to avoid variations due to substrate
contamination.

After harvesting, described in Section 4.1.2, the cells of both cell lines were placed in a

cooler and used within 4-6 hours of collection.

45.2.1. Cell Experiments with the Capillary-based platform

Cell solutions of different concentrations were brought to a 1 mL suspension and injected
into the fused silica capillary to find the optimum combination of cells per minute and the
power needed to trap them. Detailed sample preparation is described in Section 4.1.2.

A syringe pump was used to inject the PS bead solutions into the capillary at flow rates
between 0.01 to 0.6 uL/min. A glass syringe of volume 1000 uL was mounted on the
syringe pump and connected to the capillary via 1/16th-inch (OD) 0.25 mm (ID) PEEK
tubing (VICI Valco Instruments).

The optical traps operating at 1064 nm were activated to stop the flow of cells along the
capillary. The optical power emerging from each fiber was studied and adjusted to ensure
the trapping using the lowest power possible to minimize optical damage.

Failed attempts to visualize the cancer cells within the capillary were followed by the
collection of the waste container at the other end of the capillary. The content was

immediately transferred to a centrifuge (Spectrum Laboratories) and was subject to 30
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seconds at 120 rpm. The result was a cell pellet which supernatant was replaced by DI

water and analyzed using RS at 785 nm on a MgF slide.

45.2.2.  Cell Experiments with the Microfluidic chip platform

After demonstrating the ability to trap spherical polystyrene beads and using Raman
spectroscopy for examination inside the MgF2>-PDMS chip, the platform was tested to
observe and detect cells in its flow channel.

Cell media was introduced into the channel prior to the injection of cell solution in the
microfluidic device. Solutions containing varying cell concentrations were
prepared according to the protocol described in section 4.1.2. Solutions were kept in an ice
cooler and periodically mixed to avoid sedimentations.

The stock cells were brought to a 1 mL suspension for the chip experiment. Aliquots de
50 pL were injected directly into the inlet hole of the microchip using a micropipette, and
the cells were analyzed by RS.

Following cell identification, the samples were injected into the chip to find the optimum
combination of cells per minute and the power needed to trap them. A syringe pump with
a 1000 uL glass syringe was mounted and connected to the system for injecting cell
solutions at controlled flow rates. The tubing used was a 1/16-inch (OD) 0.75 mm (ID)
polymer tubing.

The optical trap was activated when a cell was detected approaching the examination
area. The movement of the cells along the capillary was tracked by confocal microscopy,

while the fiber trap was manually operated via the CLD interface.
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The optical power emerging from each fiber was studied and adjusted to ensure the

trapping using the lowest power possible to minimize optical damage. Once trapped, the
cell was ready to be analyzed by the Raman laser.

Raman spectra of both cancer cell lines were collected within the spectral acquisition
window of 474 cm™ to 1819 cm™.

After each cell line experiment the chip was placed in 70% alcohol for disinfection. The
MgF2 was recovered, and a new chip was used to avoid cross-contamination between cell

lines.

4.6. Raman spectra processing

The spectra acquisition and processing depend on the intended data usage. However, the
spectral processing of intensity vs. relative wavenumber followed a general line of
processing involving cosmic ray removal, smoothing/denoising, background removal, and
normalization.

Spectra collection followed by the identification and manual removal of spurious signals.
The spectra showing saturation of the detector by cosmic rays, which are sharp spikes in
the spectra not related to the sample (generated by artificial light, a vibration of the
instruments, or unavoidable high energy particles coming from out of space hitting the
detector), were corrected or discarded for further analysis.

Smoothing was performed to eliminate irrelevant, random, and systematic variations in
the data, e.g., signal intensity variations linked to laser intensity. As the noise is random, it
changes with a higher frequency than the Raman signals. As the band shape of the spectra
is important, a moving polynomial (Savitsky-Golay) of small order (2nd derivate) was

fitted through 7 data points (smoothing window size). The size window was selected
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following the data processing protocol introduced in a previous work from our research

group.®’

The spectra were subsequently processed for background removal. The use of a Savitsky-
Golay filter preserves the Raman band’s shape better than other methods, and the different
smoothing window sizes determine the resultant width of the bands as they increase relative
to the data points in the window. A first-order polynomial is fitted in 7 points size moving
window, which means the creation of a new data point value is the polynomial derivate on
that point. Possible background sources include biological fluorescence from the sample
and instrument-specific background such as the objective lens.

Before each experiment, background spectra were obtained from different points in the
microchannel; this data was used to determine the contributions from the background and
remove the source of variability. If a suitable background spectrum of the platform's
substrate was available, this was subtracted from the sample's spectral signal before the
Savitsky-Golay filter treatment. When necessary, a peak alignment was performed to
correct an offset from the Si calibration wavenumber.

Data normalization was performed with respect to the total area under the baseline
following background correction. This method takes into account the differences in
absolute peak intensity among spectra from fluctuations in the laser output power and
eliminates systematic differences among measurements, such as focusing depth and sample
volume.

The software used for data processing includes Renishaw's WIRE software version 4.3,

Origin lab 2021b, and Excel (Microsoft).
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5. Results and discussion

5.1.  Capillary-based Microfluidic Platform
Prior to each experiment, an alignment protocol was performed to achieve the proper
alignment of the optical fiber cores starting with the manual adjustment of the mechanical
component of the stage that holds the fibers in place. Once the fibers appear aligned (Figure
5.1c), the alignment is tested using a commercial infrared viewer (IR viewer) for validating

the alignment visually.

Figure 5.1 Top: Activated Optical fibers viewed through the lens of an IR-viewer showing
misaligned (a) and adequately aligned fiber cores (b). Bottom: Top view of the capillary

system with perpendicular optical fibers in alignment with each other.
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IR-viewers help to observe direct and indirect radiation of IR lasers, light-emitting

diodes (LEDs), dyes, and other IR sources. The viewer detects randomly scattered light
from the laser beam and creates a visible image of the beam. Figure 5.1 shows photographs
taken through the ocular lens (eyepiece) of a commercial IR viewer.

The laser used for optical trapping operating at 1064 nm produces a beam invisible to
the naked eye; therefore, the IR viewer allows to follow the beam path and check the beam
position.

Figure 5.1a shows light coming from the fiber-capillary cross-section, reflected by the
setup materials in all directions, which means a misalignment of the fiber cores that results
in loss of light from the system and produces a corrupted trapping effect while creating a
potential health hazard. On the other hand, Figure 5.1b shows a proper fiber core alignment
where light concentrates between the fibers within the capillary.

A PS bead was additionally used for calibration and alignment of the trapping system.
An adequately aligned dual-beam trap should exert a balanced force that directs the beads
to the capillary center; therefore, an off-centre bead flow means a power imbalance
between fibers. These steps represented the basis of the calibration process that informed
the fibers' alignment conditions and problems concerning the fluidic component to discard
any possible leakage or obstruction.

Only after the trap resembled Figure 5.1b, an IR viewer was used to guarantee core
alignment and the microfluidic spheres were pushed into a single stream at the center of

the capillary could the experiments continue.


https://www.rp-photonics.com/ocular_lenses.html
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5.1.1. Capillary-Based Platform calibration

The capillary-based microfluidic device was mounted on the microscope as shown in
Figure 5.2 in the configuration described in Section 4.3.2.

Background spectra of the capillary were taken before and after the PBS solution or cell
media injection in the capillary channel. Figure 5.2a allows distinguishing the interior of

the capillary with a diameter of 50x50 pum.

Figure 5.2 Microfluidic system in microscope stage. 10x view of the examination area in the

cross-section formed by the optical fiber holders and the capillary.

The laser beam was focused on the center of the channel Figure 5.3. Each spectrum was
collected at different depths and points of the examination area in the capillary 30 seconds

per point in static mode, covering a spectral range of 380 to 2589 cm™ with a Renishaw
detector in a 600 l/mm configuration. Both 50x and 100x objectives were used for platform

validation. The measurements were averaged based on three accumulations under the same

conditions.



Figure 5.3 a) 50x view of inner channel of the capillary placed between two optical fiber ends

(examination area) b) Raman beam spot focused in inner channel 100x view.
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Figure 5.4. Raman spectrum of fused silica from the interior of the capillary channel
measured using a 100x objective with a beam spot focused at 100%o laser power for 30s and
3 accumulations.

Fused quartz manifests broad peaks determined mainly by SiO; vibrations (Figure 5.4).
The most pronounced band at 445 cm™ originates from oxygen atom vibrations with
identical distortions of neighboring Si-O bonds, i.e., symmetric stretching vibrations. The
peaks at 485 cm™and 600 cm™ are associated with the breathing modes from defects in the
silica lattice, the formation of 4-membered (4 oxygen atoms), and 3-membered (3 oxygen)

rings, respectively®®,
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5.1.2. Polystyrene beads trapping in the capillary-based platform

Polystyrene spheres were released at different concentrations and different flow rates.
Figure 5.5 shows two of the concentrations used of PBS buffer — Poly beads solution
mixture corresponding to 10:1 and 20:1. During testing 40:1 concentration was proven to
be the adequate concentration and the one used for all experiments involving polystyrene
beads. The decision was based on finding the ideal number of beads that would not obstruct
the capillary entrance and allow a proper distance to catch a sphere individually without
multiple spheres agglomerating in the optical trap simultaneously. The capillary holder

provided high contrast for effectively visualizing the flowing beads in the system.
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Figure 5.5 PBS buffer and Polystyrene bead solution at a mixture of (a) 10:1 and (b) 20:1

flowing in a fused silica capillary.

Different flow rates were tested to find a velocity that would place a sphere within the
examination area constantly every 30 - 60 seconds and that the kinetic force present in the
sphere would not offer enough opposition to the forces generated by the optical trap, which

would cause the sphere to escape the trap without stopping.
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To test the fiber based optical traps, the fibers were positioned on both sides of the

examination area and were manually activated upon detection of a sphere entering the
examination zone.

As depicted in Figure 5.6, the light beam from the fiber optics passes from one
transparent medium to another before reaching the polystyrene sphere, causing it to change
its direction due to refraction. Therefore, an ABCD matrix was used to calculate an accurate
laser beam geometry. The formulas consider the refractive index of the fused silica
capillary and bead fluid media to determine the rate of change of the laser beam direction.
The calculations serve as a double purpose of verifying that the divergent beam spot is
large enough and that contains enough force to stably trap large objects without reduced

power densities due to distortion.

Figure 5.6 Diagram of a fused silica capillary cross-section. A laser beam exiting an optical
fiber end face strikes a polystyrene bead traveling in the interior of the capillary. The laser
light must pass through layers of air, fused quartz, and a liquid medium before exerting forces

on the micron size bead.

ABCD matrices were used to calculate beam divergence (detailed calculations shown in
Appendix A) under two conditions: i) optical fibers pressed against the capillary walls for

a trap of 18 um in diameter; and ii) optical fibers positioned at 20um pum away from the
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capillary wall, yielding a 39.94 um, which represents an increase in the beam spot size of

~53.38%.

The optical fibers traps were tested at different power outputs to determine the minimum
power needed to trap PS beads optically. The intensity of the laser emanating from each
single-mode fiber was set to values from 20 mW to 90 mW

Table 5-1 shows the power settings available in the cLDD and the resulting output
measured from each fiber arm. The output power showed a fluctuation of £4 mW measured

in increments of 10, while a power imbalance between fiber arms was limited to £3 mW.

Table 5-1 Relation between power setting in cLDD and the magnitude of the beam output
emanating from each fiber

Power settings Flkzrenrvc\)/l;tput Current (mA)

20 - -

30 150+4 584
40 20044 720
50 250+4 907
60 300+4 1071
70 35044 1237
80 40014 1292
90 - -

The ability of the trap to serially stop beads was tested by flowing PS bead solution in
the capillary using an automated syringe pump. Initial decision-making regarding adequate
flow rate was based on finding beads as regularly as possible in the examination area of
the capillary.

The flow rates selected range between 0.01 to 0.59 pL/min, which allows maintaining a

reasonable distance between beads and presents a reasonable settling time, referring to the
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time elapsed between the initial velocity after injection to the time it reaches the proper

flow value.

Polystyrene solution was flown in the capillary at increasing intervals of 0.2 puL/min
against the trapping forces of the beams at a power range from 30 to 80mW. Any power
setting below or above this range generated a system error on the cLDD.

Table 5-2 shows the results of the trapping experiment. The minimum power required
for stopping a PS bead at a determined flow rate was marked with a plus (+) symbol while
the failure of stopping a bead was noted with a minus (-) symbol. Considering these results,
the flow rates that allowed the sphere to stop or slow its motion when the fiber optic was

activated were used to establish a speed range.

Table 5-2 Dynamic flow of polystyrene beads in the central capillary channel subject to
different cLDD power settings (mW).

Flow rate

(UL/min)
0.01 +
0.09 +
0.27 -
0.35 - -
0.41 - - -
0.49 - - - -
0.59 - - - - -

30 40 50 60 70 80

+ + +
+ + + +
+ + + + + +

+ + + + + + +

In order to properly determine the fiber laser's lowest power output capable of
successfully trapping a flowing PS bead, the experiment was performed in triplicate using
a new fused silica capillary at each trial to rule out any contribution from the system or the

fiber alignment process.
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Figure 5.7 Plot indicating the trapping velocity tresholds as a function of laser power setting.
Accuracy of the capilary system for the trapping of 5um polystyryne beads.

Figure 5.7, shows the results of the trapping experiment to determine the lowest power
output capable to perform successful trapping at desirable flow rates. The selected flow

rate was 0.25ul/min and the laser power 50 mW.
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Figure 5.8 Polystyrene spectrum. PS bead solution was spread on a MgF, disk, and spectra

were collected for a total of 30s in static mode centered at 1000 cm™ and 3 accumulations.
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The finding of a desirable sample concentration and an adequate flow rate was

followed by Raman examination. Figure 5.8 shows a Raman spectrum used to identify
the PS beads flowing through the capillary. In the polystyrene spectrum we see the high-
frequency carbon-hydrogen (C-H) vibrations in two bands, at approximately 2900 cm*
and 3050 cm?, corresponding to aliphatic and aromatic components of the molecule, and
the vibrations of two carbon atoms linked by strong double bonds (C=C) at around 1600
cmt. However, the principal identifier is the breathing mode from the aromatic carbon
ring that appears at 1000 cm™ in polystyrene. The low-frequency carbon-carbon (C-C)

vibrations are at around 800cm.
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Figure 5.9 (a) Raw spectrum of flowing polystyrene bead acquired using Live video mode
with a 100x objective, 100% power, 1s and 1 accumulation. (b) Raw spectrum of trapped
polystyrene bead acquired using Static mode with a 100x objective, 100% power, 1s and 1

accumulation.

The intensity of the 1000 cm™ benzene ring breathing mode was monitored as the bead
was scanned under two different conditions to demonstrate the necessity of a trapping

component in the system. A Bead solution was injected into the capillary without enabling



104
the 1064 nm laser diode; thus, the beads were analyzed without stopping; a 100x objective

focused on the center of the channel at 100% power was employed in a Live mode that
acquires a continuous snapshot of the sample every 1 second. On the other hand, a bead
was stopped using a 1064 nm laser trap and its spectra analyzed in a Static mode
configuration (Figure 5.11).

The spectra shown in Figure 5.9 contains fused silica background (Figure 5.4) and
exhibits the 1001 cm™ highly representative band of polystyrene. However, the spectra
show an evident quality discrepancy between (a) and (b) regarding noise and signal
intensity. Even though the Live mode function of the spectrometer can successfully identify
the presence of beads crossing the Raman beam spot, the signal does not compare to the
quality obtained using an external sample holder, and it is not sufficient to be used in this

type of studies involving cells which spectrum is considerably more complicated.

Figure 5.10 A 5 pm polystyrene sbheré trrapped'by 'Iighﬂt fo'rce'traps within the Raman beam
spot.

Further acquisition of Raman spectra of 5 um polystyrene spheres took place while the
trapping lasers were enabled. (Figure 5.10). Spectra was collected with a 100x objective
perpendicular to the fiber trap in static mode at a laser excitation power of 100% at 785nm,
and an acquisition time of 10 s, and 3 accumulations. A representative result from these

conditions is presented in Figure 5.11.



105

1001.75488

40000 -

)
~
o
=
=

1031.1709

10000 -

500 750 1000 1250 1500
Raman shift (cm™)
Figure 5.11 Raman spectrum of a single PS bead optically trapped in the fused silica capillary

setup measured (100x objective, 10s, 3acc, and 100% laser power).

5.1.3. MCF-7 and MDA-MB-231 cancer cells trapping in the Capillary-based
platform

Different cell samples were prepared following the procedure in Section 4.1.2 and
introduced into the capillary using a syringe pump system. However, their visualization
within the capillary proved to be challenging.

After allowing a few minutes for the system to settle, it was possible to sporadically
visualize fast moving shadows along the capillary. Assuming they were cells traveling
through the capillary, we attempted to detect cellular presence by Raman spectroscopy.

To verify the presence of cells in the capillary, spectra collection was carried out in live
mode for an acquisition time of 1s from 900 cm™ to 1200 cm™ while focusing the laser
beam on the center of the channel. Raman spectra were obtained with and without the
enabling of the cLDD. The spectrometer recorded no evidence of cellular presence;
therefore, we proceeded to recover the liquid sample collected in the waste vial connected

to the other end of the capillary (outlet). The sample was subjected to 1500 rpm of
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centrifuge force for 5 minutes. Subsequently, a pellet was collected, placed on a MgF:

slide, and examined by RS, which revealed the presence of cells.

The speed at which the cells were injected into the capillary proved challenging to
control. It is possible that cell conglomeration at the inlet of the internal reducing union
produced the increase of system pressure that accelerated the cells. In addition, the use of
polymer syringes may have caused the entry of air into the system, which was proven
correct after the syringes were replaced by glass syringes, which drastically reduced the
presence of air bubbles.

After a few minutes to allow the system to stabilize (5-10min), it was possible to
visualize groups of cells attached to the capillary walls. The attachment was mainly
observed when air bubbles stopped at the Raman examination area and caused the cells to
be pushed towards the internal walls of the capillary

Figure 5.12 and Raman was obtained from the samples as shown in Figure 5.13. The
Raman spectrum shows broad bands and little discernable features that could be directly

assigned to the unique contributions from the cells.
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Figure 5.12 MCF-7 cell conglomerates attached to the internal wall (top) of a fused silica

capillary (50x view)
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Figure 5.13 Raman spectrum of a an MCF-7 cell attached to the internal wall (top) of a fused
silica capillary (100x objective, 10s, 3acc, and 100% laser power).

Although the cells were correctly introduced into the capillary, the similarity in refractive
indices between the capillary (n=1.45) and MCF-7 cells (n=1.40) proved to hinder the
visualization of cells in the capillary configuration.
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Figure 5.14 Post experimental conditions of the fused silica capillary with cell clusters visible
along the internal capillary channel. This image has been subject to contrast increase to aid

cell visualization.
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Although fused silica is a common substrate used in microfluidics that provides an

acceptable transparency for many spectroscopic applications, the presence of strong bands
within the biological window of interest hides cellular information and, for this
configuration, the similarity in refractive indices between the capillary (n=1.45) and MCF-
7 cells (n=1.40) proved to hinder the visualization of cells inside the capillary. In order to
continue the cell studies involving this capillary setup, it would be necessary to increase
the contrast of the system.

A fused silica capillary, being a rigid structure, does not offer much flexibility to add
functionalities or have greater control over the sample flow, which is one of the main

reasons microfluidics is such a desirable technique to work with volumes of this nature.

5.2.  Microfluidic chip platform

5.2.1. Details of the microfabrication protocol

Microfluidic chips, produced following the fabrication steps presented in section 3.2.5,

were subjected to characterization studies.

5.2.1.1.  Sealing

A microchip prototype was fabricated to test the sealing method showcased in Figure
3.15. This process involved the fabrication of several devices, each composed of 22 x 22
mm glass slides (1 mm thickness) used as the window and base of the chip and a PDMS
mid-layer used to form the walls of the microchannels with a crossection configuration

(Figure 3.13). The chips were subject to varying pressures generated from a syringe
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pump. These tests consisted of injecting water into the system at different flow rates to

determine the maximum pressure that the system could withstand.

The average maximum flow rate at which all the systems kept their structure intact and
functional was 0.7uL/min. Above this flow value, the principal damage caused to the
system was the rupture of the PDMS walls that separate the main flow channel and the
lateral fiber channels. The rupture caused the release of the liquid on the chip, which
prohibited the pressure tests from continuing (Figure 5.15).

The flow rate that the system can accommodate falls within the speed range used during
the testing of the capillary system, showing that a microchip with the present configuration
appears suitable for undergoing cell experiments without the risk of spilling biological

material.

Figure 5.15 A glass-based microfluidic device for the testing of the sealing process. Orange
died water is visible in the flow and fiber channels after rupturing of the channel separation

walls due to flow rate pressure.
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In addition, this experiment was repeated with MgF. windows and demonstrated the

successful sealing created between the MgF. window and the PDMS chip structure that did
not require special lasers to produce inlets outlets in the window.

Moreover, the sealing method does not represent a limitation in the manufacturing
process of the chip. However, it was discovered that the fundamental limitation is the

thickness of the walls that protect the optical fiber from the fluid.

5.2.1.2.  Testing the detection of Raman scattering background from PDMS

Further studies were performed to identify the presence of PDMS background signal that
could hinder the detection of biological originated bands. The findings from the
microscopy and spectroscopy tests revealed the presence of PDMS in two presentations: i)
the signal contributions arising from the PDMS walls within proximity of the Raman beam

spot, and ii) a thin PDMS layer on the surface of the MgF2 window (Figure 5.16).
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Figure 5.16 Raman spectrum obtained from the examination area of a MgF, microfluidic
chip. The spectrum denotes the presence of characteristic Polydimethylsiloxane (PDMS)

peaks.
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Therefore, new microfluidic devices were created, and modifications to the microchip

manufacturing process were implemented to reduce and potentially eliminate such
contributions.

An open microfluidic device was fabricated to test the spectral wall influence based on
channel width and establish the minimum flow channel dimensions to avoid or minimize
excessive PDMS spectral contributions that could hinder the cell information.

The device consisted of a PDMS layer containing a variety of channel sizes. An SU-8
casting mold showed in Figure 5.17 was created by photolithography following the
Ultrathick Fabrication Process and the PDMS layer following the steps depicted in Figure

3.14a and Figure 3.14b.

Figure 5.17 (Left) CAD photomask created for the testing of different channel width (50 -700
pm). (Right) Resultant open microfluidic chip created by soft lithography.

The cured PDMS was peeled off the mold and subsequently adhered to a MgF> slide and
a selected channel was covered with a MgF. window before the acquisition of Raman
spectra.

Consecutively, Raman spectra were acquired within each channel, using a 100x dry

objective with a laser power of 100x and an acquisition time of 10s and 3 accumulations
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which revealed critical information for selecting the appropriate channel width. The

spectrum was taken at three different points of the channel. The three points were taken in
the same X-plane and at the same focal point with respect to the bottom of the channel
(mid-channel). The difference among the data acquisition points was their proximity to the
PDMS wall. Figure 5.18 shows the channel segmentation highlighted in different colors.

The sampling occurred at the midpoint of each segment.

|

Figure 5.18 50x view of PDMS channel. Imaginary segmentation of a flow channel for the
detection of substrate contributions; far left (grey), left (red), and middle (blue); white

segmented line represents the center of the channel.

Figure 5.19 demonstrates the influence of PDMS walls in a 100 um wide channel. As
expected, the intensity of the PDMS contribution was inversely proportional to the distance
of the focal point with respect to the channel wall. The blue line in the spectrum shows the
Raman profile obtained at the center of the channel that shows a significant less intensity

compared to the data obtained the closest to the wall.
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Figure 5.19 Raman spectra collected from a 100 um flow channel at 3 different distances with
respect to the center of the channel: far left (black), left (red), and middle (blue).

Figure 5.20 compares the spectrum of a MgF2 window and the spectrum from the center
point of a 200 um channel with PDMS walls. The spectra were obtained using a 50x
objective with a laser power of 50% and an acquisition time of 10 s and 3 accumulations.
The channel spectrum (blue) contains characteristic PDMS peaks contributions.
Regardless, the polymer contributions are minimal when using a 50x objective and are
absent when using a 100x lens used for cell experiments. Therefore, the spectral analysis
of the measurements performed in different channel widths determined that a 200 um width

channel is the minimum size necessary to avoid structural PDMS contributions.
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Figure 5.20 Comparison Raman spectra of a 200 um flow channel obtained at the channel’s
center (blue) and a MgF; window (black) under the same acquisition conditions (50x, 50%o,
10s and 3acc).

On the other hand, Figure 5.21 shows the contributions of the same 200 um channel at
three different spots of the channel compared to cured PDMS from the same platform and
the spectrum of a MgF> window under the same spectral conditions. Showing the
difference in relative Raman intensity arising from the three substrates.

Additionally, besides channel width, another major contributor to the chip’s dimensions
is the maximum separation allowed between optical fibers to perform successful trapping
of particles. In the literature, there are examples of trapping systems employing a fiber
separation gap between 85 and 330 um mentioned in Section 1.4. Considering a 200 pm
channel dimension, the area between the flow channel and the fiber channels that protects

the ends of the fibers from the sample solution needs to be modified.
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Figure 5.21 Raman spectra collected from a 200 um flow channel at 3 different distances with
respect to the center of the channel, far left (black), left (red), and middle (blue); compared
to PDMS (purple) and MgF; (black) spectra obtained under the same acquisition conditions
(100x, 100%, 10s and 3acc). Zoom in (inset) image of spectral contributions centered at
1260cm™,

A series of chips with different flow-to-fiber channel separations (50, 80, 100 pum) were
manufactured to study the effect of fiber-to-fiber distance on the optical trap. These chips
required the modification of the SU-8 molds by changing the width of the gap between the
main flow channel and fiber channels. Flow channels created with soft lithography must
be designed according to acceptable aspect ratios; otherwise, the channels may collapse
after fabrication. Experimentally we determined a 15:1 (height: width) as the maximum

feasible working dimension while producing an ultra-high SU-8 mold.
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Figure 5.22 SU-8 mold after silanization treatment to increase substrate hydrophobicity.

Fiber gaps of 50 um were readily discarded due to the fabrication difficulties, including
the collapsing of the flow channel between the fiber channels or the wrinkling of the
channels during photo development due to an incomplete, hard-baking process. In addition,
some molds produced successfully served as single-use casting mold due to the channel
detaching despite the silanization of the mold (Figure 5.22).

The creation of a new photomask (Figure 5.23) alleviated the fabrication problems. The
new template consisted of a continuous fiber channel shared by the two possible chip
devices photolithographed on each wafer. The new design avoided the presence of a SU-8
strip between each chip mold in the wafer. This SU-8 area was prone to wrinkling and
lifting, causing the adjacent fiber channels from each chip to be pushed into and impact

their respective flow channels.
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Figure 5.23 optimized CAD photomask created for chip fabrication.

PDMS was also observed when performing spectroscopic studies on sealed chips, which
presence was detected at the bottom of the central flow channel (Figure 5.24). After
pouring PDMS into the mold and placing the MgF. window on top of the examination area

of the chip, uncured PDMS overflowed the walls of the mold and spread over the window.

Figure 5.24 Microscope view of the examination area of a PDMS — MgF- chip. The presence

of a polymer is visibly identified in both fiber and flow channels.

The elimination of PDMS was carried out through two approaches, post- and pre- chip
sealing. Polygone™, a silicone sealant depolymerizer / emulsifier used for removing cured
silicone and other sealants, was injected into the sealed chip for 5 minutes and then flushed

with water. Figure 5.25 shows the center channel before and after solvent use.
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Figure 5.25 Examination area of a microfluidic chip before and after using a polymer solvent

for the removal of PDMS at the bottom of the flowing channel.

The most suitable approach was to perform a soft-bake of 20 - 30 min at 60°C after
pouring the PDMS into the mold. After this time, the window can be confidently placed
over the examination area and returned to the oven for 2 h at 80 °C. This minor change
stopped the spreading of PDMS under the window and allowed the creation of well-defined

channels (Figure 5.26).

Figure 5.26 Microscope view of microchips examination area without the presence of PDMS

at the flow channel’s bottom.



119

After implementing the chip modifications detailed above, the last step for the chip
creation consisted of sealing the devices with a MgF2 window, following the process

previously illustrated in Figure 3.15.

Figure 5.27 (a) Picture of a square PDMS layer attached to a MgF circular coverslip. (b)
Top-view diagram of a complete microfluidic chip. Figure shows the real dimensions of a
microchip (length x width x height): PDMS layer, 40 x 40 x 0.7 mm (L x W x H); flow channel,
35x 0.2 mm (L x W); PDMS cubes, 10 x 10 x 10 mm (L x W x H); MgF. base/window, 25 x
0.17 mm (LxW); fiber channel, 19.8 x 0.6 mm (L x W).

After peeling off the microchip's PDMS middle layer from the mold, we obtained a
square casted PDMS piece of 40 x 40 mm and approximately 650 um high attached to a
MgF. coverslip that serves as the microchip's transparent base (Figure 5.27a). For the
device's sealing, a second MgF. coverslip (window) was placed on top of the PDMS
surface, directly above the base coverslip. Posteriorly, two PDMS cubes were punched into
to create /16" holes (inlet/outlet). The cubes were plasma bonded to the PDMS surface to
cover the remaining exposed flow channel with the inlets aligned to the channel ends.
Uncured PDMS was used as glue to maintain the cubes' edges from lifting and followed a

short baking process.
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Figure 5.28 Picture of a completed microfluidic device

Figure 5.28, show a terminated microfluidic chip composed by two MgF. windows. The
chip was connected to a syringe pump by directly fitting the tubing into the PDMS

inlet/outlet.

5.2.1.3. Calibration of the microfluidic chip platform

The chip's background spectra were collected before and after the injection of samples
to prevent spectral contributions from impurities within the microchannel, such as PDMS
presence, contamination on the surface of the optical window, or of the sample media.

The chip was positioned under the microscope, as seen in Figure 5.29, using an acrylic
holder to assist with spectra acquisition; the holder provided free space under the central
part of the chip to avoid background contributions.

The spectrum of MgF. was collected using an 100x objective (NA=0.85) to focus a 785
nm Raman laser spot at the bottom of the chip's channel for a 30 second collection time

with three accumulations and a 1200 I/mm grating configuration, as shown Figure 5.30.
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Figure 5.29 Microfluidic chip on microscope stage prepared to undergo Raman spectroscopy

studies.
The MgF displays an almost flat profile with low-intensity contributions except for a

broad band around 1400 cm™ and a single Raman peak below 400cm™.
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Figure 5.30 Raman spectrum of MgF; at 785 nm wavelength (100x,100%0,30s,3acc).
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Additionally, the spectra shown in Figure 5.31 compares the spectrum of MgF- to the

spectrum of fused silica capillary used for the first microfluidic platform introduced in this
thesis. Spectra were obtained with a 785nm Raman laser spot focused at the bottom of the
chip's channel for a 30 seconds acquisition time, three accumulations, and a 1200 I/mm

grating configuration using a 100x objective for signal collection.
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Figure 5.31 Background Raman spectrum of a MgF, — PDMS microchip (red). The
illustration shows the Raman beam spot focused on the MgF; coverslip placed at the bottom
of the device (microchip base). A fused silica spectrum (black) collected under the same

spectrograph parameters is displayed for comparison of their Raman signal intensities.

After the spectral characterization of the device, and prior to each experiment, an
alignment protocol, as described in Section 5.1, was performed by adjusting the mechanical
components of the stage that holds the fibers in place and assessing the appearance of the

optical trap by using an IR viewer
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An example of a proper fiber core alignment is depicted in Figure 5.32, which shows a

point of light within the microchip. Light concentrates at a single spot between the fibers

within the interrogation area.

Figure 5.32 Infrared view of a fiber-based optical trap. Two optical fibers acting as

waveguides were introduced into the microchip’s fiber channels for core alignment.

5.2.2. Polystyrene beads trapping in microfluidic chip platform

Once again polystyrene beads were use for testing the trapping power capabilities of our
dual beam optical trap. PS beads were injected into the system at known concentrations to
determine a suitable system flow rate that places a sphere within the examination area
constantly every 30 - 60 seconds to allow the capture of particles for spectrographic
analysis. Based on the results presented in Section 5.1.2. during the capillary system
characterization, the most adequate bead concentration proved to be a 1:40 mixture of PS
bead solution and PBS.

The microfluidic chip was placed on the platform holder, in the configuration shown in

Figure 4.4. Optical fibers connected to a laser diode operating at 1064 nm were introduced
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into the chip fiber channels perpendicular to the examination area. The optical power

emerging from each fiber was studied and adjusted.

The tested flow rates varied between 0.01 and 0.35 pL, using as limiting value the
breaking point of the PDMS wall between the flow channel and the fiber channel occurring
at 0.7 pL/min (Section 5.2.1).

The trap with a diameter of ~42.5 um (calculation available in Appendix A3) was
manually activated upon detection of a sphere entering the examination zone. The
polystyrene solution was flown at increasing intervals of 0.2 pL/min against the trapping

output powers of the beams of 30 to 60 mW.

Table 5-3 Dynamic flow of polystyrene beads in central microchip channel subject to different
cLDD power settings (mW).

Flow rate

(UL/min)
0.01 + +
0.05 + +
0.19 - +
0.31 - -
0.37 - - -

+ + + +
+ + + + +

The results shown in Table 5-3 provide the maximum flow rate at which that specific
power output performed a successful trapping of individual beads. A successful trapping
of the PS bead was marked with a plus (+) symbol while the failure of stopping a bead was
noted with a minus (-) symbol. These results were used to test the accuracy of the in-chip
trapping and establish an adequate flow rate/power trap combination.

Figure 5.33 shows the trapping results using three different microfluidic chips. The

experiment performed in triplicate intended to rule out any change in values related to chip
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construction or the fiber alignment process. The most effective configuration was 0.21

pL/min combined with a cLDD power setting of 50 mW. The chosen values allow both the
visualization and the entrapment of PS beads, and the flow rate value stays below the speed

at which the chip walls break.
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Figure 5.33 Plot indicating the trapping velocity tresholds as a function of laser power setting.
Efficiency of the system trapping 5um polystyryne beads.

The finding of a desirable sample concentration and an adequate flow rate was followed
by Raman examination. Once trapped, the beads were ready to be analyzed by the Raman
laser, orthogonally positioned to the examination area. The laser beam was focused on the
bead at the position where the trapping happened within the microchannel. Each spectrum
was collected for 10s in static mode from 474 cm™ to 1620 cm™* using a 1200 I/mm grating.
The intensity of the 1000 cm™ benzene ring breathing mode in the polymer was monitored.

As soon as the Raman acquisition spectra of the 5 pm polystyrene spheres was completed,
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the optical trap was deactivated, and the particles resumed their way down the channel,

Figure 5.34.

Figure 5.34 Polystyrene spheres in microflow channel 50x objective

The observed bands in Figure 5.35 effectively correspond to the polystyrene spectrum.
Therefore, the main goal of the microchip of integrating optical traps to hold smalls

transparent objects for Raman spectroscopy analysis was accomplished.
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Figure 5.35 Raman spectrum of a trapped PS beads in a MgF./PDMS chip
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However, during the experiment, a considerable number of challenges occurred that

questioned the feasibility of using the optical fibers with the current chip configuration.
The optical fibers were placed inside holders. The holders consist of syringe needles (26
gauge) with the sharp end flattened and a diameter of 450 um. The tube diameter was used
as a reference to create microchip channels large enough to house said holders and allow
extra space for the adjustment of the fibers and their positioning relative to each other for
core alignment, resulting in the creation of channels 500 micrometers tall. This magnitude
of channel height is unusual for microfluidic devices and reduces the likelihood of a sphere

passing through the entrapment area.

Window [coverslip

Base coverslip

a) b) -

Figure 5.36 Partial crossection side view of microfluidic device in scale. a) shows two alignhed
optical fibers (left: fiber is within guiding metal tubing; right: crossection view of tubing,
cladding and fiber core) with counterpropagating fiber laser beams separated by a flow
channel (center: flow channel is separated from the fibers by PDMS walls). A 5um bead is
trapped by light forces midwater in the flow channel at a depth of 247 um. b) shows the
highest position within the channel that the fiber cores can be adjusted. A trapped bead is

held approximately at 224 um from the window or 270 um from the base coverslip.

A centered optical trap (with respect to the flow channel y-axis), as seen in Figure 5.36a,
with a dimension of 42 um translates in approximately 229 um below and above the optical

trap that allows for flowing beads to avoid the forces coming from the counterpropagating
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fibers. It was not unusual to see spheres being pushed towards the bottom or top of the

channel without being stopped.

The conditions of this experiment made it possible to obtain the spectrum of spheres due
to the low contribution of PDMS from the device walls, the low contribution of MgF2, and
the easily identifiable characteristic peak at 1000 cm™ of polystyrene. Height, however,
seems to forecast a significant limitation when moving on from a simple spectrum to

working with human cancer cells.

5.2.3. Cell trapping in microfluidic chip platform

The microfluidic chip was tested to prove its capacity to trap and analyze two cancer cell
lines: MCF-7 and MDA-MB-231.

In the previous experiment involving MCF-7 cells (Section 5.1.3), visualization within
the capillary system was impossible. Therefore, the first step for running cellular assays
within the microchip platform was to verify their visibility.

A few drops of cell stock solution (Section 4.1.2) were deposited directly on the
microchip inlet using a micropipette for the liquid to get into the channel by capillarity
forces.

Initially, the visualization of the cells was not evident to the naked eye; therefore, minor
modifications to the system and the apparatus were done. A practical solution was to place
an aluminum sheet below the chip and down the hole of the metal microchip holder.
Furthermore, the settings of the monitor, connected to the spectrograph, were adjusted to
increase the contrast, sharpness, and brightness.

The use of aluminum foil under the examination area of the chip was an easy and

inexpensive way to increase contrast with the background without affecting the spectra. Al
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foil produces low and almost featureless background spectra, which enables the acquisition

of high-quality IR and Raman spectra without substrate interference or sacrificing
important fingerprint biochemical information from the specimens.*®® Figure 5.37 shows
the presence of MCF-7 cells in the interior of the microchip channel, observable after the

changes made to the system.

Figure 5.37 MCF-7 cells within the flow channel

The microchip was a one-session device, meaning that only one cell line was introduced
into the system during the experimental sessions that lasted approximately 4-6 hours each
to avoid cross-contamination between cell lines. After finalizing the experiment, the chip
was placed into 70% alcohol for disinfection, followed by a polymer remover bath to
recover the MgF substrate. The MgF. coverslips were reused for the creation of new

microchips.
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5.2.3.1. MCF-7 Cell Results

The cell samples (Section 4.1.2) were injected into the chip to find the optimum
combination of cells per minute and the power needed to trap them.

The flow rate was programmed to run at 0.01 to 0.35 pL per minute at increments of
0.02 pL through the 3.5 mm long chip channel (3.5mm?3) and tested against the trapping
force of the fibers. Results are shown in Table 5-4, where successful trapping performed at
a selected power setting against a flow rate was marked with a plus (+) symbol, while the

failure of stopping or slowing down the motion of a cell was noted with a minus (-) symbol.

Table 5-4 Dynamic flow of MCF-7 in the central flow channel subject to different cLDD

power settings (mW).

Flow rate 30 40 50 60 70 80

(UL/min)
0.01 - + T T T +
0.09 - + + + + +
0.17 - - + + + +
0.27 - - - + + +
0.31 - - ; ; + +
0.35 - - - - ; +

Figure 5.38 illustrates how the optical trap was activated when a cell was detected
approaching the examination area. The movement of the cells along the capillary was
tracked by confocal microscopy, while the fiber trap was manually operated via the CLD
interface.

The trapping experiment was carried out in triplicate. Each study was conducted using a
different chip to rule out any change in values related to chip construction or the fiber
alignment process. Figure 5.39 shows the accuracy of the trapping, and the plot of flow

rate vs. power setting was used for selecting adequate system values for the subsequent
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Raman examination studies. Finally, a flow rate of 0.15 pL/min and an optical power

setting of 60mW became the selected parameters for cell entrapment.

Window |coverslip
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Figure 5.38 Partial crossection side view of microfluidic device in scale. a) shows two aligned
optical fibers (left: withing guiding metal tubing; right: crossection view of tubing, cladding
and fiber core) with counterpropagating fiber laser beams. A 30um MCF-7 cell is trapped by
light forces midwater at a depth of 235 um. b) Shows the highest position within the channel
that the fiber cores can be adjusted. A trapped bead is held approximately at 210 um from
the window or 260 um from the base coverslip.

o
>
)

o o
X} w
(=) o
L L

°

—

o
1

Flow rate (uL/min)

0.00

-0 " 1 0 T 1 T 1 T 1 T 1 T 1 T 1
20 30 40 50 60 70 80

Power (mW)

Figure 5.39 Accurracy of the chip system for the trapping of MCF-7 cells. Plot indicates the
trapping velocity thresholds as a function of laser power setting.
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Raman spectra of the cancer cells were collected for 10 s in static mode and a collection

area of 500 cm™ to 1560 cm™ with a 100x objective with an excitation power of 100%
focused on the center of the cell trapped in the middle of the channel.
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Figure 5.40 MCF-7 spectrum collected with a 100x objective for 10s, 3acc, 100% in a 1200

I/mm grating configuration.

After the acquisition of Raman spectra was completed, the optical trap got deactivated,
and the particles resumed their way down the channel.

Figure 5.40 shows the collected spectrum of a trapped MCF-7 cell trapped after
background removal. The spectrum shows several characteristic peaks of breast cancer
cells, including lipids, proteins, amides, nucleic acids, and amino acids.

Table 5-5 summarizes the main cell peaks obtained experimentally and compares them
with those contributions associated with cancerous breast tissue presented by Lazaro-

Pacheco.'®” Very small differences can be observed in the frequencies of spectral peak
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assignments that occur due to the biological/chemical changes during sample handling and

variations in analytical instrumentation. Nevertheless, the position of the peaks obtained

experimentally is consistent with those from the literature.

Table 5-5 Raman spectral assignments for MCF-7 breast tissue.?

Wavenumber/ cm?

Peak assignment

Lit. Exp.P
CH; bending mode of proteins. CH; overlapping asymmetric CHs

1446 1447 bending & CH; scissoring (associated with elastin, collagen, and
phospholipids)

1443 1447 CH; deformation (lipids and proteins)

1336 1337 Polynucleotide chain (DNA-purine bases)

1335-1345 | 1335-1345 | CH3CH: wagging mode of collagen

1313 1318 CH3CH; twisting mode of collagen/lipids

1304 1300 CH; deformation (lipid)/adenine, cytosine

1300 1300 C-H (CH.) bend. Lipids

Amide 111 (C-N stretching mode of proteins, indicating mainly a-

1265-1240 | 1265-1240 . .
helix conformation)

1264 1260 =C-H in plane bending (lipid)
Amide I11: unordered. C-N-H (v (CN), 8(NH) amide III, a-helix

1260 1260 conformation collagen, tryptophan; and PO2- asymmetric
(Phosphate 1))

1258 1260 Amide Ill/adenine/cytosine

1243 1245 %mide I11: collagen (CH2 wag, C-N stretch)/pyrimidine bases (C,

1206 1206 Hydroxyproline, tyrosine

1170 1172 C-H in-plane bending mode of tyrosine

1155 1155 C-C (& C-N) stretching of proteins and carotenoids

1123 1126 C-C stretching mode of lipids/protein C-N stretch/glucose
O-P-O (stretching PO, symmetric (Phosphate 1) of

1096 1096 phosph(()diesters e ( i :

1083 1088 C-N stretching mode of proteins (and lipid mode to lesser degree)

1064 1065 Skeletal C-C stretch lipids

1061-1028 | 1061-1028 | vs (PO4) Hydroxyapatite- Type Il calcification

1031 1031 C-H in-plane bending mode of phenylalanine

1001 1002 Symmetric ring breathing mode of phenylalanine

968 970 C-C stretching lipids

957 956 Hydroxyapatite/carotenoid/cholesterol

935 936 C-C stretching mode of proline and valine and protein backbone

(a-helix conformation)/glycogen
880 880 Lipids/carbohydrates/collagen
853 852 Ring breathing mode of tyrosine and C-C stretch of proline ring
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826 827 O-P-O stretch (DNA)

781 782 Cytosine/uracil ring breathing (nucleotide)

780 782 C-C (C-C stretch of prolipe, hydroxyproline and tyrosine and v
PO, stretch of nucleic acids bands)

755 756 Symmetric breathing of tryptophan

717-719 718 C-N (membrane phospholipid head)/adenine

669 670 C-S stretching mode of cystine

643 644 C-C twisting mode of tyrosine

621 621 C-C twisting mode of phenylalanine

573 570 Tryptophan/cytosine, guanine

3 Adapted from ref 167
b Abbreviations— Lit.: literature; Exp.: experimental. Standard notation is used for chemical groups.

Despite initial limitations, the device achieved stable cell entrapment that allowed the
acquisition of biological spectra. Raman characterization took place in a device constructed
with MgF. and PDMS as substrates, which had not been used previously. The elements
involved in the elaboration of this system are easy to modify, which results in a highly
adaptable platform.

Based on the results obtained in the capillary platform, it was determined that the
adequate flow to analyze beads was 0.25ul/min at a power of 50mW. In the case of the
chip, this value changed to 0.21 pL/min at 50 mW and changed again for single cells with
a flow rate of 0.15 uL/min at 60 mW at a concentration of 1000 cells per milliliter. Potential
factors for these changes are increased distance between optical fibers, asphericity of
cancer cells, and sample/media refractive index ratio compared to almost perfectly
spherical PS beads. Regarding beam divergence, a spot size decrease of 6.4% was produced
in the chip compared to the capillary system, which depends on factors such as fiber gap
and refractive index of each platform substrates. This size exceeds the average MDA-MB-

231 and MCF-7 cell size of 20 um.
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5.23.2. MDA-MB-231 Cell Results

MDA-MB-231 cell samples were prepared as previously established in Section 4.1.2,
Furthermore, they were injected into the MgF.-PDMS chip to determine the optimum
combination of cells traveling through the chip’s examination area per minute and the
minimum laser power needed to stop their flow and optically trap them.

The microfluidic chip, with a 3.5 mm long flow channel (3.5mm?3), was placed on the
platform holder, in the configuration shown in Figure 4.4, while the two optical fibers
connected to a laser diode operating at 1064 nm were introduced into the chip fiber
channels perpendicular to the examination area. The micropump was programmed to run
at a flow rate of 0.15 pL/min as determined by the MCF-7 experiment and tested against
the trapping force of the optical fibers.

The optical trap was activated when a cell approached the examination area. The
movement of the cells along the capillary was tracked by confocal microscopy, while the
fiber trap was manually operated via the CLD interface.

The MDA-MB-231 cells became problematic with no flow rate/power combination
providing reproducible trapping of individual cells.

Regardless of the unsuccessful trapping of single MDA cells, Raman spectra of cells that
became attached to the MgF> window were subjected to data analysis. Spectra were
obtained in static mode with a 100x objective focused on the center of the cell, at a

collection time of 10 s, excitation power of 100%, and 474 - 25890 cm™ spectral window.
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Figure 5.41 MDA spectrum collected with a 100x objective for 10s, 3acc, 100% in a 600 I/mm
grating configuration. Raw spectrum (red), objective background (black), and background

corrected spectrum (blue)

This second cell line proved complex to visualize within the capillary device, and
although that problem was solved in the microchip, the results contrast with those obtained
involving the MCF-7 cell line in the MgF,-PDMS platform.

The trapping of MDA-MB-231 cells resulted in unsuccessful results, and because
keeping the subject in a static position is necessary for performing the scanning by RS, it
was not possible to obtain spectra from cells positioned away from the contact of the
channel walls or windows.

Possible factors that could affect the entrapment of an object are its shape and its
refractive index. MDA-MB-231 cells present an endothelial-like morphology, unlike

MCF7 with a more spherical shape. In addition, the refractive index values of 1.399 for
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MDA-MB-231 and 1.401 for MCF-7 are not virtually different to represent such a trapping

hardship.

MDA cells were selected to extrapolate the device's functionality to other cell lines, and
despite lacking an ideal cell positioning for RS analysis, the cell detection was performed
once the flow stopped, and the cells began to adhere to the MgF2 window. Regardless, this
second cell line served its purpose in showing the optical limitations of the platform

presented here.
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6. Conclusions

In particular, this thesis detailed the fabrication of two microfluidic platforms, a fused
silica capillary system and a hybrid microfluidic chip composed of MgF, and PDMS
specifically designed to acquire Raman spectra from single cancer cells that aimed to
improve a study for the detection of radiation-induced biochemical changes occurring in
the cells during radiation treatment.

Efforts were devoted to constantly positioning cancer cells individually under the
microscope and incorporating external optical traps generated by a diode laser operating at
1064nm to hold single cells long enough during Raman examination to obtain a proper
spectrographic representation of their composition.

The fused silica-based capillary served to conduct preliminary studies on optical
trapping, flow rate, and Raman acquisition to build a solid understanding of all-optical
functions to be integrated into a single microfluidic chip and the system requirements for
flowing, trapping, and examining a sample effectively. Additionally, a manually controlled
mechanical platform was constructed to assist the optical fiber alignment.

Optical trapping was performed on PS beads flowing in solution within the capillary at
a flow rate of 0.25ul/min. A laser power of 50mW was necessary to trap beads within an
optical fiber trap with a 44.0um diameter.

On the other hand, a microfluidic chip was manufactured following the results from the
capillary platform. The fabrication process and its capability of fluidic manipulation for the
specified biomedical purpose were tested.

Our chip comprised two transparent MgF.> windows that enclose a layer of PDMS

containing microfluidic channels. Although MgF. provides much superior access than
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glass to the biological window of interest used in this project (450-1800 cm™), the material

represented limitations for the design and handling of the chip since MgF. cannot undergo
standard microfabrication processes and cannot be traditionally bonded to other materials.

The microchip fabrication process represents a novel fabrication process with a distinct
sealing method while providing a clear window for Raman scattering examination with
minimal background fluorescence. The reported maximum flow rate was determined as 0.7
uL/min, proving that the device's sealing can withstand up to 0.01 mbar or wall-sheer stress
of 0.03 dyne/cm?.

The chip successfully trapped PS beads in a laser spot of 42.50um diameter at a flow rate
of 0.22 puL/min with a 50mW trap and the trapping of MCF-7 cancer cells at a flow rate of
0.15 pL/min and requiring a 60mW laser setting. The trap allowed for the successive
spectral acquisition of the particles for 10 to 30 seconds (2 cells/min). The Raman
examination within the microchip yielded high-quality spectra that showed the distinct
Raman signatures of the samples.

In conclusion, the PDMS-MgF- that integrates optical trapping and Raman spectroscopy
analysis introduced in this work offers a label-free and non-destructive tool for examining
tumorous cells. Although not ready to be implemented in the medical field, the system
meets the requirements established at the beginning of this document and has the potential
to perform the monitoring of radiation-induced response in tumours as a result of radiation

exposure.
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7. Future directions

The development of a microfluidic chip with the characteristics presented in this thesis
represents a step closer to the final goal of providing easy access to a personalized diagnosis
for cancer treatment with radiation.

Using an automated Raman-microfluidic system could potentially be used as a tool for
patient profiling. Identifying individual patient responses could predict radiation-induced
damage, prevent undesirable side effects, identify suitable candidates to undergo radiation
while providing an individually tailored therapy, and serve as a monitoring tool during
treatment.

This platform can facilitate the sampling of tumour cells, but the device's current status
does not yet meet the requirements for clinical implementation. Before that, extensive
system modification is required.

The search for the appropriate manufacturing conditions needs to continue, especially
concerning room conditions such as room temperature variations. The presented
manufacturing process requires the creation of ultra-thick layers of SU-8, which creates a
strong tension on the wafer. The contraction or expansion of the silicon wafer used for
mold creation contributes to mold fractures and detaching of SU-8 features resulting in
only one in three molds completing the photo developing process.

Experimentally, although both microfluidic setups were significantly more complex than
placing a cell sample on a MgF disk, the cell spectra obtained were comparable to previous
results from fixed cells proving that the procedure can be performed in a microfluidic
system. Additionally, photolithography and PDMS make a relatively fast and cheap

strategy for microfluidics prototyping that satisfies biocompatibility requirements and
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allows relatively high spatial resolution with the potential for incorporating other assay

modules to replace additional operations performed in the laboratory, such as tissue
dissociation.

Further Raman spectral acquisition is necessary, which requires solving aggregation
problems that block the systems during sample injection, making it possible to obtain more
reproducible data for qualitative and quantitative analyses.

Multiple system modifications can be performed, such as exploring methods to increase
the Raman signal, involving the addition of reflective elements within the main flow
channel, studying cell clusters instead of focusing on single-cell experiments, or
transitioning to a Raman-on-chip approach, which integrates fibers for trapping, Raman
excitation, and signal detection in a single compact unit.

Nevertheless, for the implementation in the clinical setting, it is necessary to study
further the feasibility of the novel RS approach for identifying biomarkers for radiation
sensitivity determination and develop comprehensive spectral databases and tissue

classification to guarantee its translation to microfluidics.
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Appendix A

A.1. Optical fibers and beam diameter calculations

An optical fiber is a circular dielectric waveguide composed of a central core with a high
refractive index, surrounded by a concentric cladding with a lower refractive index.

Figure A.1 shows that light propagates in an optical fiber by total internal reflection
(TIR). This phenomenon is possible if the angle of incidence is bigger than the critical

angle, preventing the rays from exiting the core by reflection.
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Figure A.1 Transversal view of an optical fiber. Color lines represent two light rays that meet

the angular condition < 6,,,,r TIR at the core-cladding interface when n; > n,.

Rays launched into a fiber give rise to fiber modes, a discrete set of electromagnetic
fields that propagate energy along the fiber. The light is said to excite guided modes that
transport information and power. The cut-off angle for rays to enter and to couple into a
guided mode, is known as the maximum acceptance angle (fmax), Which is related to the
fiber's numerical aperture (NA). Single-mode fibers have only one guided mode, which
is excited by rays with 0° angles of incidence. However, using the NA to estimate the cone
of light emitted from, or that can be coupled into, a single mode fiber results in a non-zero
value.

In single-mode fibers, the light does not behave as multiple rays travelling at different

angles to the fiber's axis. Instead, the emitted light propagates similarly to a Gaussian beam.
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Therefore, it cannot be properly described based on a purely geometrical optics and should

be analyzed as an electromagnetic waveguide structure and described using the wave optics
model.6°

Beam divergence of an electromagnetic beam indicates the angular increase in beam
diameter or beam radius over a distance from the optical aperture. The divergence can be

calculated using the beam parameters illustrated in Figure A.2.

—p/ oo

Figure A.2 Beam parameters of a beam exiting a single mode optical fiber; where Z is the
distance of the medium the beam is traveling from the fiber end, W, is the beam waist (radius)
at Z=0. 0 is beam divergence half angle, while @ is the total angular spread. The Gaussian
beam radius as a function of the distance Z is represented as W(), and Z. represents the

Rayleigh range.

The waist or focus of a laser beam is where the beam radius, W, is at its minimum, Wo;
specifically, when the beam exits the fiber at Z = 0.

As light propagates through a single-mode fiber, the beam maintains a cross-sectional
Gaussian profile. As the tails of a Gaussian function never actually reach zero, w is defined
as the distance from the beam axis to where the optical intensity drops to 1/e? (= 13.5%) of

the on-axis intensity value. The electric field strength drops to 1/e (= 37%) of the maximum
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value at this radius. Therefore, we can conclude that a single-mode optical fiber's Mode

Field Diameter (MFD) corresponds to twice the beam radius value and encloses =86% of

the beam's power (Figure A.3).
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Figure A.3 Propagation effect of a Gaussian profile along a distance Z. Gaussian beam (a)
exiting face of fiber Z=0, (b) at distance Zr, and (c) at 2 Zz. The MFD is represented as the
distance across the center of the beam for which the irradiance equals 1/e? of the maximum
value 1/6?=0.0135).

Zr is known as the Raleigh range and is an indicator of the beam's divergence, as it refers
to the distance over which the beam diameter is nearly constant before increasing linearly.
The distance between the two points Z = +Zr is called the beam's confocal parameter or
depth of focus represented as “b”.

When Z = Zz we have W= V2Wo. At Zg, the mode radius is V2 larger than it is at the
focus, which implies that at that point, the on-axis (r = 0) intensity is one-half of the peak
intensity at Z = 0. That point along the beam is also where the wavefront curvature (}/r) is

greatest.
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For Z >> Zg, the beam spot increases linearly with Z to form a cone shape. The angle

between that cone of height W(;) and the beam axis is the divergence half-angle of the beam
0 (in radians).

Assuming a diffraction-limited Gaussian beam, where the radial beam divergence is
close to the minimum value possible, the 1/e? radius is nonlinear for distances Z < Zg, and

is approximately linear in the far-field (Z >> Zr), the approximate value 6 is given by

0 =— (A1)

Where the beam waist Wo controls 6 for a given wavelength A (in the medium), therefore,
the total angular spread of the diverging beam, or apex angle of the above-described cone,
is then given by

0 =20 (A.2)

Formulas (A.1) and (A.2) are based on the paraxial approximation, valid only for beams
with moderate divergence. The paraxial approximation is used in Gaussian optics and ray
tracing of light through an optical system and remains valid if the divergence angle value
is under 1 rad, and the beam radius at a beam waist is larger than the wavelength.

If Wo or the far-field 0 are given, comprehensive characterization of a beam cone can be
made by using the following equations

wy; =wy [1+ (1)2 (A.3)

ZR

And,

(A4)
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Where W) can be calculated at a known specified distance, Z, from W, while the

Rayleigh length Zr for a Gaussian beam is determined by A and Wo.

Ray tracing can help to understand the ray behavior and trace the evolution of optical
waves to mathematically describe the output properties of a Gaussian beam propagating
through optical media. This method uses paraxial restrictions to simplify diffraction by

geometric optical propagation. 17

we [A B] v I

C D

Figure 0.4 Example of an overal ray matrix

The resultant beam can be mathematically calculated by using an ABCD matrix8517

o) = [c olla,

(A.5)
By applying the matrix operator for dielectric surfaces that considers the different
refractive index of the materials the path of light travels after exiting the fiber and reaching
a flowing particle as well as the free space operator results in:
Y2 _ 1 l3 1 0 1 l2 1 0 1 ll Y1
T [ R [ e [ 3
The light passes through regions of air, fused silica, and liquid medium. Where [ is the

chosen distance the light travels per material and n is the index of refraction of the medium

in which the beam is traveling.
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A.2. Calculating beam diameter in capillary-based Microfluidic Platform

Initial calculations were performed to model the beam's divergence emitted from the
single-mode fiber's end face in air using the equations (A.3) and (A.4). The given values
used to complete the calculations are shown in Figure A.5.

W(z)

—»Z

Z= 155 pm

Figure A.5 Diagram of a cone shape beam exiting a single mode optical fiber with the known

system values used in the experimental procedures.

Given,
__ m2.65um?
R = ol = 2073 (A7)
2
Wy = 2.65 umJl + (210575—3:1) =~ 20 pm (A8)

Where, the values used represent a beam reaching a bead positioned at Z= 155 um. The
value Wy corresponds to 2.65 um and the operating wavelength was 1064 nm.

The obtained Rayleigh range was determined to be 20.73 um and the beam radius at 155
pm equals = 20 um or = 40 um MFD.

If the beam divergence is calculated from the slope value of a plot (Figure A.6), the

equation of the line yields the following divergence half angle in radians:
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y =0.121x + 1.2311 (A.9)

6 =0121 or % =6.93° (A.10)

In contrast, by using the far field approximation formula (A.1), the value O is:

_1.064
T n2.65

0 =0.128 or 4 =7.33° (A.11)

The values given in A.11 compared to A.10 represent an error of 5.78%. Although this
error magnitude can be disregarded in optical setups, it represents a significant error in this
specific Raman microfluidic configuration.

Therefore, ABCD matrices were used to calculate a more accurate divergence under
two conditions: i) when an optical fiber is pressed against the capillary wall and ii) when

an optical fiber is positioned at a distance Zr from the flat capillary surface.

20 -

15 A 0

Wo(um)

E V2w,
0 — T . T T — -
0 50 100 150

Z(pm)

Figure A.6 This plot models a beam from a single mode fiber. The values used for Wo and Z
were 2.65 and 155 pum, respectively. The operating wavelength was 1064 nm, and the Rayleigh

range was 20.73 pm. The value (*) represents the radius W(z).
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Solving equation (A.6) for condition (i):

1 a%+@% "

- m 3[@] (A12)

3’2]
0

6,

nz

Where y1and & represent the height and slope values of the incoming ray while y2 and

6 represent the resultant ray. The values Z; and Z, correspond to the distance of the
medium the beam is traveling from the fiber end (Z1=single capillary wall; Z,=PBS buffer
from wall to mid channel). The term n is the index of refraction of the medium the beam is
traveling (n1= air, no= fused silica, and n3=PBS).

The incoming ray used for determining the divergence corresponds to a marginal ray,
therefore y1= Wo= 2.65 pm, and :=0.052. The ray travels Zcap=125 pm and Zmeg=30 pm.
The refractive indices of air, glass, and PBS are nair= 1.000, ncap= 1.449, and PBS=1.335

Resulting in y2 and é; values of 9.00 um and 0.039 rad (2.23°) respectively.

While for condition (ii)

" o (A.13)

ns

Moo, M
y1_1 Zy+ 2yt + 2y %]
6.1 = o

Where the ray travels Zair= Zr = 21 pm, Zcap=125 pm and Zmeg=25 pm. Making y1=Wo=
2.65 um, and 4=0.1210. The refractive indices of air, glass, and PBS are nair= 1.000, Ncap=
1.449, and PBS= 1.335.

Resulting in y2 and & values of 19.98 um and 0.09 rad (5.15°) respectively. Which
represents an increase beam spot size of ~53.38% compared to a beam spot at a Zair=155

pm.
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A.3. Calculating beam diameter in Microfluidic Chip Platform

The divergent beam of each of the fibers arm can be calculated using an ABCD matrix
presented in formula A.13 that considers the length and the diffraction index of the media
that the beam traverses longitudinally before reaching the beads. Where y1and 6 represent
the height and slope values of the incoming ray while y2 and & represent the resultant ray.

The term Z corresponds to the distance the beam travels through different media from the
fiber end (Zi=air; Z,=PDMS, and Zz=media), while n is the index of refraction of the

medium the beam is traveling (n1= air, no= fused silica, and nz=media).

Where, Zair= 21 pm, Zppms=80 pum, and Zpmem =100 um; nppms= 1.383, and npmem=
1.335 are the indices of refraction of the chip wall, and the cell media, respectively.

W0=2.65 um is the initial beam waist (radius), and A=1064 nm is the laser wavelength.

For a total traveling distance of 201 pm, y,= 21.269 and &= 0.09 rad (5.15°). While for
a configuration where the fiber end sits as close as possible to the PDMS wall y>= 9.559
and 6=0.038 rad (2.23°). Which produces a beam spot 55% smaller than placing the fiber

end ~20 um from the wall.
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