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Abstract

Prostate cancer is the second most common cancer in men and the fifth leading cause of cancer-
related mortality globally. Its detection is complicated by a high rate of false positives and difficulty
differentiating between benign and malignant tumours. These diagnostic challenges are compounded by
a substantial increase in mortality if the disease progresses to a metastatic stage. In recent years
extracellular vesicles (EVs) have emerged as a promising bio marker for non-invasive disease detection.
To improve detection of prostate cancer, a microfluidics device for EV sample preparation was
developed consisting of a mixing and magnetic separation module. Using passive zig-zag mixer a mixing
index of 0.92 was achieved and validated through optical 2D analysis. Furthermore, the 3D mixing
mechanism was investigated using confocal microscopy where complex local vortex formation was
observed. Magnetic particle separation efficiency exceeded 98% was achieved following the
optimization of magnetic arrangements. The most effective setup utilized an array of N45 magnets
configured in a North-South alignment. After integrating both modules on a microfluidics chip, the
binding kinetics between EVs and anti-CD9 nanobodies were measured. Based on the binding kinetics,
after 10 min the EV capture was saturated and comparable to standard laboratory assays, offering a faster
alternative to antibody-based immunomagnetic protocols. Furthermore, this thesis reveals the binding
kinetics of EVs to anti-CD9 nanobodies for the first time. This thesis demonstrates the potential of the
microfluidic device to enhance clinical diagnostics by offering speed and reducing manual labour
without compromising accuracy.

Statements to Defend

1. Off-stoichiometry thiol-ene polymer (OSTE), combined with cyclic olefin copolymer (COC),
enables the fabrication of extracellular vesicle sample preparation devices using
photolithography and without a thermal cure step.

2. Three-dimensional confocal microscopy of passive microfluidic mixers provides direct
experimental evidence of Dean vortices and secondary flow structures at the microscale—
phenomena previously unresolved by conventional two-dimensional optical microscopy.

3. Magnetic particles can be separated with over 98% efficiency in a microfluidic device.
Extracellular vesicles bound to nanobody-conjugated magnetic particles have asymptotic
binding kinetics reaching saturation within 10 minutes in both the microfluidic device and
standard method



Table of Contents

Y 1= 1 = T N 3
StatemMentS tO DEefend.....cc. e et aas 3
R 01 o T 16 ] 4 o o I N 5
1.1, RESEAICR @M ceuiiiiiiiii ettt et e e et e e e s e aas 6
LI = (=Y 1=T= ] fo g o) o] =T {1 VZ= T T 6
L IRC T S Tl 1Y o ) To3 o Lo 1VZ=1 1 4 YA 7
T.4.  Practical SigNifiCANCE ... ettt e e e e e e e ans 7
1.5, AUthOI’'S CONTIHDULION c..iiiiiiiiii et e 7
1.6, List Of PUDLICATIONS ..eninii et ettt et e et e e e e eenans 8
1.6.1.  Publications included in thiS TheSiS ......ccccciiiiiiiiiiiiiiiiiiii e, 8
1.6.2. Publications not included in this thesis or previous qualification work..................... 8
1.6.3. List of international conference presentation aboutthesis ......cccocveviviiiiiiinninininn.. 8
2. LITEratUIE OVEIVIEW ..cuinieiiiiii ittt ettt et et et e e et eaeeae e ta s e et sansaeeaeeneneansansanns 9
R TR =Y o] o= [0 o 1R PN 10
3.1, DeSiNg and 3D PriNtiNg ..c.eeeueie i et et ee et et eetetneaeenenateenseetnenetsnseaeneensnsens 10
3.2. OSTE 322 reaction injection MOULAING .....cueuiiiiiiiiiiei e ee e e e e ee e eaans 10
3.3.  OSTE 220 reaction injection MOULAING ....ccuiuiiiiiiiiirieieee ettt et ee e eneeeenaans 11
4. Results and diSCUSSION c..iuuiuuiuiiiiiiiiiii ittt s e et e e e e eaeanenae 13
4.1. Performance Assessment of a passive microfluidic miXer........cccoovveiiiiiiiiiiiinininnnnn.. 13
4.2, 3D effeCtS IN MIXING .onininiiiiiiiir e e ettt e e e s sa e e saeaesesanenenenenensnsnnes 14
4.3, MagNetiC SEPArAtION c.iuii ittt ettt e et ee it ettt eaet et et e eaetraaaanaanan 15
4.4. Particle separation using biological SAMPLE .....ovuiniiiiiiiiiiii e 16
4.5,  Integration Of MOAULES ...ttt e e e e e e e s e e e e e enenaanes 17
S T @ IO F- 111 4 VA oTo ] o] 4 (o ] AP 18
4.7. Device integration 1SN ...cc.iuviiiiiiiiiiiiii e e et raeaeaetereaeenenenenensnnes 18
4.8. Analysis of integrated device With EV sample.....coiviiiiiiiiiiiiiniie e 20
5. Significance and FULUIE DIir€CTIONS .. .iuiuiiiiiiiiiiiiiiii et e e e aeeeaeterasa e enanen 21
LT O o Lo LU T=] ] o - TSP 22
/N 2= (=T =] 0 o= RPN 23
8. ACKNOWLEAGEMENTS . eniiiiiiiii e e et te e et e s e et eae s easanenaanensasanenanasnrens 27



Glossary

Abbreviations:
AR Aspect ratio
COC Cyclic Olefin Copolymer
DNA Deoxyribonucleic acid
EVs Extracellular vesicles
LNCaP Lymph node carcinoma of the prostate
MP Magnetic particle
Nb Nanobodies
OSTE Off-stoichiometry thiol-ene
PDMS Polydimethylsiloxane
PMMA Polymethyl methacrylate
QPCR Real-time polymerase chain reaction
RMI Relative mixing index
RNA Ribonucleic acid
uv Ultraviolet
WB Western blot (protein immune blot)

Characteristic quantity:

c Standard deviation of the pixel intensities

Go Standard deviation of the pixel intensities in the unmixed case
<> Average pixel intensities in the cross section

d Diameter (m)

De Dean number

Loi Local pixel intensity in the unmixed state

N Total number of pixels

rc Curvature radius (m)

Re Reynolds number



1. Introduction

The importance of developing a new and improved medical devices cannot be overstated,
particularly for diseases like cancer, where early detection is crucial for reducing cancer mortality.
However, current detection methods often face limitations related to complexity, cost, accuracy, and
practicality, making them less effective for routine use. These challenges are especially evident in the
early stages of cancer, where subtle physiological changes make detection difficult with existing
methods.

This dissertation addresses these challenges with a focus on prostate cancer. It begins with a
literature review of the disease, current detection methods and microfluidics approach to detection. The
experimental part addresses the whole device cycle starting form fabrication and ending with bioreactor
grown prostate cancer extracellular vesicles (EV) that are tested in microfluids device and compared to
standard laboratory methods.

The creation of a microfluidics device requires the combination of concepts from engineering,
physics, and biology, forming the foundation of microfluidics a field that precisely manipulates small
volumes of liquids, starting from picolitres in droplet microfluidics up to microliters for diagnostics and
biosensing, to enhance functionality and process efficiency. This is largely due to the unique physical
phenomena that occur at small scale, such as the increased importance of capillary forces, the
predominance of laminar flow, and the drastic increase in surface-to-volume ratio. Additionally, the
reduction in required reagent volumes lowers costs, and complex biological processes can be simplified
due to the smaller scale and reduced interactions.

Whiles microfluidic devices can improve the detected efficacy they cannot exceed biological
limitations of currently used markers such as prostate-specific antigen testing which suffer from high
false-positive rates. To improve biological markers EV can be used, which starting from 2014 were
acknowledged as messenger molecules. EVs are a closed bilipid layer structures that contain messenger
molecules such as ribonucleic acid (RNA) and proteins, which are released by all cell types and can
influence cellular processes. An analogy can be drawn to WhatsApp messages where a message can
make you go make a cup of tea instead of coffee. EVs are even more interesting in that healthy cell and
cancer cell released EVs can be differentiated thus serving as an early indicator.

By combining the advantages of microfluidics with the potential of EVs as early cancer markers,
this work aims to advance the development of a novel detection device that offers a meaningful
improvement over current method.

1.1.Research aim

Further the development of microfluids device made of thermoplastics and to investigation of the
microfluidics device applicability for prostate cancer detection via liquid biopsy using extracellular
vesicles.

1.2.Research objectives

e Develop fabrication process for a microfluids device that is superior to polydimethylsiloxane
fabrication process in terms of scalability and small molecule absorption.

e C(Create a quality control procedure for the fabrication process.

e Develop mixing and magnetic separation module as sample preparation for downstream analysis.

¢ Quantify the mixing modules using 2D and 3D visualization methods, thus finding the optimal
design based on relative mixing index.

¢ Quantify the performance of the magnetic separation module and optimize the design to acquire
95%+ capture efficacy.

e Evaluate the combined system of magnetic particles (MP) and bioreactor grown EVs in
microfluids device and compare it to standard system.



1.3. Scientific novelty

The scientific novelty lies in the advancement of microfluidics for prostate cancer detection
through enhanced EV extraction techniques and the integration of microfluidic modules.

o Fabrication Process. This thesis shows the fabrication for off-stoichiometry thiol-ene (OSTE)
and cyclic olefin copolymer (COC) device (OSTE-COC) using reaction injection moulding using
OSTE220 polymer. This method, to the best of the author’s knowledge, has not yet been applied
in device fabrication for prostate cancer sample preparation. This approach offers advantages
over previous methods used in organs-on-chip[1] and EV separation[2] applications.

o Flow Pattern Visualization. Detailed 3D confocal images of the flow patterns, as presented in
the thesis, are rarely found in scientific literature. These images contribute to the understanding
of fluid dynamics, particularly in the areas of Dean vortices and secondary flow.

e EV Capture Antibodies. novel anti-CD9 nanobodies were used for EV capture instead of
conventional antibodies, considerably increasing capture efficacy and reducing nonspecific
binding.

o Device Integration and Potential. The final device, due to its fabrication and ability to integrate
multiple modules, shows promise for further development and potential clinical adoption.

e Kinetic Profile of EV-MP Binding. The kinetic profile of EV and MP binding using CD9
nanobodies, as characterized in this study, has not been previously reported, providing valuable
information for similar systems.

1.4.Practical significance

Research in prostate cancer detection is considered to hold considerable potential for reducing
mortality rates, as the likelihood of successful treatment is dramatically increased by early detection [3].
Given the relatively recent discovery of EVs as biomarkers secreted by all cell types, the development
of EV-based assays is viewed as a pathway for comprehensive testing solutions [4]. Moreover,
advancements in microfluidic devices within the diagnostics field could lead to substantial cost
reductions and improved convenience, ultimately enhancing healthcare outcomes [5]. This research
represents a step in transitioning microfluidic devices from laboratory settings to practical applications,
by providing a fabrication protocol for small to medium-scale production, facilitating rapid prototyping
and real-world testing. Lastly, the fundamental insights gained from 3D flow visualisation and kinetic
profiling contribute to the broader scientific understanding in this field.

1.5.Author’s contribution

The author fabricated and characterized the microfluidic device. This involved designing the
device, adapting the fabrication process from existing literature, optimizing key parameters, and
conducting quality control. The development of fabrication protocol for the microfluidic device was
supported by Roberts Rimsa, Arnita Spule, Gunita Paidere, and Karlis Grindulis, who contributed
through shared insights, tips, and collaborative efforts in similar processes.

The author independently conducted the optical 2D mixing experiments, while the 3D
visualization experiments were performed with the assistance of Feliks Rumnieks, who operated the
microscope.

The testing of the microfluidic device using biological samples was a collaborative effort with
Latvian biomedical research and study centre, specifically with Edgars Endzelins. The author provided
fabricated microfluids devices, developed flow control sequences, operated the microfluidics system and
set up experiments from the microfluidics perspective. The final experimental setups were developed in
cooperation with Edgars Endzelins.

Western blotting, real-time polymerase chain reaction (qPCR), and iron content measurements
were performed by Edgars Endzelins, while the data analysis was conducted by the author, with support
from Edgars Endzelins.
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2. Literature overview

Over the past decade, EVs have been recognized as key biomarkers for the detection of complex
diseases, including cancer, neurodegenerative, and cardiovascular diseases. [6] EVs are heterogeneous,
membrane-bound vesicles secreted by almost all cell types, carrying various messenger molecules that
can trigger different cellular responses. EV analysis has the potential for improved disease detection,
especially in the case of liquid biopsy, which could be used to detect disease, monitor disease
progression, and determine drug efficacy, with the goal of improving patient care. [7,8] However, the
implementation of EV-based diagnostics in clinical settings has been hindered by the lack of robust,
efficient, and reproducible methods for isolating specific EV subpopulations. This challenge is further
complicated by their broad size distribution, ranging from 30 nm to 2000 nm, which creates difficulties
for standard laboratory assays. [6]

Several methods, such as ultracentrifugation [9], size exclusion chromatography [10],
precipitation, [11] and others [12] have been employed for the separation and analysis of EVs. Despite
these approaches, the challenge remains to isolate specific EV subpopulations that are free from cell
debris and non-specific EVs as well as to enrich EVs for quantitative downstream analysis.
Immunomagnetic isolation has emerged as the gold standard due to its efficiency, speed, scalability, and
specificity in extracting EVs. [13—19] This method has been applied in various fields, including bacterial
capture and DNA extraction [20], metabolite capture [21], EV separation [9], and others[22].

Building on typical laboratory techniques, microfluidic devices have shown considerable potential
in EV separation. Microfluidics devices have demonstrated better enrichment compared to traditional
methods like ultracentrifugation [9], alongside higher throughput [23], reduced sample volume [24] and
decreased labour intensity. Notably, Wang et al. demonstrated the efficiency of a microfluidic device
using magnetic particles and Raman spectroscopy, which successfully distinguished between cancer
patients and healthy individuals within an hour, achieving an EV capture efficiency of 72.5% [25].
However, a limitation of current EV-separation devices is the slow flow rate of 0.3 ul/min, which, for a
typical clinical sample of at least 100 ul, would take 5.5 hours to meet the standard limit of detection
[26].

Despite the advantages of microfluidic devices, their widespread application in EV diagnostics has
been restricted by the materials typically used in their fabrication. Polydimethylsiloxane (PDMS),
commonly used in prototyping microfluidic devices, poses challenges for mass production and tends to
absorb lipophilic molecules [27,28], limiting its effectiveness in EV analysis. Moreover, in biological
sample applications, the need for sterility necessitates single-use devices, rendering PDMS economically
impractical due to high costs.

To address these limitations, alternative polymers such as thermoplastics are actively being
explored. Promising candidates include cyclic olefin copolymer (COC) and off-stoichiometry thiol-ene
polymer (OSTE), both of which show potential in reducing hydrophobic molecule absorption and
offering fabrication versatility [28—31]. COC has been widely used as a biocompatible and transparent
thermoplastic in various microfluidic applications, [32] while OSTE materials have been used for
applications such as synthetic paper, [33] spider silk fabrication, [34] and as channels for photonic
biosensors. [35] Yet to the best of authors knowledge, OSTE-COC devices have only been fabricated
for organs on chip [1] and flow field-flow fractionation EV separation [2] applications rather than
microfluidic EV-sample preparation tool or for immunomagnetic separation.

To advance EV extraction techniques and further integrate microfluidic biosensing applications,
this thesis adopts a comprehensive approach, covering the entire workflow from device fabrication to
biological application. A proof-of-principle EV extraction device is introduced, which integrates mixing
and magnetic particle capture functions on a PDMS-free chip. The proposed system not only improves
the scalability of EV extraction but also offers a practical and versatile platform for testing liquid biopsy
samples containing EVs, paving the way for future clinical applications.



3. Fabrication

To create a microfluidics device for prostate cancer detection using EVs sample must first be
prepared for downstream analysis. In the case of immunomagnetic capture sample must be mixed with
MPs coated with antibodies or nanobodies and then subsequently separated out of the flow thus only
EVs of interest remain. This leads to the requirement of 2 separate modules, first to mix the MPs and
EVs and second to elude captured EVs on MPs using magnetic force.

3.1.Desing and 3D printing

Device fabrication starts with designing a microfluidic device using computer assisted design
(CAD) program. A typical device design consisted of three core components: fluid connectors such as
mini luer, COC slide for device top and bottom serving as a transparent layer and OSTE layer in between
forming the channel side walls (Figure 1).

9 2 4 5

®

Figure 1. Microfluidics device made of COC microscopy slide with mini luer connectors (1), 200 um
x 200 um channel (2), COC microscopy slide (3), OSTE layer (4), and a reference marker (5).

The microfluidic device was then fabricated following soft lithography methods, where a double
negative mould was 3D printed using Zortrax Inkspire 3D printer, with a pixel size of 50 um and a layer
height of 50 pm. An ivory-white resin was used, with Young’s modulus of 2 GPa and a volumetric
shrinkage rate of 4%. For soft lithography moulds, Sorta clear™ silicone was used instead of SYLGARD
184 due to its reduced adhesion to OSTE. As an initial application, a device for magnetic particle
separation was designed and fabricated.

3.2.0STE 322 reaction injection moulding

Magnetic particle separation devices were fabricated using OSTE, a thermoplastic polymer that
has a two-step curing process. The process begins with filling of OSTE 322 into flexible polymer mould
based on magnetic capture chamber design. After which OSTE 322 was illuminated with UV light to
induce polymerization, converting the material from liquid to a tacky solid capable of covalently bonding
to COC substrates (Figure 2). This facilitates the creation of OSTE-based channels and allowed
subsequent device sealing using a COC slide with microfluidic compatible ports such as mini-luer. After
which device was thermally cured to complete the polymerization and create a permanently sealed
device. This process flow is called OSTE reaction injection moulding (OSTE-RIM) and it does not
require high pressure or extensive thermal management. As a result, the mould can be made using
standard soft lithography or alternatively metal mould can be formed, considerably reducing costs

compared to traditional injection moulding thus enabling rapid prototyping. [36]
I-line 365 nm

F coc -

Sorta Clear (PDMS like)
PMMA

Figure 2. Side view schematic of reaction injection moulding stack for OSTE322 (not in scale)
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In this way, microfluidic devices with different magnetic capture designs were efficiently
fabricated, converting capillary or bulk-based magnetic capture into compact, chip-based platforms that
support automation and compatibility with additional microfluidic modules (Figure 3).

COC

Glass slide

Figure 3. Finished OSTE 322 device on the left and the side view of the device on the right.

3.3.0STE 220 reaction injection moulding

Limitations were encountered when applying the OSTE 322 fabrication method to micromixer
devices. The achievable resolution was restricted to the range of several hundred micrometres, which
prevented the formation of sharp corners. Additionally, the moulding process does not allow for the
integration of internal channel structures, which can enhance mixing efficiency. To address these
limitations, an alternative fabrication method was developed, drawing on the OSTE 220-based protocol.
Although the OSTE-RIM process has been previously described by N. Sandstrom [36], in this work it
was adapted to fabricate a hermetically sealed OSTE-COC composite device.

A modified process was implemented to improve resolution and eliminate the need for a thermal
curing step. This approach, based on the protocol outlined in Section 3.2, employed OSTE 220 as a
negative photoresist. Microstructures were defined by selectively exposing the OSTE layer to UV light
through a photomask, inducing polymerisation in the exposed regions. This enabled the formation of
features with a minimum size of few micrometres. Achieving such resolution was necessary, as mixing
in laminar flow conditions can be enhanced using sharp channel features to promote local vortex
formation. [37]

For the moulding step, QSil 216 (CHT) silicone was used in place of Sorta Clear. QSil 216 is a
PDMS-like material that combines the handling characteristics of SYLGARD 184 with reduced
adhesion to OSTE, improving the demoulding process. COC slides were used as the base substrate
instead of glass, due to improved adhesion with OSTE. Given the relatively low UV dose required to
polymerise OSTE 220 (approximately 100 mJ/cm?), a PMMA spacer was incorporated to reduce UV
reflection and prevent unintended curing. The device height was defined by the mould, while
compression during assembly was controlled using six screws, each tightened with a torque wrench set
to 0.3 Nm. The mould was filled with OSTE 220 and exposed to UV light through an I-line filter at a
final dose of 50 mJ/cm? (Figure 4).

I-line 365 nm

Figure 4. OSTE 220 reaction injection moulding jig side view schematic (not in scale), where dash
dot lines represent a cut, and mask is not covered by PMMA plate.

Post exposure the COC slide with OSTE layer was developed in acetone using an ultrasonic bath,
followed by isopropanol rinsing, N2 drying, and post-bake at 60 °C. Prior to bonding, an O: plasma
treatment was applied to the COC slide with mini-luer connectors. The layers were aligned, clamped,
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and UV-exposed (4000 mJ/cm?), resulting in a hermetically sealed device with a burst point exceeding
400 pl/min (Figure 5).

This device offers excellent optical transparency and high-pressure tolerance, while also allowing
for the use of standard mini Luer connectors. Furthermore, the fabrication protocol builds on our
previous work at Micro and Nanodevices Laboratory by decreasing feature size down to 20 um and
improving fabrication speed as this fabrication method allows to remove thermal treatment, thus the
ready device can be made in under one hour in laboratory setting [30]

A B C

COC Luer

OSTE OSTE
coc

Figure 5. Microfluidic mixing device (A), side view of the device (B), and schematic view (C) where
1 is outer corner and 2 is inner corner.
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4. Results and discussion

4.1. Performance Assessment of a passive microfluidic mixer

The performance of the mixing device was assessed using aqueous solution of Rhodamine B, and
de-ionised water. By infusing aqueous solution of Rhodamine B and water in a single channel and
maintaining a constant flow, optical measurements were performed at the end of the channel as shown
in Figure 6. the mixing efficiency of the device was determined by using relative mixing index (1)
similarly to other microfluidics works [38,39].

Pixel intsnsity

100 ul/min
Mixed

Distance, pixels

RMI* =1 — lpixel _lmi.red

Iunmi.ted - ’mi.\'ed

Figure 6. Photograph of mixing setup on the left and mixing data example on the right, where x
axis is the channel width. All values are integrated across channel length, and mixing value are
taken at a constant flow rate whereas mixed value is after flow has stopped for 5 minutes.

To mathematically quantify mixing of 2 liquids relative mixing index was used which is described by

equation (1) [40]:
1¢N
f—z.z I;—<I>)?
RMI = =31 (1)

D N Up-<I>)?

Where, © - standard deviation of the pixel intensities, Ii - local pixel intensity, <I> or Imixed -
average pixel, intensities in the cross-section, N - total number of pixels, oo - standard deviation of the
pixel intensities in the unmixed case, loi - local pixel intensity in the unmixed state.

While mixing index is strictly defined, mixing efficiency noted in percentage is rather inconsistent
across literature, yet in most cases a conversion from index to percentage can be made. For the fabricated
microfluidics device relative mixing index of 0.92 was achieved using a design with 12 sharp corners
and a total channel length of 70 mm. The achieved mixing performance is comparable to literature
results, where a mixing index of 0.96 was achieved in a 77 mm long, staggered, curved channel [41].
Although designs like the herringbone mixer offer a higher mixing performance by utilizing grooves to
enhance mixing over a shorter distance, [42] these designs present the drawback of potentially trapping
EVs within the grooves. Furthermore, the developed planar passive zigzag mixer demonstrates
comparable performance to other reported designs and can be easily extended for improved mixing,
owing to its modular nature.

To validate the acquired mixing values a data set of 54 points were evaluated using ANOVA test.
Where bottom diagonal represents Pearson coefficient, and above diagonal shows the p values. The
Pearson correlation coefficient quantifies the strength and direction of the linear relationship between
two variables. It ranges from -1 to 1, where a value of 1 indicates a perfect positive correlation, -1 denotes
a perfect negative correlation, and O signifies no correlation. The correlation matrix (Figure 7)
demonstrates a strong relationship between increased flow rate and improved mixing efficiency (1= 0.67)
that is significant (p = 2.57 x 107®), indicating that higher speeds in a passive micromixer led to better
mixing. Additionally, reducing the channel size from 300 um to 200 pm resulted in a statistically
significant (p = 9 x 107°) improvement in the relative mixing index (1= -0.51), likely due to enhanced
local chaotic flow, including Dean vortices and secondary flow generated at the mixer's sharp bends.
[43] Interestingly, no significant impact was observed for bend angle from 22.5 to 14 degrees (r= 0.04,
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p = 0.278), with the analysis performed at a 95% confidence interval, which aligns with findings from
Cosentino et al. [44]

Channel size Angle

Floner rate

Channel size

Figure 7. The correlation matrix of relative mixing index for mixing devices, calculated by Pearson
correlation coefficient, where above middle diagonal represents p-value of the correlation
coefficient.

Nevertheless, these results stem from the assumption that 2D optical microscopy can be used to
fully determine mixing process for a microfluids device. The issue with this assumption is that channels
have depth and non-ideally straight walls due to the fabrication process, this leads to potential 3D effects
which are missed.

4.2. 3D effects in mixing

While the majority of mixing designs are evaluated using brightfield or fluorescence microscopy,
these methods primarily assess the flow at the top layer of the device, missing important details in the
bulk of the flow. To gain deeper insights into the processes occurring within the mixer, confocal
fluorescence microscopy was employed. This technique enables 3D scanning of the flow, leveraging the
laminar nature of the system. Since laminar flow is independent of time, formed vortices can be
observed, as they are not transient phenomena.

Outflow @ inflow ®

500 600 800 900
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Figure 8. Confocal microscope image of rhodamine B and deionised water mixing at the first sharp
bend of zig-zag mixer.

As shown in Figure 8, each corner of the device facilitated the formation of a vortex, increasing

the diffusion area and enhancing mixing efficiency. This phenomenon, known as secondary flow from
which Dean vortices form, occurs when a flow encounters a corner where, due to inertial effects, U-
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shaped flow profile is created. U-shaped profile was experimentally validated by a single channel with
1000 pum radius curve as show in Figure 9.

T 5A 5B

(\/3

Figure 9. Confocal and optical microscopy image at 2" bend looking from inlet 5A and outlet 5B
indicated by the doted arrow.

Secondary flows and Dean vortices are the basis of the mixing process in passive mixing designs.
The intensity of this process can be described by a dimensionless quantity called the Dean number.
Dean's number (De) is mathematically described by the equation:

/d
De = Re Py (2)

Where Re — Reinhold number, d — channel diameter (for a round channel), r. — radius of the
curvature. The developed zig-zag passive mixing device has a Dean number of 33.3. However, this value
is too small to fully explain the intensity of the observed vortices. [45] One possible explanation is that
the channel walls were not perfectly straight and had defects such as holes and ridges that contributed to
the formation of vortices. Nevertheless, this improves the overall understanding of the mixing module
thus, it should be considered in case of further optimization.

4.3. Magnetic separation

Having established the efficacy of dye-based methods for evaluating the mixing dynamics within
microfluidic channels, we now turn our focus to the subsequent phase of project—magnetic capture and
device optimisation. To test the magnetic capture efficiency OSTE 322 devices with different aspect
ratio MP separation chambers were tested. For the testing, iron core microparticles were flown through
the chamber with a magnet positioned underneath. Both the outflow and captured particle were collected,
dissolved in Aqua regia, and then the iron content was quantified via optical absorption.

To assess the limitations of magnetic particle capture efficacy in the microfluidic system, several
magnetic configurations were evaluated. Initial tests using a single N52 permanent magnet yielded a
particle capture rate of less than 60% for a channel width of 2 mm and height of 0.5 mm. To improve
this performance, multiple alternative setups were tested and compared against the original design
(Figure 10a):

e Dual Magnet Setup: A configuration with two N52 magnets, positioned above and below the
channel. Figure 10b

e Magnet Arrays using: 18 N45 magnets stacked laterally in opposing polarity. Figure 10c

e Magnet Arrays using: 18 N45 magnets stacked in Halbach array, Figure 10d
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Figure 10. Schematic of different magnetic configurations for the microfluidics device.

Central to the effectiveness of magnet configurations is the generation of a non-uniform magnetic
field. This non-uniformity causes particles passing through the magnetic field gradient to experience
higher forces, facilitating their capture at the bottom of the device. The effect is particularly pronounced
in the Halbach array, where the magnetic field is directed from bottom to top, considerably increasing
magnetic field strength compared to the simpler north/south (N/S) configuration, in which the field
strength is distributed equally on both sides. By comparing different setups as seen in Figure 11, particle
capture efficiency of over 98% was achieved. Among the tested configurations, the Halbach array had
marginally better performance. However, due to the complexities involved in its fabrication and inherent
instability, (N/S) configuration was chosen for subsequent experiments.
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Figure 11. MP retention based on different magnetic configurations

4.4. Particle separation using biological sample

To ensure the viability of EVs in microfluidic systems, their stability was assessed. This evaluation
was necessary because EVs are fragile, and high shear stresses induced by secondary flow can disrupt
their membranes, leading to the release of EV cargo and rendering them ineffective. To determine
whether membrane disruption occurred due to shear forces induced by the channel walls, laminar flow
profile, or other factors, EV durability was assessed as a function of flow rate by examining EV content
using the qPCR method (Figure 12A). A notable observation was that the reference EV sample that was
stored at +4C degraded over time as seen in Figure 12B, thus a linear correction was applied to the data

set to account for lost EVs.
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Figure 12. QPCR of miR375 protein extracted from captured EVs based on flow rate (A), and
reference EVs stored at +4°C (B)

qPCR data, as shown in Figure 12A indicates the presence of micro ribonucleic acid (miR-375),
which is prostate-specific and would only be detected if encapsulated within EVs. This is because any
stray ribonucleic acid (RNA) is rapidly degraded by ribonuclease, which is ubiquitous. The primary
takeaway from this graph is that RNA can successfully be detected from EVs captured within the
microfluidic device. Furthermore, it was observed that for flow rates ranging from 100 to 500 pL/min,
there was negligible difference in EV integrity between conditions, indicating that EVs remained intact
under this flow rate range, corresponding to a shear stress of 1.4 Pa.

4.5. Integration of modules

To improve the interaction of biological samples within the microfluidic device, the channel length
was increased from 74 mm to 800 mm, and the number of channel bends was increased from 12 to 510.
A 140 um-thick COC film was used in place of the previous 1000 um rigid COC slide, which enhanced
bonding efficiency and overall device yield. In contrast to earlier designs that incorporated multiple
independent channels, the updated layout features a single continuous channel covering the entire slide.
This modification increased fabrication sensitivity and required higher precision during processing.

To compensate for mould shrinkage and the flexibility of the thinner film, a shrinkage correction
factor of 0.67% was applied. Device exposure and development parameters were optimised with a final
dose of 107.5 mJ UV light and 75 seconds in acetone, resulting in reproducible formation of microfluidic
channels with final dimensions of 200 pm % 200 um x 800 mm. Additionally, an integrated magnetic
separation module (4 mm X% 200 um x 18 mm) was incorporated into the same device (Figure 13).
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Figure 13. Integrated mixing and magnetic capture device on a single COC slide
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4.6. Quality control

To increase production scale and create device suitable for biological sample analysis additional
quality control had to be introduced. As biological samples will have to use different devices to ensure
sterility, all fabricated devices must be as similar as possible. Thus, height measurements were
performed across the whole device to evaluate the device quality as indicated in figure 14.

Figure 14. Measurement points on the device, the number indicates the columns that were
measured.

An important aspect of device characterisation involved determining the height of the OSTE layer.
Two measurement approaches were evaluated: an optical microscopy-based method and a micrometer-
based method. In the optical method, the device height was estimated by sequentially focusing on the
top and bottom surfaces and calculating the difference in focal planes. In contrast, the micrometer-based
method involved measuring the total thickness using a digital micrometer, then subtracting the known
thickness of the substrate to obtain the thickness of the OSTE layer. A comparison of the two methods
is shown in Figure 15.
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Figure 15. Optical microscope (A) and digital micrometre (B) height measurements of columns,
where each box and whiskers represent a different segment of 4 devices, as noted in Figure 14.

The results indicated only minor differences between the two measurement techniques. However,
there was slightly higher variability for the optical method, likely due to difficulties in consistently
achieving precise focus at each measurement point directly influencing the height measurement. Owing
to its lower variability and faster operation, the micrometer-based method was selected for subsequent
measurements.

4.7. Device integration testing

To successfully combine mixing and magnetic separation modules, it was necessary to test them
with a biologically similar sample to prostate cancer and compare microfluidic device results with a
standard method. For this purpose, the extracellular vesicles of prostate cancer grown in the bioreactor
prepared by Latvian Biomedicine and Study centre were used.

To test the microfluidic device, a semi-automated sample handling sequence was developed, which
included sample mixing, capture, and washing. This automated approach was compared to the standard
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method for EV capture. The semi-automated system relied on preloaded syringes in a syringe pump,
while the standard method involved over 10 manual steps, including multiple pipetting and particle
resuspension steps.
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Figure 16. EV survivability based on flow rate and capture type, for integrated system. The top image
is Western blot gel, where darker band indicates higher intensity, which is represented by integrated
value above.

In Figure 16 EV survivability based on flow rate and capture type for the integrated and non-
integrated system is shown. The top of Figure 15 is an image of a Western blot (WB), where the darker
the band, the higher the concentration, which is represented by the integrated values above each band.
The Figure distinguishes experimental conditions with and without magnetic particles functionalized
with surface proteins, specifically CD9 nanobodies that target CD9 proteins on EVs. The experiments
using unfunctionalized (-) magnetic particles demonstrated minimal non-specific binding (below 0.5%),
confirming that the interaction between EVs and magnetic particles is CD9-specific.

A notable observation was that off-chip capture (the standard method) yielded higher signal
intensity compared to on-chip capture (the microfluidics setup). This discrepancy is likely due to the
differing setups: the microfluidics system captures EVs on-chip, ensuring that non-captured EVs are
immediately removed, while the standard method allows for post-mixing interaction in the container,
providing a longer incubation period and enhancing the overall signal intensity. As a result, while the
microfluidics system provides a more precise and controlled interaction, the signal intensity is slightly
lower due to the shorter incubation time.

At 45 seconds, a potential drop in intensity was observed, which could indicate either a
measurement error or the beginning of EV integrity loss. However, this remains speculative without
more concrete evidence, as the WB data lacks well-defined error bars. Additional experiments with
multiple repeats would be necessary to validate this hypothesis. Nevertheless, to minimize the likelihood
of EV membrane disruption in further experiments, the flow rate was reduced to maintain a wall shear
stress below 5 Pa,

To further enhance binding efficiency and gain a better understanding of the binding process, the
system was adjusted to allow multiple cycles through the mixer. This increased the interaction time
between EVs and MPs, providing better binding efficiency and clearer insights into the dynamics of the
EV-MP interactions.
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4.8. Analysis of integrated device with EV sample

From Figure 16, it can be seen that after mixing, less than 60% of the total EVs were captured in
the microfluidic device, which could indicated insufficient mixing. Although the optimization performed
based on the dye assays would guarantee 99% mixing after no more than 30 turns, the 60% obtained
confirms a considerable difference between the dye assay and the enzymatic reaction case, as that of
MPs and EVs. To solve this problem, repeated mixing or recirculating of the sample was introduced.
Recirculating refers to flowing the liquid sample through the mixer, storing it in tubing, and then
reversing the flow back through the mixer at the same speed. This process was repeated multiple times,
as indicated by the incubation times, ranging from 5 to 50 minutes (1-10 cycles). The test was conducted
in parallel with a standard laboratory setup that used a tabletop mixer, magnetic stand, and multiple
pipetting steps. In contrast, the microfluidics system was operated semi-automatically, with preloaded
samples and washing liquids, reducing manual intervention to the removal of the magnet for elution of
the EVs and MPs from the device. Both microfluidics and standard lab protocols ended with sample
lyses and sample analysis using WB, as shown in Figure 17.
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Figure 17. WB analysis showing the efficiency of EV capture. Anti-CD9 nanobody capture and CD9
detection (A) and WB results for anti-CD9 nanobody capture and CD63 detection (B) and each data
point is an integrated value relative to total EV quantity. The top figure is WB gel image which is
the basis for data.

Figure 17A shows the WB images of CD9 capture and CD9 detection whiles Figure 17B shows
CD9 capture and CD63 detection. The relative intensity stems from a control sample where no
experimental manipulation was performed and correspond to same EV concentration (crtl. +).

The WB signal in Figure 17A demonstrates that the maximum relative binding efficiency of EVs
to MPs is f,= 0.6040.01, which is comparable to the standard laboratory assay value of f.= 0.78+0.04.
Additionally, the CD63 analysis, using an anti-CD63 antibody as shown in Figure 17B, confirmed the
successful capture of EVs or double-positive membrane fragments, rather than free-floating CD9
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protein. The consistency of data from both markers supports that the majority of the signal originates

from captured double-positive vesicles, with minimal to no contribution from free-floating CD9 protein.
To further evaluate the data an exponential growth model f = f,,[1 — exp(—oct)] was fitted for

the background corrected integrated WB values using the least square method where a similar model

was employed by Petkovica et al. [46]. Here the f. is the asymptotic value of the binding efficiency and

o is the binding, with results summarized in Table 1.

Table 1. asymptotic value of the binding efficiency and the binding rate of integrated WB signals.

R? feo c
CD9 microfluidics 0.99 0.60 0.53
CD9 Standard assay 0.94 0.78 0.77
CD63 microfluidics 0.99 0.62 0.17
CD63 Standard assay 0.92 0.86 0.60

The data reveals that the majority of EV binding to MPs occurs rapidly, within the first 10 minutes
of the reaction as shown in Figure 17. This marks a considerable improvement compared to conventional
laboratory assays, where MP binding to antibodies typically requires one to 24 hours, as reported in
multiple MP protocols [47,48]. The faster binding facilitated by the use of nanobodies instead of
antibodies combined with on-chip system with the possibility of automation, offers a notable advantage
over existing methods.

5. Significance and Future Directions

This thesis offers new insights into prostate cancer EV interactions with MP in a microfluidic
device. The kinetics data revealed rapid EV binding behaviour, enhancing the understanding of small
particle interactions in fluidic systems. To the best of author's knowledge, this study represents the first
exploration of prostate-specific EV kinetics with magnetic particles in a microfluidic system.

This study demonstrates the potential of automation using a microfluidic device. The developed
system can be operated by setting flow parameters, loading samples, and removing the magnet,
eliminating the need for complex workflows typical of conventional laboratory procedures. The resulting
microfluidic system can be improved by making it fully automatic by solving engineering challenges,
such as automating magnet removal and variable flow settings, to eventually develop it into a practical
laboratory tool. The established system could reduce the cost of reagents, improve efficiency and
improve the probability of detecting prostate cancer, thus increasing the accuracy of early diagnosis of
prostate cancer, which could eventually lead to reduced prostate cancer mortality.

21



6. Conclusions

. Reaction injection moulding of OSTE 322 and OSTE 220 enables fabrication of hermetically sealed
OSTE-COC devices with channel geometry defined by a mould or UV mask, and bonding achieved
through O: plasma treatment, UV light, and heat. Using 140 um COC film as substrate enables
fabrication of an 800 mm-long mixing module connected to a 4 mm-wide magnetic separation
module.

. A passive zig-zag OSTE-COC micro mixer can be used to achieve a relative mixing index of 0.92,
that is comparable to the state of art performance [37]. Reducing channel size from 300 pm to
200 pm and increasing flow rate significantly enhances mixing performance, while varying the
zig-zag angle from 14° to 22.5° does not significantly impact mixing index (p = 0.278).

3D mixing effects, such as vortices, can be attributed to a combination of Dean vortices and the
influence of channel sidewalls, as revealed through confocal microscopy for both zig-zag mixer and
1 mm curved channel.

. The optimal magnetic configuration for capturing magnetic particles was 18 N45 magnets stacked
in alternating polarity. Using a setup, with a 4 mm-wide channel, over 98% of 70 ug magnetic
particles can be captured while using only 26% of the device's capacity. For higher capacity, the
magnetic field strength could be increased by adopting a Halbach array configuration.

. Extracellular vesicles retain their integrity when subjected to flow rates between 100 and 500 pl/min
in the microfluidic magnetic particles capture chamber, as confirmed by qPCR analysis of
miRNA375.

. On-chip capture of LNCaP extracellular vesicles has more consistent western blot signal intensity
across a range of flow rates (50—400 pl/min), suggesting that on-chip capture offers a more reliable
separation method. However, Off-chip capture yielded higher western blot signal intensity, likely
due to longer binding times compared to on-chip.

. Using a microscopy slide size microfluidic device, CD9-conjugated magnetic particles can be
successfully mixed with LNCaP extracellular vesicles, achieving mixing efficiency and binding
kinetics comparable to a standard setup. In both configurations, the binding followed asymptotic
kinetics described by f = f,[1 — exp(—ot)], reaching saturation within 10 minutes, highlighting
the device’s suitability for rapid and automated EV capture.
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