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Abstract

Microfluidic capillary systems are devices, in which the liquid is driven and
controlled only by surface tension (capillarity) forces. These devices are
self-powered and self-regulated, as the energy required to drive and control the
liquid is structurally and chemically encoded in the microscale conduits. The
objective of this thesis is to develop materials and propose novel architectures to
expand the functionalities of these systems in the context of microarray spotting
and diagnostic applications.

Silicon and steel pins are popularly used for microarray spotting; however, these
pins are expensive, and in the case of silicon, brittle, and can damage the
substrate during the printing process. To solve these issues, we optimize the
design and propose a new fabrication process to make miniaturized quill pins out
of a negative tone epoxy-based photoresist, SU-8. These pins are inexpensive,
easy to fabricate and robust, and may be used as disposable pins for spotting
microarrays.

For global health applications, microfluidic systems need to be very low cost,
which is difficult to achieve with microfabricated systems. Here, we present
cotton yarns as a new material for making ultra-low cost microfluidic devices,
which can transport minute amount of liquids by capillarity. We study the flow

properties of yarn and demonstrate using knots for splitting, mixing and merging

Xiv



of fluid streams. We also show that the knot topology can be used to control the
mixing ratio between two inlets and two outlets. Finally, we build a serial dilutor
by iterative combining of mixing and splitting of fluids using a knotted web, and
analyze the fluid distribution using network analysis concepts developed for
electrical circuit analysis, and compare the theoretical and experimental results.
One of the major challenges in capillary systems is to make circuits which can
perform complex fluidic operations. To enhance the capabilities of these
systems, we introduce novel architectures of capillary pumps for precisely
pumping liquids and metering samples as well as valves for switching between
liquids and timing the reactions. We then combine these elements with other
capillary elements, which had already been developed such as flow resistors and
capillary retention valves, to build a capillary circuit that following sample
addition, autonomously delivers a defined sequence of multiple chemicals
according to a preprogrammed and predetermined flow rate and time. We
illustrate that as in electronics, complex capillary circuits may be built by
combining simple capillary elements. We define such circuits as “capillarics”. As
a proof of concept we use such a circuit for measuring the concentration of
C-reactive protein down to 100 ng/mL in 5 mins.

Last, we summarize our findings, and propose some of the future works that offer

exciting prospects for the future research.
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Résumé

Les systémes capillaires microfluidiques sont des dispositifs dans lesquels un
liquide est conduit et contrélé uniquement par des forces de tension superficielle
(capillarité). Ces appareils sont autoalimentés et autorégulés, car I'énergie
requise pour conduire et contréler le liquide est structurellement et chimiquement
encodée dans les microconduits. L’objectif de cette thése est de développer des
matériaux et de proposer de nouvelles architectures dans le but d’élargir les
fonctionnalités de ces systemes dans le contexte de repérage de micromatrices
et dans des applications de diagnostic.

Les broches de silicium et d’acier sont utilisées fréquemment dans les
micromatrices; cependant, ces broches en silicium sont dispendieuses et
fragiles, et peuvent endommager le substrat durant le processus d’'impression.
Pour résoudre ces problémes, nous avons optimisé la conception et proposons
un nouveau procédé permettant de fabriquer des broches miniaturisées a partir
de résine photosensible négative de type époxyde SU-8. Ces broches sont peu
colteuses, faciles a fabriquer, robustes, et peuvent étre utilisées comme broches
jetable pour le repérage de micromatrices.

Afin d’étre utilisés dans des applications de santé a I'échelle globale, les
systémes microfluidiques doivent étre peu colteux, ce qui est difficile a réaliser

pour les systémes élaborés par des techniques de microfabrication. Ici, nous
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présentons le fils de coton comme un nouveau matériau dans la fabrication
d’appareils microfluidiques a trés faible colt qui peuvent transporter d’infimes
quantités de liquide par capillarité. Nous étudions et démontrons ici les
propriétés rhéologiques du fil en utilisant des nceuds pour la division, le mélange,
et la fusion de flux de liquides. Nous démontrons également que la topologie du
nceud peut étre utilisée pour contrdler le rapport de mélange entre deux entrées
et deux sorties. Finalement, nous fabriquons un dilueur en série par
combinaison itérative de mélange et division de fluides en utilisant une toile
nouée, et analysons la distribution des liquides a I'aide de concepts d’analyse de
réseau développés pour l'analyse de circuits électriques, et comparons les
résultats théoriques et expérimentaux.

L’un des défis majeurs dans les systémes capillaires est de faire des circuits
pouvant performer des opérations fluidiques complexes. Pour améliorer la
capacité de ces systémes, nous introduisons de nouvelles architectures de
pompes capillaires pour le pompage de liquides et la mesure d’échantillons plus
précis, ainsi que des valves pour la commutation des liquides et la mesure du
temps de réaction. Nous combinons ensuite ces éléments a d’autres éléments
capillaires qui ont déja été développés, tels que les résistances au flux et les
valves de rétention capillaire, pour construire un circuit capillaire qui, aprés

'addition de I'échantillon, délivre de fagon autonome une séquence définie de

Xvii



multiples produits chimiques selon un débit et un temps préprogrammés et
prédéfinis. Nous illustrons que tout comme ce que I'on observe dans les circuits
électriques, des circuits capillaires complexes peuvent étre batis en combinant
de simples éléments capillaires. Nous définissons ces circuits en tant que
« capillarics ». Nous avons utilisé un tel circuit pour mesurer la concentration de
la protéine C réactive jusqu’a 100ng/ml en cing minutes en tant que preuve de
principe.

Finalement, nous résumons nos découvertes, et proposons quelques-uns des

travaux futurs qui offrent des perspectives excitantes pour la recherche future.
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Chapter 1: Introduction

1.1 Background

In vitro diagnostics are a significant part of clinical practice. These bioassays use
bodily fluids such as blood, urine, and saliva to detect, monitor or even prevent
medical conditions. However, these analyses often involve time-consuming
protocols and expensive reagents. Miniaturization of conventional bioassays may
provide many advantages. For example, the evaluation of diagnostic markers
can be performed using small quantities of sample and reagents. In addition,
since the miniaturization of the assay increases the surface-to-volume ratio, this
would accelerate mass transfer limited reactions, and thus increase the speed of
the assay. Moreover, it renders the diagnostic devices portable and easy to use.
Microfluidic capillary systems, in which all the actions required to manipulate the
liquids are performed solely using capillary forces, do not need external pumps
and valves to regulate and drive the liquids. As a result, these systems are being

increasingly exploited for making self-powered and low-cost biological tests.

Microarray spotters and point-of-care (POC) diagnostic devices are important
tools that are commonly used to perform bioassays and have the advantage of

portability and convenience of capillary systems.



Microarray spotters print an array of micro-size spots on a glass slide or other
substrates such as nitrocellulose." The main advantage of microarray spotting is
that hundreds of different biomolecules can be printed simultaneously in a dense
array of small spots using a minute volume of solution. These spots usually
consist of proteins or DNAs. Protein microarrays are employed to analyze
protein-protein or protein-ligand (DNA, lipid, drug) interactions following an
immunoassay. DNA microarrays are used to measure gene expression levels in
a sample.2 To print and pattern the array of spots, pin spotting is commonly
used.3 This process first involves dipping an array of pins into a 96- or 384-well
microtiter plate containing spotting solutions. This will cause the solutions to
spontaneously fill the slits of the pins by capillarity. Then, by contacting the tip of
these pins onto a hydrophilic surface (i.e. glass slide), the solutions are printed
from the pins to the surface. The liquid transfer is a result of the balance between
the wettability of the liquid-pin and liquid-substrate interfaces. The efficiency of
the microarray spotting depends on spot uniformity and density. It would
therefore be beneficial to develop slit-pins, which may be inexpensive and ideally
disposable, to prevent solution contamination and, at the same time, print spots

uniformly in a dense array.



POC devices are portable diagnostic tests that can directly evaluate a patient’s
condition without requiring a central laboratory.4 The World Health Organization
(WHO)5 has established benchmark criteria, termed the ASSURED (Affordable,
Sensitive, Specific, User-friendly, Rapid and robust, Equipment-free and

Deliverable to end users) criteria, for evaluating ideal POC devices.b

POC devices consist of a liquid handling mechanism and, in some cases, an
interface. The POC interface is designed for either sample preparation (i.e.
assays using Polymerase Chain Reaction (PCR)), signal quantification, and
recording and reporting of the assay results. The liquid handler is designed to
autonomously change the concentration of reagents over a local region (i.e.
capture zone) with respect to time. In central laboratories, this process is
commonly performed using an automated liquid handling system (i.e. pipettes
and giant robotic systems).” Thus, the challenge for an ideal POC liquid-handler

is to operate these functions while meeting ASSURED criteria.

1.2 Research Objective
Our objective is to develop novel enabling technologies to enhance the
functionality of microfluidic capillary systems. The first technology described here

is a fabrication process for making polymeric pins for microarray spotting.



Currently, silicon (Si) and steel pin spotters are used for printing DNA and protein
microarrays. These pins are expensive and may be brittle (as is the case for Si),
thus damaging the substrate during the printing process. Therefore, our main
goal is to replace these commonly used pins with ones made out of an SU-8 UV
cross-linked polymer. This is accomplished through introducing a novel
fabrication process, which eliminates the residual stress formed during the
fabrication of SU-8 structures. This process allows for making 30mm-long
straight pins without bending significantly. The SU-8 pins are resilient and can

buckle without damage during the printing process.

The second technology described here employs sewing yarn and knots as the
building blocks for making capillary driven microfluidic circuits. Miniaturization of
fluidic channels can reduce sample consumption and enable multiplexing of the
assays. However, these devices often require costly photolithography equipment
or printing facilities. Thus, the goal of this work is to develop a low-cost and
scalable solution to manipulate and regulate minute liquid volumes by capillary
forces using yarn and knots. In particular, we aim to introduce basic capillary
driven microfluidic elements, including flow routers, mixers, resistors, and pumps
using knotted yarn. These knotted microfluidic elements can then be assembled

using knots to make microfluidic circuits.



The final goal of this thesis is to enhance the capabilities of autonomous
microfluidic capillary (AMC) systems by developing novel functional elements
such as capillary encoded pumps (CPs) and capillary valves. First, we develop
two novel CPs. These pumps avoid bubble trapping by guiding the progression of
the liquid filling front. We also explore the filling behavior of such CPs and study
how the flow resistance and capillary pressure of a CP vary as it is being filled. In
addition, we present a novel capillary trigger valve (TV) and programmable
retention burst valves (RBVs). The TV enables the liquid to stop passively, and
can then be triggered when needed. RBVs facilitate pre-programmed switching
between liquids using only capillary forces. By selectively assembling these
elements, we demonstrate a capillary circuit that can autonomously meter
samples and switch between liquids at programmed flow rates without any need
for external pumps or valves. This circuit is suitable for numerous assays or
chemical reactions that require appropriate flow control of liquids and reagents.
AMC systems are commonly applied in rapid point-of-care (POC)
immunodiagnostic devices, where miniaturization of immunoassays and
portability are required. Thus, as a proof of concept, we employ the circuit to
perform a one-step sandwich immunoassay to measure the concentration of C-
reactive protein. To do so, all reagents are preloaded in the circuit and, upon

introducing the sample, the concentration of the analyte is quantified by



measuring the intensity of the fluorescent dye using fluorescence microscopy.
Advancement of these AMC circuits may lead to in vitro diagnostics that can
perform highly sensitive, quantitative assays within a short time and at an

affordable cost.

1.3 Thesis Overview
This thesis covers our work on the development of various platforms of

microfluidic capillary systems and is organized as follows:

In Chapter 2, we introduce dominant physical phenomena in microfluidics,
including laminar flow, liquid surface tension, wetting, and capillary pressure. We
also provide a historical review of the inventions that lead to the evolution of
microfluidics from 1947 onwards. Subsequently, we present examples of
microfluidic liquid handling devices with the main focus on capillary systems.
Finally, we provide an overview of immunoassays and various detection systems

which can be integrated with microfluidic immunoassays.

Chapter 3 is dedicated to the development of straight SU-8 pins for microarray
spotting. We present a novel fabrication process for making miniaturized straight

quill pins out of polymer SU-8. These pins each contains a slit, which is filled by



surface tension forces and can be arrayed to spot multiple proteins at once.
Since residual stress forms during the fabrication of SU-8 structures, we
developed an annealing method that relieves SU-8 from its internal stress, and
allows for making straight pins 30 millimeters in length without measurable
bending. The low processing cost of these pins could lead to disposable
microarray systems, rendering the technique of bio-molecular microarray
analysis more affordable, faster, and more accessible to the scientific community.
Chapter 4 demonstrates the development of an ultra-low-cost microfluidic
capillary system made out of yarn and knots. We describe the methods used to
characterize and modify basic fluidic properties of the yarn, and give examples
using cotton yarn to construct autonomous passive microfluidics that transport
fluids according to a predetermined sequence. We also modify the surface
property of the cotton to improve its hydrophilicity, and then measure the flow
resistance of the yarn. Subsequently, we employ knots to control the flow
resistance and to make various microfluidic elements, such as passive splitters,
blenders and mixers, out of yarn. We also quantify the mixing ratios of the
proposed knotted mixers, and show that topologically different knots can confer
different mixing ratios. Finally, we make a web of knots, which can be used as a

serial dilutor.



Chapter 5 introduces two novel architectures of capillary pumps (CPs). These
pumps consist of arrays of hydrophilic posts, providing precise capillary pressure
with small flow resistance. We show that these platforms prevent the entrapment
of bubbles by controlling the propagation of the filling front. We then demonstrate
the flexibility and robustness of the design using CPs with different filling angles.
Moreover, we calculate the flow resistance of a CP as it is being filled using a
pore network modelling approach, and validate our calculations experimentally.
Finally, we develop a CP with a gradient of capillary pressure in which the liquid

flow rate can be regulated with respect to the position of the liquid filling front.

Chapter 6 discusses the development of pre-programmed capillary circuits using
a limited number of capillary elements as their building elements. We call this
concept capillarics as an analogy to electronics, in which complicated electronic
circuits can be made out of a number of electrical elements. We first introduce
robust capillary trigger valves and retention burst valves, and then combine these
building elements with other capillary-based elements to develop a capillary
circuit that has the ability to autonomously meter the sample, switch between
liquids, and time the reactions. Finally, as a proof of concept, we employ the
capillary circuit to perform a one-step sandwich immunoassay for measuring the

concentration of a C-reactive protein.



Chapter 7 provides a discussion and summary of our findings and outlines the

future prospects of this work.
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Chapter 2: Background Knowledge

2.1 Microfluidics

Microfluidics refers to the science and technology of manipulating fluids with
length scales of less than a millimeter and greater than one micron.! To depict
the relative size of microchannels in comparison to other chemical and biological
substances, Fig. 2.1 illustrates the size of various molecules and simple
microorganisms with one millimeter as a scale unit.2 Due to the small length
scale of microchannels, microfluidic devices have led to the significant changes
in countless applications, including chemical and particulate separation and
analysis, biological characterization and biosensors.3 Miniaturization of fluidic
devices is useful because it allows us to work with smaller reagent volumes, thus
reducing the cost of analysis, enabling parallel operations, and decreasing
reaction times by increasing the surface-to-volume ratio and accelerating mass

transfer limited reactions.4
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Fig. 2.1: Length scale of some chemical/biological substances, ranging from a
few angstroms (e.g. water) to tens of micrometers (e.g. large cells). The
comparative length scale of the microchannels (i.e. 10-3 mm to 1 mm) enables us
to efficiently work with these chemicals. Reproduced from the website of

US National Cancer Institute.2

In order to take advantage of the opportunities brought about by shrinking the
length scales of microfluidic devices, it is important to know the physical
phenomena that occur at these microscales. Some of these phenomena include

laminar flow, capillarity, and wetting, which are explained in the sections below.

2 1.1 Laminar Flow

In general, the flow of a fluid can be investigated based on the ratio of the inertial

to viscous forces. This ratio can be expressed as a non-dimensional number
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called Reynolds number (Re), and, as for the flow in a conduit, it can be
formulated as:®

Re=PYDs (2.1)
Y7

where p and y are the density and viscosity of the fluid, respectively, U is the
velocity magnitude of the flow, and Dyis the characteristic length of the flow. For

a microchannel, Dy is equal to the hydraulic diameter, which is defined as:

4A

D, -y (2.2)

where A and P are the area and the premier of the conduit cross section,
respectively. When the inertial forces are small enough relative to the viscous
forces, the fluid flows in parallel layers, and the condition is called laminar flow. In
contrast, when the inertial forces outweigh the viscous forces, then the fluid
undergoes stochastic fluctuations, which is called turbulent flow.6 Fig. 2.2

illustrates streamlines in both laminar and turbulent flows.

A Laminar Flow B  Turbulent Flow
= = = /DC,Q\A
— —_— —_— /;)

— > — — > /;)

Fig. 2.2: Comparison of streamlines in both laminar and turbulent flow.

The onset transition threshold for the Re number to switch from laminar to

turbulent flow is highly dependent on geometry, surface roughness, and the

12



length scale of the flow.> For example, for flow through a smooth channel,
Re < 2200 is generally considered as laminar flow,” whereas a cylindrical liquid

jet at Re ~20 is considered completely turbulent.8

Due to the small size of microchannels, flow inside these conduits is laminar. If
we consider the fluid to be a Newtonian liquid, the continuity and momentum
equations of flow can be written as:®

VU =0 (2.3)

p(aTU+V.VI7J =-VP+ p§+,uvzl7 (2.4)

where U is the velocity vector of the flow, fis time, Pis pressure, and E is the

gravitational vector.

As for flow through a conduit, under specific conditions, where only a pressure

gradient is applied to drive the liquid, the flow is fully developed (V.VﬁzO),

—

steady state (aTU =0), with no effect from gravitational forces ( p§ =0), the flow is

called a Poiseuille flow, and the Navier-Stokes equation (Eqg. (2.4)) can be
simplified and thus solved analytically to calculate the hydrodynamics of the flow.
For example, for a Poiseuille flow in a circular straight conduit, the flow rate

becomes:
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Q:SAT};xxxr“ (2.5)

where rand L are the radius and the length of the conduit, respectively, AP is

the pressure drop across the conduit, and Q@ is the volumetric flow rate.

2.1.2 Flow Resistance

In Poiseuille flows, the pressure drop across the conduit (AP ) and the flow rate
(Q) can be correlated with a constant parameter, which is a function of the
conduit geometry and the viscosity of the fluid. This parameter is called flow

resistance, and can simplify the hydrodynamic solution for the flow as:

_ap

=%

(2.6)

The flow in fluidic networks can be calculated using the same approach as that

used to analyze electrical circuits (i.e. Kirchhoff's circuit laws).? In this case, Eq.

(2.6) can correspond to Ohm’s law (7 =A?V) in electrical circuits,® where the flow

rate (Q) is analogous to electrical current (/), and AP is equivalent to AV . The
flow resistances for various conduits with different geometries have previously

been calculated.0 Table 2.1 lists the flow resistances of some of these conduits.
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Table 2.1: A list of flow resistances of straight conduits with different cross

sections10
Shape R
X UXL
Circle T
b 2
4X ux LX 1+(j
Ellipse a
(2]
TX|— | Xa
a
320X ux L
Triangle \/§><a4
-1
wx h’ 192xh TXW
— | X|1-— tanh
Rectangle 12X ux L T Xw 2xh
Arbitrary - 2XUXLXP
A3

2.1.3 Capillarity

Unlike a gas, a liquid cannot expand freely, and thus, always forms an interface
with another liquid, gas, or solid; capillarity is caused by the interaction between
these interfaces.!' Molecules in a liquid are attracted to each other by cohesive
forces. If we consider a molecule in the bulk of a liquid, it is attracted by all its
neighbors and thus finds itself in an optimum energy state. However, when the
molecule is on the surface of the liquid, it loses half of its cohesive interactions,
putting it in an unfavorable energy state. Assuming the cohesive energy of a

molecule deep within a liquid is “ X ’ a molecule segregated on the surface has
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an energy shortage of % " This shortage of energy per unit of surface area is

defined as the surface tension.'? For example, if a molecule has a diameter of

“d” and the surface area in the order of “= d°”, the surface tension, 7,,, is in the

X

order of y,, = PYopr
X

In general, molecules with Van der Waals cohesive forces have small surface

tensions. For example, at 25°C most oils have a surface tension of

around=2x10>N.m-"1. In contrast water, which contains hydrogen bonding, has

a fairly large surface tension (i.e. =7x10~> N.m-1). Similarly, mercury contains
strong metallic bonds that significantly increase its surface tension

(l.e. =5x107N.m).12

2.1.4 Wetting and Static Contact Angle

Wetting is the capability of a liquid to adhere to a solid or other liquid substrate.!2
Various studies have been performed to investigate the collision of a liquid
droplet on a solid surface,’® a thin liquid film,"* or the bulk of a liquid.’> When a
small droplet is deposited on a flat solid substrate, two scenarios may occur, as
shown in Fig. 2.3. Spreading parameter, S, which defines the difference between

the energy states of the system before and after deposition of the droplet (per
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unit of surface area), is used to distinguish between two scenarios, and can be
expressed as:'?

S=G

dry substrate T Yyver substrate

(2.7)
or alternatively,

S =756~ (Vo + 716) (2.8)
where y.;, 7, and y,.are the surface tensions of the solid/gas, solid/liquid and

liquid/gas interfaces, respectively.

In the scenario where S$>0, the liquid wets the entire surface so as to lower its
energy state and ideally, where there is no evaporation, a thin film of liquid with
nanometer thickness is formed on the substrate. In this scenario, the static
contact angle between the liquid and the solid surface is zero (©e=0°) and it is

called total wetting.

In the scenario where S<0, the droplet forms a spherical cap deposited on the
surface, and the phenomenon is called partial wetting. In the case of using water
as the liquid, two conditions are possible: (i) if ©e<90°, the substrate is called

hydrophilic or (ii) if ©e>90°, the surface is called hydrophobic.

17



S>0 . S<0
¥ X
| L

Total wetting Partial wetting

(Superhydrophilic) /\

Hydrophilic Hydrophobic
Op<90° Op>90°

Fig. 2.3: Possible wetting scenarios following the deposition of a droplet on a
solid surface; two conditions are possible: if S>0, the droplet completely wets the
surface and is called total wetting (6e=0°), whereas if S<0, a minimal energy
state is produced where the droplet only partially wets the substrate and is called
partial wetting. In this condition two scenarios are possible: in the case where
©e<90°, the substrate is called hydrophilic, whereas in the case where 6e>90°,

the substrate is called hydrophobic.

When a droplet is deposited on a flat substrate, Young’s equation can be used to

correlate the surface tensions of three phases with the static contact angle as:'6

VG XCOS&E =Vs¢ ~ Vst (2-9)
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In general, high energy substrates, such as those composed of materials with
metallic, and ionic bonds have a tendency to make more wettable surfaces

compared to lower energy substrates with covalent bonds such as polymers.1?

2.1.5 Advancing and Receding Contact Angles

The static contact angle, ©e defined in Young’s equation is valid only when the
substrate is planar without any surface contamination.'? However, when we
inflate a small droplet, the contact angle starts increasing without any motion of
the liquid/solid contact line. If we keep inflating the droplet after it reaches the
threshold value for the contact angle, the contact line of the droplet also begins to
move; this threshold value of the contact angle is called advancing contact angle,

©,, as shown in Fig. 2.4A.

Similarly, when we deflate a droplet, the static contact angle decreases to a
threshold value, after which the contact line begins to move; this value of the
contact angle is called receding contact angle, ©;, as shown in Fig. 2.4B. The
difference between the advancing and receding contact angles is called contact

angle hysteresis.12

19



Advancing contact angle Receding contact angle

Fig. 2.4: Advancing and receding contact angles of a droplet. (A) The threshold
contact angle when the liquid/solid contact line starts moving during droplet
inflation is called advancing contact angle. (B) Similarly, a receding contact angle
is defined as the contact angle after which the contact line begins to move while

the droplet is deflated.

Various studies have been conducted to model the contact angle hysteresis and
the variations in contact angles when the liquid/solid contact line moves. A

comprehensive review on the topic can be found in the work by Eral ef a/..18

2.1.6 Capillary Pressure in Microchannels
When a liquid is deposited at the inlet of a microchannel, in order for the liquid to
spontaneously fill the conduit by capillarity, the interfacial energy of the system

needs to be larger when it is in a dry state than when it is in a wet state , or:
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AG = Yo, XAAg; + Vg XAAg, + 7,6 XAA, ; <0 (2.10)
where AG is the respective changes in the interfacial energy in the two states
and AA; are the changes in the interfacial areas in the solid, liquid, and gas
phases. Eq. (2.10) is valid assuming that we can neglect the effects of
gravitational forces. The variation in the interfacial energy of the system creates a
pressure difference across the interface between the liquid and its neighboring
media. This pressure difference is called capillary pressure, which can be

correlated with the energy difference as: 1°

_aG
VL

AP (2.11)

where AP is the capillary pressure, and V. is the volume of the liquid transferred
in to the system. The capillary pressure provides a negative pressure and pulls
the liquid inside the conduit. Using Egs. (2.9), (2.10) and (2.11), the capillary
pressure of straight microchannels with various geometries can be calculated.
For example, the capillary pressure generated in a circular capillary with the

radius of rcan be written as:20

_2Xy,5Xcos8

AP = (2.12)

r

Similarly, a capillary pressure of a rectangular microchannel can be expressed

as: 20

cos@, +cosb, + cos6 + COSQ} (2.13)

AP:_yLG[ W h
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where wand A are the width and the height of the microchannel respectively, and
the 6., ,, , are the contact angles between the liquid and the bottom, top, left, and

right walls of the microchannel.

It is worth mentioning that in some examples of capillary driven flows, such as
when the conduit is not straight or some of the walls are hydrophobic, there are
other effects such as corner flows, which play an important role in defining the

capillary pressure, complicating the calculation.?!

2.2 Birth and Evolution of Microfluidics

Although the fluid dynamics in microscale dimensions have been investigated
since the 18th century 22.23 in the context of viscous flow,24. 25 liquid jet breakup,26
colloidal sciences,?’” and plant biology,28 29 the development of methods and
technologies to precisely dispense and regulate fluids in microscales only dates

back to the 1950s, with the invention of inkjet printing.

In 1951, Elmqvist of Siemens was the first to patent an inkjet printing
mechanism,30 which can be recognized as the first microfluidic device. The
invention was later developed and became the first commercial inkjet printer

used for recording analog signals.3' Following Elmqvist's design, major

22



companies such as IBM, Canon, and Hewlett-Packard developed various inkjet
technologies for use in computer printers.3' For example, in the 1970s, IBM
introduced electrostatic inkjet printing technology, which was used for word
processing hardcopy-output.32 Similarly, Canon independently developed the
bubble jet printer, where a small heater near the nozzle orifice generated the
growth and collapse of a water vapor bubble that pushed the ink out of the
nozzle. Subsequently, they used the technology for making low-cost inkjet

printers.33

Although printing technologies continued to advance, microfluidic dispenser
technology was not applied to the life sciences until the 1990s, when an interest
in arraying a library of multiple targets, such as cellular genes, DNA, and protein,
lead to the development of technologies such as the dot blot, and later,
microarrays,34-36 which allowed biochemical experiments to be performed in
parallel.3”. 38 Due to the high throughput nature of these technologies,
miniaturization and automation were necessary. As a result, in the last twenty
years, various microfluidic spotters, including inkjet printers (1996),3° pins
(1997)40 and TopSpot® printers(2000)4'. 42 were developed and adopted to
generate microarrays. An interesting article reviewing various mechanisms of

microfluidic spotters can be found in a work by Haeberle ef al. 3
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The technology of making microfluidic devices, in which the fluid flows inside
microchannels, dates back in the late 1970s. In 1979, Stephen Terry ef a/43 used
the fabrication techniques for making micro-electromechanical systems (MEMS),
and presented the first miniaturized gas chromatography device, which was the
first MEMS-based microfluidic device. However, it was not until 1990 that
microfluidic systems started to gradually gain attention. Anderias Manz et al.44
were the first to introduce the concept of miniaturized total analysis systems
(MTAS) and described the unique advantages of miniaturization, which lead to
the development of various glass- and silicon-based microfluidic systems for the
life sciences, including a capillary electrophoresis microfluidic chip.45 After the
development of glass- and silicon-based PTAS, another turning point in

microfluidic technology was soft lithography, which was presented by
Dr. Whitesides’ lab in 1996.46-48 The technique significantly decreased the capital

investment required for the manufacturing of microfluidic devices, thus allowing
the field to flourish and making it an attractive application for use in the life
sciences. From 1998 onward, the field of microfluidics experienced rapid growth
and brought about the introduction of various novel technologies to address
complex biochemical and health-related problems; such technologies include

multilayer soft lithography (2000)49, autonomous capillary systems (2002),5° and
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paper-based microfluidics (2007)%1. These techniques had various applications,
such as high throughput analysis of biomarkers,52 low-cost point-of-care
diagnostics,3 % and synthesis of microparticles,% 56 thus solidifying the role of
microfluidics as a powerful tool in the life sciences. It is believed that the
application of microfluidic devices will continue to grow and will be used to solve
more complex health-related problems, such as diagnosis of complex diseases
like cancer,5” or personalized therapeutic techniques like gene therapy, by
encoding DNAs to produce therapeutic protein drugs, or injecting the engineered
DNAs for replacing the mutated genes in patients cells.58 Fig. 2.5 illustrates the
birth and evolution of microfluidic devices.

Elmqvist’s invention = Commercialization of low Rapid growth in the Low cost
for ink jet printing  cost ink jet printers by IBM, applications of microfluidic POC diagnostics

Canon and Hewlett Packard devices
Microfluidic spotters for
microarray fabncatlon

1950’ 1980’ 1990’ 2000’ 2010’
IIIIIIIIIIIIIIIII

o

First Terry’s microfluidic Introduction Iptroductl_on Of_SOﬂ llt.hc.)graph) made
MEMS devices gas chromatography ~of uTAS ~ inexpensive microfluidic prototypes
available

Fig. 2.5: Birth and Evolution of microfluidics. Modified from a graph by Gervais ef

alse
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2.3 Liquid Handling Mechanisms

To drive the liquids into the microchannels, various forces can be used to
generate a pressure gradient in the conduits. Some of these forces include
electric fields that generate electro-osmotic flow,50 sound waves that generate
acoustic streaming (acoustofluidics),6' and mechanical forces that generate
hydrodynamic pressure (i.e. using syringe pumps). However, most of these
liquid-handling strategies require significant macro accessories, such as external
pumps and complex power supplies,2 63 making them bulky and expensive to

fabricate.

During the past decade, a number of microfluidic platforms have been proposed
in which the liquid handling can be performed in a self-powered and self-
contained format, making these devices portable. These systems include
centrifuge-based microfluidics (Lab on a CD),%4 structurally programmable
microfluidic systems (sPROMs),%% chemically-powered microfluidic chips,®6. 67
electrophoretic-based microfluidic immunoassays,68. 69 electro-wetting based
digital microfluidics, 70 and microfluidic capillary systems.50.71 These devices are

discussed below.
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Lab on a CD devices use centrifugal forces to drive and control liquid flow. These
systems are advantageous for many applications, particularly those where a high
flow-range is needed. Consequently, these devices have been commercially
successful for use in point-of-care diagnostics.”?2 Nevertheless, they need

external rotational instruments to drive and control the liquid flow rates.64. 73

sPROMS5 and chemically-powered® devices use a chamber with either
pressurized air or H20O2, integrated into the chip as their pumping system. The
chamber is either electrically activated®® or manually triggered.66 In addition,
these systems include passive microfluidic manipulation systems, which allow
preprogrammed sets of microfluidic operations. Some disadvantages of these
systems are that the liquid flow rate is not fully controllable (the pumping systems

are not programmable) and they provide a limited range of flow rates.65. 66. 74

Electrophoretic-based systems rely on the electrophoretic transport of ionic
molecules, and are used to separate molecules based on their hydrodynamic
radius and their charges. These devices can perform complex liquid operations,
including the separation of the desired molecules (i.e. using molecular weight
cut-off methods). However, having gels inside their systems makes them

complicated to preserve and expensive to operate.?8. 69
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As an interest for this thesis is to develop capillary-driven fluidic devices, the
following section will illustrate a few examples of capillary driven microfluidic

systems.

2.4 Capillary Microfluidics

In Capillary Microfluidics (CM), the capillary pressure generated between the
liquid and its surrounding interface drives and controls the flow. As a result, these
devices do not need any peripheral equipment, such as external pumps, which
makes them portable and inexpensive to fabricate. During the past decade,
various capillary-driven microfluidic platforms have been developed, among
which, fibrous CM,5*.75 positive pressure CM 76.77 and autonomous CM®0. 78 are

worth mentioning. These platforms are briefly explained in the sections below.

2.4.1 Fibrous Capillary Microfluidic Systems

Fibrous CM systems employ fibrous materials, such as paper or thread, to
transport liquids using capillary forces. Various attempts have been made to
pattern microchannels and reservoirs in paper. For example, Whitesides and

colleagues used photolithography and wax printing to pattern microchannels and
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reservoirs in paper.51.79-81 Similarly, other groups created microchannels in paper

by cutting it using a computer controlled knife82 or a laser cutter.83

Efforts have also been made to enhance the functionality of fiborous CM by
integrating various capillary-driven valves into these systems. For example, Noh
et al® regulated the flow rate in paper-based microfluidics by printing various
concentrations of paraffin wax in paper, and Toley ef a/.8 integrated a sodium
polyacrylate gel as a swellable polymer actuator, and showed that the actuator

can be used to either stop or start the liquid flow after a certain amount of time.

2.4.2 Positive Pressure Capillary Microfluidics
A hemispheric droplet with a radius of r has a capillary pressure that can be

calculated as:86

Ap =2V (2.14)

r

In positive pressure CM, two hemispheric droplets with different radii are
deposited at the extremity of a microchannel. The difference between the
capillary pressures generated by these two droplets drives the liquid from the
smaller drop to the larger one. The principle of these devices is illustrated in Fig.

2.6. Due to their simplicity, these systems have been used in various
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applications, including gradient generators8” and high throughput analysis of

cells.88

A B

Reservoir drop Pumping drop

IL

Flow direction

Fig. 2.6: Schematic illustrating the capillary-driven pumping method used in

positive pressure CM. (A) A side-view of a hemispheric droplet with the radius of

curvature, r, which generates a capillary pressure AP =%. (B) The difference
r

between the capillary pressures generated by the two droplets drives the flow
from the small drop (pumping drop) to the larger one (reservoir drop). Adapted

from Walker ef a/..76

2.4.3 Autonomous Microfluidic Capillary Systems (AMCS)

In AMCS, the capillary pressure in a microfluidic circuit is preprogramed by
engineering the geometry of the microconduits. Delamarche and colleagues were
the first group who introduced the concept of AMCS.%0 Their very first device
consisted of five parts: (i) a service port, (ii) an access channel, (iii) a capillary
retention valve (CRV), (iv) a reaction chamber, and (v) a capillary pump (CP), as

shown in Fig 2.7A. Their CP consisted of parallel microchannels, which defined
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the capillary pressure and provided sufficient volume to pump the solutions. The
CRV was a localized narrow microchannel with high capillary pressure (higher
than that of the CP), which prevented the access channel from being drained.
The reaction chamber was fabricated with a shallow depth so that it dominated
the flow resistance of the circuit, and thus the flow rate of the circuit stayed
constant as the liquid progressed in the CP. One of the main advantages of their
platform was that upon depletion of the liquid from the service port, the liquid
stops at the CRV, and thus prevents the bubble-trapping or cross-contamination,
allowing them to add another liquid and perform multistage reactions, as shown
in Fig 2.7B. Using this process, they showed that they can perform a 16-step

sandwich immunoassay to detect a cardiac marker (CRP).50

—— CP
e —

i : — i Closed

H Ser\“ceg H section

i i ‘‘Reaction

i port | Access CRV | cp — —

.‘chamber Via

;chanQ:al \ ;

Cover

Open

Service Channel

Port

CRV |

Fig. 2.7: Schematic of autonomous microfluidic capillary systems. (A) Top and

PMS subs;rate

front views of the very first AMCS, illustrating its five functional parts: service

port, access channel, capillary retention valve (CRV), reaction chamber, and
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capillary pump (CP). (B) Operation of the AMCS. A solution is introduced into the
service port that spontaneously fills the conduits and moves to the CP. As all the
liquid drains from the service port, the liquid stops at the CRV, allowing a second
liquid to be introduced into the system without trapping any bubbles or any cross-

contamination. Adapted from of Juncker ef al.. %0

Later, to enhance the functionality of the AMCS, the group introduced and
integrated various capillary pumps and valves into their systems.89. %0 For
example, it's theoretically proven that abrupt changes in the dimension of the
capillary will change the curvature of the meniscus at the filling front, and this can
be used to stop the flow or regulate it, as shown in Fig. 2.8A.%
Zimmerman et al. % implemented this principle and designed a variety of stop
and trigger valves. Their stop valves consisted of a PDMS sealing layer, which
was hydrophobic, and the chip, which was hydrophilic. They found that although
the PDMS prevented the failure of the valve at the top wall, their valves fail after
a few seconds by leaking through the bottom wall, which is hydrophilic. To
resolve the issue, they minimized the area of the bottom wall by fabricating high
aspect ratio valves (i.e. depth/width>10). They then showed that they can stop
the liquid for up to 5 minutes with a success rate of 85%, enabling them to design

a trigger valve by combining two stop valves, in which two liquids must meet in
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the valve to trigger flow through the main channel. The micrograph and operation

of one of their trigger valves are demonstrated in Fig. 2.8B&C.

A C
/ Oum BT = 2000 WV Sagral A = InLens
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Contact angle of liquid Change of curvature of filling
with channel walls front at the restriction

Filling front
stopped

Fig. 2.8: Principle and operation of the capillary trigger valves. (A) It has been
shown that in a two dimensional microchannel, if the abrupt enlargement of the
conduit curvature is set in a way that >(90°-6¢), the liquid would stop at the
restriction.®! (B) SEM micrograph of a trigger valve made with the an aspect ratio
of ~10. (C) Operation of a trigger valve to prevent the liquid from entering the
main channel. Once the liquid fills the second conduit, the valve is triggered, and

the flow starts in the main channel. Adapted from Zimmerman ef al. %°

Other than designing different valves for the AMCS, the group investigated the
possibilities of preprogramming the capillary pressure in the CPs using three
strategies; (i) microposts with various densities, (i) parallel tree line

micochannels, and (iii) posts with different shapes (i.e. hexagons, balled lines,

33



etc.), as shown in Fig. 2.9A. Additionally, since the progression of the liquid filling
front was not well controlled, bubbles could potentially get trapped in their CPs,
introducing inaccuracies in the volume of the liquid metered by the CP. To
resolve this issue, they proposed arch-shaped hierarchical bridges with
decreasing capillary pressure, which acted as a delay valve; thus avoiding
trapping any bubble, as shown in Fig. 2.9B. Finally, using this strategy, they
showed that they can connect various CPs with different capillary pressures in

series, as shown in Fig. 2.9C.8°

"Posts" "Tree lines" "Hexagons"

Fig. 2.9: Pre-programmable CPs. (A) Possibilities of engineering the capillary
pressure in the CPs using posts with various densities, tree line microchannels,
and posts with different geometries (e.g. hexagons). (B) Arch-shaped hierarchical
bridges at the end of a CP that avoid trapping bubbles. (C) Hierarchical bridges
allow for the serial connection of different CPs with different capillary pressures.

Adapted from Zimmerman ef a/.8°
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Attempts have also been made to combine some of these CPs and valves to
make capillary circuits and perform bioassays.t6. 92 93 For example,
Gervais et al®%? dehydrated various reagents in different parts of a capillary
circuit, and, by engineering the flow resistance of the circuit, limited the crosstalk
between reagents, thus showing that the circuit can perform a one-step

immunoassay with multiplexing capability, Fig. 2.10.
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Fig. 2.10: AMCS used to perform multiplex one-step immunoassay. The inset
micrographs illustrate various capillary elements designed for the circuit,
including: (i) a reservoir to dehydrate and then rehydrate the detection antibody
(dAb), (ii) a mixer using a serpentine microchannel for releasing dAb, (iii) a flow
splitter that allows for multiplexing ability, (iv) flow resistors (R1-Re) to control the

flow rate in each microchannel, and (v) CPs. Adapted from Gervais ef a/.%2
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In Chapters 5 and 6, we further expand the functionality of these systems by

introducing new CPs, valves, and capillary circuits.

2.5 Immunoassays

The body’s immune system produces specific proteins known as antibodies or
immunoglobulins to recognize extrinsic molecules or pathogens in the body.%
Each individual antibody binds to a specific molecule named an antigen (i.e. an
antibody generating molecule). In immunoassays, the strong and specific binding
between an antibody and its corresponding antigen is used to identify a protein of

interest in a sample.®

Over the past 50 years, various immunoassay formats have been developed.
However, the most common approach used in point-of-care diagnostics is called
sanawich heterogeneous immunoassay. The general protocol for carrying out the
assay is illustrated in Fig. 2.11A. First, a protein, normally an antibody, is
immobilized on a surface using physical absorptions or chemical bindings.% This
protein is called a capture antibody. Second, the sample is delivered over the
capture antibody and the protein of interest binds specifically to the capture
molecules. Finally, a detection antibody conjugated with a label is introduced and

binds to the captured sample, forming a sandwich. Having a label conjugated
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with the detection antibody is used to identify whether or not the protein of
interest is present in the sample. Additionally, the concentration of the label at the
capture surface is used to quantify the concentration of the protein.

The human body can produce around 108 different antibodies.®” These antibodies
can be categorized as either immunoglobulin A (IgA), IgG, IgM, IgE, or IgD,
depending on the type of heavy chain that they possess.?* IgGs are the most
common type of antibody used in immunoassays. The structure of these
antibodies is shown in Fig. 2.11B. It consists of four polypeptide chains, two y
heavy chains (shown in red) and two similar light chains (shown in blue). The
heavy and light chains are connected to each other via disulfide bonds, causing
the antibody to form a Y-like conformation. Also each IgG has two Fas
fragments, which specifically bind to the antigens and an F¢ region, which holds

the antibody together.94. 98
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Fig. 2.11: Sandwich immunoassays (A) Schematic illustrating the steps required

Chain

to perform a heterogeneous sandwich immunoassay. First, a capture antibody is
immobilized on the surface. The sample then flows over the capture surface
resulting in the binding of specific antigen of interest to the capture antibody.
Finally, a detection antibody conjugated with a label passes over the captured
antigen. (B) The structure of an IgG antibody. Due to the disulfide bonds between
the y heavy chains and the light chains, the antibody forms a Y-like conformation.
The Fag fragments are the regions where the antibody binds specifically to its
antigen of interest, while the Fc fragments hold the antibody together. Modified

from Purves et a/98

Antibodies are generally categorized as either polyclonal®® or monoclonal.100

Polyclonal antibodies are a combination of different antibodies specific to the
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antigen of interest; thus, they can bind to different epitopes of an antigen. These
antibodies are popularly used as capture antibodies in immunoassays.%°

In contrast, monoclonal antibodies are specific for a single epitope of an antigen.
These antibodies are more specific than that of the polyclonal ones and are

mainly used as a detection antibody in an immunoassay.'00

2.6 Dynamics of the Mass Transfer in Heterogeneous Immunoassays

In order to produce a quick assay with high sensitivity and minimal sample
requirement, it is essential to optimize the assay conditions (such as flow rate,
concentration of patterned capture molecules, and the geometry of the reaction

chamber).

In general, the mass transfer dynamics in microfluidic immunoassays can be
classified into three major physico-chemical processes: convection, diffusion, and
surface binding.’01. 102 The convection along the microchannel is the dominant
mass transfer along the axis of the microchannel; diffusion is the principle
process for transporting an analyte from the bulk layer to the mass transfer
boundary layer; and the surface binding brings about the reaction of an analyte
from the boundary layer to the solid surface, which is functionalized over the

capture zone. Fig. 2.12 illustrates the three processes.
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Fig. 2.12: Schematic diagram illustrating the three physico-chemical processes
(convection, diffusion, and surface binding), and key parameters in this study.
The parameters A, and Lo define the microfluidic geometry. Adapted from

Parsa et al..101

In the condition where the microchannel can be assumed as a two-dimensional

conduit, i.e.ﬁ << 1, where A and w are the height and width of the microchannel,
w

respectively, three timescales can be defined: (i) a convection timescale (%), (ii) a
diffusion timescale (4;) and (iii) a reaction timescale (7).

The convection timescale can be calculated as: 101

(2.15)

where Uis the average flow velocity, and L is the length of the reaction chamber.

The diffusion timescale can be quantified by:
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;= (2.16)

where D is the diffusion coefficient, and can be calculated from the Stokes-

Einstein-relation as:102

kxT

D=——
6XTXUXR,

(2.17)

M is the dynamic viscosity of the sample, R is the hydrodynamic radius of the

molecules, kis the Boltzman constant, and 7is the absolute temperature.

The reaction timescale can be expressed as: 101

h

t=—— 2.18
’ k{mXCSO ( )

Kon (Mm3/mol.s) is the association rate constant, the rate at which smaller
molecules bind to form more complex compounds, and Cs is the concentration

of surface-bound capture antibody.102

Based on these timescales, non-dimensional numbers have been defined to

perceive the dominance of each mass transfer phenomenon with respect to one

another. For example, Da =

—konxgsoxh (Damkohler number) is the ratio of the

diffusion time scale and the reaction time scale,’02 103 and explains the
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dominance of diffusion over reaction in the process. For Da >>1 the assay is

diffusion limited, whereas for Da <<1 the system is confined by the reaction

limited regime. Alternatively, &= LXD2
UXh

(Graetz number) is the ratio of the

convection timescale over diffusion timescale, and demonstrates the significance

of axial convection over lateral diffusion.101. 103

Using these non-dimensional parameters, it is possible to determine and

optimize various parameters including (i) what operating regime the assay would
fall into. The operating regime can be either reaction limited or the diffusion
limited, (ii) what is the critical flow rate at which the sample needs to pass over
the reaction zone. The critical flow rate is the flow rate below which running the
assay would take longer time, without gaining any signal, and (iii)) how much
reagent needs to be used in order to detect a maximum signal.

2.7 Detection Systems Used in Microfluidic Inmunodiagnostic Devices

Different methods have been developed to detect the binding events of
immunodiagnostic assays, which can be mainly classified into electrochemical

and optical methods.104. 105

Electrochemical detection methods are based on the measurements of voltage,

solution resistance, current, and current-voltage profile. These methods include
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amperometric (measuring the currents as the output), conductometric (measuring
the conductive properties of the electrodes), and potentiometric (measuring the
charge accumulation).1% The Electrochemical systens can successfully quantify
the concentrations of certain small molecules such as glucose, urea, and
electrolytes. However, since they are very sensitive to the variations of physico-
chemical factors in the sample, such as pH, ionic concentrations, and
temperature, they are not ideal for all assays, including those require low

detection limits such as cancer biomarkers.104

Optical detection methods have also been used in the Lab-on-a-chip
applications, which can be mainly categorized into Surface Plasmon Resonance
(SPR), colorimetric/absorbance, fluorescence, chemiluminescence, nanoparticles
and nanowires, and spectroscopic methds.'%4 A comprehensive review on the
topic can be found in Myer et a/. .1%4 SPR detections are based on the change in
refractive index at a metal surface, which has been functionalized with the
capture molecules. The techniques are sensitive, and can be integrated into
microfluidic systems. As a result, SPR-based, disposable biosensors are
available commercially.107. 108 Despite these advantages, SPR-based techniques

are sensitive to temperature variations, and require a metal deposition process
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on the chip, which makes the fabrication process of the biosensor costly. Also

they are less sensitive than fluorescence based methods in practice.04

Fluorescence detection is another commonly used method in biosensor
applications. The technique has excellent sensitivity and popularly used in
commercially available biosensors.'%4 There are different protocols available for
selectively labeling molecules.'%4 However, auto-fluorescence is a problem with
many materials, including polymers, papers, and some biomolecules present in
the sample. In addition, although there have been various attempts to integrate
fluorescence detection systems on-chip,'%® the detection systems require
expensive hardware (i.e. fluorescence microscopes), which is difficult to

miniaturize.

Chemiluminescence detection methods, where a chemical reaction causes
photochemical emission, are also very sensitive. 110 As a result, a number of
point-of-care diagnostics have been developed using chemiluminescence
detection methods."1. 112 The main advantage of these systems is that they do
not require any excitation instrument, and consequently, the problems associated
with the background noise are eliminated. Similarly in electrochemiluminescence

(ECL) methods the a luminescent reaction happens only when an appropriate
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voltage exists in the solution containing the luminescent compounds.?13.114
Nevertheless, these systems require highly sensitive detectors, which make them
quite expensive.04

Nanoparticles have also recently improved both optical and electrochemical
detection methods by enhancing their sensitivity, increasing their shelf-life, and
improving their controllability.’94 As for the optical methods, different types of
nanoparticles have been introduced and commercialized for point-of-care
diagnostic devices.’* For example, gold nanoparticles are commonly used to
label secondary antibodies in the lateral flow assays. These nanoparticles
enhance the detection sensitivity through catalytic silver deposition, allowing for
imaging. Alternatively, ceramic phosphorous nanoparticles have also recently
been introduced, which can absorb multiple photons of infrared light and emit

photons in the visible spectrum.104

Overall the variety of the detection techniques described above can measure the
analyte binding at a surface. However, the choice of the detection method
depends on the required sensitivity, type of the analyte, which needs to be
measured, and the ultimate price of the disposable biosensor and its available

interfaces.
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2.8 Summary

In this chapter we briefly presented the background knowledge required to
understand the remainder of the dissertation. First we explained the dominant
fluid phenomena in microchannels, including laminar flow, surface tension,
wetting, and capillary pressure. We then provided a historical review of liquid
handling mechanisms developed over the last 70 years with a main focus on
capillary microfluidic systems. Afterwards, we discussed immunoassays and
showed how they can be optimized and integrated into microchannels to identify
proteins of interests. Finally, we presented a few examples of available detection
methods which can be integrated into microfluidic devices and used to measure

the binding of an analyte on a surface.
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Chapter 3: SU-8 pins for microarray spotting

3.1 Preface

Pin spotting has been widely used for printing microarrays over the last decade.
These array of pins operate by first dipping them in a 96 or 384 microtiter well
plate containing spotting solutions, retracting it along with a small droplet of
solution captured by capillary effects and then printing the pin array onto a
surface, thus affecting the transfer of the solution from the pin to the surface.
Currently, these pins are fabricated out of metals, ceramics, or silicon, and thus
they are either expensive to fabricate, or very brittle and break easily upon
contacting to the surface of the substrates.

Our work presents a post processing annealing protocol, which allows making of
30 mm long and straight free standing structures out of SU-8, and then uses this
fabrication process to make SU-8 pins for microarray spotting.

The main novelty of this work is 1) the fabrication process for making fully flat
free standing structures out of SU-8, and 2) the design of the pins, which have a
novel stop valve to transfer a very accurate amount of liquids.

This work resulted in the following publication:

Safavieh, R., Roca, M.P., Qasaimeh, M.A., Mirzaei, M. & Juncker, D. Straight

SU-8 pins. Journal of Micromechanics and Microengineering, 20, (2010).
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3.2 Abstract

SU-8 can be patterned with high resolution, is flexible and tough. These
characteristics qualify SU-8 as a material for making spotting pins for printing
DNA and protein microarrays, and potentially replace the commonly used silicon
and steel pins that are expensive, brittle in the case of silicon, and can damage
the substrate during the printing process. SU-8 however accumulates large
internal stress during fabrication and as a consequence, thin and long SU-8
structures bend and coil up, which precludes using it for long, free-standing
structures such as pins. Here we introduce (i) a novel fabrication process that
allows making 30 mm long, straight spotting pins that feature (ii) a new design
and surface chemistry treatments for better flow control and more homogeneous
spotting. A key innovation for the fabrication is a post-processing annealing step
with slow temperature ramping and mechanical clamping between two identical
substrates to minimize stress buildup and render it symmetric, respectively,
which together yield a straight SU-8 structure. SU-8 pins fabricated using this
process are compliant and resilient and can buckle without damage during
printing. The pins comprise a novel flow stop valve for accurate metering of
fluids, and their surface was chemically patterned to render the outside of the pin
hydrophobic while the inside of the slit is hydrophilic, and the slit thus

spontaneously fills when dipped into a solution while preventing droplet
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attachment on the outside. A single SU-8 pin was used to print 1392 protein
spots in one run. SU-8 pins are inexpensive, straightforward to fabricate, robust,
and may be used as disposable pins for microarray fabrication. These pins serve
as an illustration of the potential application of ultralow stress SU-8 for making
freestanding microfabricated polymer microstructures.

KEYWORDS.: SU-8, microarray printing, pins, protein, capillary flow

3.3 Introduction

The negative tone epoxy photoresist EPON SU-8 can readily be patterned with
aspect ratios as high as 20, and with thickness varying from nanometers to one
millimeter.? SU-8 has been used for making a wide variety of devices, including
cantilever based biosensors,? 3 low cost point-of-care diagnostics* ® and
microvalves.6 One of the major drawbacks of SU-8 is its high residual stress,
which leads to bending of the microstructures’. 8 caused by the mismatch

between the thermal expansion coefficients of SU-8 and the substrate.

Many approaches have already been developed to reduce the residual stress in
SU-8. One efficient way is to use an adaptive layer made of polymers such as
polyethylene terephtalate (PET)® or polystyrene® that have an expansion

coefficient similar to SU-8. These adaptive layers also act as release layers,

59



which can be dissolved and allows detaching the SU-8 structures without
resorting to mechanical forces.® 10 Similarly, SU-8 itself can be used as an
adaptive layer by evaporating a protective layer of metal (i.e. gold or chromium)
on top. The sacrificial SU-8 layer is shielded from UV light and from being cross-
linked by the metal, and can thus be dissolved at the end of the process leaving
free-standing structures.'! Another approach is to modify the baking parameters8-
10.12,13 and specifically reduce the temperature of the pre-bake. A Lower pre-
bake temperature results in a higher residual solvent content, which leads to
increased mobility of monomers that in turn allow lowering the post-bake
temperature and thus reduces the overall stress.'3 A drawback of this method is
a high residual solvent content which tends to evaporate subsequently and lead
to stress buildup, which is what we observed as part of our experiments and
describe in the results section. Whereas these strategies help reduce the residual
stress and bending by orders of magnitude, the distortion still remains significant.
Due to these issues, SU-8 has not yet been used for making thin, long
freestanding and straight structures, such as pins for microarray spotting, to the

best of our knowledge.

Pin spotting (or printing) is the original method developed for patterning
biomolecules such as DNA and proteins as microarrays and is still widely used

due to its ease of operation.'4 The idea of robotized pin spotting was introduced
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as early as 1996 for making DNA microarrays.'> In protein microarrays antibodies
or purified proteins are microarrayed instead of DNA. Antibody microarrays are
used analogously to DNA microarrays to measure the concentration of tens or
hundreds of proteins at once from minute amounts of (crude) sample by
measuring the fluorescent intensity on each spot.’® Pin spotting operates by first
dipping an array of pins in a 96 or 384 microtiter well plate containing spotting
solutions, retracting it along with a small droplet of solution captured by capillary
effects on each pin, or inside the slit if there is one, and then printing the pin
array onto a surface thus effecting the transfer of the solution from the pin to the
surface. The transfer of liquid is a result of the balance between the capillary
retention of the pin, and the capillary effects resulting from the dynamic contact
between pin and substrate; a microscopic gap is formed immediately before and
after contact between pin and substrate and draws liquid onto the surface.
Scaling is easy for contact printing and print heads with 96 pins are common, and
heads with up to 192 pins have been produced,'” which is much larger than for
bioinkjet printers that are limited to 16 or 32 heads. The scalability stems from the
fact that loading and spotting operate using capillary effects so that a single
functional pin can be cloned and used as part of an array of pins with identical

properties for each one.

61



Many different pin designs have been developed ranging from simple needles
with a blunt tip useful for a few spotting cycles only to pins with slit and reservoirs
that can be used to print hundreds of spots following a single dip-loading.'# Pins
are traditionally made out of stainless steel, tungsten and titanium, and are
manufactured serially using techniques such as sawing, grinding, electric
discharge machining (EDM), and laser machining.'4 5 Ceramic pins and
microcapillaries'8 have also been made and shown to be more durable and less
susceptible to tapping forces, while improving the spot morphology and
consistency.'® However, both for metal and ceramic pins the fabrication remains

time consuming and cost intensive.

More recently, Si pins have been introduced. These pins can be fabricated by
batch processing using micromachining techniques such as deep reactive ion
etching. When using Si, much higher resolution can be achieved, much smaller
pins can be made, and they can be arrayed at a much higher density, up to one
pin every 2.25 mm (which is the same spacing as a 1536 microtiter well plate).!”
However, the Si pins remain expensive, because costly deep reactive ion etchers
are needed, and they need to be etched through a wafer, further entailing long
fabrication time. Another drawback of Si is that it is a brittle material, and

consequently the pins break easily during manipulation and the tips rapidly
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deteriorate and lose their functionality. Si pins therefore need to be replaced
regularly. In addition, another important issue of these pins is droplets sticking on
the outside of the pins, which is more pronounced with rectangular silicon pins

compared to the rounded steel pins.20

One of the major issues with the usage of pins is that the contact between the pin
and the substrate can lead to inhomogeneous spreading of the sample. Spot
homogeneity still remains a challenge despite many years of work on pins and is
difficult to control, as it depends not only on the geometry of the pin itself, but
also on its surface chemistry, on capillary effects, and can vary as a function of
the number of printing cycles. In particular the first spots tend to be larger than

the later ones as the solution is being used up.

Polymer materials have not been used for fabricating pins despite the fact that
they are inexpensive, tough and therefore likely to sustain many printing cycles.
An important reason is that polymers are difficult to structure at the microscale
with the high aspect ratios needed for making spotting pins, with the notable

exception of SU-8, but which suffers from high internal stress.
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In this paper, we present a novel fabrication process with an annealing step for
making long, thin freestanding SU-8 structures that are straight over a length of
thirty millimeters without measurable bending as assessed by optical microscopy.
This process is used to make SU-8 pins with an improved design, including a
novel capillary stop valve that allows precise metering of the sample. We also
introduce surface patterning of pins by microcontact printing of hydropbobic and
hydrophilic thiols on the rectangularly shaped pins. We illustrate the resilience of
SU-8 pins by reversible buckling them, and assess their spotting performance by
testing the number of spots that can be produced and measuring the

homogeneity of a microarray of spots.

3.4 Design of the pins

The pins need to be inserted into a commercial pin holder (see Fig. Sl. 1 in
APPENDIX |) with collimators that serve to align the pins and made for pins that
are 200 pym thick and 1 mm wide, and which impose the width and thickness of
the pins.'” The length of the pins was chosen to be 30 mm, which is needed to
reach the bottom of the wells of microtiter plates for loading liquids. The design is

shown in Fig. 3.1.
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a X=1 mm b
& Stop valve

Fig. 3.13 Design features and dimensions of the pin. (a) Overview of the pin and
(b) view of the tip, slit and the stop valve. (c) Enlarged view of the tip of the pin
and (d) featuring the [two] layers of the pins. (e) Bubble with a capillary stop
valve, the capillary stop valve was designed to stop the liquid at the end of the
microchannel; R = 200 um is the radius of curvature in the top part of the stop
valve, r = 50 uym is the radius of curvature in the bottom part of the stop valve,
and [ is the angle at the interface between channel and bubble, which makes the

liquid stop at the end of the channel.
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The pins can be divided into three functional parts. The first one is the tip, which
comes in contact with the substrate and controls the size of the spots; the second
one is the slit, which acts as a microfluidic reservoir and a capillary pump; and
the third part is a “bubble” with a stop valve, which is used to precisely control the
amount of liquid loaded into the pin. The basis for our design were the pins
commercially distributed by Parallel Synthesis,'” The main changes are the
bubble & slit geometries, surface chemistry and material used, all of which

contribute to added functionality.

34.1Tip

The size of the tip is determined by the thickness of the tip and its width, which in
turn controls the size of the spot deposited on the surface. The pin consists of
one or two layers (Fig. 3.1d), where the first layer controls the “height” of the
spots, £ and the two layers together make up 200 um in thickness, which is
imposed by the size of the collimator. When making 200 ym spots, a single layer
is suitable; however, for spot sizes less than 200 um two layer pins are needed.
A tip with a square cross-section of 100 x 100 ym?2 leads to a spot with a rounded

square shape with a diameter of 140 pym.
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3.4.2 Slit

For spontaneous filling of the microfluidic channel there needs to be a free
energy gain. The increase of solid-liquid interface during filling (energy gained)
needs to compensate for the increase in liquid-air interface (energy lost) in the
slit. Expressed differently, the capillary pressure at the filling front in the slit
needs to be negative. For pins with a slit (capillary gap) of width wand a depth £,
and an advancing contact angle between solid-liquid interface in the
microchannel, 8-, the governing equation for the total pressure of the liquid in the
pin’s slit can be written as follow :2!

+ﬂ_ 2yCos8,

P= +pgh<0

t w (3.1)

For a capillary slit with a maximal length of 7 mm, as is the case here, the
hydrodynamic pressure difference due to the gravity is AP = 70 Pa and can be
neglected, when compared to the capillary pressure. The pressure in the liquid
depends on the width of the slit and on the aspect ratio, #/w. By decreasing the
aspect ratio, the capillary pressure decreases and when the ratio of the
thickness, # to the width, w, approaches one, filling becomes conditional on
having contact angles very close to zero degrees, and turns into energetically
unfavorable under all circumstances for f = w. Using a design according to the
one proposed here, the thickness of the slit is £= 200 ym, water was assumed as

a working media with y = 70 mN.nmr’, and 6. = 45°22 Under these conditions
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AP<Ofor w< 141 uym, and the liquid will fill the slit spontaneously. Fig. 3.2. shows
the capillary pressure of the liquid as a function of the width w of the slit. In order
to ensure robust filling of the pins and provide a sufficient volume, w was set to
100 pm. Close to the tip, where the thickness and width of the pin are reduced, w
narrows down as well, but since the tip is the last to be drained, it does not affect

the capillary pressure during spotting.
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Fig. 3.214: Capillary pressure of the liquid as a function of the width w of the slit

for a constant thickness t = 200 um and a liquid-solid contact angle 8a = 45°. The
capillary pressure is negative for w < 141 ym, and consequently the liquid will fill

the microchannel. A width of 100 pym (corresponding to an aspect ratio of 2:1)
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was selected for the slit to provide both a high capillary pressure and sufficient

volume.

In addition, we estimated the elastic deformation of the tip of the pins due to the
capillary pressure, which after filling may lead to bending of the tips, if the pins
are too soft. For SU-8, which has an elastic modulus of 5.25-6.21 GPa.,?3 the tip
deflection is only about 1 ym for a pin that has 7 mm long prongs (see Fig. Sl. 2
in APPENDIX I). This value is negligible in practice for the slit sizes of 100 ym

and will not influence the capillary transfer from the pin to the substrate.

3.4.3 Stop valve

To minimize the variation of spot size and volume during spotting, it is important
that the capillary pressure is constant during the entire printing process. A pin
with a straight conduit that stops at once (/.e. a dead-end channel) would satisfy
the capillary pressure condition; however, because the conduit is open, dewetting
of the liquid at the "dead-end” is energetically unfavorable and the liquid column
would dewet somewhere along the path and liquid remain trapped in the pin at
the dead-end. It is therefore important to include a stop valve in the flow path that
stops the liquid from reaching the end of the slit, and design the valve so that it
constitutes the location offering the least resistance to the draining of the liquid.

Existing pins typically use graded enlargement of the channel width at the end of
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the capillary, which gradually increases the width to depth aspect ratio until filling
becomes unfavorable. Because of the graded change, there is not a definite
stop, which in turn can lead to initial variability when starting to spot.'” Stop
valves can be formed by a sudden enlargement of a microfluidic conduit. When
operating in a closed microchannel, it is difficult to make an efficient stop valve,
because although the width can easily be enlarged, it is challenging to enlarge
the depth simultaneously.?4 In the case of a pin however, there are no bottom
and top walls, and very robust valves can be produced that reliably stop a

solution, even for highly wetting liquids.24-27

3.5 Materials and methods

3.5. 1 Microfabrication of the pins

We fabricated one and two layer SU-8 pins using standard microfabrication
procedures, Fig. 3.3. (for one-layer pins, step (d) and (e) were skipped). First we
crushed a polystyrene Petri dish (Fisher Scientific, Canada) and dissolved 10 g
of polystyrene chips in 100 ml of toluene (Fisher Scientific, Canada) by stirring
the solution at 80 °C for 5 hrs. We then poured 5 ml of the solution on a 4" Si
wafer and spin coated the substrate at the rate of 3000 rpm for 30 seconds to
form a 3-4 um thick polystyrene layer. Subsequently we placed the silicon wafer

on a hotplate at 80 °C for 5 minutes to remove the solvent. The thin layer of
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polystyrene fulfills two functions. Firstly, it helps minimize the residual stress in
the SU-8, and secondly, it serves as a sacrificial layer that facilitates the release
of the pins from the substrate °. We patterned two layers of SU-8 using standard
photolithography process atop the polystyrene layer. The parameters of the
baking steps used to make the SU-8 pins are summarized in Table 3.1. We then
developed the microstructures of both layers at once by immersing the wafer in
the SU-8 developer (Propylene glycol methyl ether acetate, Microchem, USA),
which was followed by the release of the SU-8 by dissolving the polystyrene layer
with toluene. The pins were characterized by both optical (LV150 industrial
microscope, Nikon, Japan) and scanning electron microscopy (S-3000N Variable

Pressure-SEM, Hitachi, Japan).
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Fig. 3.15: Schematic illustration of the fabrication process of SU-8 pins. (a) A
solution of polystyrene dissolved in toluene is spin-coated on the substrate (3-4
pgm thick) to serve as an adaptive release layer. (b) A layer of SU-8 is spin coated
and soft-baked. (c) The SU-8 is exposed to UV through a photomask and post-
baked. (d&e) A second layer of SU-8 is spin-coated over the first layer and
processed identically to the first one. (f) The SU-8 is developed and the
polystyrene dissolved using toluene to release the patterned SU-8 pins. (g) The
pins are then clamped between two glass slides and annealed at 150°C for 24
hours to fully cross-link the SU-8, while minimizing internal stress. (h) Finally, the
pin is coated with Au and the surface patterned with hydrophobic (outside) and

hydrophilic (inside) thiols.

Table 3.1: SU-8 processing parameters

Obtained Soft bake Exposure Post exposure Post exposure
Thickness Energy bake (heating) bake (cooling)
(um) (mJ/cm?)
1st Layer 75 5 min @ 65°C 200 From 20°C to 70 From 70°C to 20
and 25 min @ 0.5°C/minkeep @ 0.5°C/min
@90 °C @70 °C for 30 min
2nd Layer 100 5 min @ 50°C 230 From 20°C to 70 From 70°C to 20
and 45 min @ 0.5°C/minkeep @ 0.5°C/min
@70 °C @70 for 30 min
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3.5.2 Annealing of SU-8 to eliminate the residual stress

We developed an annealing process to remove the residual stress in SU-8. The
freestanding pins were clamped between two rigid glass slides (75%x25%x1 mm?3
microscope slides, Fisher Scientific, Canada) by using paper clips (fold back
clips, Staples, Canada; see Fig. 3.3., g). Using a programmable oven (Lindberg
Blue M, Fisher scientific, Canada), we subjected the setup to a heat cycle, which
consisted of first a temperature ramp from room temperature to 150 °C in 15
hours, then keeping it constant at 150 °C for 15 hours, and finally cooling it down

to room temperature in 24 hours.

3.6.3 Surface treatment of the pins

We coated the pins by sputtering 10 nm Ti followed by 50 nm of Au. Then we
used a flat stamp of poly(dimethylsiloxane) (PDMS; Sylgard 184, Dow Corning,
USA) inked with a solution of 1% n-decanethiol (Fluka, Canada) in ethanol to
print on the top- and back-side surface of the pin to coat the outer surfaces with a
hydrophobic n-decanethiol.22 The slit of the pins was then selectively coated with
hydrophilic tihols by immersing them for 1 h in a 1 mM solution of PEG-thiol
(Rapp Polymere, Germany) in water. Fig. SI. 3 in APPENDIX | illustrates the

entire patterning process.
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3.5.4 Spotting and imaging of proteins

We first placed the pins in a commercial pin-holder (Parallel Synthesis, USA) with
two micromachined collimators (see Fig. S4 in APPENDIX | for more details),
and spotted the microarray using a customized spotting robot (nano-plotter 2.0,
Gesim, Germany). Chicken antigoat IgG, labeled with fluorescein was diluted at a
concentration of 200 ug mL-! in a solution of carbonate buffer at pH 9 containing
10% glycerol. The solution was spotted with a single pin on an epoxy coated
glass slide (Nexterion, Schott, USA). The slide with the array of droplets forming
the protein array was scanned with a laser scanner (LS400, Tecan, NC, USA)
using 532 nm laser and a resolution of 10 ym. The images were analyzed using

Image J (http://rsb.info.nih.gov/ij/).

3.6 Results and discussions

3.6.1 Fabrication

Two variants of the pins were fabricated using either one or two layers of SU-8,
but always with a total thickness of 200 ym so as to fit into the collimator (see
Fig. Sl. 4). Fig. 3.4 shows micrographs of both types of pins. The single layer
SU-8 pins made using only one lithographic exposure had a slit with a width of

50 um and a total width of 75 pm at the tip. Two layer pins were fabricated using
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two-step lithography process with a tip size of 50 x 75 ym?2 and therefore lead to

much smaller spots.

Fig. 3.16: Micrographs of microfabricated SU-8 pins. (a) Overview of a pin coated
with Au. The pattern in the middle of the pin is a label that was structured into
each pin. The 7 mm long, 100 um wide slit is visible at the right. (b) SEM image
showing the entire slit and tip of a single-layer, 200 ym thick tip along with close-
up views of (c) the stop valve (d) and the tip. () SEM of a double layer pin, (f)

the interface of the two layers and (g) the 75 pm thick tip.

The volumetric capacity of the pins was adjusted by making channels with
different lengths, and by making pins with two channels; (see Fig. SI. 5 in
APPENDIX | for additional details). The pins presented here have a transfer

capacity of 100-300 nL.

75



3.6.2 Annealing process

A critical parameter for pin spotting is the alignment and straightness of the pins.
Indeed, high density arrays have a pitch of only 250 ym, which implies that the
pins need to be perfectly straight as even a deviation of a few hundred
micrometers (for a length of 30 mm) can lead to overlap of adjacent spots.
Bending of the SU-8 structures is caused by the internal stress, arisen as a
consequence of the thermal mismatch and the asymmetric configuration of the
SU-8 atop of the Si wafer during the post-baking process. So the requirements

for thin, slender and straight pins represent a major challenge for SU-8 pins.13

To quantify the deflection of the pins due to the residual stress, we introduce a
deflection variable o¢, which is defined as the deflection of the pin, once it is
placed between the two anchor points in the pin collimators used for spotting.
Fig. 3.5a shows the deflection of an SU-8 pin that was spin-coated directly on a
sacrificial layer of polystyrene and processed according to recipes of the
manufacturer.'?2 As can be seen, the pin is strongly bent and deflects 6 = 6 mm.

With optimized baking parameters and using an adaptive polystyrene layer, (as
described in table 3.1.), the deflection could be decreased to 6¢ = 500 + 200 um,
(See Fig. 3.5b). The + 200 ym corresponds to the maximal variability observed

among different pins. The residual stress of the pin can be approximated as:28
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_Et
2p (3.2)

max

Where p is the radius of the curvature, Omax is the maximum residual stress, £'is

the elastic young modulus of SU-8 and fis the thickness of the pin.

0C = 500 £ 200 pm corresponds to p = 172 + 68 mm (see Fig. Sl. 6 in APPENDIX
| for more details). Substituting in to equation (3.2), the maximum residual stress
in the pin after optimizing the baking parameters is found to be Omax=33.4 £ 13.4

MPa, which is within the range of stress values reported in the literature.. 12

SU-8 shrinks 6-10% during the cross-linking and post-baking processes,!!. 29
which is a great source of stress, and makes it difficult to find a substrate that
follows the same expansion cycles during post-bake and subsequent thermal
cooling of the SU-8. However, we reasoned that by having a symmetric setup —
achieved by clamping the SU-8 structure between two identical substrates - the
asymmetric stress buildup arising when a single substrate is used could be
reduced. An additional annealing step was therefore introduced at a temperature
of 150 °C using two glass slides to clamp the pins (see Fig. 3.3g). Since the
SU-8 glass transition temperature is around 175 °C,30 we found that when

annealing with 175 °C or more, the tips of the pins were stuck to one another
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after processing. By reducing the annealing temperature to 150 °C, the tips
remained separate, while still minimizing the stress. We also found that slow
ramping, and in particular slow cooling further helped reducing the residual
bending. When using the set of optimized parameters presented in section 3.5.1,
the residual bending of SU-8 was reduced within the accuracy of the optical
measurements used, ¢ = 0 = 30 ym, Fig. 3.5c. Here, the +30 ym corresponds to
the estimated accuracy of our imaging setup. We also found that annealed pins
were stable over for at least 10 months (i.e. the pins described in Fig. 3.5.c),
whereas pins that were not annealed tended to bend after a few weeks up to
oC = 2000 % 1400 pm (figure is not shown) which we attribute to the evaporation

of the residual solvent.

a
"""""""""" L
g . OSS— ~ 9T,
C Dl i e b g T ELTEFIFLET L S8 p—
X Anchor points 3 mm

Fig. 3.17: Visualization and quantification of the deflection 6¢ of 200 pym thick SU-
8 pins seen lying on their side and that were fabricated using different processes
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described in the text. o is defined as the deflection of a pin at the tip when fixed
by the two anchor points of a collimator marked by an X. (a) Pin fabricated
according to the recipe recommended by the manufacturer, which leads to a
deflection of 6¢1 = 6mm. (b) Pin made using optimized baking parameters and an
adaptive polystyrene layer, 6> = 500 £ 200 um. (c) Pin fabricated with the same

recipe as in (b), and subjected to an annealing step, 6z =0 + 30 ym

3.6.3 Toughness and Flexibility of the Polymer Pins

Polymers are tougher and more flexible than Si, which should translate into more
reliable pins. Indeed, Si pins regularly break due to the brittleness of Si. To
illustrate the resilience of the SU-8 pins they were subjected to a bending cycle,
Fig. 3.6, showing how the pin buckles without breaking and flexes back to its
original. The tip of the pin did not show any visible deterioration (data not shown).
Although such high loads are not normally applied during microarray spotting,
software glitches and human errors sometimes result in pins being subjected to
high strain, which often lead to the destruction of metal or Si pins. In the course
of a printing experiment described below, a pin was subjected to 2000 buckling
cycles as shown in Fig. 3.6 without observing notable permanent deformation for

the pin or the tip.
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Fig. 3.18: Images extracted from a movie showing the elastic buckling of an SU-8
pin as it is being pressed against a substrate, followed by its unbending. (a) The
SU-8 pin before elastic deformation; (b,c) during elastic buckling, and (d) after

buckling.

3.6.4 Surface Treatment

Native SU-8 is hydrophobic with Buater-su-8=90 °(see reference 31)3' and therefore
in the absence of surface treatment aqueous solutions do not spontaneously fill
the slit of the pin. Fig. 7a shows a native SU-8 pin that was dipped into an
aqueous solution containing fluorescent rhodamine dye. Whereas the slit was not
filled, a drop attached to the tip of the pin. To ensure spontaneous filling of the slit

with water, the inside of the slit was selectively made hydrophilic using a self-
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assembled PEG-thiol monolayer. Following this treatment, the liquid
spontaneously filled the slit and no drops attached to the outside of the pin, Fig.
3.7b-e). The surface treatment is critical to obtain functional pins and to prevent

droplets from attaching to the outer surfaces of the pins.

Fig. 3.19: Capillary filling of pins. (a) Fluorescence micrograph of an SU-8 pin
without surface treatment that was dipped into a solution containing fluorescent
rhodamine. (b) Pin coated with a hydrophobic thiol on the outside and a
hydrophilic PEG-thiol on the inside. (c) Upon contacting a droplet, (d) the liquid
spontaneously fills the slit. () The bubble with the stop-valve stops the filling and

ensures precise metering of the solution within the pin.
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3.6.5 Spotting of proteins

Pins were used to spot a solution with a fluorescently labeled protein as a
microarray. Slides are commonly scanned after washing only, the size and
homogeneity of the spot can vary due to inhomogeneity of the surface chemistry.
To avoid this problem, we scanned the slides immediately after spotting with an
SU-8 pin 2000 times, while the droplets were still present on the glass slide. For
the protein spotting, a two layer pin with a tip size of 50 x75 ym2, and a 7 mm
long slit with a capacity of 140 nL was used. The humidity was set at 70% and
the solution contained 10 % glycerol to further reduce evaporation, which allowed
printing 1392 spots in a single run, Fig. 3.8. The spots produced by this pin are
90 um along the diagonal. The subsequent spots are barely visible indicating that
the sample was used up. Neglecting evaporation, the volume of each deposited
spot is 100 pL, which is comparable to the volumes of liquid deposited by
conventional pins or inkjet spotting. We found that the maximum size variation
falls within the ten-micrometer-resolution of the scanner for the first 1392 spots of
the array. Further studies are needed to determine whether the attachment of
proteins to the slide surface follows the same trends, which will be tested in

future studies.
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Fig. 3.20: Fluorescence images of a microarray of 1392 spots of a fluorescent
protein that were spotted using an SU-8 pin in one run with a pitch 200 ym. (a)
overview of the array with 4 sub-arrays of 20 x 20 spots. The last visible well
printed spot is at the 12t row on the 10t line. (b) Close up view of 8x9 spots and

(c) 4 spots of the microarray.

3.7 Conclusion

We have introduced SU-8 fabrication process that allows making stress free,
straight structures. The key to the successful fabrication of these pins was the
development of an annealing step, which allows making 200 ym thin polymer
structures that are 30 mm long and straight within 30 um. Polymer pins with a
novel stop valve design and surface chemical treatment served to illustrate some
of the possibilities of this process. The functionality of the pins was demonstrated
by mechanically loading and buckling them, and by printing 1392 spots with a
constant diameter of 90 + 4 um using a single filling. These pins are made by a

two-step standard lithography process without need for complicated equipment
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beyond a mask aligner, hot plates and an oven for annealing. The capital
investment needed for microfabricating SU-8 pins is much smaller when
compared to Si pins for example, which require a deep reactive ion etcher. In
addition, the material costs are low as well, since no more than 10 ml of SU-8 are
used for making 100 pins, which corresponds to a material cost of less than 10
cents per pin. SU-8 thus represents a robust and low cost alternative for making

microarray spotting pins.

The fabrication process outlined here may be applied to any flat, freestanding
patterned polymer structure made of SU-8. We foresee that it may for instance
be used to fabricate neuronal probes for invasive recording in the brain, which
need to be straight and flexible.32 In addition, the strategy outlined here may also
be applied to molded thermoplasts such as poly(methyl methacrylate),
polystyrene, polycarbonate, and cyclic-polyolefin copolymer and so on, because
residual stress also builds up as a result of thermal gradients and asymmetric
shrinkage of structures.33 The concept of symmetrical heating and cooling may
be adapted to polymer features that remain (partially) attached to a substrate. By
using two identical substrates to clamp the polymer, asymmetrical stress buildup
following thermal cycling can be prevented by using a perfectly symmetrical

setup.
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Chapter 4: Microfluidic operations and networks using knotted yarns

4.1 Preface:

Microfluidic capillary systems are normally fabricated using techniques originally
used in making micro-electro-mechanical systems (MEMS). These techniques
are still too expensive, particularly if we need to use them in societies with few
resources. Here we introduce the use of knotted yarns for making microfluidic
elements and circuits. We first present methods to control and measure the
fluidic properties of the yarns and knots including the generated capillary
pressure and the flow resistoce. Afterwards, we use knots for merging, mixing
and branching liquid streams. Finally, we combine these fluidic elements for
making a simple capillary driven microfluidic circuit.

The work resulted in the following publications:

Patent: Juncker, D. & Safavieh, R. Passive preprogrammed logic systems using
knotted/strefchable yarns and their use for making microfluidic platforms. US
patent App. 12/917,436, (2010).

Journal Paper: Safavieh, R., Zhou, G.Z. & Juncker, D. Microfluidics made of
yarns and knots: from fundamental properties to simple networks and operations.

Lab Chip 11, 2618-2624 (2011).
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4.2 Abstract

We present and characterize cotton yarn and knots as building blocks for making
microfluidic circuits from the bottom up. The yarn used is made up of 200-300
fibres, each with a lumen. Liquid applied at the extremity of the yarn
spontaneously wets the yarn, and the wetted length increases linearly over time
in untreated yarn, but progresses according to a square root relationship as
described by Washburn’s equation upon plasma activation of the yarn. Knots are
proposed for combining, mixing and splitting streams of fluids. Interestingly, the
topology of the knot controls the mixing ratio of two inlet streams into two outlet
yarns, and thus the ratio can be adjusted by choosing a specific knot. The flow
resistance of a knot is shown to depend on the force used to tighten it and the
flow resistance rapidly increases for single-stranded knots, but remains low for
double-stranded knots. Finally, a serial dilutor is made with a web made of yarns
and double-stranded overhand knots. These results suggest that yarn and knots

may be used to build low cost microfluidic circuits.

4.3 Introduction
Yarn and textiles can be traced back five millennia and were used for clothing
and for other practical and decorative purposes.’ One of the primary functions of

textiles is to isolate the carrier from the environment, and in particular from rain
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and water, and many treatments have been developed to make hydrophobic,
water repellent yarns and fabrics.24 Hydrophilic textiles have also been
developed, primarily as microfibre-based fabrics for fast wicking and sweat
venting.® Natural cellulose cotton fibres can also be made hydrophilic using wet

and dry (e.g. plasma activation) processes.6 7

Natural fibres have been used for making microfluidic flow transport in the form of
lateral flow devices, which rely on the wicking properties of nitrocellulose
membranes (sheets) to transport liquid in predetermined ways. By optimizing the
flow speed of the sample based on the biomolecular reaction rates, rapid and
highly sensitive bioassays have been developed.8'! This lateral flow technology
has been packaged into simple microfluidic devices and over-the-counter
diagnostics notably in the form of rapid pregnancy tests.?® More complex
microfluidic circuits have recently been made using chromatography paper and
tape.’2 13 Microchannels were formed by defining hydrophobic barriers in the
paper followed by stacking different layers so as to form three dimensional
circuits. These 3D paper-based microfluidics are built based on a top-down
paradigm and functional elements are patterned on a flat substrate using a

sequence of processing steps as in semiconductor microfabrication.
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We and others recently proposed yarn as a microfluidic carrier and illustrated its
use for making simple microfluidic devices from the bottom up.14-16 Li et a/15
demonstrated the fabrication of three-dimensional microfluidic devices by sewing
cotton yarn into polymer sheets, transporting and mixing fluids using tapes and
carrying out simple colorimetric assays. Reches ef a/.'6 independently developed
similar devices and studied different treatments to make the yarn hydrophilic,
build simple devices by encapsulating the yarn within tapes, or by sewing it into
different materials including band aids, and used it for multiplex assays of

ketones, glucose, and proteins.

Here, we report our findings on the flow properties of yarn and on using knots for
differential mixing and building complex microfluidic networks. We measured the
flow resistance of the yarn and the knots and show that the knot topology can be
used to control the mixing ratio between two inlets and two outlets. Finally, we
built a serial dilutor by iterative combining of mixing and splitting of fluids using a
knotted web, analyze the fluid distribution using network analysis concepts
developed for electrical circuit analysis, and compare the theoretical and

experimental results.
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4.4 Materials and methods

4.4.1 Yarn and chemicals

The yarn used here was a white sewing thread obtained from Tehran (Iran) and
from mercery stores locally (100% Cotton yarn Ne 30/1, Mahabad Riss Co,
Iran).'” They were tested for suitable wicking properties before usage. The yarns
were first dried in an oven, and made hydrophilic using an air plasma (Plasmaline
415, Tegal Inc., US) for two minutes at 250 mTorr at a power of 150 mW. To
obtain the cross sectional micrographs of the yarns, a 2 cm length of the yarn
was soaked with blue dye and encased into Poly(dimethylsiloxane)(PDMS;
Sylgard 184, Dow Corning), degassed in a desiccator for 6 h, and cured at 65 °C
for 8 h in an oven (Lindberg Blue M, Fisher Scientific). A razor blade (single

edged razor blade, Fisher Scientific, Canada) was used to cut thin slices.

Food dyes (McCormick & Co., MD, USA) were obtained from local stores.
Experiments were performed at a relative humidity of ~ 30% and at the room
temperature of 231£2 °C. Unless indicated otherwise, the yarn was positioned
horizontally for all experiments and a sheet of hydrophobic
polytetrafluoroethylene (PTFE) was used as substrate so as to avoid wicking of

liquid in the gap between the yarn and the substrate.
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4.4.2 Imaging

Images of the flow were captured using a stereomicroscope (Leica MZ8, Leica
Microsystems, Switzerland) outfitted with a CCD camera (DS-Fi1, Nikon, Japan). A
Scanning electron microscopy (S-3000N, Hitachi, Japan) was used for structural
analysis following coating with a thin Au layer. Cross-sectional images were

acquired with an inspection microscope (LV150A, Nikon).

4.4.3 Flow resistance measurement

Polyamide monofilament precision fabric (Sefar, Lumberton, NJ, USA) with pore
opening of 110 ym, and thickness of 75 ym were employed as a capillary pump
because they generate a constant and well defined capillary pressure: The fabric
was plasma activated to make it hydrophilic before the measurements. A
measurement setup was built by clamping one extremity of the yarn with the
fabric between two microscope slides (Fisher Scientific, Canada), and dipping
the other extremity of the yarn into a small reservoir. A known volume of solution
(typically 9 yL) was added to the reservoir, and the time needed to drain the
liquid from the reservoir measured. Multiple measurements were performed by

repeatedly adding solutions of different colours to the reservoir.
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4.4.4 Image analysis
To establish the mixing ratios of the dyes by the knots, we used the Image J

software (http://rsbweb.nih.gov/ij/) to extract the hue colour intensity and

compared it to a calibration curve established with known mixtures of the

different dyes, see Fig. Sll.1 in APPENDIX II.

4.5 Results & Discussion

4.5.1 Yarn as a flow carrier

Cotton yarn is widely available, low-cost, and like paper, the main component is
cellulose.4 The results reported in this study where obtained with regular sewing
thread made of cotton, Fig. 4.1A. The yarns are 500 + 34 pm in diameter and
made up of ~200 fibres each 12-15 ym thick based as measured from SEM
images, Fig. 4.1B&C. Imaging of encased cross-sections of yarn reveal that the

fibers comprise a lumen, akin to wood cellulose, Fig. 4.1D&E.
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Fig. 4.21: Images of a cotton yarn at different scales and cross-sectional views of
a yarn. (A) Photograph of a ball of cotton yarn; (B) SEM micrograph of the yarn
illustrating the loose nature of the thread which is ~500 ym wide in diameter and
contains ~200 fibres. (C) Close-up view of the fibres that are each 15-20 ym thick
and that form an array of narrow gaps that can be filled with liquid. (D)
Micrograph of the cross sectional view of a yarn showing the individual cotton
fibres and their surface contours. (E) Enlarged view of fibres showing that they
have a lumen (cavities) inside which may also contribute to the transport of liquid

throughout wetting.

The wicking action of natural fibres is well known, and a red food dye solution

spontaneously flowed along a cotton yarn wetting 5 mm after 40 s when using it
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as received, Fig. 4.2A. The flow speed was slow, advanced stochastically, and
was sensitive to the relative humidity (data not shown).Yarns are not optimized
for capillary flow, and indeed for instance sewing threads are often coated with
wax and other additives that improve gliding and prevent tearing of the yarn, but
which render it hydrophobic.¢ When using the same yarn following activation and
hydrophilization using an air plasma, the liquid advanced 32 mm during the same
time, Fig. 4.2B. Capillary forces generated in the gaps between the fibres drive
the flow, and the wetted length £ as a function of time #is thus expected to follow

Washburn’s equation:8

L:\/(yLchose)xDxt[m] 4.1)
4x u

where vy is the interfacial tension, 8 is the contact angle between liquid and yarn
surface, D is the effective capillary diameter (yarn comprises multiple parallel,
open flow paths),'® and p is the viscosity of the liquid. We recorded L as a
function of t for both as-received and plasma activated cotton, and fitted the data
with a square root function, Fig. 4.2C. The regression factors are R =0.98 for
hydrophilic yarn and for yarn used as received it is R = 0.92. However, a linear fit
yields R = 0.99 for the as-received yarn indicating that filling progresses linearly
over time. The linear filling may be accounted by the complex processes that

underlie wetting of cellulosic fibres,?° and indeed non-Washburn filling speeds
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have also been reported in the wetting of fibrous materials notably due to

swelling of the porous medium.?2"
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Fig. 4.22: Images extracted from a video illustrating the wicking of a red dye in
(A) as-received and (B) plasma activated, hydrophilic cotton yarn. (C) The wetted

length scales as Lo+t for the hydrophilic yarn and obeys a Washburn’s
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relation, and Lt for the as-received yarn reflecting a constant filling speed

irrespective of filled length and increasing flow resistance.

We measured that a liquid volume IV of 2.5 uL wetted a yarn with a diameter of
~500 pym over a length of 43 + 2 mm. Assuming that the geometry of the yarn is
cylindrical with a diameter of 500 ym, 70% of the yarn is made of fibres and only
30% are gaps filled with liquid. Moreover, having equation 4.1, and the

relationship between Vand L, the flow rate of the liquid, @, may be expressed as:

[m3-s1] (4.2)

Q(t):a—V:29XIO_HX (;/LG XCOS@)XDXZ’
ot . 4Xlu

This equation is only valid for the (hydrophilic) yarns for which filling obeys
Washburn’s equation, and that we assume the yarn fibres do not swell during the

filling process.

4.5.2 Evaporation of Water from the Surface of the Yarn
Eqg. 4.2 does not consider evaporation, which is negligible initially, but becomes
significant as the wetted length increases and the (capillary) flow rate diminishes.

Water evaporation from a surface without air flow may be written as :22

_7.84x10°x (B, - P,)x A
AH

v

O [m?3-s71] (4.3)

where Qeis the volumetric flow rate of water being evaporated from the surface,

A is the surface area of water in contact with air, Py is the saturation vapour
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pressure at the water temperature, £ is the saturation vapour pressure at the air
dew point, and AH; is the latent heat of water at the specific temperature
[KJ-Kg']. To calculate the mass transfer from the surface of the yarn, we used
the above equation, assuming that the surface area of the yarn can be
approximated by multiplying the wetted length by its circumference; however, In
reality, the liquid fills both the gaps between the fibres, and wets each fibre
individually, and thus likely represents a larger surface area, and the calculation
using the simple circumference represents a lower limit. The values for the
parameters in Eq. 4.3 were taken from the thermodynamic tables provided in
reference 22,22 for a temperature of 20°C, and a relative humidity of 30%. The

evaporation rate thus becomes:22

(7,, xcos@)x D xt

e [m3 1] (4.4)

0, =8.8x107" xL\/

For the yarn used here, the capillary flow and evaporation rate become
equivalent for a wetted length of ~90 mm); this constitutes the maximal length that
the yarn may be wetted with a humidity of 30%. If we arbitrarily set the maximal
allowable ratio between evaporation and capillary flow to 1/3, the maximal useful
length of yarn is ~30 mm. Using the results from the measurements shown in
Fig. 4.2 and on the evaporation rate given by eq. 4.4, we calculated the
theoretical filing speed in the absence of evaporation. (See Fig. SII.2

in APPENDIX Il). Whereas in our experiment 38 s were needed to fill 30 mm,
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only 34 s would be needed in the absence of evaporation, and the yarn could be

wetted over much greater length.

For many biological applications, long incubation times are required, and if the
flow stops in a yarn with a 500 ym diameter, it will only take 18.3 min to
evaporate 50% of the liquid contained in the yarn with a relative humidity of 30%
at 20 °C under the assumption that the circumference remains constant. From
these results it is clear that evaporation needs to be taken into account when
designing yarn based microfluidics. For bioanalytical applications, a long
incubation time is often required to achieve a high sensitivity. As a result, in yarn
based microfluidics the flow rate will need to be optimized to maximize sensitivity
for a given volume by either keeping the flow path short while continuously
resupplying liquid, or increasing the relative humidity of the environment to allow

using longer yarns, or then sheathing the yarn with an impermeable coating.

4.5.3 Flow resistance of the yarn
The resistance to flow in a capillary driven conduit can be expressed in terms of
the liquid flow rate and the capillary pressure difference AP between the inlet and

the outlet of the channel as:%3

R= % [Pas'm3] (4.5)
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where, R is the flow resistance of the yarn, and Q is the flow rate. The
particularity of capillary flow is that the fluidic conduit also acts as the pump via
capillary effects. As the fluid advances, the flow resistance increase as
determined by the flow resistance of the conduit. For yarn, neither the flow
resistance per unit length, nor the capillary pressure are known, and owing to the
various scales of porosity and swelling of yarn the capillary pressure is not well
defined nor constant over time.20 Thus, to measure the flow resistance of yarn
and knots, a polyamide monofilament fabric with well defined capillary pressure
and with negligible flow resistance was used as a capillary pump. The capillary
pressure of a plasma activated fabric was measured by clamping it between two
glass slides and measuring the capillary rise, which reached a height of 133 = 8
mm corresponding to a capillary pressure of -1303+78 Pa (three replicate
experiments). The flow resistance of 25 mm of yarn was determined by
repeatedly measuring the time needed to flow 9 pL of solution through the yarn
using the measurement setup described in the materials and methods section,

and found to be:

+
K= (3 0513(3)30_5)7 810_“ =(4.3£0.28)x10" [Pa-s'm-] (4.6)
. T U. X

The capillary pressure of the plasma activated yarn was calculated based on the
resistance of the yarn and the flow rate as shown in Fig. SIl.2 in APPENDIX I

and found to be AP = 1192 Pa.

102



Due to the gradual swelling of fibres inside the yarn while they are in contact with
the liquid, the current technique gives more accurate and reproducible values for
both the flow resistance and the capillary pressure of the yarn than those

obtained from the capillary rise experiments.24

4.5.4 Knots as functional fluidic elements

Yarn can easily be knotted, and knots lend themselves to splitting and merging
liquid streams on yarns, and may thus be used as a functional element for
making microfluidic networks. A simple three-way splitter with a blue dye being
distributed into outlet yarns is shown in Fig. 4.3A. Merging and mixing of two
streams is illustrated with a blue and a yellow dye merging into a green one
(Fig.4.3B). The flow speed at the time of the image in the outlet yarn was
~2 mm-s'. Using the cross-section of an individual yarn fibre (~15 ym) as a
crude approximation of the characteristic radius of the conduit, the Reynolds
number becomes Re = 0.03. Given the low Re number and hence laminar flow
conditions, the relatively large diameter of the yarn and the short mixing length
(the knot), the mixing of the two streams, visible by the homogenous green
colour found immediately downstream of the knot, is surprisingly efficient. The

entanglement of the fibres and the torsion in the yarn and knot may contribute to
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enhance mixing. This was observed reproducibly over multiple experiments using

hand-made knots.

We reasoned that depending on the knot topology, the mixing ratio between two
outlets may be altered, and we tested this idea using the overhand and the
hunter’s knots. Images from the outlet yarns were recorded using a CCD camera,
and the mixing ratios were determined by comparing the colour to a reference
palette of yarns soaked with dyes mixed at different ratios (APPENDIX I,
Fig. SlI.1). We assessed the colour at the outlet of each knot by comparing the
hue to a calibration curve that was established using known ratios of blue and
yellow dye (see Fig. Sll.1 in APPENDIX Il), The overhand knot results in equal
mixing ratios in both outlet yarns; however, when it is rotated 90°, using the two
ends of one of the yarns as inlets, and the other yarn as outlets, the mixing is
almost entirely suppressed, Fig. 4.3D-F. A thin line of green colour appears on
the right yarn after a while, which reflects slightly unequal flow rates in each
branch and which arise due to inhomogeneities in the yarn and variation in

wicking speed.

The hunter’s knot shows much less intertwining of the two yarns (Fig. 4.3G), and

results in almost no mixing with a 95:5 ratio of the two fluids in each outlet,
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Fig. 4.3H. Conversely, after rotating it by 90° as above, the mixing ratio was
70:30 between the two outlets, Fig. 4.3l. The results of 5 replicate experiments
for different knots and orientations are shown in Fig. 4.3J, and the pictures are
shown in Fig. SlII.3 in APPENDIX II. These results illustrate that knot topology
can be used to conveniently control mixing of different fluids, and based on the

large variety of knots that exist,2> many more mixing combinations should be
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Fig. 4.23: Knots used as microfluidic splitters, mixers, and for controlling mixing
ratios. (A) A microfluidic splitter used in reverse (B) becomes an efficient mixer,
and (C) when combining both, splitting and mixing is observed. (D) Schematic of
the overhand knot, which (E) leads to an equal distribution and mixing of yellow

and blue dyes when used as depicted, and (F) to complete separation of the
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dyes in each outlet when rotated by 90°. (G) Schematic of the hunter's knot,
which (H) leads to complete separation when used as shown, and (I) when
rotated by 90° leads to a 71:29 mixing ratio. (J) Graph of the ratio of yellow and
blue dye in the left and right outlet of the various configurations E-I. Error bars
are the Standard Error (SE) of five separate experiments (see Fig. Sll.3 in

APPENDIX Il for more details).

4.5.5 The flow resistance of knots

When the knots are fastened, the fibres inside the yarn are compressed and/or
twisted leading to a change of flow resistance of the yarn. The increase in
volumetric flow resistance of 25 mm long yarns with a single knot of different
types and tightened with different forces was measured using the setup
described above, Fig. 4.4. We observed that once single stranded knots are
fastened with more than 3 N tension, they added a significant resistance to the
circuit; however, when the double stranded knots were fastened with the same
tightening force, the resistance took much smaller values. We believe that this is
due to the gap between two knotted strands, which acts as a short circuit and
significantly decreases the resistance of the knot compared to that of a single
stranded knot. Even with a force of 10 N, the resistance of the double stranded

knots corresponded to only 3 mm length of the yarn.
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Fig. 4.24: The flow resistance of knots as a function of the force used to tighten it.

On the left, the flow resistance of a single stranded overhand knot (inset)
tightened with 1, 3 and 5 N is shown. The flow resistance of 10 mm of yarn is
shown as a dashed line for comparison. On the right, the flow resistance of a
double stranded overhand knot that was tightened with a force of either 3 N or 10
N on each strand is shown. The flow resistance of double stranded knots takes
much lower values than that of the single stranded ones, presumably due to the
gap formed between the two strands of the knots. Error bars are SE obtained

from 3 experiments.
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4.5.6 A web-based microfluidic network

Yarns may be knotted into webs to form microfluidic circuits with predictable
fluidic properties. Fig. 4.5A shows a web of yarns connected with overhand
knots. Based on the mixing produced by overhand knots, and on symmetry
argument, it is apparent that two liquids applied to inlets 1 and 2 will be
combined, mixed, and split at each node, overall reproducing the architecture of
the classical microfluidic serial dilutor widely used as part of microfluidic gradient
generators.?6 |s it possible to predict the exact mixing ratio of this circuit?
Equation 4.5 mirrors Ohm’s law for electrical current U=Rx/. Furthermore, based
on the complete mixing achieved by overhand knots, the flow ratios in the output
yarns solely depend on the flow rates of the liquids,23 26 and not on which yarn
the liquid originates from. In addition, the results shown in Fig. 4.4 indicate that
double-stranded overhand knots fastened with 3 N only generate negligible
fluidic resistance, thus satisfying the characteristic of a “node”, which is widely
used as part of electrical circuits. Based on these similarities, a fluidic web is
equivalent to an electrical circuit made of nodes and resistors, whereas each
resistor represents the flow rate resistance of the branch. It should thus be
possible to calculate the fluidic properties of the circuit using the electrical circuit
analysis methodologies. For the sake of simplicity, the length and flow resistance

of each branch of the web were assumed to be equal and to be 7. The pressure
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that drives the flow is generated by applying a paper wick with a pressure P;on
each yarn. The distance from the outlet node is the same for all yarns, and is n
times the length of a branch, and thus produces a resistance nrto the flow. The
inlets have a resistance mr, but it has no influence on the flow distribution if the
circuit is symmetric, Fig. 4.5B. The mixing ratios of inlet fluids 1 and 2 in each of
the outlets can be deduced readily for outlets 3 and 8, because no mixing occurs,
as well as for outlets 5 and 6 that carry 50:50 of both inlet fluids because of
symmetry. The ratios in outlets 4 and 7 however are not evident and were
calculated. Again, because of symmetry, it is sufficient to determine the mixing
ratio in outlet 4, and outlet 7 can then be deduced as the complementary to outlet
4. The right half of the circuit used for analysis is shown in Fig. 5C. Kirchhoff's
law and Nodal analysis 27, commonly used for the analysis of electrical circuits,
were applied to the half circuit and used to calculate the potentials P4 and Ps
defined at the two nodes (Fig. 4.5C). The flow ratio in the outlets are determined
by the flow rate Qs and Q2 whereas Q7 is a 50:50 mixture of both fluids (see
Fig. 4.5A and B). The detailed calculation is provided in APPENDIX Il. The flow

ratio A = Q2/Q is found to be:

K:%_ 3xn’ +n

= 4.7
Q, Sxn’+5xn+1 (4.7)
and the concentration Cy4 for outlet 4 can be expressed as:
K= 0.5 (4.8)
K+1

109



and for outlet 7, based on the rule of complementarity Cs + C7 = 7, we find:

K+0.5
C, = 4.9
T Tl (4.9)

The outlet flow ratio of the two fluids thus depends on the resistance ratio n. For
n= 0, Cs= 50:50, but rapidly increases asymptotically towards Cs = 68.75% of

the ipsilateral fluid as n becomes larger than 1, see Fig. Sll.4 in APPENDIXII.
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Fig. 4.25: A knotted web and the equivalent fluidic circuit. (A) Photograph of the
web made using overhand knots used for branching and mixing. Six pieces of
yarns and eight knots were employed to form this circuit, which functions as a
serial dilutor. To determine the ratio of fluid 1 and 2 in each outlet, an equivalent
electrical circuit model was derived by drawing an equivalent circuit made of
resistances and nodes whereas the colours represent different yarns (B). The
links within the web have been assigned a flow resistance r, the outlet yarns a
resistance nr, and the inlet yarns a resistance mr with n and m expressing a ratio.
P1 is the capillary pressure generated by a wick placed at a constant distance
from the outlet node on the yarn. The ratio of fluid 1 and 2 is 50:50 in outlets 5
and 6 based on the symmetry of the circuit, and 100:0 and 0:100 in outlets 8 and
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3, respectively. Again, based on the symmetry of the circuit, it is sufficient to
analyze the right half of the circuit in (B). Defining X as reference P0=0, the
circuit can be redrawn as shown in (C). The ratio between flow rate Q1 and Q2
determines the concentration at outlet 4 (and thus 7). The flow rate ratio was

calculated as described in the main text and in APPENDIX II.

The circuit was tested with a blue and a yellow dye delivered to inlet 1 and 2,
respectively, Fig. 4.6. The outlet mixing ratios show a good match with the
expected values of 0:100, ~69:31, 50:50, ~31:69, and 100:0, Fig. 4.6B. The
discrepancies between the theoretical and the experimental values can be
attributed to unequal lengths of the different branches and inhomogeneity of the
yarn itself. If all outlet yarns were aligned side by side, a dilution ladder would be
formed that could produce a continuous gradient upon diffusion.26 By using knots
with unequal mixing ratios or by adding more knots, intermediate mixing ratios
could be produced as well. The predictability and reproducibility of such networks
is not reliable when they are made by hand using natural cotton yarn, and will
need to be further improved for making more complex circuits. If better defined
yarns can be made, and if knitting or sewing machines could be adapted and
used to fabricate such type of patterns with high accuracy, more complex fluidic

circuits may be designed and built.
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Fig. 4.26: A web made of yarns and knots operating as a serial dilutor. (A) A
yellow and a blue food dye are applied at each of the two inlets 1 and 2 at the
bottom of the image. The dilutor iteratively combines, mixes, and splits the two
dyes which flow into the 6 outlets 3 — 8 with each a different ratio constituting to a
serial dilution of one chemical vs the other (B) The mixing ratios of blue:yellow
dyes calculated on the basis of the circuit model for outlets 3-8 are 0:100,
~33:67, ~50:50, ~50:50, ~67:33 and 100:0, respectively (see Fig. SI.3 in
APPENDIX II), and are shown as black crosses. The experimental mixing ratios
(red plus sign) show a good agreement with the calculation. This experiment

illustrates that circuits with moderate complexity may be built by knotting yarns.

4.6 Conclusion
Here we showed methods to characterize and modify basic fluidic properties of

the yarns, and then demonstrated examples of using cotton yarns for
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constructing passive microfluidic systems. We modified the surface property of
the cotton to improve its hydrophilicity, and then measured the flow resistance of
the yarns. Subsequently we employed knots for both controlling the flow
resistance, and making various microfluidic elements such as passive splitters,
blenders and mixers out of yarns. We also quantified the mixing ratios of the
proposed knotted mixers, and found that topologically different knots can make
different mixing ratios. Finally, we made a web of knots (Fig. 4.6), which can be

used as a serial dilutor.

In all these examples, we used yarns made of cotton, but there is a wide range of
natural and synthetic yarns which may be useful for different fluidic functions.1”
This work complements recent developments in multifunctional textiles which
encompass fabrics with optical, electrical and biocompatible fibres28-30 for making
wearable displays, sensors, and artificial tissues.3!. 32 We believe that the
“microfluidic fibres” introduced here may be combined with some of the above
mentioned approaches to further enhance the functionality of smart textiles. To
fulfil the potential of yarn-based microfluidics, it will be necessary to adopt and
adapt the technologies commonly used in the textile industry towards building
advanced yarn-based microfluidic circuits by weaving and knitting yarns with

different functions. Yarn-based microfluidics may further be enhanced by
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developing tailored surface treatments of the yarn and using yarns with different
diameters to increase flow rates while minimizing the effects of evaporation. We
thus believe that the combination of textiles and fluidic yarns represents an

exciting new paradigm that will expand the scope of both areas of research.
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Chapter 5: Capillary pumps for microfluidic capillary systems

5.1 Preface

Microfluidic capillary systems require capillary pumps to deliver accurate volumes
of liquids with precise flow rates. Here, to control the liquid filling front and avoid
trapping bubbles in the pumps, we introduce two novel designs of capillary
pumps using different spacing between rows and columns and guidance
structures at the edges. One architecture induces serpentine filling of the front
using separation walls at the edges and is called serpentine pump. The other
guides the liquid preferentially along one edge, called the leading edge. In both
pumps, the filling front and bulk flow follow different paths. As a consequence, in
the serpentine pumps the flow resistance rapidly raise as the first row is filled,
following by a rapid decrease as subsequent rows are filled as well, and then a
slow increase as the pump is being filled. We also develop and solve a nodal
model of the flow resistance that matches the experimental data. Finally, we
design pumps with variable gap-sizes between posts and show that we can
modulate the flow rate as the pump is being filled.

This work resulted in the following publication:

Journal paper: Safavieh, R., Tamayol, A. and Juncker, D. Serpentine and leading

edge capillary pumps for microfluidic capillary systems, Submitted.
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5.2 Abstract

Microfluidic capillary systems operate using capillary forces only, and require
capillary pumps (CPs) to transport, regulate and meter the flow of small amounts
of liquids. Common CP architectures include arrays of posts or tri-like branched
conduits that offer many parallel flow paths. However, due to uncontrolled
advancement of the filling front, bubbles often get trapped in CPs, which
introduce large variability in the volume metered by the CP. Here, we present
novel CP architectures that prevent the entrapment of bubbles by controlling the
propagation of the filling front along rows formed by large gaps between posts.
One variant, named serpentine pump, guides the filling front following a
serpentine path, and the other one, called leading edge pump, directs the liquid
along a predetermined edge of the CP from where it fills rows of gaps between
posts. Using these CPs, it is possible to vary the average angle of rows guiding
the filling font from 0° to 45°. As the CP is being filled, the flow resistance
changes, and because the filling front and the bulk flow follow different paths, the
flow resistance increases sharply initially, then decreases, and eventually
increases steadily until the CP is filled. We calculated the flow resistance of a CP
as it is being filled using pore network modelling approach, and validated our

calculations experimentally. Finally, a CP with a capillary pressure gradient was
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made by continuously increasing the width of the rows guiding the filling front so

as to continuously decrease the pumping pressure and the volumetric flow rate.

5.3 Introduction

Capillary systems are widely used for manipulating liquids in heat pipes,! for
regulating fluid-flow in low-gravity environment in space,?2 for patterning
biomolecules on surfaces,®5 for immunoassays,6 and for diagnostic
applications.”9 Capillary systems are self-powered and self-regulated by capillary
effects, and are thus self-contained as there is no need for external pumps and
tubes. Capillary pumps (CPs) are essential components of many capillary
systems and provide a negative (suction) pressure for manipulating liquids in the
capillary system. CPs are notably used in assays to flow large volumes of sample
over the assay surface to reach a high sensitivity.’® The volume of the CP serves
as a metering device — the pump’s capacity sets the volume of the liquid drawn in
— and as a waste reservoir for reagents.® Indeed, since capillary systems operate
by applying a negative pressure, CPs are placed at the end of the flow path, and
thus hold the liquid after it passes through the reaction zones. For
immunoassays, it is often desirable to keep the flow rate constant during the
incubation step. Achieving this goal requires CPs that generate a constant

capillary pressure and that do not significantly increase the overall flow
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resistance as they are being filled. Successful designs include CPs with parallel
microchannels arranged in an arborescent pattern® or arrays of posts,’® or
meshes'!. Post arrays and meshes are more robust than branching channels,
because they are less prone to clogging or flow stopping as the liquid can
progress along many parallel, connected paths. In practice, pumps are often
covered to avoid evaporation and contamination of the sample. As a
consequence, bubbles can easily get trapped, if the filling front of the liquid
progresses faster along one side of the CP and reaches the outlet prior to filling
the CP entirely. Trapped bubbles reduce the liquid drawn into the CP, and thus
result in unreliable metering and inaccurate incubation time during
immunoassays. The issue of bubble trapping becomes even more pronounced

when multiple pumps are connected in series.'2

A strategy to avoid bubble trapping in microfluidic systems is to control the
progression of the filling front. This has been widely implemented in hydrophobic
systems where external pumps, pressure, vacuum or centrifugal forces are used
to drive liquids, and where the progression is controlled and pre-programmed by
adding hydrophobic obstacles to the flow path.'3. 14 The control of the liquid front
is more difficult in self-filling, hydrophilic capillary systems because of the

constraints of maintaining self-filling. Zimmerman ef a/.'2. 15> designed CPs with (i)

121



indented sidewalls that slow down the progression along the edges and (ii)
outlets made by a series of arch-shaped, hierarchical “bridges” with increasing
size that fill in predetermined order. Whereas this system was shown to minimize
bubble trapping, one limitation is that the capillary pressure is reduced as the
diameter of the bridging channels increases, thus making the system susceptible
to contaminations and flow stopping. Moreover, this structure was supplemented
with another structure in the form of a small serpentine side-channel, which acted
as a delay valve.’® This channel however comes at a cost of reduced metering
accuracy, and ultimately each new external element added to the CP affects the

functionality of the circuit and may itself become a source of failure.

Here, we introduce CPs that are both autonomous and guide the progression of
the filling front with all control elements integrated into the CP. These CPs
comprise arrays of microposts that are spaced differently along the X (parallel to
the bulk flow) and Y (perpendicular to the bulk flow) axes so as to form rows
along the Y axis. The liquid entering the pump flows into the first row, and
immediately fills the narrow gaps between the posts, which act as a temporary
stop valve; they are effective here because the liquid is kept at negative pressure
by the filling.2 The liquid front is thus guided to fill the row entirely, and only at

the edge of the CP does it progress into the next row. Two CP designs and
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strategies were developed to control the advancement of the filling front: firstly, a
serpentine CP where the front is guided in an alternate direction in each row in a
serpentine pattern, and secondly a leading edge CP where the liquid is guided to
fill one of the edges of the CP preferentially, and then fills each row starting from
this “leading edge”. The filling front advances perpendicularly to the bulk flow
along each row, and as a result both follow different paths. Whereas in the typical
CPs the average capillary pressure in each row is constant as the liquid fills the
pump, the flow resistance changes. To calculate the flow resistance in the CPs, a
lumped model and nodal analysis were used. The flow resistance of the CPs
does not increase monotonically, and in fact decreases after the first row is filled,
which was corroborated experimentally. Finally, advanced CPs with graded

capillary pressure were designed and characterized.

5.4 Materials and methods

5.4.1 Chemicals and materials

polydimethylsiloxane (PDMS) was purchased from Dow corning (Sylgard® 184,
MI, USA). Curing agent and polymer base were manually mixed at a ratio of
1:10, and cured for 8 h in an oven (Lindberg Blue M, Fisher Scientific) at 60°C. A
1 mg/ml solution of Fluorescein sodium salt (C2oH1oNa20s) (fluorescein dye,

Sigma-Aldrich, USA) in water (Milli-Q purified water, Millipore, USA) was used for
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characterizing the pumps. 6” Si wafers with the thickness of 650£10 um were
purchased from Silicon Quest International (San Jose, USA). Shipley-1813, a

positive photoresist was purchased from Microchem Inc. (Massachusetts, USA).

5.4.2 CPs fabrication

We designed CPs using a layout editor soffware (CleWin 5, WieWeb software,
Netherlands), and obtained 7”x7” chrome mask with 65,000 dots per inch
resolution from Thin Metal Parts Inc. (Colorado Springs, USA). The CPs were
fabricated by first coating a Si wafer with a 2.8 ym thick photoresist layer followed
by photolithography and deep reactive ion etching (DRIE, Tegal SDE 110, USA).
Next, diced the wafers into individual chips using a diamond scriber (Ted Pella
Inc, USA). The Si chips were rendered hydrophilic by flaming them for ~45 s until
they became glowing red using a microtorch (Butane fuel microtorch MT-51,
Master Appliance, USA). A flat 2 mm thick PDMS was cut to size, and vents
punched with a biopsy puncher (1 mm diameter, Ted Pella Inc., USA). The

PDMS was sealed onto the Si chip to serve as cover.

5.4.3 Characterization of the capillary pumps
CPs were imaged using optical (LV150 industrial microscope, Nikon, Japan) and

scanning electron microscopy (S-3000N variable pressure SEM, Hitachi, Japan).
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The progression of the filling front in the CPs was visualized by capturing the flow
of fluorescein in deionized water. For each experiment, 2.5 pl of solution were
delivered to the loading port and using a stereomicroscope (Leica MZ10f, Leica
Microsystems, Germany) a fluorescence video recorded at a rate of 30 frames
per second (infinity 3 CCD camera, USA). Videos were converted into images
using VirtualDubMod Surround 1.6.0,(see reference 16)'6 and the velocity of the
filling front established by measuring the change in position between individual
frames. At least three independent experiments were performed and standard
deviations were calculated. The flow resistance of the CP as a function of the
position of the filling front was calculated by modelling the pump as a nodal
network using an in house code programmed in Matlab (v7.13, MathWorks Inc.,
USA). The advancing and static contact angles between DI water and a flat Si
surface, which was rendered hydrophilic, were measured using a contact angle

analysis equipment (VCA optima, AST products Inc., USA).

5.5 Results and discussion

5.5.1 Design of the Capillary Pumps

The CPs we designed comprise an array of 40 x 80 uym?2 posts with rounded
edges in a staggered arrangement. The gap between adjacent posts in two
separate rows, W1, is larger than the distance between two columns, W,

Fig. 5.1A. By making the surface hydrophilic, the liquid spontaneously fills the CP
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owing to the capillary pressure generated inside the CP, and first enters the large
space forming the first row (to), but then immediately fills the narrow gaps
between adjacent posts (t1). However, the liquid does not flow into to the next
row, because the geometry of the posts acts as a temporary capillary stop
valve.15 The liquid front thus progresses along the next post and further along the
row (t2), until it fills the next narrow gap, and so on. The filling front thus fills the
entire row, and only after reaching the edge of the CP, advances to the next row.

The CP is thus filled row-by-row.

Two distinct CPs were designed initially that guide the filling front in two different
ways. The first is called a serpentine pump because it guides the liquid front
along a serpentine path. The liquid front advances to the next row as it reaches
the edge of the CP. To prevent premature leakage into the next row, guiding
structures are included at the beginning of each row, Fig. 5.1B. The second CP is
called leading edge pump, because the liquid front is led along one edge of the
CP and starts sequentially filling each row from this edge, Fig. 5.1C. The liquid
front was guided by reducing the gap between the “leading” edge and the posts
compared to the other edges — hence creating a higher capillary pressure at the
leading edge — and thus forcing the liquid to fill each row from that edge. In both

CPs, the angle of the rows was varied and tilted between 0 ° to 45 ° relative to
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the edge of the CP. Manipulation of the filling front along the required directions
allows filling of CPs with various geometries and thus could save the footprint of
the microfluidic circuits. Also by varying the filling front direction, the number of

posts per unit area of the CP and its capacity can be adjusted.

A Flow Between the Posts B Serpentine CP

Vent
) ( ) ( ) ( Filling Front
Capillary Stop Valve W,

Filling
wi Front

Guiding

Capillary Pump
(CP)
Flow

Vent

Loading Port
Fig. 5.1: Schematics of serpentine and leading edge capillary pumps (CPs) with

arrays of posts. (A) Schematic illustrating the progression of capillary flow
between the posts from time to to to. The liquid fills the rows by capillary pressure,

as well as the gap between the posts, but the liquid cannot jump into the next row
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as each pair of posts forms a capillary stop valve, and thus the liquid progresses
along the row until it reaches the edge of the pump, and proceeds to fill the next
row. (B) Serpentine CPs comprise guiding structures at the end of each
alternating row to guide the liquid filling front in a serpentine pattern. (C) Leading
edge CPs draw the liquid into the narrow edge with a capillary pressure, (AP2),
and then sequentially into each of the rows, which have the highest capillary
pressure, (AP4), starting with the first one. Finally, the wide gap, (AP3), is filled up
to the exit. The path of the filling front is indicated by the red arrows and the bulk
flow by the white hashed arrows; note the difference in the paths. (D) A capillary
system with a loading port, a capillary retention valve (CRV), a flow resistor and a

vent is used to test the CPs.

To test the two CP designs, simple capillary systems consisting of a loading port,
a capillary retention valve (CRV), an external flow resistor, and the respective
CP, were built, Fig. 5.1D.%. 17 The system was sealed with a PDMS cover that

contained a loading port to fill samples, and one opening for venting.

The capillary pressure, 4P, in the CPs was estimated using the pressure

equation for rectangular cross sections:8

cosf, +cosb, N cosd, +c050,) (5.1)

AP:_yLG[ W h
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where y is the surface tension of the liquid, 6_,,,, are the contact angles of the
liquid-air meniscus on the bottom, top, left, and right walls, respectively, and w
and A are the width and height of the rows formed between the pillars. The actual
pressure is expected to be lower owing to fact that the channel is not continuous,

but lined by posts with narrow gaps.

The narrow gaps between the pillars were constant and equal to 15 ym for all
CPs except the one with the variable capillary pressure, which was equal to
25 um, Fig. SIIIMA in APPENDIX [ll. The width of the rows was varied from 34 ym
to 130 um, depending on the CP. The depth of the pumps was fixed during the
DRIE fabrication step and was typically ~100 um. The spiral shaped external
resistor had a width of 30 ym and an overall length of 3400 um, Fig. SIII1C in
APPENDIX Ill. The footprint of the CPs are from 4.2 x 4 mm2 to 4.2 x 4.5 mm?2
with a porosity ranging from 47%-73%, and thus can accumulate between 1.02
ML-1.65 pL. For the leading edge CPs, Fig. 5.1C, we adjusted the gaps between
rows that generate AP, the gap of the leading edge (left and top) that results in
AP,, and the gap of the trailing edge (bottom and right) that creates AP, so that
the absolute value of the capillary pressures were:

8] > ar] > ) 52)
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Fig. 5.2 shows the fabricated serpentine and leading edge CPs as well as a

capillary system used in the experiment, Fig. 5.2A-C.

Flovyr |
Resistor

Fig. 5.27: Micrographs of CPs and the capillary system. (A) A serpentine CP with
a 15 ° angle with ridges at the edge. (B)A leading edge CP with 15 ° showing the
leading edge gap and the trailing edge gap. Note that the posts are cut at the

edges here. (C) Overview of the capillary system used to test the CPs. The
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PDMS cover with a vent was aligned to the chip manually using an

stereomicroscope.

5.5.2 Progression of the filling front in CPs
The filling of three serpentine CPs with row angles relative to the edges of a=0 °,
15 ° and 45 ° and of a leading edge CP with an angle of a=15 ° are shown in

Fig. 5.3.
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Fig. 5.3: Time lapse imaging showing the progression of the filling front. Three
serpentine CPs with (A) 0°, (B)15°, (C) 45° angle are shown and (D) a leading
edge CP with a 15° angle. Dilute solution of fluorescein in distilled water was
used to perform all the tests. The red arrows show the direction of the liquid filling
front, whereas the white arrows demonstrate the direction of the flow. The scale

baris 1 mm.
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5.5.3 Flow model of the CPs

The flow rates of the system used here are few tens of nanoliters per second
only; thus the flow is laminar and corresponds to what is known as creeping flow.
Under these conditions, the relationship between capillary pressure, 4P, the flow

resistance, R, and volumetric flow rate, @, of the system becomes:®. 19. 20

_AP
0

R (5.3)

This is similar to the electrical relationship between voltage, resistance and
current; however, in this case the flow resistance of the CP continuously changes
as the filling front progresses, while flow front and bulk flow follow different paths.
Both of these factors need to be considered when calculating the flow resistance

and flow rate.

The flow resistance of rectangular microchannels is defined as.9. 21

s -1
R =[x 1_1952thtanh(7zij [Pa's m3 (5.4)
12X uxL T Xw 2Xh

where L, w and A are the length, width and height of the microchannel

respectively, and p is the viscosity of the liquid. The CP can be considered as
an array of unit cells that allow for flow along the row and across the row through
the small gaps, Fig. 5.4A. To simplify the calculation, the gap between the posts

can be treated as a straight conduit. The resistance of each unit cell in a row can
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be lumped into a single resistance Ry, and the resistance along the narrow gap
between posts as Ry, Fig. 5.4.B Tamayol ef a/?2 have shown that the suitable
length scale for determining the pressure drop between adjacent cylinders is the
minimum gap size. Thus, to simplify the analysis, we neglected the effects of the
rounded edges in the post and assumed that the posts are completely
rectangular shape with 40 x 80 ym2, and that the effective gaps to calculate Rn
and Ryare W1=35 pm and W2=15 ym respectively. The values of Ry and Ry can

then be obtained using Eq. 4. More details are provided in APPENDIX IlI.

The regular structure of the CP lends itself to a pore network modelling
approach, common in the analysis of flow through porous media, which is an
equivalent to network approach as used in electronics.?3-25 |n this approach, the
pump can be modelled as a network of nodes interconnected by Rn and Ry
resistors, Fig. SllI2 and SlII3 in APPENDIX Ill. For a typical serpentine CP,
Rr=3.99%x10"" Pa s m and R\=9.90%10"" Pa s m=3, APPENDIX Ill. The staggered
architecture of the CP with a=0°, Fig. 5.4B, was modelled as an in-line array of
pillars so that all the four resistances connect to a single node, thus simplifying
the calculations. This approximation is justified by the fact that Ry >> R and that
the contribution of the lateral flow resistance between two rows is negligible

relative to the resistance of the narrow gap.
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To calculate the equivalent resistance of the network model, each node was
assigned a coordinate from 1 to (jxm), where j and m are the number of rows and

columns respectively, as shown in Fig. 5.4B. Using Kirchhoff's circuit laws26 a

conductance matrix of the form Cx P =Q was constructed, where Czé is the

conductance matrix and has the dimension of (jxm)x(jxm) and once is multiplied
by the matrix of nodal pressures, P, the summation of the flow rates flowing in
and out of each node is obtained. with P and Q having the dimensions of (jxm).
Assigning an arbitrary value for the Q;m, and the same negative value for Q1,1,
we calculated the associated values for Pjm, and P44 by solving the matrix.
Finally the resistance between the node 1 and jxm of the pump can be calculated

as:

B, -P
R= (5.5)
Jom

The detailed algorithm is provided in the APPENDIX Ill. The total flow resistance
of the circuit is the summation of the resistance associated with the CP and the

connecting channel.

Fig. 5.4 illustrates the resistance of the CP as the function or position of the filling
front. For a serpentine CP with a = 0°, the resistance increases rapidly, as the
filling front fills the first row, because here the bulk flow and filling front follow
the same path, and the resistance reaches a local maximum when the liquid

135



reaches the edge. Indeed, as the liquid travels back along the second row, the
two rows become connected by an increasing number of narrow gaps, which all
serve as parallel flow paths, and hence the flow resistance diminishes as the
liquid front advances. In fact, the flow resistance of the CP shown here
diminishes between the first and seventh row, from R=6.98x10'2to R=1.87%10"2
Pa s m3, but then starts to increase continuously until it is filled entirely as the
vertical resistance of the narrow gaps dominate the overall flow resistance.
Between the 7t and 55% row, it then increases roughly linearly up to
R=7.53%x10"2 Pa s m3, Fig. 5.4C.

The normalized calculated flow rates of the CP obtained from the computed flow
resistance match with those of the experimental values, and they are correlated

with the capillary pressure of 1210 Pa, Fig. 5.4D.

The average capillary pressure for each unit cell of the typical serpentine and
leading edge CPs (shown in Fig. 5.3) is constant, and can be calculated by
dividing the change in the Gibbs free energy of the unit cell (before and after
filling by the liquid) over the volume of the liquid, which is transported into the

cell. The equation can be formulated as: 27. 28

Vi % (COSQ X AAg, +c0s6, X AAg, +2Xcos8 XAAg, )

AP V7

(5.6)
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where 7, is the surface tension of the liquid (ie. water), G=sare the contact
angle of the liquid-air meniscus in the top, bottom and right surfaces,
AA, ,i=t,b,r are the respective changes of interfacial areas between solid, and
air before and after filling of the cell for the top, bottom and right surfaces, and V'
is the volume of the liquid transferred in the unit cell (see APPENDIX Il for more
details). From experiments, Fig. SllI6 and SllI7 in APPENDIX Ill, we know that
the advancing contact angle of a freshly treated flat Si (associated with the right
and bottom surfaces), is 26.4°#3.3°, and the advancing contact angle of a layer
of PDMS (associated with the top surface of the CP) is 778.7°#17.7% thus, the

average capillary pressure generated calculated from Eq. (6) equals to Ap=3375
Pz (see the APPENDIX IllI for the details of the calculation). Eq.5.6 however,

only constitutes an approximation as it does neither include corner flow effects

nor the change in contact angles upon rapid filling.2°

Our experiments allowed determining the relative change of the flow rate over
time, and the capillary pressure was used as a free parameter to correlate flow
rate with calculated flow resistance, and was AP=1210 Pa. This value
corresponds to an equivalent of a capillary pressure generated from a glass tube
with the diameter of 80 pym, which is in line with the depth of the CP ~ 100 ym

and the distance of ~75 ym between the rows.
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flow of a CP. (B) lumped resistance model of the CP. (C) Average flow resistance
for the filling front at each row based on nodal analysis of the electrical circuit
equivalent, see APPENDIX Ill. The calculated flow resistance decreases sharply
as the liquid passes the very first row of the CP; however, after the seventh row,
the resistance increases linearly (D) Comparison of theoretical and experimental
flow rates using the capillary pressure as a free parameter set to 1210 Pa. The
error bars in the experimental data are based on calculating the RMS values in

the variations among three independent experiments.
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5.5.4 Pre-programmed serpentine CPs with varying capillary pressure

In many applications, for example microfluidic immunoassays,3° it is desirable to
adjust the flow rate for various steps of the assay. The control over the filling front
enables to design CPs with variable capillary pressure. We designed CPs with a
gradual decrease in the capillary pressure by increasing the width of the rows

from 34 um to 130 um with incremental steps of 3 um, Fig. 5.5A.

Fig. 5.5B illustrates the variation of the average flow rates from one row of the
CP to the other. Although the capillary pressure decreases continuously, initially
the speed of the filling front increases rapidly from 3 mm s-! in the first row to
5mm s in the 8" row of the CP. This value corresponds to a growth from
33 nL s to 62 nLs' in the flow rate of the CP. This increase is due to the
decrease of the flow resistance, as explained in the section describing on the
flow model of the CP. Subsequently, the speed of the filling front diminishes
continuously to 2 mm s in the last row, which corresponds to a flow rate

23 nL s1.

It is known that the contact angle of a liquid with a surface increases for

increasing flow velocity.29 31.32 Bracke ef al. empirically established a relationship
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between contact angle and capillary number Ca:Ux’u, with U being the
Vic

velocity of the filling front as: 33

cosf, —cosé,
cos@, +1

=2xCa® (5.7)
With &5 being the static advancing contact angle and 6, the dynamic advancing
contact angle. The static contact angles of Si and PDMS surfaces are 6-~26.4°
and 6:~118.7° respectively, and thus the dynamic contact angles of these
surfaces are expected to increase in the 8th and last row to 29° and 27.5° for the
Si, and to 119.1° and 118.8° for PDMS, respectively, Table S1. Thus when
calculating the capillary pressure at different rows, one needs not only to

consider the change in geometry, the increase in flow resistance, but also the

change in contact angle.

If we neglect the increasing flow resistance of the capillary pump and other
dissipative energies, in theory the average ratio of the generated capillary

pressure between the 34t row and the 8 row of the pump is expected to be:

AR,
AP,

=2.0 (9)

where AF, and AP, are the average capillary pressure generated in the 8t and

34t row respectively. This ratio is orderly consistent with our experimental

0

data—=% =2.7, where Qs and Qa4 are the average flow rates in the 8th and 34th
34
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rows respectively, and the difference may be in part due to the approximations
that were made. The detail of the calculation for the ratio of the capillary

pressures can be found in APPENDIX III.
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Fig. 5.28: Pre-programmed serpentine pumps with variable capillary pressure.
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(A) Fluorescence image of a CP filled with a green fluorescent solution revealing
the increasing width of the rows that lead to a capillary pressure gradient. (B)
Flow rates in each of the rows measured by video microscopy. The error bars are

standard deviations of seven experiments. The scale bar is 1 mm.

5.6 Conclusions
We introduced novel architectures for CPs with guidance of the filling front along
rows and at the edges to establish serpentine and leading-edge filling patterns,

respectively. The flexibility and robustness of the design was highlighted using

141



CPs with different filling angles and gradients of pressures. A pore network
analysis model was developed to calculate the flow resistance and was used to

predict the pressure and flow properties of the different CPs.

Based on the examples, the functionality of capillary systems can be further
expanded. For example, by tailoring the hydrodynamic properties of the CPs and
the flow resistance of the circuit the filling time can be tuned from ~30 s to tens of
minutes, while accurately metering the liquid. CPs with gradients of capillary
pressure may allow optimizing the liquid flow rate during the incubation steps of

bioassays.30

Using programmable CPs will expand the possibilities of passive, capillary driven
microfluidics for carrying out advanced fluidic operations autonomously. This may
open new opportunities for the use of capillary systems in immunoassays, point-

of-care diagnostics and other areas.
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Chapter 6: Pre-programmed, self-powered microfluidic circuits built

from capillary elements

6.1 Preface

In the previous chapter, we presented two novel capillary pump architectures.
Here, we first present two other microfluidic capillary elements including (i)
retention burst valves and (i) robust low aspect ratio trigger valves.
Subsequently, we demonstrate that by combining these two elements with flow
resistors, capillary retention valves and capillary pumps, complex capillary flow
circuits that encode sequential flow of multiple liquids with distinct flow rates and
flow reversal can be made. Finally, we employ the circuit to run a one-step
immunoassay and measure the concentration of C-reactive protein.

This work suggests that as in electronics, complex capillary circuits may be built
by combining simple capillary elements. We define the concept as “capillarics”,
and believe that more complex circuits will become possible by expanding the
library of building elements and formulating abstract design rules.

This work resulted in the following publications:

Patent: Juncker, D. & Safavieh, R. Method and system for pre-programmed
self~power microfiuidic circuits. WO Patent 2,013,029,159 (2013)

Journal paper: Safavieh, R & Juncker, D. Capillarics: Pre-Programmed, Self-

Powered Microfiuidic Circuits Built From Capillary Elements, Lab Chip, 13 (2013)

147



6.2 Abstract

Microfluidic capillary systems employ surface effects to manipulate liquids, and
are thus self-powered and self-regulated as liquid handling is structurally and
chemically encoded in microscale conduits. However, capillary systems have
been limited to perform simple fluidic operations. Here, we introduce complex
capillary flow circuits that encode sequential flow of multiple liquids with distinct
flow rates and flow reversal. We first introduce two novel microfluidic capillary
elements including (i) retention burst valves and (ii) robust low aspect ratio trigger
valves. These elements are combined with flow resistors, capillary retention
valves and capillary pumps to build a capillary circuit that following sample
addition, autonomously delivers a defined sequence of multiple chemicals
according to a preprogrammed and predetermined flow rate and time. Such a
circuit was used to measure the concentration of C-reactive protein. This works
illustrates that as in electronics, complex capillary circuits may be built by
combining simple capillary elements; we define such circuits as “capillarics”, and
believe that more complex circuits will become possible by expanding the library

of building elements and formulating abstract design rules.
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6.3 Introduction

Lab on a Chip (LOC) devices have emerged as a powerful tool for a variety of
applications including bio-analysis® 2 and point of care diagnosis.® Central to
microfluidic applications is the control of liquid flow within microconduits. Most
microfluidic systems depend on peripheral equipment to effect and control the
flow of liquid. As the complexity of these circuits increased, the similarities to
electronic circuits were exploited, most notably in electrokinetic and
electrophoretic microfluidics. In addition, centrifugal and hydrophobic microfluidic
systems were also built where the advancement of the liquid was controlled by a
combination of external control, and pre-embedded restrictions and hydrophobic
patches.# The most complex microfluidic circuits developed to date are the ones
made by multilayer soft lithography.® More recently, digital microfluidics that use
electrical fields and capacitances to move droplets on arrays of electrodes,
effectively create a connection between electronics and microfluidics, which may

facilitate subsequent scaling up.®

6.3.1 Passive and capillary microfiuidics
So-called passive microfluidic systems circumvent the need for peripheral
equipment and extract the energy to move the liquids from the system, thus only

requiring minimal user intervention. The flow in passive microfluidics is typically
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driven by capillary effects, and they have in fact long been used in diagnostics in
lateral flow tests.” Recently, paper-based microfluidics have attracted renewed
interest from academia and microfluidic circuits with channels and reservoirs
patterned in a paper or nitrocellulose substrate using photolithography, printing or
laser cutting are being developed.8 To advance the functionality of these circuits,
various valves including (i) flow rate regulators by patterning dilute solutions of a
water soluble wax,® or sugar barriers'® in paper, and (ii) metering valves using
sugar bridges'0 or expandable polymer actuators’* combined in paper have been
developed to control the timing of the fluid delivery. In addition, we and others
showed that thread and yarn can be used to build fluidic circuits from the bottom

up'? and can be used for immunoassays.'3

The heterogeneity of fibrous microfluidics however makes miniaturization difficult,
implying that larger samples are required, and multiplexing will be limited.
Furthermore, the limit of detection of paper and thread based microfluidics
doesn’t match the performance of classical ELISA and microfabricated

microfluidic systems until now.
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6.3.2 Autonomous capillary microfiuidic systems

A landmark paper by Delamarche and colleagues highlighted the potential of
self-filling microfluidics based on capillary effects.'4 Arrays of hydrophilic
2 ym-wide  microfluidic  channels, formed by sealing structured
poly(dimethlisiloxane) (PDMS) onto silicon wafers, were used to spontaneously
draw in liquids into the conduits and pattern proteins on surfaces; however, the
solution could not be rinsed or exchanged. Common chemical and biochemical
reactions do require addition and exchange of multiple solutions in sequence. An
autonomous microfluidic capillary system (AMCS) that was self-powered and
self-regulated — hence autonomous — was proposed and designed by combining
a capillary pump (CP) and a capillary retention valve (CRV)."> In AMCSs the
capillary pressure is encoded in the geometry and surface properties (free
surface energy of both solid surface and the liquid), which drives and controls the
liquid flow on the chip. AMCS allows filling and flushing multiple solutions by
simply delivering them sequentially to an inlet, without any need for removing
solutions,'> making them well adapted for conducting immunoassays that require

the delivery of multiple solutions. 6
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6.3.3 One-step immunoassays

The ideal devices to conduct immunoassays and point-of-care diagnostics would
only require a single manipulation, namely the addition of sample, to complete
the assay, so-called one-step immunoassays.!” Efforts to realize such systems
have progressed along two directions. One is to keep fluidic functionality simple
and implement the sequential delivery of chemicals by controlled dissolution or
the geometry of the system. For example, Gervais ef al.'8 pre-dried reagents in a
dead-end conduit thus controlling the release, although this system required
disassembling and rinsing prior to fluorescent imaging.'® 19 Another simple
approach featured three open and linked reservoirs that drain sequentially,
although limited cross-talks between reagents occurred, and flow rates were not
individually controlled, because of the flow resistance, the reservoirs are drained
in sequence.20 The second strategy was to expand the functionality of AMCSs to
further enhance assay performance and versatility and emulate the functionality

normally obtained using active systems.

6.3.4 Capillary valves
An important group of elements required for making advanced circuits are valves,
but developing them is one of the challenges for building capillary systems, as on

one hand they need to be self-filling and moving parts are not usable, and yet the
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liquid should stop. However, to stop the liquid in capillary systems, one approach
is to design an abrupt increase in microchannel cross-section, to make it
energetically unfavourable for the liquid to flow from the narrow to the wide
channel due to the large increase in liquid-air interface at the filling front.2' Such
geometric valves can then be triggered by flowing a sample through the wide
channel. Although the concept was proposed long ago,??2 and even multi-liquid
valving was shown,23 an implementation that is robust and reliable for everyday
use has been difficult to achieve. The channel enlargement is often only
produced laterally within plane, and thus the liquid tends to creep along bottom
and cover of the channel. High aspect ratio valves mitigate this issue, but they
are difficult to microfabricate, even in Si, and cannot be transferred to other
materials, while still occasionally failing.2" In a follow up study, Zimmermann ef al.
24 added new functionalities to their CPs and improved their performance. More
recently, valves have been made in low aspect ratio structures using less
hydrophilic surfaces, for example using a PDMS cover that can be depressed

manually for liquid activation.25

6.3.5 Hybrid capillary systems
Autonomous sequential delivery of samples has been demonstrated by trapping

air bubbles between liquid plugs, mirroring an approach initially implemented with
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tubes and a syringe pump,?6 but using capillary effects to drive the flow.2?
However, bubbles create high flow resistance, and varying bubble sizes will
affect the flow resistance and may get stuck, which will thus affect the

reproducibility and reliability of such circuits.

Capillary microfluidics can also operate with positive pressures formed by
hemispheric droplets dispensed atop of the inlet.28 The simplicity of this approach
makes them appealing for generating concentration gradients for example;
however, the flow rate is low, and changes as the droplets are shrinking, thus
only affording limited control over the flow rate. Recently, positive pressure
fluidics have also been combined with capillary stop valves for more advanced
fluidic operations;2® however, the timing and triggering of liquid flow was not fully
pre-programmed, and in fact required multiple timed user interventions,

reminiscent of the constraints of the original AMCS.

6.3.6 Capillary elements and capillarics

Over the last few years, the functionality of capillary microfluidic systems has
been expanded significantly. Here, we introduce additional capillary components,
namely a robust trigger valve (TV) and a retention burst valve (RBV).

Furthermore, we introduce capillarics, in analogy to electronics, denoting both the
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complex capillary microfluidics as such, and the modularity of their architecture
allowing them to be designed and assembled hierarchically by combining basic
building elements selected from a library. The elemental building blocks are
called capillary elements or capillaric elements depending on the context and
their complexity. To illustrate this concept, a capillaric circuit was designed that
upon flow a sample, reverses the flow and flushes four different chemicals in a
predetermined sequence with a different flow rate. This circuit is then applied to

measure the concentration of C-reactive protein.

6.4 Materials and methods

6.4.1 Chemicals and materials

Sylgard® 184 silicon elastomer kit (PDMS) was purchased from Dow corning
(Midland, MI, USA). Prepolymers, i.e., curing agent and polymer base, were
manually mixed at a ratio of 1:10, and cured for 8 hrs in an oven (Lindberg Blue
M, Fisher Scientific) at 60°C. A 1 mg/mL solution of Fluorescein sodium salt
(C20H10Na20s) (fluorescein dye, Sigma-Aldrich, USA) in water (Milli-Q purified
water, Millipore, USA) was used for characterizing the RBVs. Food dyes
(McCormick & Co., MD, USA) were purchased from local stores and 50% diluted
solutions were used to test the capillaric circuit. Experiments were performed at

the room temperature of 23+2°C. Phosphate buffered saline (PBS) tablets
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(Sigma-Aldrich, USA) were reconstituted in deionized (DI) water to form 1% PBS
in water. Bovine serum albumin (BSA) (Jackson ImmunoResearch, PA, USA)
was dissolved at a concentration of 3% in DI water. Human C-reactive protein
(CRP) antigen, capture anti-CRP, and biotinylated detection anti-CRP were
purchased from R&D Systems (Minneapolis, MN, USA). Streptavidin-Alexi Fluor
488 (Invitrogen, Burlington, ON, Canada) was used as a label in the

immunoassay.

6.4.2 Chip design and fabrication

Circuits were designed in a layout editor software, CleWin (CleWin 5, WieWeb
software, Netherland), and the designs were printed in a 7”x7” chrome mask with
65,000 dots per inch resolution (Thin metal parts, Colorado Springs, USA). A soft
lithography technique was followed as described previously elsewhere.30 Briefly,
2 level moulds were fabricated in SU-8 50 (Microchem, Massachusetts, USA),
and replicated into PDMS. The elements and circuits are 100 ym deep, except
the two level trigger valves, which are only 50 uym deep. The reaction chamber
was designed in an oval shape with 200 ym width and 2000 uym length. A razor
blade (single edged razor blade, Fisher Scientific, Canada) was used to cut the
chips from the replica. The vents of the chip were fabricated using a biopsy

punch (1.5 mm puncher, Ted Pella Inc., USA). The chip was rendered hydrophilic
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with an air plasma (Plasmaline 415, Tegal Inc., US) for 45 s with 250-mTorr
pressure and 150-mW power. A flat 2 mm thick PDMS cover was used to seal

the chip.

6.4.3 Capture antibody patterning on PDMS

We used a microfluidic capillary system (CS)3! with 16 parallel microchannels to
pattern capture anti-CRP on the PDMS cover. Each microchannel was
2000x100x100 pm?3 in size, and was separated from the neighboring
microchannel by a 200 ym gap. The CS was activated with air plasma to render it
hydrophilic, and sealed reversibly to the PDMS cover, orthogonal to the future
reaction chamber that was outlined with a pen. 2 yL of anti-CRP capture antibody
(250 pg/mL) were pipetted into the loading port and spontaneously filled the
microchannels. The PDMS was incubated for 45 min at room temperature in a
humidified closed Petri dish containing a wet tissue to prevent evaporation. The
liquid was then drawn out using a clean room paper, the PDMS removed, rinsed
with PBS for 15 s and blocked with a 3% BSA solution for 30 min to avoid

nonspecific binding, rinsed with DI water, dried, and stored for later use.
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6.4.4 One step immunoassay

For the sandwich immunoassay, we positioned a plasma activated chip on a
patterned cover. The orientation of the reaction chamber was orthogonal to the
capturing stripes patterned on the PDMS cover. We then preloaded 4 reagents
including: (i) 1% PBS in DI water, (ii) biotinylated anti-CRP detection antibody
(200 pg/mL), (iii) 1% PBS in DI water, and (iv) streptavidin-Alexa Fluor 488 (500
pg/mL) in four reservoirs in the chip by contacting the tip of a pipette to the side
channel vents. Subsequently, we loaded 2.5 pL of a buffer with CRP protein, and
repeated the entire experiment with a series of different concentrations of CRP.
Upon the completion of the assay, we separated the cover from the chip, rinsed it
with DI water for 15 s, and dried it using a nitrogen gun, followed by fluorescence

imaging of the PDMS cover using a microscope.

6.4.5 Imaging Analysis and Signal Quantification

To characterize the fabricated capillaric elements and the circuits, we used both
optical (LV150 industrial microscope, Nikon, Japan) and scanning electron
microscopy (S-3000N variable pressure SEM, Hitachi, Japan). Images of the
liquid flow in the chip were captured using a stereomicroscope (Leica MZ8, Leica
Microsystems, Switzerland) outfitted with a CCD camera (DS-Fi1, Nikon, Japan).

As for the immunoassay, we used a customized fluorescence confocal
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microscope (C1si Nikon Inverted Confocal microscope, Nikon, Japan) connected
to a CCD camera (CoolSNAP HQZ?, Photometrics, USA) to quantify the binding of
the assay. The CRP binding curve was calculated from three independent
experiments. Average colour intensities of the fluorescence images were
extracted using Image J (NIH, Bethesda, MD), and binding curves fitted with a
four-parameter logistic curve (GraphPad Prism 5, GraphPad Software Inc., USA),
Fig. 6.7. In each experiment, we tested six chips with six different concentrations

of CRP antigen and measured the average fluorescent intensities of two stripes.

6.5 Results and discussion

6.5.1 Library of capillaric elements

To facilitate conceptualization, capillaric elements including (i) microchannels, (ii)
fluidic resistors, (iii) vents, (iv) CPs, (v) TVs, (vi) CRVs as well as novel (vii) RBVs

are schematized in Fig. 6.1.

Microchannels are transporting the liquids and while they also generate a flow
resistance, it can often be neglected, and they thus represent the equivalent of
electrical lines in electrical circuits. Fluidic resistors are typically microchannels
with reduced cross-sections. Because the flow resistance scales as R4 (radius)

in channels with circular cross-section, small changes in size can have significant
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effects, and a few small sections along the flow path can dominate the overall
flow resistance of the circuit, as in electrical circuits. Vents are conduits that are
connected to the atmosphere. It is noteworthy that the capillary pressure is
proportional to R' and in practice becomes negligible when the smallest
dimension in a circular or rectangular conduit is > 1 mm; thus vents should be big

enough and hydrophobic to minimize surface tension.

CPs generate a constant capillary pressure similar to a voltage source in an
electronic circuit. Microstructured reservoirs with posts serve as CPs and the
gaps between the posts define the capillary pressure; the smaller the gap, the
larger the pressure drop and the stronger the pump.24.32 TVs stop the flow of a
first liquid at a point until it is triggered by flow of a second liquid entering through
second conduit, as discussed previously.2' RBVs are a modification of the CRVs,
and both are formed by a localized reduction of the channel cross-section, which
prevents the liquid from draining due to a large capillary pressure. CRVs are
meant to retain the liquid permanently, while the RBVs act as release valves,
once the capillary pressure exceeds a threshold value. A series of RBVs with
increasing threshold can thus be used to control the sequence of liquid being

delivered.
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illustrating the library of capillaric elements; the elements

Fig. 6.1: Schematic

include, (i) microchannel, (ii) flow Resistor, (iii) vent, (iv) CP, (v) TV, (vi) CRV and

(vii) RBVs.

Previously, we and other researchers have introduced some of these capillary
elements, shown in Fig. 6.1, including CPs, flow resistors, and vents.32 33 |n the

following sections we explain the development of two novel capillaric elements in

the library /.e. two-level TVs and RBVs.

6.5.2 Two-level trigger valve

Conventional capillary TVs that expand only laterally lack robustness, and are
prone to spontaneous triggering.2! A single layer TV with an aspect ratio of
depth/width = 3 was made of plasma-activated, hydrophilic, PDMS and closed

with native, hydrophobic, PDMS cover. This leaked in less than two seconds,
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Fig. 6.2A. To overcome the lack of reliability, we propose a two-level capillary TV,
which consists of a shallow conduit intersecting a deep one and a hydrophobic
cover, Fig. 6.2B. The abrupt enlargement in the cross-section of the
microchannel occurs laterally and vertically at the bottom, while the hydrophobic
cover prevents the liquid from creeping along the top. A two level TV with the
aspect ratio, depth/width =1.5, stopped the liquid for more than 20 mins,
Fig. 6.2C. These valves robustly stopped liquids for over 20 min, and we did not

observe a single failure in 50 experiments.

A =0s t=1s =155 t=1.7s B

;=20 min t,=20 min

Fig. 6.2: Two-level TV used to passively stop the liquid. The microstructures are
hydrophilic (plasma activated PDMS). The sealing layer is hydrophobic PDMS.
(A) Time lapse images showing that the abrupt enlargement of the one-level TV
fails after only 1.5 seconds; (B) SEM micrograph of the two-level TV. (C) Images
showing that the abrupt enlargement of the two-level TV together with the use of

a hydrophobic cover were effective to stop the liquid for periods of 20 min, and
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could be triggered at any time by flowing a sample in the deep conduit. The scale

bars are 200 ym.

6.5.3 Retention burst valves (RBVs)

CRVs and RBVs are formed by constrictions in the microchannel that produce
high capillary pressure. The CRVs and RBVs shown here were all engineered in
deep channels, while varying the width to gradually increase the capillary
pressure. If the capillary pressure of a CP is weaker than the one of the
constriction, a CRV is formed. If the capillary pressure of the pump is stronger
than the constriction, then an RBV is formed that will retain the liquid until the
pressure at that point within the circuit drops below the capacity of the valve.
Thus, as long as there is flow in the circuit, the pressure may remain high, but
once the flow stops, the circuit acts as a hydraulic system, and the capillary
pressure of the pump is transmitted throughout. Thus, if multiple RBVs with
different thresholds are included, the weakest one will burst first and the liquid
stored downstream will be drained, and then the second weakest one will burst

and the liquid will be drained, and so on, Fig. 6.3.

The burst pressure of the valve is related to its dimensions according to the rules

of capillary pressure. However, while the advancing contact angle is present
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during filling, it is the receding contact angle that arises during draining.
Hysteresis between advancing and receding contact angles thus requires that
the dimensions of the CP be significantly smaller than the one of the RBVs to
burst it. Moreover, although not reflected in the equations, we found that the
length of the RBV also contributed to the strength of the RBV. We then designed
a series of RBVs with varying width and length, and integrated them in a simple
circuit to illustrate sequential drainage of 6 valves, Fig. 6.3A. The RBVs are
located at the extremity of each side arm. CRVs with a capillary pressure
exceeding the one of the CP were included at the junction of each side arm and
the main conduit, as well as on the inlet side to prevent drainage of the main
conduit. Fig. 6.3B show time-lapse images of the filling and sequential drainage
of the six side arms with a solution containing fluorescein. The liquid was added
to the loading port (not visible) and then started filling the microchannels and the
CP. A flow resistor in front of the CP ensured that all side-arms were filled
despite the large capillary pressure of the CP. Next, as the liquid in the loading
port is drained, it is pinned and stopped at the CRV. As all flow stops at this
moment, the pressure of the CP acts throughout the entire circuit, and bursts the
first RBV, followed by drainage of the first conduit until the liquid is pinned at the
CRV next to the main channel. Then, the second RBV is burst, and so on until all

6 side arms are drained.

164



B t=0s t=29s t=16s t=20s t=24s

Fig. 6.29: Operation of the RBVs. (A) Micrograph of a circuit to test the RBVs. (B)
Time lapse imaging showing sequential filling and draining of reservoirs using the
RBVs. In each of the serpentine microchannels, we designed an RBV and a
CRV. The CRVs were placed at the junctions of the side arms and the main
conduit, and have a stronger capillary pressure that that of the CP. The RBVs
were at the end of each side arm, and have the capillary pressures weaker than
that of the CP. By adjusting the length and the width of these valves, we
controlled the sequence of draining of 6 side-arms. The depth of the

microchannels is 100 um. Scale bars are 3 mm.

6.5.4 Capillaric circuit with flow reversal
To illustrate the possibility of making complex systems using a variety of
capillaric elements, we designed a capillaric circuit for performing one-step

immunoassays, Fig. 6.4A. The chip is sealed with a hydrophobic PDMS cover
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with vents and loading ports to add the reagents and a sample. The circuit
comprises 4 side-arms, each comprising an RBV at the extremity close to the
loading ports, and a TV that connects each arm to the main channel, and that
simultaneously acts as a CRV. The side arms are preloaded with 4 different
reagents that are applied to the respective loading ports, Fig. 6.4B, (t1-t2). A filled
pipette tip is brought into contact with the chip, and the reagents are
spontaneously drawn by capillary pressure into the side-arms up to the TV (t3). A
sample applied to the main loading port flows via a channel, a CRV, fills a short
side-conduit stopping at a TV (t4), and progresses to the reaction chamber. The
liquid then flows past the 4 side-arms, through a resistor and flows into the
incubation CP that draws a precise volume, flushing it through the reaction
chamber. Upon filling the incubation CP (ts), the sample moves continuously, and
activates a TV that is located upstream of the reaction chamber. Following
activation, excess sample flows through the TV into the waste CP until the entire
excess sample is depleted and the flow stops (ts). The capillary pressure in the
circuit then rises to the level of the waste CP, and triggers the first RBV (t7) and
drains the reagent from the first side-arm, which flows back through the main
channel and the reaction chamber to the CP until the CRV stops the drainage.
Each arm is drained in sequence according to the threshold of each RBV (ts-t10).

The flow path through the incubation CP remains open but, because the flow
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resistance is ~ 55 times higher than that through the reaction chamber, virtually
all reagents flow back through the reaction chamber at a preprogramed flow rate.

This circuit was designed for performing immunoassays.

Incubation

o s :

TVs&CRVs &

RBVs

Loading O?
§O
Port o

Reaction
Chamber

Loading Port

Fig. 6.30: A Capillaric circuit for flowing a metered amount of sample through a

reaction chamber followed by flow reversal and sequential flowing of 4 pre-
loaded reagents at a different flow rate. (A) Overview of the circuit comprising a
reaction chamber, 4 side-arms with RBVs and combined TV/CRVs similar to the
ones described in Fig. 6.3, flow resistors, an incubation CP, as well as a waste
CP. (B) Schematic drawings outlining the operation of the capillaric circuit step-
by-step. Initially, the cover with patterned lines of capture antibodies is sealed
orthogonally to the reaction chamber (t1). Afterwards, various reagents (green,
yellow, black and red) are dispensed into the side-arms (t2), and stop at the TV at
the intersection with the main channel (t3). Next, the sample is introduced

through the loading port (t4), flowing via the main channel to the incubation CP
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which draws a predetermined amount at a controlled flow rate (ts). Subsequently,
when the liquid passes the TV at the junction upstream of the reaction chamber,
the excess amount of the sample flows through the shortcut directly into the
waste CP (te).Finally, the side-arms are drained sequentially, and flow in reverse

direction through the reaction chamber via the shortcut into the waste CP (t7-t1o).

The capillaric circuits were made out of PDMS using a two level SU8 mould as a
19 x21 mmz2 chip. The chips were plasma activated to render them hydrophilic,

and a hydrophobic PDMS with vents and loading ports was used as the cover

layer, Fig. 6.5.

Flow
Resistor
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Fig. 6.5: Optical micrograph of a microfluidic capillaric circuit with flow reversal
made in PDMS. 19 x21 mmZ2. The PDMS cover includes vents and a loading

port.

To validate the design, solutions of food dyes and DI water were filled as outlined
in Fig. 6.5, and recorded, Fig. 6.6. The side-arms were filled by simply contacting
the extremity of the channel with a pipette tip. 1 yL of a black food dye, serving
as a sample, was introduced into the main loading port. The flow pattern

replicated the steps outlined above accurately.
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Fig. 6.6: Capillaric circuit with flow reversal and different flow rates. Four food
dyes, blue, red, orange, and green were dispensed to the side-arms using a
pipettte. 1 pL of a black food dye serving as a sample was introduced into the
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main loading port. It flowed for ~ 150 s through the metering pump (800 nL),
flowed back via the small channel, and activated the TV upstream of the reaction
chamber. The excess sample was thus flushed via the shortcut directly into the
waste CP (ts). Next, the reagents in the side-arms are drained sequentially from
bottom to top (blue, red, orange, and green) and flow in the reverse direction
through the reaction chamber and the shortcut into the waste CP as well. The

scale bar is 3 mm in the overviews and 200 um in the close-up views.

6.5.5 Sanadwich immunoassay in a capillaric circuit

To show the potential applications of capillaric circuits, a sandwich immunoassay
for CRP was performed as outlined in Fig. 6.7A. We first patterned anti-CRP
capture antibody on the cover of the chip using a CS perpendicular to the
reaction chamber.3! Later on, biotinylated anti-CRP antibody was filled into
side-arm 1, washing buffer in side-arms 2 and 4, and streptavidin conjugated to
Alexa Fluor 488 in side-arm 3. Next, a 1 yL of phosphate buffer saline spiked
with CRP was applied to the main loading port, flowing and triggering the flow of
all the other reagents. Fig. 6.7B shows the assay results for triplicate
measurements of the CRP concentrations between 0.01 and 10 pg/mL as well as
a negative control. Two fluorescence micrographs (vertical stripes) in a reaction

chamber, corresponding to the signals of 10ug/mL concentration of CRP antigen
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were also illustrated as an inset of the graph. The scale bar of the micrograph is
100 ym. To achieve higher sensitivity, it will be necessary to increase the
incubation time of the sample, and optimize the flushing time for the reagents,
while also improving the stability of the surface, because the PDMS used slowly

reverted to a hydrophobic state.

A Assay Steps

CRp _, Biotin __ - Streptavidm W]
Antigen Conjugated Wash Conjugated Wash
Detection CRP Alexa Fluor 488

(1) ( 3

2) 3) 4) (3)
VY NE R N - 7 RN RN

B Assay Results

20000 10 pg/mlL

15000 -
10000 ~

5000 -+

Fluorescence (RFU)

0 <

T T T 1
102 10! 10° 10! 10? 10°

CRP concentration (pg/mL)

Fig. 6.7: Sandwich immunoassay for CRP carried out using a capillaric circuit.
(A) The sandwich assay consists of five steps. First, CRP antigen is captured on
the reaction chamber by the pre-immobilized capture antibodies . Next,

biotinylated detection CRP, washing buffer, fluorescent streptavidin, and second
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washing buffer were flushed from the side channels sequentially. Finally, the
stamp was imaged with a fluorescence microscope. (B) Standard curves of the
fluorescent signals obtained from three independent sets of experiments. In each
experiment, we tested six chips and measured the average intensities of the
fluorescent signals in two patterned reaction zones in each chip. We then fitted a
curve the set of data. The inset illustrates fluorescence micrographs (vertical
stripes) correspond to the signals of 10pg/mL concentration of CRP antigen. The

scale baris 100 ym.

6.6 Conclusion

We introduced the concept of capillarics, in analogy to electronics, as a more
complex form of capillary systems introduced a decade ago. Whereas one can
draw a general conceptual analogy to electronics, there are also deep
differences, because with capillaric circuits the fluid logic is realized with the
advancement, and retreat, of the wetting front of the liquid in different parts of the
circuit in a time and space dependent manner. We demonstrated that capillaric
circuits can be made from a number of capillary and capillaric elements including
CRVs, RBVs, resistors, vents, TVs, and CPs. We notably designed side
channels with RBVs at the extremity and a combined TV/CRYV at the intersection

with the main channel, so that reagents filled in each side channel would be
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drained according to a pre-programmed sequence, regardless of the of the order
with which they were filled. These elements were integrated into a capillaric
circuit for a one-step immunoassay with flow reversal implementing distinct flow
rates for the sample and subsequent reagents, and comprising two CPs for
sample metering, and one acting as a final waste collector. The combination of
various elements allows creating new fluidic logic operations and circuits, which
may be designed at an abstract level, and then realized physically according to
design rules yet to be established. We believe that many more fluidic circuits may
be built both as microfabricated structures that afford great control, but also using
porous supports such as paper that are inexpensive, or possibly by combining
the best of both worlds so as to obtain a better control at a reduced cost.
However, challenges remain and for example the number of RBVs that can be
reliably operated in parallel is limited by imperfections and hysteresis in wetting,
which commands the use of significant differences in retention pressure, while
requiring CPs with significantly higher capillary pressure than the highest RBV to
ensure its drainage. Scaling up of capillaric circuit will depend on overcoming
such limitations, but as the examples shown here demonstrate, circuits with
moderate complexity can already be designed and built. Whereas we
demonstrated a one-step immunoassay, improvement such as long term reagent

storage are still needed to permit pre-filling of chips independently of usage
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Furthermore, a more convenient assay readout is also needed, and may be
implemented using for example silver amplification,3* permitting assay readout
using a cell phone, or an electrochemical detection using simple electronics
only. We thus believe that capillarics will be useful for point-of-care diagnostic
applications, as well as for many chemical and biochemical processes that

require the sequential addition and removal of multiple reagents.
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Chapter 7: Conclusion and outlook

7.1 Summary of findings

This work presented three novel platforms of capillary-driven microfluidic
systems. These platforms include: (i) polymer pins for microarray spotting, (ii)
cotton yarns as a substrate for making capillary driven microfluidics and (iii)
complex circuits for sequential delivery of multiple reagents with precise timing of
reactions, and reversal of the flow. The work also showed the use of these

systems for microarray spotting and diagnostic applications.

First, we optimized the design and proposed a new fabrication technique for
making miniaturized quill pins, which can be used for protein printing. The slit
inside the pin is filled with capillary effects, and by contacting a substrate, these
pins can print a few thousands of spots in one run. Here we developed an
annealing process to release/minimize the residual stress formed during the
fabrication process due to the mismatch between the thermal expansion
coefficients of SU-8 and that of the substrate. The process made fabrication of

long-straight free standing structures out of Epoxy SU-8 possible. (Chapter 3).

Next, we demonstrated examples of using cotton yarns for constructing

capillary-driven microfluidic systems. We first modified the surface property of the
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cotton to enhance its hydrophilicity, and then measured the flow resistance of the
yarns. Subsequently we employed knots for both controlling the flow resistance,
and making various microfluidic elements such as passive splitters, blenders and
mixers out of yarns. We also quantified the mixing ratios of the proposed knotted
mixers, and found that topologically different knots can make different mixing
ratios. Finally, we made a web of knots, which can be used as a serial dilutor.

(Chapter 4).

We also advanced the functionalities of microfluidic capillary systems at a
conceptual level. We named the concept capillarics, in analogy to electronics.
We developed a library of capillary elements and demonstrated that similar to
electronic circuits, in which complex electronic devices can be made out of a
limited number of electric elements, advanced capillary circuits can be made by
combining a limited number of capillary elements. The first element we
introduced were two novel architectures of capillary pumps that guide the
progression of the filling front. Second, we presented other capillary elements
including novel architectures of capillary valves for switching between liquids and
timing the reactions. We then selectively assembled these elements with other
microfluidic capillary elements, which had already been developed including flow

resistors and capillary retention valves, to make a capillary circuit, which reverses
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the flow and flushes four different chemicals in a predetermined sequence with a
different flow rate selectively assembled these elements, and showed that using
the circuit, we can measure the concentration of C-reactive antigen down to 100

ng/mL in 5 min. (Chapters 5&6).

The original contributions in this part were mainly the design and fabrication of
1st) two novel capillary pumps to accurately control the liquid filling front 2nd) two
level robust capillary trigger valve 3d) Programmable retention burst valves, 4th) a
capillary circuit with liquid flow reversal, allowing to perform rapid one-step

sandwich immunoassay with a possibility to have an amplification step.

7.2 Recommendations for future directions

Following these advancements in making capillary systems, a number of
challenges remain unsolved. For example, most of the capillary circuits
presented in Chapter 6 are made out of plasma-activated PDMS. These chips
can keep their hydrophilicity only for ~20 minutes, and cannot be used to perform
a long incubation time, which is required to achieve a high sensitive
immunoassay. To circumvent this issue the circuits need to be fabricated out of
materials that can keep their hydrophilicity over time. Microchips made of silicon

with an oxide surface keep their hydrophilicity for a long period of time; however,
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their costly fabrication process would prevent their use in making low cost
diagnostic devices. Polymers which are either inherently hydrophilic or which can
be activated while retaining the hydrophilicity for a long time may be exploited for

making low cost capillaric circuits..

For some bioassays, such as fluorescence-linked immunosorbent assay
(FLISA)," or sample preparation steps required for DNA sequencing methods,? it
is essential to sequentially flow a large number of reagents over the captured
reaction zone. '2However, increasing the number of retention burst valves which
can be reliably operated in parallel would be challenging (Chapter 6). This can be
improved by introducing novel designs of retention burst valves. Also, portable,
inexpensive detection systems such as electrochemical methods® can be
integrated into capillary circuits for making point of care diagnostics. Upon
overcoming these challenges the capillary circuits can be manufactured in high
volumes and thus be used as low-cost high-sensitive point of care diagnostic

devices.

This work also created various exciting prospects for future research. For
example, the functionalities of capillaric circuits can be enhanced by introducing

novel capillary elements, some of which are reminiscent of logic elements such
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as XOR, XNOR and NAND, and some of which can be unique to the capillaric

circuits such as retention burst valves and the trigger valves.

Additionally, by selectively assembling capillaric elements we may develop
various capillaric circuits for different applications from cell or bacteria detections
to multiplex analysis of proteins with large dynamic range. For example
quantifying the concentrations of multiple proteins in a sample is essential for
precise diagnosis such as the evaluation of the risk of heart attack.# As for the
heart attacks, it is crucial to have a rapid point of care device, which can
precisely quantify the concentration of at least four biomarkers simultaneously.?
However, considering the large variation in the concentration of each biomarker
in a sample,® as well as the problem of cross reactivity’ it is highly desirable to
perform each reaction in a separate reaction chamber, optimized for its pair.
Microfluidic capillary flow reversal can be arrayed to develop a robust one step

assay to analyze multiple proteins at once, while preventing the cross reactivity.

Overall we believe that the platforms of capillary microfluidics we demonstrated

in this thesis can be a step forward towards enabling these systems in the

context of spotting microarrays or point of care diagnostics.
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APPENDIX |

Commercial pin holder with a collimator

Top Collimator \
{

Top Holder

Bottom Collimator

Magnetic Bottom Lid

Fig. SI1: A disassembled view of the pin holder. Adapted from Parallel synthesis

Technologies Inc.!

Mechanical stability of the pins under applied capillary pressure

To approximate the tip deflection of these pins due to the capillary force, the
stress analysis was performed by a finite element calculation of the set of partial
differential equations (PDEs) for the system geometry using a commercially
available modeling package.2 The capillary force was applied as a distributed
pressure on the microchannel, which can be calculated as:

P=+2_27cosﬁr ’ (S.1)
t w
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where w is the width of the channel, and 6,=30° is the receding contact angle
between liquid and the surface.® Tetrahedral elements were used to mesh the
geometry. 570000 and 1800000 elements were used to approximate the
displacement. No substantial changes were observed in the calculated results.
So the finer mesh was used as the approximated value. Fig. Sl. 1 illustrates the
results. It can be observed that for the SU-8 pins, the deformation in the tip due
to the capillary pressure is less than 1 ym for the case where the length of the

microchannels is 7000 pm.

AY: displacement (pum)

5 : _ XZO _ - X=7mm
0 1 2 3 4 5 6 7 8 9
X: Distance from the tip of the pin (mm)

Fig. SI2: The effect of the capillary pressure on the elastic deformation of the

microchannel in the polymer pins. Comsol multiphysics 3.4 was used to
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approximate the deformation. The modeling is for the case where the length of
the microchannel is 7000 um. The maximum deflection is less than 2% of the

size of the tip (i.e. 1 ym over 60 pm tip size )

Surface treatment of the pins

PDM

Ink the stamp with
n-decanethiol l

n-decanethi MS

Immerse the pins in \

PEG-thiol solution
e

=

Fig. SI3: Surface treatment of the SU-8 pins. (a) 10 nm of Titanium and 50 nm of
Gold were sputtered on the SU-8 pins. (b) To coat the PDMS stamp with a thin
layer of n-decanethiol, the stamp was inked with a diluted solution of
n-decanethiol in ethanol and blow dried. (c) In order to make the outer surface
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hydrophobic the gold coated pins were printed with thiol. (d) The pins were
immersed in the dilute solution of PEG thiol in water to make the pchannels

hydrophilic.

Pins mounted in a customized ink-jet spotter

Fig. Sl4: Customized ink-jet spotter. (a) Images of the pins mounted in a
customized pin spotter (Nanoplotter 2.0, Gesim, Germany). (b) Close-up view of

the pins mounted in the holder
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Two channel pins

Fig. SI5: SEM images of the two channel pins to transfer larger amount of
liquids. (a) Two channel pins. (b) Enlarged view of the stop valve. (c) Enlarged

view of the tip of the pin.

Residual stress measurement
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Fig. SI6: Approximating a with respect to p, the radius of the curvature of the pin,

and S, the length of the pin

P=s (S.2)

Where S is the length of the curvature, which is 30 mm, and a is an angel
between the tangent line to the curvature and a line connecting the two ends of
the pin.
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APPENDIX II

Calculation of the fluid concentration in the outlets of the serial dilutor

With reference to Fig. 4.5C, we perform a nodal analysis to calculate the flow
rate ratio and concentration C4 at outlet 4 (and the complementary concentration
C7 at outlet 7) as a function of the ratio between the resistance of one branch r
and the outlet resistance given by nrwith nbeing a proportionality factor. First we
write the equations for the current at node A and B based on the unknown

potential P4 and Pg

F-P, +P1_PA+PB_PA_ b,
(n+1)xr nxr r 2Xr

=0 (Sl1.1)

R_PB_l_PA_PB_i:

nXxr r r

0 (Sl1.2)

The equations can be simplified rewritten as:

Ixn®+7xn+2 2xXn+1
P, x —-P.=Px SI.3
4 2xn*+2xn 5 Yol 4n ( )
_p+px 2t _p 1 (SI1.4)
n n

n
2Xn+1

Multiplying equation Sll.4 by and combining equations SII.3 and Sll.4

together we obtain:

_ 10xn* +10xn+2
Axn® +15xn> +11xn+2
14xn® +25xn* +13xn+2
P, = 3 > X
4xn’ +15xn " +11xn+2

X P (SI1.5)

A

P (Sl1.6)
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To identify the concentration of the liquid at the exit 4, and 7, we need to

determine the ratio of the flow rates of K :%, whereQ, = ZPA ,and Q, :M.
| Xr r

Thus,

0, 3xn’+n

= SIL7
QO S5xn’+5xn+1 ( )

Having the flow ratios, the concentration of fluid 2 in exit 4, C4 can be

approximated using a weighted average of the concentrations of each branch,
4:CI><Q1+Cz><Qz (S11.8)
0+0,

where C,=0and C, =0.5

Substituting the concentrations of the liquids and the flow rates in to the eq. SII.8

we have:
0.5
C,=—— SI.9
YK +1 (S11.9)
and similarly the concentration of fluid at exit 7 is given by the ratios of the mirror
flow rates Q7" and @2, and the concentrations C;’and C-’. Using the fact that

Cyq4 + C7 = 7we find:

c - Gx0+C,x0, _K+05 (SI1.10)
Too+0, K+1

Fig. Sll.4 shows how the concentrations of the liquid in exits 4 and 7 vary with

respect to n.
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Fig. SlI1: Palette of yarns soaked with mixtures of yellow and blue dyes with
varying ratios that serve as calibration curve for evaluating the mixing properties
of knots. (A) Images obtained from cotton yarns soaked into solutions with
different ratios of blue and yellow dyes as indicated on the left; (B) Hue
intensities of various concentrations of blue/yellow dyes measured from the
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Fig. Sll12: Experimental flow rate at the filling front of the yarn measured with a
relative humidity of 30% and best fit (black line). The dashed, red line represents
the flow rate without evaporation based on the calculations of eq. 2 and a thread
diameter of 500 ym and a temperature of 20°C. The flow rate at 40 s is 22.7 nL/s
with 30% humidity and 25.4 nL/s without evaporation, corresponding to a

difference of ~10 %.
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Fig. SlI3: Images illustrating the reproducibility of the mixing ratios obtained using
topologically different knots to mix a yellow and a blue liquid applied to the two
inlets. (A1- As) Five replicates of overhand knots produced mixing ratios of 50.4
% (£6.3%) and 49.6% (+6.2%) concentrations of yellow dye for the left and right
outlets respectively. The values in parentheses are SE. (B1- Bs) mixing of 5
overhand knots rotated 90°, which results in almost complete separation of the
dyes in each outlet with 99.1% (+ 3.8%) and 0.9% (+0.8%) of yellow dye for the
left and right outlets. (C1- Cs) mixing results for hunter's knot, which lead to

almost total separations of the dyes in each outlet with 95% (+£5.1%) and 5%
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(x4.3%) concentrations of yellow dye for the left and right outlets respectively.
(D1- Ds) For Hunter’s knot rotated by 90°, the mixing ratios are 71.5% (+4%) and

28.5% (x4.7%) of the yellow dye for the left and right outlets, respectively.
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Fig. Sll4: Concentrations of blue dyes at outlets 4 and 7 with respect to the ratio
n with the flow resistance of each branch assumed to be r and the flow
resistance of the outlet yarns to be nr. For n=0 (i.e. by placing a capillary paper
on each of the peripheral knots), 50% of blue and 50% of yellow dyes will be

[}

found in each of the outlets. As “n” increases, the value asymptotically converges
68.75% of the ipsilateral solution and 31.25% of the contralateral solution for both

C4 and C7. In the experimental setting, the outlet length was much longer than a

branch and thus n>1.
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APPENDIX I

— —
20 pm 200 pm

Fig. SllI1: SEM micrographs of a three elements in the capillary system to test

the capillary pump. (A) close up view of a pillar in the CPs featuring a rectangular
shape with rounded corners with a size of 40 x 80 um?; (B) enlarged view of the
external flow resistor in the circuit. The width of the resistor is 30 ym and the
overall length is 3400 um; (C) capillary retention valve (CRV) at the end of the
loading port, which pins the liquid once the loading port is emptied, and avoids

the full drainage of the main channel.

Pore network analysis for calculating the equivalent flow resistance in the pump
structures

In pore network modeling, it is postulated that the passing fluid experiences a
channel-like flow between posts. The flow resistance in each pore formed by the
gap between two neighboring posts can be obtained from Eq. 5.3. Fig. SllI2

illustrates the flow resistance model of the typical serpentine CP.
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Fig. SllI2: Flow resistance model of the CP. (A) Schematic of the typical
serpentine CP with no external resistor; the yellow circles represent the nodes;

(B) lumped resistance model of the CP;

The network of the resistors consist of Ry, the vertical flow resistance formed
between two neighboring posts in the same row, and Rn, the horizontal flow
resistance formed by the gap between the posts in two neighboring rows.

Fig. SllI3 illustrates both Rn and R..

199



| m |
| LA |
] Tz 7 s Y |
B . _a e LA/ e o W TR — |
] Y F A Y 2 ~ TFF Y ]
[} A o L L L Ly J 1 B
[} 11 i _ | - 170 1 =
[} 5 1 () L [ g ! §y B
[} F | — F F AN 4 B
[ ] _F . v _F b . ~ & % o %
—

| __ [ |
| \ry) TR N T |
[ ] Yy 1 _ A k'L =! | | [ |
| - VNV - 4 ! |
| = =1 |
[ ] _a T - - i e W F |
1 r rs Y rs ™~ I |
nr L i r L T |
[ I | 1 1 1 1 I |
[ I Y J i 1 1 § 1 |
I v F v F F Y |
% s - . _F h _F h %
| |
| |
| |

Fig. SllI3: Schematic illustrating the geometry of the CP features used to
calculate the flow resistances Rnand Ry. W1 is the gap between two neighboring
rows; W2 is the gap between two neighboring pillars in one row. The pillars are
rectangular shape with rounded corners. L+, is the length of a pillar, and is used
as the effective length to calculate Rn. L2 is the width of the pillars and is used to

calculate as the effective length for Ry.

Tamayol ef a/22 have shown that the suitable length scale for determining the
pressure drop between adjacent cylinders is the minimum gap size. Thus, W-is
selected as the width that should be used in Eq. for determining R,. In the typical
serpentine CP, Wy=35um, W>=15pum, L;=80 ym, L2=40 ym, h=700 ym, and we
used water as a working fluid with the viscosity of y=70Pa s.

Substituting the dimensions in the Eq. 5.3, we have R»=3.99x70""Pa s m3 and

R,~=9.90x10""Pa s m3. Considering that R, >> R, and for the sake of its
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simplicity, we assumed that CP is formed with an array of pillars in in-lined
configuration rather than the staggered ones. Fig. SllI4 illustrates the simplified

lumped resistance model of the CP.

Fig. Slll4: Schematic illustrating the simplified lumped resistance model of the

CP. Here we assumed that the pillars in the CP are in the inline configuration.

To calculate the equivalent resistance between two desired nodes in a network of
resistances, we used the modified nodal analysis approach. The rationale for the
algorithm has been well explained by Ruehli efal..?> In summary, we first
establish the matrix of the flow conductance from kirchoff’s circuit law so that for

each node:
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CxP=Q (SlI.1)
Afterwards, by assigning a unit value for the current between the two desired
nodes (the equivalent of the flow rate, Q), we calculate the P values for those
nodes, and by dividing the P over Q, the equivalent of the flow resistance is
calculated.
As for the circuit, shown in Fig. Slll4, the calculated conductance matrix, C has

the dimension of (jxm)x(jxm), and equals to:

LM, -G, 0 -0, &0 0
Diagonal O. . & ol
elemenls/’;c,{; Aurn 'C.i; O . 0 ., O _C\‘
Elc::l::f;s, at O : _CIh _"'l“fm -Ch ., o - CV
- o, Sill.2
O Ch -CJJ * .. -CV O ( )
0 ) . 0 2 = Eletpenlé at
0.. -, -C, O
C= & 0 i R
. -C -C 0
F O.. h h
Elcmcnlsf O e N ) e e e
(ii+m) - ".. v h h O .. 0 .
C‘_. Ch ‘A‘jj;(w Ci'! % 0 F_]emcnl:%al
: -("v " O -Ch "1'4.'.! m—1) -Chk’ S
- oy 0. C, M
| O 0 v L O SR O h Jift (g jxm)

, Where C, :% and C, :%. Also the diagonal elements of the conductance
h v

matrix, is a (jxm) matrix and equals to:
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Corner nodes Nodes in the middle Nodes in the first

\ of the circuit and last rows
N N

Nodes in the first Ch + Cv 2x Ch + Cv e 2 Ch + Cv Ch + Cv
ML G 2% €, 2%(C,+C ) 2x(C+C) G +2xC
C,+2xC, ZX(Ch—_i—CV)---- ----2><(Ch—_|-Cv) C,+2xC,

(SI1.3)

C,+2xC, 2x(C,+C,) - 2x(C,+C,) C,+2%C,
Co+2xC, 2x(C,+C, ) 2x(C,+C,) C,+2xC,

| C,+C, | 2xC,+C, - 2xC,+C,  C,+C,

A(jxm)

Once we constructed the conductance matrix, we will assign 1 to the Q1,1, and -1

to Qjxm,1, and then solve the set of equations to find the value of P 1x1 and P jxm1,

as.:
| R, | +1]
b, 0
[C](;X,.,)X(m,)x =] i (SIl.4)
ijm_l,l 0
Pl Gm,1) —_l-(_mml)

Finally, the resistance between the node 1 and jxm, can be calculated as

P —-P.
R TGml_p _p (SIIL5)
Q (jxm),1 1,1
(jxm),1
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Static and advancing contact angle between DI water and different surfaces of

the CP

Fig. SllI5: Static contact angle between DI water and flat Si, which was rendered
hydrophilic by flaming them for ~45 s until they became glowing red. Each image
illustrates an independent measurement. The measured static contact angle is

5.2°+0.6°. The scale bar is 500 pym.

“
Fig. Slli6: Advancing contact angle between DI water and a flat Si, rendered

hydrophilic by flaming. The advancing contact angle measured from four

independent experiments is 26.4°£3.3°. The scale bar is 500 ym.
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aond

Fig. SllI7: Advancing contact angle between DI water and a flat PDMS. The
advancing contact angle measured from four independent experiments is

118.7°£1.7°. The scale bar is 300um.

Calculation of the relative change in the capillary pressure with respect to the

liquid progression in the advanced CP (with variable capillary pressure):

Variation of the free surface energy of a liquid, known as the Gibbs free energy,
between two known states is expressed as:

AG= 3 (1, XAA,, + 7y XAy, +7, xAA, ) (SIIL.6)

i=t,b,l,r

where AALv, AAsv, and AAsL are the respective changes of interfacial areas
between liquid, solid, and air (i.e. L,S and V).Also , y.v, Ysv, and ysL are the
surface tensions associated between two phases (i.e. L, S, and V). The
subscripts i=t,b,I, and r indicate the associated area and the surface tension of

the top, bottom, left, and right walls.
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Considering that in our CP, the liquid fills the pump row by row, if we define the

unit cells in the CP, as the space between two rows, which is illustrated in

Fig. SIII7.
AALV,)=0 (SIIL.7)
e
AA, =—AAg, (SlI1.8)
AAg =—-AAg, (SII1.9)
AAg =AAg =—-AA, =—AAg, (SI11.10)

Thus, the energy gain between a filled and no filled row can be calculated as:
AGj = ((75\/ - }/SL)XAASV )f + ((75\/ - }/SL)XAASV )b +2X ((75\/ - }/SL)XAASV ), (S”I1 1)
On the other hand, the partial change of Gibbs free energy with capillary

pressure can be obtained from Leverett ef a/3! as:

AG*
=V (SII.12)

j
where AP; is the average capillary pressure in the unit cell, j, and VJ.L is the
volume of the liquid transferred in the unit cell.
Also from Young’s law, we have:

(7sv = ¥s1), = 70y X 0S8 (SINI.13)
, Where y vis the surface tension of the liquid (i.e. water) and &; is the dynamic

contact angle of the liquid-air meniscus in the desired surface.

Combining egs. (Sll1.11) and (SI11.13) result in:
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AG; =7, x(cosﬁ, X AAg, +cos6, x AAg, +2Xcos6, XAASV’) (Sl.14)
By replacing eq. (Sl11.14) in eq. (Slll.12), the average capillary pressure of a post

can be obtained as:

Y X (cos 0, X AAg, +cos6, X AAg, +2xcos8 XAAg, )
- Vi

J

AP, (SII1.15)

The unit cell in the typical serpentine CP in Fig. 5.4 has the width of 75 ym and
the length of 95 uym, thus the generated capillary pressure is calculated as:

cos(118.7° )x (75% 95 — 2856)x 102 +
7.2x107 x| c0s(26.4° )x (75x95 — 2856)x 102 +
2xc0s(26.4°)x100x107° x102.8x10°°

AP = — — =3375 Pa
(75%95—2856)x1072 x100x 10

The value of the estimated capillary is based on the measured advancing contact
angles in Figs SllI6 & SlII7. If we consider the effects of the dynamic contact

angles the capillary pressure decreases to ~3100 Pa.

The advancing and dynamic contact angles between water as the working liquid

and surfaces of the CP are illustrated in Table SllI1. The dynamic contact angles

were calculated from eq. 5.8 in the paper.

Table SllI1: contact angle between water and the surfaces of the CP

D 0 € D
ccd O O D
Top surface 118.7° 119.1° 118.8°
Bottom, Right and 26.4° 29° 27.3°

Left surfaces
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Having the contact angles and geometry of the unit cell in the CP, the average

capillary pressure in row 8 and 34 of the advanced CP can be calculated as:

72x102Xfm4U9fﬁx@B9xuﬁz+uw@9ﬁx@m9xuru+j
' 2 29?)x100x107°x102.8x10°°
AR, = xcos( 9 )>< fz % _6X s e
6489x1072 x100x 10
712x10—2X[COSOISBO)X14994xlO”-F004273”)x14994x1012+]
' 2 27.3% )x1 106 %102.8%10°
AP, = xcos(27.3° Jx 100107 x102.8x10 o m

14994x107? x100x107°
Having, AF, and AP, the ratio of the average capillary pressure generated in

row 8th over that in row 34t isﬂ =2 . Also, since the width of the unit cells in

34

each row of the CP equals to 105 pm, AR gives the ratio of the average
34

capillary pressure generated in row 8 over that in row 34.
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Fig. SllI8 illustrates the geometrical parameters of the unit cells in rows 8t and

34th respectively.

Fig. SllI8: CP with variable capillary pressure, and the unit cells defined to
calculate the ratio of the capillary pressures from one row to the other. (A) The
CP shown in Fig. 5A with two unit cells defined on the 34t row and the 8th row;
(B) enlarged schematic of the unit cell in the 34th row. The cell is rectangular
shape with the dimensions of 170x105 um?2 in which a pillar has been subtracted
from. The overall area of the cell is 14994 ymz2; (C) the cell in the 8t row, with

the area of 6489 pm2.

209



