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1 ABSTRACT

Due to importance of gradients in chemistry and biology, stable and controllable gradient
concentrations in microfluidics has significance for analysis of cell migration, cancer
metastasis, drug screening, chemotaxis as well as chemical synthesis and mixing.
Microfluidic devices offer the possibility of generating complex and well-defined gradient
profiles. Fluid streams at the micron scale can provide a tool to recreate and control these
gradients over space and time. Furthermore, besides advantages like deterministic flow
(i.e. low Reynolds number), reduced costs and ease of manufacturing, microfluidics
gives the possibility to observe cell-related processes at the same scale at which they take
place. One of the most popular methods for generating chemical gradients is to leverage
the tree-shaped design, where two or more fluids are mixed in different ratios by a
channel network, forming a gradient in the main channel by laminar flow. Because of the
laminar regime that is inherent to fluid flow in microchannels, the geometry of the
microdevice and the flow rates can be tuned to subject for instance cultured cells to well-
defined concentration profiles. In this thesis, a diffusion-dependent microfluidic
concentration gradient generator was designed and fabricated using the photo — and soft
lithography. Three different channel heights were produced (30 um, 45 pm, 90 um) and
tested at different flow rates (100 pL/min - 0.5 pL/min). Concentration gradient splitting
and fluid dynamics were simulated using Computational Fluid Dynamic (CFD) simulation
tools (Gambit and Fluent) for the three different channel heights at different flow rates.
These results were compared to experimental, gravimetric and spectroscopic
measurements to evaluate the chip performance and the best operating range with

respect to flow rate.
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2 INTRODUCTION

2.1 DEeFINITION OF MICROFLUIDICS

Microfluidics is the science and technology which studies the behavior, the act and the
manipulation of fluids varying from microliters to femtoliters in micrometer scaled
channels [1]. Microfluidic devices have many advantages such as low sample and reagent
consumption, and the precise control of gradients and concentrations. Such devices are
often portable and allow the fabrication at relatively low cost, parallelization and high
throughput sample analysis [2] as well as high resolution and sensitivity detection [1], [3].
All these advantages make it a multidisciplinary science at the intersection of physics,
chemistry, engineering, and optics. Microfluidic systems are known for its applications for
immunoassays[4], DNA analysis [5], flow cytometry [6], capillary electrophoresis [7], PCR
amplification [8], cell separation [9]and cell patterning [10]. The earliest microanalytical

methods included capillary electrophoresis (CE), gas-phase chromatography (GPC) [1].

2.1.1 Key application areas of microfluidics

2.1.1.1 Microfluidic gradient generators
Application of microfluidic systems abroad and range from a simple linear channel for the

cultivation of mammalian cell cultures as well as highly integrated and automated lab-on-
a-chip systems to micro physiological systems that aim for recreation of human physiology

and organ function on a chip-based platform.

For instance microfluidic gradient generators provide the tools to recreate and control
molecular gradients over space and time. Figure 1 shows the microfluidic tree -shaped
gradient generator, which will be discussed also later in the thesis, where chemical or
biochemical gradients are generated by exploiting the separation and conjunction of two
or more liquid streams due to laminar flow and diffusion. Microfluidic gradient generators
are often integrated within lab-on-a-chip systems as one of many on-chip functions that
automate and miniaturize bioassays on a single chip-based platform. Microfluidic gradient

generators will be discussed in more detail in Section 2.2 of this thesis.
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Figure 1: PDMS-based microfluidic gradient generator.
Lab-on-chip (LOC) and micro total analysis systems (UTAS) as shown in Figure 2 aim for
the integration and miniaturization of multiple chemical and biological functions,
including sample preparation and analysis [11]. The most frequently used LOC systems
have integrated electrochemical or optical biosensors similar to bioreactors enabling
non-invasive monitoring and/or analysis of biological samples such as cell cultures or

blood.

Figure 2:Schematic images of a lab-on-chip device [11], [12].

A more biotechnological application of LOC systems is the microfluidic chemostat that
maintains and analyses microbial populations using complex multi-layered
microchannels in combination with a high density of pneumatic microvalves [1], as

shown in Figure 3.
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Figure 3: a Microfluidic chemostat study the growth of microbial populations, integrated with pneumatic
valves [1].

In contrast to such highly integrated systems, microfluidic immunoassays work on the
principle method of detecting pathogenic agents and are heavily used as systems for
medical diagnostics. For instance, miniaturized mosaic immunoassays are presented
based on lines of antigens on a surface [13], as shown in figure 3, where a sequence of
immobilization, blocking and detection steps are performed to result in a high throughput

diagnostic system.
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Figure 4: Schematic of Micro mosaic Immunoassay preparation and its multiple stages: a) immobilization, b)
blocking, c) recognition, d) reading mosaic [13].
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2.2 MICROFLUIDIC GRADIENT GENERATORS
Concentration gradients play a critical rule in the human body and control many essential

functions like embryogenesis, immune response, development, cancer metastasis [14],
inflammation, cell signaling pathways, wound healing, growth of cells [15], drug delivery
and chemotaxis [16]. It also play a critical rule in chemical (nucleation and growth of
crystals) [17]. By investigating and observation of the interactions between molecular
gradients and their cellular reactions, many unknown functions and phenomenons in the
human body and in biology will be solved [18]. For that purpose, scientist and engineers
work together closely to mimic and simulate these concentration gradients in the
laboratory [18]. The rise of gradients in biological systems started early with tool like the
Boyden chamber [19], Dunn slide chamber [14], pipette injection methods, as well as the
integration of porous hydrogels [20]. In later years, for instance agarose-Petri dishes [14]
were used, however, the resolution accomplished by was still very macroscopic. In turn,
a microfluidic gradient generator can precisely control gradients at the micro and
nanoscale. For instance, human cells have a diameter in a range of 10-100 um, and the
intercellular signals transduction length caused by diffusion limit in tissue is roughly
around 250 um [21]. Therefore, the scaling of microsystem should ideally be in the same
magnitude. In general, Microfluidic gradient generators have some advantages like: Easy
to control and maintained, portable, low consumptions of reagents and low fabrication

costs.

2.2.1 Types of microfluidic gradient generator designs

2.2.1.1 Tree-shape microfluidic gradient generator

It is one of the first microfluidic gradient generator designs and widely spread due to the
simple design and fabrication processes. But it has also some disadvantages as high shear
stress, and possibility of chip leakage and channel obstruction/blocking. Similar to the
tree-shape gradient generators, T- and Y-shaped designs have the advantage of start
mixing at an early stage and guarantee more efficiency (mixing starts earlier and more
mixing time and mixing space) [18]. This method is used to screen compounds on the
single cell level [22]. Figure 5 shows an example of Y-shape microfluidic gradient

generator.

10
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Figure 5: Y-shape microfluidic gradient generator [18].

2.2.1.2 Multi-layer concentration gradient generator based on membrane systems
A chemical gradient is generated in the bottom layer and diffuse through the PDMS layer

into the cell culture wells in the top layer [18]. Figure 6 shows an example membrane
microfluidic gradient generator. This system uses porous membranes to separate the fluid
flowing from the gradient generation chamber, to be sure that only solute molecules will

diffuse through.

In Out In Out

™

'l v/
Side view 5 E

K-—) -_—
Magnets
Source Sink
& channel channel
Top view
Membrane
Cell culture

micro-well

Figure 6: Multi-layer concentration gradient generator of membrane systems [18]
The diffusion between the reagent and the buffer are slowly increasing until it reaches
stable gradients. This system has simple a structure and has no shearing, but the speed of

generation is low [18].
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2.2.1.3 Pressure balance microfluidic gradient generators
For pressure balance gradient generators in contrast to membrane system, where a

membrane stops the fluid flowing, high control of flow rates and pressures in inlet and
outlet at both convection units must be guaranteed until the pressure is balanced among
all the units. Consequently, the mixing by convection does not happen but pure diffusion
happens in the channels [23], [24]. Another advantage of this gradient generator is that
stable gradients still can be achieved even at low flow rates, as long as these flow rates
are above certain critical values [25]. Figure 7 shows an example of a pressure balance

microfluidic gradient generator.

1

I .
" Microchannel

Convection
unit 1

Source : Sinkm
Diffusion
: 1D L
Outlet 1 I " Outlet 2 :

Figure 7: Single layer microfluidic pressure balance gradient generator [18]

2.2.1.4 Droplet generation microfluidic gradient generator
This type of gradient generators creates monodisperse droplets with diverse

concentrations. Here, the concentration of the spreaded phase has to be adjusted over
the time as generated droplets have the identical chemical concentration with spreaded
phase. To retain the droplet size, the flow rates for the continuous phase and spreaded
phase have to be fixed [23], [24]. Additionally, multiple inlets are usually used to obtain
different fluid concentrations [28]. Figure 8 shows an example of droplet microfluidic

gradient generator.
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Figure 8: Droplet generation microfluidic system to gain molecular gradients [18].

2.3 FLUID MECHANICS IN MICROFLUIDIC CHANNELS
The behavior of a fluid, which may contain particle suspensions, flowing in micro-

dimensional channels is governed by both viscous and surface tension forces as well as
high shear rates and geometric effects. The following section discusses some of the key

transport phenomena affecting fluid mechanics in micro-engineered devices.

2.3.1 Transport Phenomena
Transport phenomena study the swap of mass, heat and momentum between two

interacted systems. It concenters on the state of sharing features or attributes between
the mass, heat and transport, which have the same mathematical framework [29].
Transport phenomena is a permanent action (unable to be undone) originated by random
movement of molecules, that occur especially in fluids. It depends on two fundamental
laws: conservation law (the sum the studied quantities should be conserved) and

constitutive equations (how the material react to external stimuli).

2.3.2 Navier-Stokes equation
A notable example of transport phenomena is the Navier-stokes equation, which

describes the influence of applied forces on the fluid. Therefore, the Navier-stokes
equation describes the dynamics of fluids in microfluidic gradient generators. This
equation is used for incompressible Newtonian fluids, whereas the fluid is incompressible
as the volume changes are minor and very small when the pressure changes [30]. Water
and fluorescein dye are considered Newtonian fluids [31]. It describes the rate of change
in a fluid momentum with convective, viscous and pressure forces as shown in equation

1:

13
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pi—l: = —pu.Vi+uv?i—-vP+F  Equation 1

Rate of change of momentum
= convection force + viscous force + pressure force

p: density of the flow (kg/m3), U: the velocity vector of the fluid(m/s), it gives the velocity

in a certain point and time U = U(7%, t),
M: dynamic viscosity (Pa*s),
VP: the pressure gradient (Pa),

F: the external force applied on fluid. The temperature is presumed as constant (room
temperature ~ 20°C), so the viscosity is still constant. In laminar flow and constant flow,

the equation becomes:

VP = uv%u Equation 2

2.3.3 Reynolds Number
It is a dimensionless number in fluid mechanics that determines and predicts whether

the flow is laminar or turbulent, named after Osborne Reynolds. Can be defined as the

ratio between inertial forces and viscous forces, as it shown in equation (11)

inertial forces .
Re = inertial forces Equation 3

viscous forces

Where:

Inertial force (pV?) involves force due to the momentum of fluid mass (try to push the
fluid movement forward). Viscous force (”L—V) is the force that slows down the fluid

(friction force). An example to clarify it is the comparing between pouring a cup of honey
and pouring a cup of water. The honey has a higher viscosity because it is more

resistance to flow than the water.
Re < 1 Viscous effect dominant over Inertial effects (microfluidic).
Re > 1 Inertial effect dominant over Viscous effects.

Reynolds number can be described also as shown in equation 4:

Re = p—:iL Equation 4

Where:
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p: density of the flow (kg/m3),

V: velocity of the flow (m/sec),

L: characteristic length of the fluid channel (m),

W: dynamic viscosity (Pa*s).

according to Reynolds number, there are three different flow regimes:

e Laminar flow: Re < 2300. It has many characteristics and advantages as: low
velocity, the particles move along well-defined paths or streamlines, all
streamlines are straight and parallel to each other and to the surface at different
speeds with no mixing, most of the energy losses due to viscous effects, viscous
forces are dominant and inertial forces are negligible, easy to calculate and

simulate and analyze.

e Turbulence flow: Re > 4000. unsteady flow, fluid particles move along irregular
paths, velocity is high, inertial forces are dominant and viscous forces are

negligible.

e Transition flow: 2300 < Re < 4000. The flow status is changing between the

laminar and turbulence flow.

In microchannels, the flow rates are low and the dimensions scales are small and the
inertial effects such as gravity-based separation and secondary flow and turbulence are
negligible [32], [33]. Applying the Reynolds number equation to any microfluidic channel,

the result is simple: flow is always laminar in microsystems.

15
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Re = inertiaforces ~ p.V.D laminar flow

~ viscous forces 1

Yyr

' Velocity -

. Characteristic turbulent flow

dimension — o, S -

Density — — ——— ﬂ}%{v
Viscosity
Figure 9: Laminar flow versus turbulent flow and the Reynolds number [34].

The velocity of the flow V can be calculated by applying the volumetric flow rate equation

Q=V.A Equation 5

Where:
Q: volumetric flow rate (m?3/s),
V: velocity (m/s),

A: cross-sectional area of the fluid perpendicular to flow (m?2). In this thesis, the channels

are rectangular ducts, so Hydraulic Diameter equation is applied:
Dy =— Equation 6

Where:

Dy, hydraulic diameter (m),

A: cross-section area (m?),

P: the wetted perimeter of the channel, in contact with the fluid (m).

For rectangular channels D become:

4ab 2ab .
Dy = 2@+b) — atb Equation 7

Where:
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a: width of the rectangular duct (m),

b: height of the rectangular duct (m)

2.3.4 Hagen-Poiseuille’s law
The volumetric flow rate, which is the volume of fluid flowing per unit time (m3/s) can be

described by Hagen-Poiseuille’s law as shown in equation 7:

_ mR* _d_p .
Q= E( dx) Equation 8

This equation is applied for straightforward and infinite long channels. But can be also

applied on the finite channel with length L, if we assume L/R>>1 and L/R>>Re and the
pressure gradient is regular and steady, then —Z—z can be convergent to ATP and the

equation becomes:

TR* AP .
=—— Equation 9
8u L

The Hagen—Poiseuille equation is usually applied to simplify fluid flow in microfluidic
networks into equivalent hydraulic circuits, analogous to electric circuits (see Table 1)

[14].

2.3.5 Hydraulic Resistance
Hydraulic circuit analysis is useful for determining the concentration value of individual

output streams in gradient generators such as the “Christmas tree” design. The Hagen-

Poiseuille equation can be simplified to:

Q= ap Equation 10
Ry
H= Sub _ Sib Equation 11

nR*  mrf

Where:

Ru: hydraulic resistance (Pa*s**m™)

For non-circular channels Dy = 2ry, Dy=4A/P, ry= 2A/P
A: cross section area (m?), P: wetted perimeter, in contact with the fluid, (m).

For rectangular microchannel, hydraulic resistance become:

17
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12uL

RH=

5

When h/w << 1, Ry becomes:

12l
wh3

RH=

L
Ry = Cgeometry.uﬁ

wh3 (1—£(ﬁ2;’f’:1,2,3n% tan h(%)))

Equation 12

Equation 13

Equation 14

Ceeometry : geometric coefficient, for rectangular channels [35] :

12x(w/h)

Cgeometry = (192
15

o 1 nw
w _Zn:1»2>3ﬁtanh( 2h ))

Equation 15

From hydraulic resistance equation, the hydraulic resistance is proportional to the

microchannel length (R~ L). and the hydraulic resistance is constant for normal laminar

flow and normal geometric state. To simplify the study, the tree shape microfluidic

gradient generator can be compared to an equivalent electric circuit [14]. The similarity

between the hydraulic circuit and the electric circuit are shown in Table 1:

Table 1: Similarity between electric and hydraulic circuit.

Electric circuit

Hydraulic circuit

R electrical resistance

Rn hydraulic resistance

| electrical current

Q flow rate

AV electrical voltage

AP pressure drop

AV = Rl Ohm law

AP =Ry Q Hagen poiseuille equation

Electrical resistance series combination:

Req =R:+ R+ R3 +.........4R»

Hydraulic resistance series combination:

Rueg= Ru1 + Ru2 + Rus +........ +RHn

Electrical resistance parallel combination:

Hydraulic resistance parallel combination:

1 1 1 1 1

RHeq - RHl RHZ RH3 RHn

Kirchhoff current law:

Navier-Strock equation:

18
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Atnoden: Y, ;=0

Atnoden: Y}, Q; =0

n: number of branches with currents n: number of channels with flow going

going into or away from this node.

into or away from this node.

Source: Motor

Source: Syringe pump

Only the resistance of the vertical channels needs to be considered in hydraulic circuit.

Figure 10: Similarity bet

For the electric circuit:

At node 1:

At node 3:

At node 2:

lg+ls =

ween electric circuit and hydraulic circuit [14].

1—( R, )1
37 \R, +R,)/

R,
14_ = (—) 12
Ri+ R,

1—( Rs )1
> \R,+R;/?

1—( R, )1
¢ " \R,+R;/?
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I, +1 :(L)] +<L)]
T TR AR R+ Ry ?

For the hydraulic circuit:

At node 1:
R
2
0s = (—) 0
> \Rpy +Rp) !
R
1
o= (2o
* 7 \Rpy +Rpz)
At node 3:
R
£3
0s = (—) 0
® 7 \Rpy + Re3) 2
R
2
o= (2o
® " \Rpy +Rp3)
At node 2:

R R
2 2 f1 2 f3 2
* > (Rfl sz) ! (sz ; Rf3) 2

The concentration of flow in mixer R¢»:

C — Q4-Co+0Q5.C1
Rz ™ (Qu+0s)

In general, the concentration of any mixer module:

C... _ Y1 QiCi
mixer module Zi2=1 Qi

Where i is the streams come at certain node (left & right).

2.3.6 Mixing phenomena

Equation 16

Equation 17

Microfluidic gradient generators can be classified into two categories according to their

gradient generating principles: laminar flow diffusion-based gradient generator and

convection mixing-based gradient generators.
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2.3.6.1 Diffusion

Diffusion is a mass transport phenomenon which results in the distribution of a chemical
species to turn into more homogenous and steady in space as time evolving [36]. (does
not happen due to the activity of force but as a result of random movement of molecules).
It is also the transport of the molecules from a higher concentration region to lower
concentration region smoothly and deterministically by random motion. The origin of
diffusion comes from the thermal motion of molecules. The molecules are always in
motion when the temperature is higher than zero. They hit each other frequently every
few nanoseconds so the orientation of their movement turns into randomize. So, the
molecules move and constantly change their orientation, so the diffusion happens as a
reason of the statistic of this movement [37]. The time needed to mix related to the

diffusivity (D) and length scale to homogenize the concentration:

X =+2Dt Equation 18
Where:
X: diffusion length (m), D: diffusion coefficient (m?%/s), t: time (s).

The best way to describe the diffusion theory comes by Adolf Fick in 19*" century with two

laws (Fick's first diffusion law and Fick's second diffusion law):
e  Fick's first diffusion law: (for steady state system)

Flow which caused by diffusion is proportional to the concentration gradient.
dc .
J=-D o Equation 19
Where:
J: Flux of particles (mol.m2*s?),
D: diffusion coefficient or diffusivity (m?*s?),

dc/dx: concentration gradient.
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Minus sign (-) means that the flux direction from high concentration to the low

concentration, in other words, reverse to the concentration gradient.

Fick's first diffusion law characterized by the diffusion coefficient or diffusivity (D), which
measure the average of the diffusion operation. Diffusion coefficient (D) depends on:
diffusion mechanism, diffusion temperature, molecule structure, molecule size, molecule
imperfection, solute concentration. The radius of molecule effects the diffusivity, small

molecules have higher diffusivity:

D = KT Equation 20
6TTUT

D: diffusion coefficient,

k: Boltzman constant,

T: absolute temperature, W: solvent viscosity,

r: radius of diffusing molecules.

Temperature affects the diffusivity, higher temperature means higher diffusivity and

higher diffusion rate:

Ea

D = Dye rT Equation 21

D: diffusion coefficient (m?%/s),

Do: proportionality constant independent of absolute temperature (m?/s), Ea: activation

energy for diffusing species (J/mol),

R: constant (R= 8.314 J/mol. k),

T: absolute temperature.

e Fick's second diffusion law: (non-steady state diffusion)

The concentration changing rate at a certain point is proportional to the second derivation
of concentration. It is a linear equation anticipate the change of diffusion with time, and

the diffusion happened independently for each chemical species. All these properties

22
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make the mass transport system that described by Fick's second diffusion law is easy to

simulate [38].

dcx a%c , 9%c , 9%c .
PTERRE A Cwry + a_yz + F) Equation 22

2.3.6.2 Convection
Convection is a mass transport phenomenon due to bulk motion of fluids. Different from

diffusion, convection occurs due to intermediate velocities of all molecules, while
diffusion happens due to random velocities of individual molecules [39]. It is important to
mention that convection is not involved in mixing within microchannels, but diffusion is
the only mass transport phenomenon involved with microfluidic devices [40], [14], [39].
Additionally, the Péclet number is a dimensionless number, defined to be the rate of

convection transport on diffusion transport as:

N : uc _ UL .
Pe = —fonvection — —— — — Equation 23

Naif fusion p¢ D
Where:
U: flow velocity (m/s), L: characteristic length (m),
D: diffusivity (m?/s).
When Pe >> 1, convection is dominating the mass transport in the system.
Pe << 1, diffusion is dominating the mass transport in the system.

In microfluidic Pe << 1, meaning that diffusion dominates the mass transport in

microfluidic and this is in accordance to earlier mentioned theories.

23


https://www.tuwien.at/bibliothek

Die approbierte gedruckte Originalversion dieser Diplomarbeit ist an der TU Wien Bibliothek verfligbar.

The approved original version of this thesis is available in print at TU Wien Bibliothek.

thele

(]
lio
nowledge

b

i
r

3 GOALS OF THE THESIS

In this thesis, the design, CFD modeling and characterization of a microfluidic
concentration gradient generator will be discussed that requires flowing fluid streams to
develop a stable chemical gradient. An optimal microfluidic gradient generator design for
rapid prototyping processes was drafted, designed and fabricated by photolithography,
UV injection molding and soft lithography. As microfluidic devices become increasingly
complex, their design and optimization based on experiments become difficult. In this
respect, numerical simulations based on Computational Fluid Dynamics (CFD)
technologies help to gain a better understanding of the physical phenomena taking place
and hence to offer a powerful design tool in optimizing the performance of microfluidic
devices. The microfabricated chips were characterized regarding flow profile, molecular
concentration profiles and flowthrough volume by gravimetric and spectroscopic
evaluation in comparison to CFD simulation. The overall aim is to predict the flow
patterns, pressures and velocities throughout the microfluidic r design and, in particular,
to investigate the effect of three channel heights and inlet-outlet conditions on the
separation efficiency. Specific fluid dynamics and physical considerations are presented in
the first part of the thesis. In the second part, the simulation and experimental results are

presented for nine different flow rates.
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4 MATERIALS AND METHODS

4.1 PHOTOMASK DESIGN USING AUTOCAD

AutoCAD is a Computer-Aided Design and drafting software application. Developed by
(Autodesk software cooperation), used in architecture, manufacturing, and engineering
to draft and edit 2-D and 3-D designs. AutoCAD 2018 version was used to design a 2-D
photomask of the gradient generator, taking into consideration the design is isometric

and the dimensions of the chip (75*25mm). The design dimensions of the microfluidic

gradient generator are shown in Figure 11:

wiw 52

-

Figure 11: Schematic (upper panel) and technical drawing (lower panel) of the microfluidic gradient
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generator including channel and chip dimensions using AutoCAD.

4.2 FABRICATION OF MASTER MOLD BY PHOTOLITHOGRAPHY

4.2.1 Fabrication tools

Photomask (Piu printex)

Qw9

ww g'gL

Qw9

—
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e Laminator ( Heat Seal H520 high speed personal Laminator, Acco Brands)
e  Exposure Masking System (UV-Kub 2, Kloe)

e Heating Plate (Torrey Pines-scientific)

e Plasma cleaner (PDC-002-CE, Harrick plasma)

e Qven (Binder)

e Air gun (BANCO)

e Isopropanol (98%)

e Deionized H,0

e PDMS

e Petridish

Figure 12: Master Mold fabrication tools: a) Laminator. b) Exposure masking system. c) Heating plate. d)
Plasma cleaner. e) Oven. d) Nitrogen guns.

4.2.2 Fabrication procedure
For 45 um and 90 um high devices, the epoxy-based dry film resist (DFR) TMMF S2030/45

(Tokyo Ohka Kogyo Co. Ltd) was used for microfabrication of master molds in the range
between 30 um and 90 um channel height for PDMS soft lithography. Prior to lamination

silicon wafers were sonicated in 2% Hellmanex Il solution (Hellma Analytics), deionized
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H,0 and isopropanol for 10 minutes at 30 °C. The DFR was laminated under heat to the
wafer using a HeatSeal H425 A3 office laminator (GBC) to achieve 45 um and 90 um height
structures. Following lamination, a polymer film mask (Photo Data Ltd, UK) was applied
and the wafer was exposed to UV light using a mask aligner (EVG 620). For TMMF
crosslinking, a postexposure bake (PEB) was performed at 90°C for 5 minutes. The resist
was then developed in EBR solvent (PGMEA/1-methoxy-2-propyl-acetate,
MicroChemicals) under magnetic stirring until non-crosslinked TMMF was completely
removed from the wafer surface (typically after around 90 seconds) followed by
isopropanol and dH,0 rinsing. Next, the developed and N2 blow-dried photoresist
structure was hard-baked in an oven at 200 °C for 1 hour. All structured wafers were
plasma-treated and fluorinated using a Teflon-like silane (trichloro(1H,1H2H,2H-
perfluorooctyl)silane) (Sigma-Aldrich) prior replica molding of PDMS and OSTEMER

devices.

4.3 FABRICATION OF THE GRADIENT GENERATOR USING OSTEMER

4.3.1 Fabrication tools

e OSTEMER two-component kit(Mercene Lab)
e Analytical Balance (VWR LA 254i, max 250g)
e Vortex (VELP SCIENTFICA)

o Degasser (VWR)

e Isopropanol (98%)

e Convection oven (Binder)

e Glass slides (VWR, cut edges)

27


https://www.tuwien.at/bibliothek

Die approbierte gedruckte Originalversion dieser Diplomarbeit ist an der TU Wien Bibliothek verfligbar.

The approved original version of this thesis is available in print at TU Wien Bibliothek.

Y 3ibliothek,
Your knowledge hu

Figure 13: Fabrication of the gradient generator using OSTEMER tools. a) Analytical balance. b) Vortex. c)
Degasser. d) Oven.

4.3.2 Fabrication procedure
OSTEMER is a paired polymer (UV + heat) with high transparency and capacity to ligament

and merge to several materials. It is colorless and has viscosity equal 4000 m*pas [41]. For
fabrication of the microfluidic gradient generator, OSTEMER (322-40 crystal clear,

Mercene Labs AB, Sweden) was used, as shown in Figure 14:
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Figure 14: OSTEMER two components

The two components of OSTEMER (A, B) were mixed , the mixing ratio is (A: Bis 1.09 to 1)
[41], and the components were weighted inside glass container using the analytical
balance (A=4 g, B=4.36 g), then mix them using the vortex for about 5 minutes for
homogenization of the viscous components and rest them for about 30 minutes inside the
degasser machine to get rid of the gas bubbles[42]. After that, the mixing was cured by
365 nm wavelength Hg-tubes in crosslinker provided with energy irradiation sensor (Bio-
link BLX Crosslinker, Vilber Lourmat). Replica molding of OSTEMER microfluidics involved
casting of the polymer mix on fluorinated PDMS master molds. A 250 um PDMS film (MVQ
silicones) was used to adjust the total height of the microfluidic layers and create a flat
surface. Following UV exposure at a dose of 700 ml/cm?, the OSTEMER device was
delaminated, developed with isopropanol and dried. Fluid interface holes were drilled
using a conventional benchtop drill followed by extensive rinsing with isopropanol. For
final chip assembly, the OSTEMER replica as well as an unstructured OSTEMER layer with
250 um thickness were aligned, fixed in place and baked at 110 °C overnight to ensure

that all layers were bonded properly.

4.4 FABRICATION OF MICROFLUIDIC GRADIENT GENERATOR BY USING PDMS

4.4.1 Fabrication tools

e PDMS (dimethylpolysiloxane or dimethicone): Is a mineral-organic polymer
which belongs to the silicone group and has following formula: (C;HsOSi)n, n,

whereas the number of monomer repetitions [43], as shown in Figure 18:
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Figure 15: PDMS structure [44].

It has been vastly used in microfluidic fabrications due to its properties, such as low costs
compared to other materials, optical transparency which allows observing the flow inside
the microchannels even by naked eyes and easy fabrication [45]. This biocompatible
material (with some limitations) has a low autofluorescence [46], it is gas permeable and
it can be bonded to glass or other PDMS layers, it has hydrophobic surface [47]. All these
advantages make PDMS the best choice for the gradient generator fabrication. The liquid
PDMS base used in this fabrication was Sylgard 184 Silicone Elastomer base and its curing

agent, as shown in Figure 17:

Figure 16: Silicone elastomer and its curing agent.

e Convection oven (Binder)

e Plasma cleaner (PDC-002-CE, Harrick plasma)
e Degasser (VWR)

e Isopropanol (98%)

e Deionized H20

e Glass slides (VWR, cut edges)
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4.4.2 Fabrication procedure
The two components of PDMS (Sylgard 184 and its curing agent) were mixed in ratio 10:1,

(base=30 ml, curing agent=3 ml), mixed and poured on the master mold to form a 3-4 mm
thick PDMS layer and baked overnight at 70°C. Prior plasma bonding on cleaned glass
object slides (high power, 2 minutes; Harrick Plasma), holes for tubing interconnection
(inlets and outlets) were punched using 1 mm biopsy punches (Kai medical). After plasma-
treatment of both layers, PDMS and glass were brought into contact and baked for 1 hour
at 80°C. Alternatively, PDMS devices were sealed off with ARseal silicon pressure sensitive
adhesive (Adhesive Research) laminated on clean glass slides and gently pressed together

to create a stable bond.

4.5 EVALUATION OF THE MICROFLUIDIC GRADIENT GENERATOR
4.5.1 Experimental set-up tools

e Microfluidic gradient generator chip

e Syringe pump (KD Scientific LEGATO 270)

e Microscope (Hund-Wetzlar)

e Two syringes (Terumo syringe 10ml luer lock)

e Tygon Tubes (SAINT-GOBAIN tygon 0.51)

e Eppendorf tubes (Greiner bio-one, 1.5 ml, PP)
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Figure 17: Experimental setup tools: a) microfluidic gradient generator chip. b) syringe pump. c) microscopy.
d) two syringes. e) Tygon tubes. f) Eppendorf tubes

e Deionized H,0

e Fluorescein: It is an organic compound and dye and used as a fluorescent tracer.
Its empirical formal is C;oH10Na,0s as shown in figure 19. Its excitation
wavelength is 460 nm and the emission wavelength is 515 nm [48]. Its
appearance color in powder form is orange to brown, and insolubility form is
dark yellow to orange-green [49]. In this experiment fluorescein sodium salt
Sigma Aldrich F6377-100g was used.
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Figure 18: Fluorescein structure

4.5.2 Set-up procedure
The two inlets of the microfluidic gradient generator chip were connected by two tygon

tubes to two syringes which they were attached to the syringe, while the five outlets were
connected by five tubes to the Eppendorf tubes, each one of these tubes was labeled with
its corresponding outlet. One of the syringes was filled with fluorescein and the other

syringe is filled with deionized water. A schematic set-up is shown in Figure 20:

outlat 1.,_-'
| go 1nlat 1 . L |
\ Gradient urtae 2 @———ll—
i | [ . outlet .—h—- ;
Syring Pump — e senrator chip e Outlet
| I outlet 5 H ____
e Measurments

Figure 19: Boxing diagram of the set-up.
After completing the set-up, the measurement started by checking the parameters on the
pump monitor. The volume of each syringe was set at 500 uL, that means the total volume
infused through the microfluidic gradient generator by both syringes is 1000 pL. Then, the
flow rate was defined. Beginning with the highest flow rate 100 pL/min, then 80 pL/min,
60 pL/min, 40 pL/min, 20 pl/min, 10 pl/min, 5 pl/min, 1 pl/min, 0.5 pl/min. The
measurement at highest flow rate (100 pl/min) takes about 6 minutes, this time will
increase with the decreasing of the flow rate. For example, 0.5 pl/min flow rate will take

about 17 hours to complete.
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Note: The fluorescein syringe should be covered with aluminum foil because it is photo
active. And also, when filling the syringes with fluorescein and water, the air bubbles must
be avoided (because they will affect the laminar flow). Figure 20 shows the experimental

set-up as it seen in the Lab:

Figure 20: Experimental set-up.

4.5.3 Gravimetric evaluation of microfluidic gradient generator

4.5.3.1 Measurement tools
e Analytical Balance (VWR LA 254i, max 250g)

e Pipette (VWR 100+1000ul)
o Pipette tips

e Eppendorf tubes (Greiner bio-one, 1.5 ml, PP)
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Figure 21: Gravimetric measurement tools: a) Analytical Balance, b) Pipette, c) Pipette tips, d) Eppendorf
tubes

4.5.3.2 Measurement procedure
Prior analysis the empty Eppendorf tubes were measured, the analytical balance was reset

(make the weight zero), then the empty tube inside the analytical balance was filled with
the sample volume that had been aspirated earlier (note: the refilling should be done
carefully, so the pipette tips should not touch the Eppendorf tube during the liquid filling
so the Eppendorf tube does not change its position). At this point the weight is measured,
and the pure weight in every Eppendorf tube (outlet) was obtained. This procedure is
repeated for every Eppendorf tube (5 Eppendorf tubes for the 9 different flow rates, that

means 45 Eppendorf tubes for every chip).

4.5.4 Spectroscopic evaluation of the microfluidic gradient generator

4.5.4.1 Measurement tools
e Multimode Plate Reader (Perkinelmer, EnSpire 2300, Serial Nr.: 23001541)

e Pipette (VWR P200)
e Pipette tips
e Microplate (Greiner bio-one, 96 well, PS, F-bottom)

e Eppendorf tubes (Greiner bio-one, 1.5 ml, PP)
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Figure 22: Spectroscopic measurement tools: a) multimode plate reader, b) pipette, c) microplate, d)
Eppendorf tubes

4.5.4.2 Measurement procedure
First, the calibration curve was defined, by measuring the fluorescence intensity of 12

different fluorescein concentrations beginning with 100 pg/ml, dilute it by 1:2 until
reaching 0 ug/ml (pure water). Following concentrations were analyzed in triplicates: 100
pg/mL, 50 pug/mL, 25 pg/mL, 10 ug/ml, 5 pg/mL, 2.5 pg/mL, 1 pg/mL, 0.5 pg/mL, 0.25
pug/mL, 0 pg/mL, as shown in figure (9, d). Then, samples were measured by the

Multimode Plate Reader to start calibration, considering to the following parameters:
Absorption wavelength = 490 (nm), number of flashes = 10
Excitation wavelength = 460 (nm), Emission wavelength = 515 (nm)

Number of flashes = 20
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These results of fluorescein intensity are obtained, as shown in Table 2:

Table 2: Fluorescein intensities results

Fluorescein concentrations (ug/ml)

Fluorescence
Intensity (a.u) 100 50 25 10 5 2.5 1 0.5 025 |0
A 175416 | 167066 | 1E+05 | 118254 | 96351 | 68997 | 43527 | 27594 | 16244 | O
B 180101 | 166676 | 1E+05 | 118540 | 93503 | 68105 | 43867 | 27473 | 16142 | O
C 179590 | 167298 | 1E+05 | 118538 | 88484 | 66652 | 43994 | 27302 | 15744 | O
mean 178369 | 167013 | 1E+05 | 118444 | 92779 | 67918 | 43796 | 27456 | 16043 | O
SD 2570 314 | 1548 165 | 3983 | 1184 241 147 264 | 0
From Table 2, the calibration curve was obtained, as shown in figure 24:
200000
180000 | -.
@ e
160000 e
5 o .
< 140000
oy .
‘a 120000 ®
3 ]
c N
@ 80000 |
4 o
S 60000 |:
40000 .
20000 .
0
0 20 40 60 80 100 120
fluoresceine conc. (ug/ml)
Figure 23: Calibration curve. Y: fluorescein intensity, X: fluorescein concentration
Equation 25 was obtained by linear regression analysis and describes the relation
between the fluorescence intensity and fluorescein concentration as follows:
y = 29146 In(x) + 48684 Equation 24

y: fluorescence intensity (a.u).

x: fluorescein concentration (ug/mL).
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The fluorescein intensities for respective chips outlets and flow rates were determined by
pipetting 100 pL of the samples to a 96-well plate, and repeated for every outlet (outlet
1, outlet 2, outlet 3, outlet 4, outlet 5) and flow rate (100 pl/min, 80 pl/min, 60 pl/min, 40

pl/min, 20 pl/min, 10 pl/min, 5 pl/min, 1 pl/min, 0,5 ul/min) for every chip (30 um height,

45 pum height, 90 um height), as shown in figure 25-c.

Table 3: Fluorescein intensity values of (30 um) height chip.

Flow rates Outlet 1 Outlet 2 Outlet 3 Outlet 4 Outlet 5
(ul/min) (a.u) (a.u) (a.u) (a.u) (a.u)
100 178825 179972 154766 25277 99217
80 174340 176602 156244 8982 5398
60 176756 177658 146283 34261 24430
40 178551 177537 161797 53022 2901
20 174268 176259 156759 52308 30034
10 180763 179613 164811 81081 5672
5 175739 162305 174930 99195 78426
1 179166 158130 105 129179 75655
0.5 1791 174973 70 71952 73544
Table 4: Fluorescein intensity values of (45 um) height chip.
Flow rates Outlet 1 Outlet 2 Outlet 3 Outlet 4 Outlet 5
(ul/min) (a.u) (a.u) (a.u) (a.u) (a.u)
100 170711 173491 168149 67501 4331
80 170789 170687 161077 64164 4826
60 171841 171411 166648 105936 13754
40 177894 174559 168236 71778 3925
20 173019 172670 163210 116339 8584
10 170000 170412 162021 72 10590
5 170567 166551 162237 118664 18754
1 167597 162975 49 115062 74
0.5 166530 68 1648 134363 51
Table 5: Fluorescein intensity values of (90 um) height chip.
Flow rates Outlet 1 Outlet 2 Outlet 3 Outlet 4 Outlet 5
(ul/min) (a.u) (a.u) (a.u) (a.u) (a.u)
100 165640 168713 163620 112475 14931
80 174337 169754 113264 95933 1294
60 171037 165824 120652 51881 2373
40 173746 169236 116717 21890 9318

38



https://www.tuwien.at/bibliothek

Die approbierte gedruckte Originalversion dieser Diplomarbeit ist an der TU Wien Bibliothek verfligbar.

The approved original version of this thesis is available in print at TU Wien Bibliothek.

thele

(]
lio
nowledge

b

i
r

20 173385 170981 166230 140077 7993
10 166271 162668 130614 76856 2861
5 162044 159462 126202 92600 4068
1 170740 159755 134623 131463 52431
0.5 161633 114 128860 101 72821

By replacing every value in these Tables by (y) in equation 24, the fluorescein

concentration values were obtained.

4.6 SIMULATION OF THE MICROFLUIDIC GRADIENT GENERATOR

Simulation is the mimicry of process or performance of a real-world system [52].

4.6.1 Computational fluid dynamics:

Computational fluid dynamics (CFD) is a section of fluid mechanics which uses
numerical analysis and data structures to find a solution and analyze cases related

fluid flows [53].

4.6.2 Simulation process:

e Build geometry model [54].

e Mesh or grid: a network which is established of subdomains cells and
points, used to solve multiple small equations [55]. For example, to
simulate the fluid flows, it is difficult to simulate the whole flows at one,
so the flow domains are divided to multi subdomains, and the subdomains
can be simulated individually [56]. Mesh split up the geometry to small
volumes which make it easier to calculate and simulate the different

properties for this volume.
e Apply boundary conditions [54].
e Computational analysis [54].
e Visualization and results [54].

Note: the first three steps have been obtained by GAMBIT, while the last two
steps can by FLUENT.
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4.6.3 GAMBIT

GAMBIT is an abbreviation for Geometry And Mesh Building Intelligent Toolkit.
It has a single interface to build a geometry and mesh it and these are the Fluent's
preprocessing technologies[57]. The Gambit interface and its GUI components are

shown in figure 24:

Main menu bar, Operation

Operation tools
I wme  Geometry

B|9|0| 6@ tooks

e B Sover ) Holp

Volume
tools

Text
window

Global Control

etve | 15| E | W | | w0 |

Transcript Y Description g’l Q El D;d <;a|
|c¢m:.a; ‘hardcopy vindow 1 AND 2 AXD 3 AND 4 LAff -ftrer tif® IJ GRAPHICS WINDOV- UPPER LEFT ~ =
/|| cuarart Y % -]
R ' z . E:| 8] @) o]

(hmmant:l

Description Global control
window toolpad

Figure 24: Gambit interface and GUI components

General sequence for designing geometry in Gambit:

o Initial setup: choose the solver type, and here the solver Fluent 5/6 is used
[58].

e Geometry designing and meshing: Gambit has four types of geometries,
and every geometry design start with these: vertices (x,y,z locations), edge
(2 or more vertices), face (closed set of edges, 3 or more edges) and
volume (closed set of faces, 4 or more faces). The best and easiest way to
design is to start with 2-D geometry then sweep it to 3-D geometry with
different depths (30 um, 45 um, 90 pum, 250 um, 500 um). To begin the 2-
D geometry, the whole geometry is decomposed into different faces. For
example, this random geometry in figure 25 can be decomposed into 5

faces. 1, 3, 5 are rectangular faces and 2, 4 are square faces.
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Figure 25: Random geometry as an example

This method is used for the whole geometry and at the end, the faces should be

connected using the "connect faces" command in the face sub tools [58].

After checking that all faces are connected, the mesh can be applied. The quantity
of meshes for the 2-D geometry is about 5879 meshes. After obtaining the 2-D
meshed geometry, the meshed geometry is saved, so it can be used to generate the
3-D geometry. This can be done by creating an edge from any vertex, the edge
length is the depth of the 3-D geometry (i.e. for the 3-D geometry with 30 pm
depth, the edge length is 30 um and for the 3-D geometry with 45 pm depth, the
edge length 1s 45 pm, and so on for depths 30, 90, 250, 500 um). then this edge is
meshed. after that, all the faces are sweeped and meshed with the direction and
path of the edge. So the 3-D meshed geometry is obtained [58]. The quantity of
meshes for the 3-D geometry depends on the height of the geometry (for height 30
um the quantity is 9788 meshes, for height 45 um the quantity is 10894 meshes,
for height 90 um the quantity is 12745 meshes, for height 250 pm the quantity is
15847 meshes, for height 500 um the quantity is 21874 meshes).

Note: all the dimensions here are in (mm), and they will be scaled later in Fluent
to (mm), so at the end the dimensions will be in (um). because there are no

micrometer scales in CFD.

e Mesh examination: check the meshing.
e Zone assignment: define boundary conditions of the whole

geometry, select which face is inlet1 and which face is inlet2 and
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define inlet1, inlet2 as velocity inlets. And select which face is
outletl, outlet2, outlet3, outlet4, outlet5 and define them as pressure

outlet, as shown in figure 26:

Specify Boundary Types

FLUEHMT SM6

- Ao ity
—~— Delete all

Twpe
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— Showr labels — Showr colors
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Twpe:

FPRESSURE_OUTLET — I
Entity:

Faces —a IIETaCe.SSZEi § ‘I

Remove | Edit |

Figure 26: specify boundary types

e export the mesh and save the geometry:

Geometry saved as (*.dbs) file, Mesh is saved as (*.msh) file.

At the end, the 3-D geometry is obtained as shown in figure 27:
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3ibliothek,
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Figure 27: 3-D meshed geometry in Gambit.

4.6.4 Fluent
This CFD solver can handle both structured grids, i.e. rectangular grids with

clearly defined node indices, and unstructured grids. Unstructured grids are
generally of triangular nature, but can also be rectangular. In 3-D problems,
unstructured grids can consist of tetrahedrals (pyramid shape), rectangular boxes,

prisms, etc.

Note: the fluid in this simulation is laminar flow (as mentioned earlier in

Reynolds number section), and the fluid flow state is steady (independent of time).
The general sequence of the operation:

First, the meshed geometry with the suffix (.msh) was loaded by using the
command (file — read — case — file name.msh), then the loaded file was
checked by using the command (Grid — check), then the geometry dimensions
were scaled to mm (the geometry dimensions in Gambit were in mm, which

means that the Fluent will handle the geometry as pm scale geometry) by using
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the command (Grid — scale — change length units to mm), as shown in figure

28:

Scale Factors Unit Conversion
X|0.001 Grid Was Created In| mm II
v|o.001 Change Length Units|
Z|0.001

Domain Extents
Zmin (mm)| -42.11415 Xmax(mm)| 28.1638
¥min(mm)| -14 .64 ¥max(mm)| Z2.04
Zmin (mm)| 0 Zmax(mm)| 0.03

Scale ] Unscale | Close | Help |

Figure 28: Length unit scaling

After dimensions scaling, the fluorescein (reagent) was defined and created, which
is liquid water + fluorescein (nominal concentration of fluorescein in water is 1
g/L) by using the command (Models — species — transport and reaction —

choose species transport in model).

Note: the energy equation will enable after this procedure, and it should be

disabled.

Then the fluorescein creating was resumed by using the command (Define —
material — material type choose fluid — fluent database — choose liquid
water(h20) then copy it — define fluorescein — make a mixture of fluorescein
and water, as shown in figure (29,a) — define the density, Cp, thermal

conductivity and viscosity as shown in figure (29,b) — define mass diffusivity of
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the mixture, as shown in figure (29,c,d):
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Figure 29: fluorescein and liquid water mixture define

Note: mass diffusivity of fluorescein = 4.10" m%/s, mass diffusivity of water =

2.57.10° m?%/s.

Then the boundary conditions were defined which means defining the velocity in
inlet 1, inlet 2 and the liquids by using the command (Define — boundary
conditions — inletl — change velocity inlet, as shown in figure (30, a) — set
velocity magnitude, as shown in figure (30, b) — set species mass friction to

0.001 (fluorescein concentration in the mixture), as shown in figure (30, c).

Note: for inlet 2, the velocity magnitude was just defined, which is the same as in

inlet 1.
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Figure 30: Boundary conditions define.

The velocities through the inlets can be calculated from equation 5:

Q=V.A

This equation can be applied for different flow rates (100, 80, 60, 40, 20, 10, 5, 1,
0.5 pl/min) and different inlet areas for different heights (30, 45, 90, 250, 500

um), and the table 6 was obtained:

Table 6: velocities through the inlets for different flow rates and different chips heights.

flow Geometry depth (um)
(plr/?rtﬁn) 30 45 90 250 | 500
(m/s) (m/s) (m/s) (m/s) (m/s)

100 0.2319 0.1543 0.0772 0.027 | 0.0138
) 0.1852 0.1234 0.0617 0.0216 | 0.01104
60 0.1389 0.0926 0.0463 0.0162 | 0.00828
40 0.0926 0.0617 0.0309 0.0108 | 0.00552
20 0.0463 0.0309 0.0154 0.0054 | 0.00276
10 0.0231 0.0154 0.0077 0.0027 | 0.00138
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5 0.0116 0.0077 0.0039 0.00135 | 0.00069

0.00231 0.0015 0.0008 0.00027 | 0.00014

0.5 0.00116 0.00077 0.0004 0.00014 | 0.00007

After defining the velocities through the inlets, the discretization for pressure,

momentum, and fluorescein are changed as shown in figure 31:

Flow

flourescein

Figure 31: Discretization settings

Then, the residual monitors and surface monitors were defined as shown in figure

32 (a, b):
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Figure 32: Residual and surface monitors.

Finally, the initialize was selected and the simulation started by selecting the

Iterate command (300 iterates). This simulation took several hours to be done.

5 RESULTS AND DISCUSSION

5.1 GRAVIMETRIC RESULTS
To evaluate the flow through distribution of two solutes regarding different flow rates and

heights (30 pul, 45 pl, 90 ul), total liquid volumes of the 5 individual outlets were collected

and measured. The results were compared for individual flow rates with respect to

volume loss. The results were presented according to the chips heights as follows:

e 30 um height chip:

Table 7: Gravimetric results of the (30 um) height chip.

Flow Outlet 1 Outlet 2 Outlet 3 Outlet 4 Outlet 5 Total
rates (8) (8) (8) (8) (8) (8)
(ul/min)
100 0.1793 0.1927 0.1944 0.1751 0.1127 0.8542
80 0.1998 0.2092 0.2103 0.1895 0.1365 0.9453
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60 0.2180 0.2265 0.2465 0.2159 0.1483 1.0552
40 0.2088 0.2196 0.2485 0.2113 0.1463 1.0345
20 0.1561 0.2246 0.2216 0.2014 0.1082 0.9119
10 0.1587 0.2363 0.2444 0.2287 0.1028 0.9709
5 0.1799 0.2848 0.2028 0.1655 0.1454 0.9784

1 0.3995 0.0518 0 0.1425 0.1974 0.7912
0.5 0.1868 0.2864 0 0 0.0657 0.5389

At first, the weights results were converted to volumes (1 pl = 0.001 g). In an ideal
situation, the liquid compound in every outlet should be 200 ul with a total volume that
was infused through the chip of 1000 ul evenly distributed over five outlets. For high flow
rates of 100 pl/min down to 5 pl/min, the results in outlets (1 & 5) are less than expected
because they are far from the center and liquid will travel more distance that means more
blocks, the driven pressure became less and chances for bubbles creation are increased.

In contrast, the volume in outlets (3, 4, 5) are approximate as expected.

For low flow rates of 1 pl/min and 0.5 pl/min, the results were not as expected. Even
outlet (3) at a flow rate (1 pl/min) has no liquid, and outlets (3 & 4) at a flow rate (0.5

pl/min) have no liquid compound.

It can be considered that at low flow rates (1 ul/min, 0.5 pl/min), the liquid volumes
distribution is not efficient. The deviations in both cases are mainly caused by air bubble
formation due to the permeable properties of PDMS. Liquid evaporation inside the PDMS
channels and ambient temperature were also factors that affect the flow dynamics.
Emerging bubble results in high interfacial tension and resistance and they cannot be
washed out at low flow regimes. Also, the liquid in the silicon Tygon tubes can potentially
be lost during the measurement in the pipette tips and in Eppendorf tubes again due to
evaporation. Figures 33, 34, 35 are showing liquid compound weight at every outlet and

at multiple flow rates for the (30 um) height chip.
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Figure 33: a) The liquid compound weights at every outlet for (30 um) height chip at a flow rate (100 ul/min).
b) The liquid compound weights at every outlet for (30 um) height chip at a flow rate (80 ul/min). c) The
liquid compound weights at every outlet for (30 um) height chip at a flow rate (60 ul/min). d) The liquid
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compound weights at every outlet for (30 um) height chip at a flow rate (40 ul/min).
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Figure 34: a) The liquid compound weights at every outlet for (30 um) height chip at a flow rate (20 ul/min).
b) The liquid compound weights at every outlet for (30 um) height chip at a flow rate (10 ul/min). c) The
liquid compound weights at every outlet for (30 um) height chip at a flow rate (5 ul/min).
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Figure 35: a) The liquid compound weights at every outlet for (30 um) height chip at a flow rate (1 ul/min). b)
The liquid compound weights at every outlet for (30 um) height chip at a flow rate (0.5 ul/min).
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Figure 36: Comparison of the liquid compound total weight at each different flow rate of (30 um) height chip.

As seen in Figure 36, the flow rate has an impact on the gravimetric results indicated by

the relative standard deviation (RSD) of 17.6% between the total weights of individual

outlets.

e 45 pum height chip:

Table 8: Gravimetric results of the (45 um) height chip.

Flow Outlet 1 Outlet 2 Outlet 3 Outlet 4 Outlet 5 Total
rates (g) (g) (g) (g) (g) (g)
(ul/min)

100 0.1546 0.2068 0.1870 0.2368 0.1820 0.9672
80 0.1689 0.1992 0.1983 0.2160 0.1732 0.9556
60 0.1427 0.2028 0.2017 0.2119 0.1807 0.9398
40 0.1432 0.2398 0.2068 0.2438 0.1833 1.0169
20 0.1335 0.2166 0.1631 0.2786 0.0810 0.8728
10 0.1478 0.1973 0.1638 0.2313 0.1688 0.909

5 0.3282 0.3172 0.0905 0.2160 0.1024 1.0543
1 0.2551 0.4833 0 0.0556 0 0.794
0.5 0.7734 0 0.0111 0.0706 0 0.8551

In Table 8, it can be noted the absence of the liquid in outlet 3 and outlet 5 at a flow rate

of 1 pl/min and also in outlet 2 and outlet 5 at flow rate 0.5 pl/min again due to bubble
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formation. The liquid volume distribution is still good at high flow rates (100 pl/min, 80
pl/min, 60 pl/min, 40 pl/min, 20 pl/min, 10 pl/min, 5 ul/min). Figures 37, 38 and 39 are

showing liquid compound weight at every outlet and at multiple flow rates for the (45 um)

height chip.
a : b -
0 35 pm-100 pl/min - 45 um-80 pul/min
0.2 -63 0.2
ol E 0
< o I %" 01
= 3
w00 005
@
2 o o
1 2 3 4 5 1 2 3 4 5
outlets outlets
¢ 45 um-60 pl/min d 45 um-40 l/min
' 0.3
B2 025
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=015 = 02
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o 0
1 2 3 4 5 ! ! : 4 5
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Figure 37: a) The liquid compound weights at every outlet for (45 um) height chip at a flow rate (100 ul/min).
b) The liquid compound weights at every outlet for (45 um) height chip at a flow rate (80 ul/min). c) The
liquid compound weights at every outlet for (45 um) height chip at a flow rate (60 ul/min). d) The liquid

compound weights at every outlet for (45 um) height chip at a flow rate (40 ul/min).
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Figure 38: a) The liquid compound weights at every outlet for (45 um) height chip at a flow rate (20 ul/min).
b) The liquid compound weights at every outlet for (45 um) height chip at a flow rate (10 ul/min). c) The
liquid compound weights at every outlet for (45 um) height chip at a flow rate (5 ul/min).
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Figure 39: a) The liquid compound weights at every outlet for (45 um) height chip at a flow rate (1 ul/min). b)
The liquid compound weights at every outlet for (45 um) height chip at a flow rate (0,5 ul/min).
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Figure 40: Comparison of the liquid compound total weight at each different flow rate of (45 um) height chip.
As seen in Figure 40, the flow rate has an impact on the gravimetric results indicated by
the relative standard deviation (RSD) of 8.75% between the total weights of individual
outlets and the increase in height results in more evenly distributed total volumes

compared to 30 um channels.

e 90 um height chip:

Table 9: Gravimetric results of the 90 um chip.

Flow raftes Outlet 1 Outlet 2 Outlet 3 (g) Outlet 4 Outlet 5 total
(pl/min) (g) (g) (g) (g) (g)

100 0.1659 0.2372 0.154 0.1698 0.2284 0.9553
80 0.2114 0.0544 0.186 0.2128 0.295 0.9596
60 0.1925 0.2529 0.2104 0.1682 0.259 1.083
40 0.1411 0.1967 0.2187 0.1013 0.327 0.9848
20 0.0942 0.3018 0.3367 0.1029 0.138 0.9736
10 0.011 0.0689 0.5266 0.2934 0.0605 0.9604

5 0.0556 0.2241 0.3674 0.1961 0.1419 0.9851
0.1858 0.2068 0.28 0.1465 0.0351 0.8542

0.5 0.2569 0 0.3915 0 0.0632 0.7116

In Table 9, it can be noted that there was absence of the compound liquid in outlet 2 and
outlet 4 at flow rate (0.5 pl/min). The liquid volume distribution is still good at high flow
rates (100 pl/min, 80 pl/min, 60 pl/min, 40 pl/min, 20 pl/min, 10 pl/min, 5 pl/min), and it

still once again inhomogenous at low flow rates (1 pl/min, 0.5 pl/min), as in the previous
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chips for similar reasons. The Figures 41, 42, 43 are showing liquid compound weight at

every outlet and at multiple flow rates for the (90 um) height chip:

a ) - b .
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Figure 41: a) The liquid compound weights at every outlet for (90 um) height chip at flow rate (100 ul/min).
b) The liquid compound weights at every outlet for (90 um) height chip at flow rate (80 ul/min). c) The liquid
compound weights at every outlet for (90 um) height chip at flow rate (60 ul/min). d) The liquid compound
weights at every outlet for (90 um) height chip at flow rate (40 ul/min).
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Figure 42: a) The liquid compound weights at every outlet for (90 um) height chip at a flow rate (20 ul/min).
b) The liquid compound weights at every outlet for (90 um) height chip at a flow rate (10 ul/min). c) The
liquid compound weights at every outlet for (90 um) height chip at a flow rate (5 ul/min).
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Figure 43: a) The liquid compound weights at every outlet for (90 um) height chip at a flow rate (1 ul/min). b)
The liquid compound weights at every outlet for (90 um) height chip at a flow rate (0,5 ul/min).
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Figure 44: Comparison of the liquid compound total weight at each different flow rate of (90 um) height chip.

As seen in Figure 44, the flow rate has an impact on the gravimetric results indicated by
the relative standard deviation (RSD) of 11.03 % between the total weights of individual

outlets.

Overall, for 30 um height chip at high flow rates (100 pl/min, 80 pl/min, 60 ul/min, 40
pl/min) the results were accepted (taking into consideration the small deviation from the
expected result for every outlet). At medium flow rates (20 pl/min, 10 pl/min, 5 pl/min),
the differences between the outlets are beginning to be noticeable and the deviation from
the expected result for specific outlets is large, caused by factors and restrictions that
mentioned before. At low flow rates (1 pl/min, 0.5 ul/min), the difference between the
outlets are clearly noticeable and the deviation from the expected result for specific
outlets is larger than higher flow rates, caused by factors and restrictions that mentioned
before. For 45 um height chip, the fluid flow velocity is lower than the previous chip, the
differences between the outlets are beginning to be noticeable at high flow rates (40

pl/min) with a similar performance for the lowest flow rates.

For 90 um high chip, the fluid flow velocity is lower than the previous two chips, the
differences between the outlets are beginning to be noticeable at higher flow rates than
the previous two chips. Same goes for medium and low flow rates similar to previous two
chip heights, however, overall transported volumes were best and most homogenous
over the selected flow rate range even though fluid velocity is lower compared to the

other chip heights.
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5.2 ON-CHIP GENERATION OF FLUORESCEIN SODIUM SALT
To evaluate the fluorescein concentration of the liquid compound in every outlet in

regards to different flow rates and heights (30 um, 45 um, and 90 um). The results are

presented consecutively according to the chips heights:
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e 30 um height chip:

Table 10: Fluorescein concentration results at different flow rates of 30 um height chip.

flow rates outlet 1 outlet 2 outlet 3 outlet 4 outlet 5
(pl/min) (ng/ml) (ng/ml) (ng/ml) (ng/ml) (ng/ml)

100 86.933 90.423 38.08 0.44794 5.6621

80 74.534 80.549 40.06 0.2561 0.22647

60 80.976 83.521 28.464 0.60966 0.43511

40 86.12 83.175 48.468 1.1605 0.20788

20 74.35 79.607 40.774 1.1324 0.52735

10 92.91 89.316 53.749 3.039 0.22861

5 78.199 49.32 76.059 5.6578 2.7744

1 58.955 42.737 0.18885 15.827 2.5227

0.5 0.18881 71.837 0.18883 0.18887 14.259

e 45 um height chip:
Table 11: Fluorescein concentration results at different flow rates of 45 um height chip.

flow rates outlet 1 outlet 2 outlet 3 outlet 4 outlet 5
(1l/min) (ng/ml) (ng/ml) (ng/ml) (ng/ml) (ng/ml)
100 65.809 72.395 60.271 1.9072 0.21833
80 65.985 65.754 47.286 1.7008 0.22207
60 68.41 67.408 57.245 7.13 0.30166
40 84.2 75.097 60.451 2.2086 0.21531
20 71.232 70.384 50.876 10.188 0.25263

10 64.223 65.137 48.842 0.18865 0.2763
5 65.484 57.055 49.206 11.034 0.35812
1 58.326 49.772 0.1859 9.6173 0.18606
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0.5

56.229

0.18602

0.19639

18.649

0.18592

e 90 um height chip:

Table 12: Fluorescein concentration results at different flow rates of 90 um height chip.

flow rates outlet 1 outlet 2 outlet 3 outlet 4 outlet 5
(1l/min) (ng/ml) (ng/ml) (ng/ml) (ng/ml) (ng/ml)
100 55.299 61.448 51.597 8.9233 0.31409
80 74.527 63.683 53.237 5.0587 0.19672
60 66.549 55.650 41.813 1.1159 0.20414
40 73.031 62.561 57.381 0.3988 0.25907
20 72.132 66.421 56.430 23.005 0.24756
10 56.510 49.939 46.627 2.6289 0.20759

5 48.881 44.737 44.291 4.5121 0.21637

1 65.874 45.189 42.079 17.118 1.1372

0.5 48.196 0.18892 55.656 0.18883 2.2891

5.3 SIMULATION RESULTS FOR FLUORESCEIN SODIUM SALT
To evaluate the CFD simulation results of fluorescein concentration of the liquid

compound in every outlet in regards to different flow rates and heights (30 um, 45 um,

90 um, 250 um, and 500 um). The results are presented according to the chips heights as

follows:

e 30 um height chip:

Table 13: Simulation of Fluorescein concentration results at different flow rates for 30 um height chip.

flow rates outlet 1 outlet 2 outlet 3 outlet 4 outlet 5
(n/min) (ng/ml) (ng/ml) (ng/ml) (ng/ml) (ng/ml)
100 100 97.9391 50.0698 1.93 9.28E-06

80 100 97.8776 50.0843 2 9.93E-06

60 100 97.7606 50.1053 2.11 1.04E-05

40 100 97.5409 50.1518 2.32 1.07E-05

20 100 96.9338 50.1807 2.94 1.08E-05

10 100 95.7375 50.1512 4.18 1.14E-05

5 100 93.4474 50.0995 6.52 1.13E-05

60



https://www.tuwien.at/bibliothek

Die approbierte gedruckte Originalversion dieser Diplomarbeit ist an der TU Wien Bibliothek verfligbar.

The approved original version of this thesis is available in print at TU Wien Bibliothek.

thele

(]
lio
nowledge

b

i
r

100

76.3521

50.0198

23.485

1.02E-05

0.5

100

77.7602

50.0232

22.3009

1.25E-05

e 45 um height chip:

Table 14: Simulation of Fluorescein concentration results at different flow rates for 45 um height chip.

flow rates outlet 1 outlet 2 outlet 3 outlet 4 outlet 5
(1l/min) (ng/ml) (ng/ml) (ng/ml) (ng/ml) (ng/ml)
100 99.99999 97.74693 50.09566 2.165067 9.77E-06
80 99.99993 97.69615 50.0696 2.23166 9.49E-06
60 99.99999 97.55644 50.05916 2.358528 9.14E-06
40 99.99999 97.27247 50.10841 2.636444 9.83E-06
20 99.99999 96.36375 50.12367 3.557328 1.03E-05
10 99.99999 94.54625 50.0933 5.419201 1.01E-05

5 99.99999 91.20693 50.06073 8.793979 1.07E-05

1 99.99999 79.00837 50.01657 21.05727 1.02E-05

0.5 99.99999 76.64708 50.03011 23.40738 1.03E-05

e 90 um height chip:

Table 15: Simulation of Fluorescein concentration results at different flow rates for 90 um height chip.

flow rates outlet 1 outlet 2 outlet 3 outlet 4 outlet 5

(ul/min) (ng/ml) (ng/ml) (ng/ml) (ng/ml) (ng/ml)

100 100 97.08815 49.99175 2.904927 9.56E-06

80 100 97.015 49.98571 2971741 9.05E-06

60 100 96.75398 49.98262 3.212511 4.81E-06

40 100 96.15233 49.99835 3.822614 0

20 100 94.19642 50.03205 5.780174 1.01E-05
10 100 90.64094 50.03247 9.353113 9E-06

5 100 85.37599 50.01038 14.67136 1.01E-05

1 100 76.55004 50.03058 23.50392 1.03E-05

0.5 100 76.34551 50.03073 23.70829 8.78E-06

e 250 um height chip:
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Table 16: Simulation of Fluorescein concentration results at different flow rates for 250 um height chip.

flow rates outlet 1 outlet 2 outlet 3 outlet 4 outlet 5
(1l/min) (ng/ml) (ng/ml) (ng/ml) (ng/ml) (ng/ml)
100 100 94.9926 50.0162 5.05 1.01E-05
80 100 94.493 95 5.52 1.01E-05
60 100 93.5952 50.0277 6.43 9.51E-06
40 100 91.8183 50.0282 8.19 8.92E-06
20 100 87.2614 50.0166 12.7603 9.78E-06
10 100 81.642 50.0224 18.4034 9.74E-06

5 100 77.5667 50.0297 22.4865 1.03E-05

1 100 76.3396 50.0307 23.7142 9.47E-06

0.5 100 76.3395 50.0307 23.7142 7.57E-06

e 500 um height chip:

Table 17: Simulation of Fluorescein concentration results at different flow rates for 500 um height chip.

flow rates outlet 1 outlet 2 outlet 3 outlet 4 outlet 5
(ul/min) (ng/ml) (ng/ml) (ng/ml) (ng/ml) (ng/ml)
100 100 92.8065 50.0235 7.19 0
80 100 91.7178 50.0279 8.27 8.97E-06
60 100 90.0429 50.0653 9.94 7.96E-06
40 100 87.1947 50.0375 12.8196 9.53E-06
20 100 81.684 50.0259 18.3588 9.7E-06
10 100 77.62 50.0299 22.4327 9.37E-06
5 100 76.4131 50.0307 23.6405 9.73E-06
1 100 76.3368 50.0307 23.717 7.82E-06
0.5 100 76.3368 50.0307 23.717 6.53E-06

After determination of fluorescein concentration in Tables (13- 17), it can be summarized

that

e The mixing resolution thus fluorescein concentration distribution is perfect in
outletl, outlet3 and outlet5 for every chip (30 um, 45 pum, 90 um, 250 um, 500
pum) and at every flow rate (100 pl/min, 80 pl/min, 60 pl/min, 40 ul/min, 20
pl/min, 10 pl/min, 5 pl/min, 1 pl/min, 0.5 pl/min).
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The mixing resolution of the fluorescein concentration distribution is not perfect
in outlet2 and outlet4 for chips with channel heights of 30 um, 45 um and 90 um
at high flow rates (100 pl/min, 80 pl/min, 60 pl/min, 40 ul/min, 20 pl/min, 10

pl/min, 5 pl/min). This caused by convection, which dominates at high velocities.

The mixing resolution of the fluorescein concentration distribution enhanced and
became better for chips with heights 30 um, 45 um, and 90 um at the low flow

rates (1 pl/min, 0.5 pl/min).

For 250 um height chip, the mixing resolution or the fluorescein concentration
distribution enhanced and became better at flow rates (10 pl/min, 5 pl/min, 1

pl/min, 0.5 pl/min).

For 500 um height chip, the mixing resolution or the fluorescein concentration
distribution enhanced and became better at flow rates (20 pl/min, 10 pl/min, 5

pl/min, 1 pyl/min, 0.5 pl/min).

The overall concentration range of the chip is dependent on the flow rate applied,
thus flow velocity inside the microchannels. The velocity or flow rate is an
important factor affecting the concentration gradient profile. The presented
simulation results correspond well with already published results for similar
gradient generator types with typical sigmoidal gradient curve shape [57] [19].
For comparison, the simulated concentration profiles of chips with similar heights

(200 vs. 250 um) were compared at velocity rage of 0.001 m/s to 0.0001 m/s.

5.4 COMPARISON BETWEEN EXPERIMENTAL AND CFD SIMULATION FOR

CONCENTRATION GRADIENT GENERATOR CHIPS

To evaluate and compare the experimental results of fluorescein concentration
generation on-chip and the simulation results, the fluorescein concentration of the liquid
compound in every outlet regarding different flow rates and heights (30 um, 45 pum, 90

pum) was analyzed in the subsequent set of experiments.

Experimental results of the 30 um high microfluidic gradient generators corresponded
well with the CFD simulation results for flow rates in the range between 100 pl/min and
10 pl/min as shown in Figure 45. For lower flow rates of 5 to 0,5 pl/min the concentration

gradient of sodium fluorescein was inhomogeneous most probably again due to the

63


https://www.tuwien.at/bibliothek

Die approbierte gedruckte Originalversion dieser Diplomarbeit ist an der TU Wien Bibliothek verfligbar.

The approved original version of this thesis is available in print at TU Wien Bibliothek.

thele

(]
blio
nowledge

L]
|
rk

formation of bubbles and obstruction of individual channel outputs (e.g. output 1 and 3
of Figure 46i). The best agreement between the CFD simulation and the experimental

results were obtained at a flow rate of 40 to 10 ul/min.
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Figure 45: (a-i) Comparison between experimental data and CFD simulation results for 100 ug/ml fluorescein
sodium salt solution for 30 um high microfluidic gradient generators.

Experimental results of the 45 um height microfluidic gradient generators surprisingly
revealed similar overall behavior compared to the smaller channel height for flow rates in
the range between 100 pl/min and 5 pl/min as shown in Figure 46 indicating better
performance for a slightly lower flow rate of 5 pl/min. For lower flow rates of 1 to 0,5
pl/min the concentration gradient generators yielded again inhomogeneous due to
evaporation, bubble growth and channel blockage (e.g. output 2 and 3 of Figure 46i). The
best agreement between the CFD simulation and the experimental results were obtained
at a flow rate of 40 pl/min, most linear gradient with a slower slope however at a flow

rate of 5 pl/min.
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Figure 46: (a-i) Comparison between experimental data and CFD simulation results for 100 ug/ml fluorescein
sodium salt solution for 45 um high microfluidic gradient generators.

In a final experimental set-up, the performance of microfluidic gradient generators with
90 um height microchannel was evaluated. Surprisingly as shown in Figure 47 similar
overall behavior compared to both 30 and 45 um height channels for flow rates in the
range between 100 pl/min and 1 pl/min with an even better performance for a slightly
lower flow rate of 1 ul/min as the 45 um designs. For the lowest flow rate of 0,5 pl/min
the concentration gradient generators yielded again inhomogeneous results comparable
to the results showed before due to evaporation of liquid and bubble growth within the
microchannels and channel blockage (e.g. output 2 and 4 of Figure 47i). The best
agreement between the CFD simulation and the experimental results were obtained at a
flow rate of 60-80 pl/min, most linear gradient with a slower slope however at a flow rate

of 1 pul/min.
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In contrast to the CFD simulation results of microchannels featuring perfect surface
roughness and chemical homogeneity, in the experimental setup two different flow
ranges could be identified: One higher flow regime for sigmoidal concentrations that
corresponds very well with simulation results as well as data and simulations published in
literature [57], at lower flow velocities also linear concentration gradients were achieved
(e.g. 1 ul-0.5 pl/min for 30 um high microchannels as shown in Figure 45 h-i). Differences
between the experiment results possibly are a result from differences in the roughness of
microchannel, because with common photolithographic means it is difficult to ensure a
very clean Nano-surface environment [57]. Similar behavior has been reported for
alternative chip-based strategies for the creation of non-linear concentration gradients
with the similar microchannel dimensions (L=6 mm, W=400 um, h=30 um) [58]. In
particular, flow-based chips, where gradients are generated within a single y-shaped
channel featuring linear micropatterns are accurate at low flow velocity and large
diffusion coefficients [40]. Too high as well as too low flow rates below and above critical

velocity range result in significant errors of the generated gradients.
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Figure 47: (a-i) Comparison between experimental data and CFD simulation results for 100 ug/ml fluorescein
sodium salt solution for 90 um high microfluidic gradient generators.
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6 CONCLUSION

Concentration gradient generators can serve for multiple experiments since it
increases the resolution of dose-response studies and reduces analysis time and
other efforts. Selection of a particular gradient generator platform requires
considering experimental needs, such as maintaining low shear forces while keep
the medium continuous perfusion, maintaining in-vivo like conditions, retaining
signal molecules and removing waste, etc. The microfluidic gradient generator
could provide precise gradient control and gradient pattern. These applications
include integration with multiplexed drug screening, organs-on-a-chip and some in
other fields. The presented gradient generator platform can provide a
microenvironment to investigate the miniaturized mammalian cell cultures and its
response to chemical signals. Combined efforts would continue to benefit the field
next few years to expand availability of these platforms and demonstrate their
capabilities in a complex platform. CFD simulations are a valuable tool for design
and initial performance evaluation of such micro engineered prototype systems. In
general, it can be concluded that the mixing efficiency of the 30 pm height chip
gives more reliable results than 45 and 90 um height chips therefore a decrease of
the chip height gives better mixing, in other words, a decrease in cross-section area
led to an approximation to the respective simulation. The poor mixing results at
high flow rates can be controlled by making the channels longer or increasing the
microfluidic gradient generator chip levels. The best mixing results were obtained
at low flow rates (I pl/min, 0.5 pl/min), but at these flow rates, the blocking
probabilities were higher than at high flow rates. For future applications, it has to
be considered to balance between the flow rate and the chip height and the channel

length.
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