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Preface

Microfluidics has revolutionized the way we deal with biological samples and
biological matrix. It has enabled us to understand how a single cell is completely
different from the information we can obtain by current tools and techniques. It is
because of the microfluidic technology we are able to study physiology of a single
cell and to understand the heterogeneity in the cellular population of the same
descent. This is just one example of how microfluidics has changed the way we
perceive biological information. This technology has enormous applications in
every field of life sciences, from basics to industrial to diagnostics. However,
there is a big communication gap between biologists and microtechnologists,
which is due to a lack of training in the fields other than theirs.

In the first chapter of this book, we have presented the fundamentals of physics
that govern microfluidics. These principles are presented in such a way that
biologists can easily understand what controls the fluidics and how to use those
for studying biological phenomenon. The second chapter of this book is dedicated
to acquaint biologists with an overview of tools, techniques, and applications of
microfluidics. The following chapters will cover manufacturing methods for devel-
oping custom microfluidic tools including 3D printing. Valving for controlling
fluids in fluidic tools is also explained. Surfaces, sensors, and their integration are
described such that the layman can understand the concepts. In the following
chapters, the application of microfluidics in the field of cell and molecular biology,
single cell biology, and disease diagnostics are introduced with simplicity. All these
chapters are discussed in relation to commercial technologies so biologists can
better correlate functioning of these tools with applications they desire to employ.
This book is an attempt to describe the need of novel microtechnologies and their
integration strategies for developing a new class of assay systems to retrieve the
desired health information of patients in real time. This book also describes the
selection and integration of sensor components and of operational parameters for
developing point-of-care (POC). System-on-a-Chip (SoC), Diagnostic-on-a-Chip
(DoC), and Lab-on-a-Chip (LOC) are the core to the next-generation bioanalytical
sciences; therefore, this book can be lab assistance for those who work with
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biology-microfluidics interface, thus helping them to understand these systems and
allowing them to make educated decisions on selecting the nature and type of
microtechnologies that suits best to their methods thereby enhancing the rate of
translational research in the field.

Salient Features of This Book

» This book serves as a resource guide for biologists and chemists to understand
the complex physics of microfluidics.

e Describes the preparatory methods for developing 3-dimensional microfluidic
structure and their use for LOC designing.

« Explains the significance of miniaturization and integration of sensing compo-
nents to develop wearable sensors for POC.

* Demonstrates the application of microfluidics in life sciences and analytical
chemistry including disease diagnostics and separations.

» Motivates new ideas related to novel platforms, valving technology, miniatur-
ized transduction methods, and device integration to develop next-generation
sequencing platforms, future diagnostic systems, and platforms for single cell
biology applications.

¢ Discusses the future prospects and challenges of the field of microfluidics in the
areas of life.

Storrs, CT, USA Chandra K. Dixit
Miami, FL, USA Ajeet Kaushik
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Chapter 1
Fundamentals of Fluidics

Chandra K. Dixit

1 Introduction

Microfluidics has had tremendous impact on miniaturization of biological experiments
by reducing the reagent volumes, shortening the reaction times, and enabling
multiplexed parallel operations by integrating an entire laboratory protocol onto a
single chip (i.e., lab-on-a-chip or LOC). Best examples of microfluidic tools in
biology are Gene chips, Capillary electrophoresis, CD-based inertial cell separa-
tion devices, integrated transcriptome analysis systems, and others. Along with
miniaturization comes a tremendous opening at the microscale where slight
manipulation in physics can provide unprecedented number of applications for
each design. An understanding of the physical processes at microscale and their
dynamics can allow biologists to leverage those for performing experiments that
are practically not feasible at macroscale. Since microfluidics can allow new
processes and experimental paradigms to emerge therefore, here we will focus
on fundamentals that predominantly govern the processes at microscales and how
we can manipulate those to address problems in the field of biology.

2 Microfluidic Physics

Dimension is the key in understanding the magnitude of a physical event taking
place. Prior to discussing physics of microfluidic processes we must first understand
that on what we are working. Few important symbols representing physical quan-
tities and the microfluidic scales that are mainly relevant to biologists are men-
tioned in Tables 1.1 and 1.2, respectively.
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Table 1.1 Common symbols ~Greek letter symbols

for physical parameters p alpha X lambda
§ beta p mu
Y gamma v nu
A delta I pi
€ epsilon p rho
C zeta c sigma
n eta T tau
2] theta ® omega
K kappa

Table 1.2 Length scales for common biological moieties

Sample matrix Approximate scales

Distance between molecules in a liquid 0.1 nm

Distance between molecules in a gas 3 nm

Mean free path between collision in a gas, air at ambient pressure () 61 nm

Sample

Protein, lipid molecule of the membrane 1 nm

Virus 10 nm

Cells 1-20 pm

These are few illustrative sample matrices and sample types that are routinely
employed in biological analysis. Given the sizes, our focus should be on the
phenomenon that can be used to manipulate micron and sub-micron entities.
Reagent mixing, reagent delivery, cell capture, and shear-free conditions for bio-
logical analysis are few typical applications that are sought by biologists. We will
understand physical entities in this chapter with respect to these applications that
will allow developing an understanding of microfluidics.

2.1 Hierarchy of Dimensions

Before advancing to the complex physics dominating the micron regimen, we must
first review the basic concepts and their respective dimensions. Table 1.3 summarizes
few of the most basic scaling entities.

Entity Dimension
Size [

Surface [ 42
Volume [ 43

Van der Waals [‘ﬂ 3o -7
Various Forces e 3

[ is size of an object,

d is distance between two objects
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Table 1.3 Scaling laws:

e : Quantity Scaling law

::;i:son at changing length Time ik
Length [’
Area Uk
Volume u’
Velocity '
Acceleration '
Density -
Viscosity [1]72
Diffusion time Uk
Reynolds number [’
Peclet number Ui
Hydraulic resistance [1]*4

With our previous knowledge of physical processes, we can realize that size,
shape, and volume have tremendous impact on the forces acting upon/between
bodies. For example, let us consider the force exerted upon a body by earth. This
force is called gravitational pull and is represented as the ratio of the product of
masses of earth and ours to the squared distance between us. As we realize this force
has dimensional dependence on the distance between the two bodies, which is [l]z.
Similarly, a body flowing through a water stream will experience some force
exerted upon it by the flow. This is dependent on the size and surface of the body
and is somewhat close to how biomolecules and cells will feel in the microfluidic
channels. Therefore, we must now look few years back in high school physics,
which is actually the foundation to our advanced understanding of microfluidics.

2.2 Non-dimensionalization and Dimensionless Numbers

This section is intended to introduce the concept and importance of
non-dimensionalization because you will now know terms that will be commonly
used throughout the text; if it is hard to understand at this point then these can be
revisited once all the basics are learnt. Dimensions are critical in physical analysis
as they draw boundaries around a physical quantity by defining them in dimensions.
Their importance becomes predominant when we are working at structures in
micrometer range where surface area increases drastically relative to volume.
This characteristic dependence of physical processes on dimensions must be
addressed in such a way that the process can be explained as a function of the
intrinsic properties of the fluid rather than the dimensions of those properties. In
other words, we must make equations governing these processes without any
resultant dimensions. This can be achieved by carefully replacing quantities in
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those equations with others, such that their dimensions cancel out each and have no
net dimensional dependence. These quantities may be constants and can be
employed for understanding the relative importance of entities within the process
itself. Thus, non-dimensionalization is known as removal of units from the math-
ematical expression of a phenomenon by substituting with appropriate variables.
This is also termed as scaling.

Scaling reduces the dependence of the process on several variables and signif-
icantly contributes to understand the relative importance of the physical quantities
in the process and to realize the variation in their dimensions. This certainly helps in
neglecting the smaller terms from the equation, which simplifies the associated
physics. Therefore, it allows understanding physics at smaller scales and thus, is
very important in microfluidics.

We will not deal scaling in great detail as it is a complex method but generally
non-dimensionalization can be achieved via following steps:

(a) Identify the unit for which scaling is required; developing a scaling law

(b) Identify all the variables dependent and independent to that unit

(c) Identify a set of physically-relevant dimensionless groups and plug them in
(d) Determine the scaling exponent for each one, and

(e) Rewrite the equations in terms of new dimensionless quantities.

Such dimensionless numbers are crucial for exploring fundamentals of the
physics governing microfluidics. The essential fluid physics of a system is dictated
by a competition between various phenomena. This competition is expressed via a
series of dimensionless numbers capturing their relative importance. These dimen-
sionless numbers (Tables 1.4 and 1.5) form a sort of ‘parameter space’ for
microfluidic physics.

2.3 Hydrostatics: Physics of the Stagnant

Fluids, liquids and gases, are defined as a material which will continue to deform
with the application of a shear force. These are governed by certain basic rules of
physics. Fluids have a special property to mention, they flow but only under the
influence of external forces; these are mainly governed by pressure, field gradi-
ents, surface tension, and gravity. Since we will be mainly dealing with liquids
therefore, our main focus is on the concepts of hydrostatic and hydrodynamic
fluidics. As the name suggests hydrostatics and hydrodynamics are processes
related to static and flowing liquids, respectively. Both these processes are con-
trolled by associated physical parameters that we will discuss in this section.
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Table 1.4 Dimensionless numbers in fluid mechanics

Dimensionless
number

Details

Formula

Reynolds Number

Inertial force/Viscous force
convective momentum/viscous
momentum

Forced Convection

Re = pUL/n = UL/v

Prandtl Number
(heat)
Prandtl-Schmidt
Number (mass)

Momentum/Species diffusivity
Used to determine fluid or heat or
mass transfer boundary layer
thickness

Prpeat = v/a = nCp/K
Prmass = S¢ = v/D = 1/pD

Péclet Number

Convection transport rate/Diffusion

Pehear = RePr = UL/«

(heat) transportation rate a = k/pCp

Péclet Number Peyass = RePr = UL/D
(mass)

Nusselt Number Length scale/Diffusion boundary Nu — [feR e(Pr)l/3] /2
(heat) layer thickness

Nusselt-Sherwood
Number (mass)

Used to determine the heat (h) or
mass (hp) transfer coefficient

Nupeat = hL/Kpia
Numass = hpL/Diiia
L = A,/Pm

Grashof Number Natural convection buoyancy force/ | Gryey = 2B(Ts — Tb)L3 /y2
(heat) Viscous force Gipass = 2Bc(Cas — Caa )L /12
(Gnrlzzlsl;)f Number gs:/d to calculate Re for buoyant B —— [ (9p/0 Ca)T,P] /p

Controls the lengthscale to natural

convection boundary layer thick-

ness

Natural Convection
Rayleigh Number | Natural convection/Diffusive heat Rapey = GrPr = gﬁ(AT)L3/ v
(heat) or mass transport Ramas = GrPr = gpc(AC)L? /vD
Rayleigh Number | Used to determine the transition to
(mass) turbulence

Knudsen Number
(to analyze extent
of continuum)

Slip length/Macroscopic length

Kn = B/L

Richardson Buoyancy/Flow gradient Ri = g(Ap)/ pU?
Number
Eotvos (Eo) or Body forces/Surface tension Eo = Bo = [(4p)gL?]/c
Bond Number Used together with Morton Number
(Bo) to determine shape of drops or bub-
bles in surrounding fluid or contin-
uous phase
Capillary Number | Viscous forces/Interfacial forces Ca = nU/o
Elasticity Number | Elastic effects/Inertial effects El = 6n/pR? = Wi/Re
Weissenberg Viscous forces/Elastic forces Wi = 7.t
Number
Deborah Number Stress relaxation time/Time of t/to

observation
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Table 1.5 Common physical entities in fluid mechanics

Physical

entity Unit Dimension
U Characteristic velocity m/s LT!

L Characteristic length m L

T Temperature K (2]

T, Surface temperature K O

Ty Temperature of the bulk K O

D Mass diffusivity mz/s L°T

C, Specific heat J/Kg.K L’r-%°-!
Cas Concentration of species a at surface | Kg/m? ML™3

Caa Concentration of species a in ambient Kg/m3 ML3

medium

Aq Surface area of the pipe m? L?

Pm Perimeter m L

n Dynamic viscosity Pas = Ns/m?> = Kg/ms |ML™!'T"!
v Kinematic viscosity m?/s L2t!

c Surface/interfacial tension Kg / §? = N/ m MT 2

p Density Kg/m® ML~

5} Coefficient of thermal expansion 1/K 0!

o Thermal diffusivity m%/s 27!

k Thermal conductivity W/mK MLT 30!
h Convective heat transfer coefficient | W/m°K MT 307!
hp Convection mass transfer coefficient | m/s LT!

A Mean free path m L

Y Specific weight N/m’ ML2T2
R Radius of the pipe m L

2] Stress evolution

ts Stress relaxation time for the fluid S T

ty Time of observation of event S T

7 Sheer rate 1/s T!

Pascal’s Law

» Pressure applied anywhere to a fluid transmits the force equally in all

directions

» Change in pressure disperses equally throughout the fluid

» Force acts at right angles to any surface in contact with the fluid

« Hydraulic press is the representative example
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Hydrostatics is the physics of pressure confined within the definitions of
Pascal’s law and Archimedes principle constitute hydrostatics

2.3.1 Pressure and Pumping

Consider a cuboidal bottle filled with water to a height of one meter with length and
width of the bottle at 5 cm each. The liquid in bottle is not continuous, instead a
stack of several individual layers of water molecules, such that each layer is parallel
to each other and continuously interacting with each other.

Now, PRESSURE is how much force is exerted on a given area and is expressed
as

P =F/A (1.1)

where,

P is pressure, F is force exerted, and A is the surface area on which force is
exerted.

ST unit of pressure is atmosphere (atm) and is equivalent to 10> Pascals, another
unit for pressure and have dimension Nm~2.

By the virtue of the definition of pressure, the top layer of the water molecules
must exert a force on the layers beneath it over the surface area of the layer.
Similarly, the top layer will do so on the last layer at the bottom. It is crucial to
understand that for fluids under gravity, based on (1.1), pressure exerted by an
upper layer on the one underneath is directly dependent on the distance between
those layers expressed as height. From Fig. 1.1a, the pressure exerted by the liquid
on the bottom of the container should be calculated as

[Y

Head

~ > |eT

NA A
¥ N

P’

P P,>P,

Fig. 1.1 Illustration of Pascal’s law. (a) Pressure exerted at any point on a continuous fluid is
dissipated equally in all directions on that fluid. This concept makes the basis of hydraulic press
and brakes. (b) An extension of Pascal’s law is pressure head driven flows where the height of the
liquid exerts a pressure on the lower layers. This concept of height-dependent pressure is used in
pumping in microfluidics. As depicted, 5 m head will exert more pressure than 1 m head



F=mg (1.2)
where,
m is mass of the liquid, and g is gravity constant.
Since,
m = pV (1.3)
where,

V is volume of container, and p is mass density of the liquid.
Therefore, replacing (1.3) in (1.2) will give us

F = V(pg) = hA(pg) (1.4)

such that volume = height of the liquid (h) * area of the surface (A =length *
width)

Similarly, replacing (1.4) in (1.1) will give us the relation of height to the
pressure

P = hApg/A = hpg (1.5)

Continuing with the case that we were discussing, in Fig. 1.1b pressure exerted
by a layer on the other separated by certain height within the liquid will be

P, — P, = AP = (h — hy))pg = Ah.pg (1.6)

Equation (1.6) constitutes the basic of hydrostatic pressure-based pumping in
microfluidic systems. ‘AP’ is known as pressure head.

2.3.2 Buoyancy and the Problem of Microfluidic Mixing

Buoyancy is the apparent loss of weight of a body when submerged in liquid and
this is mainly known as Archimedes Principle. This loss is attributed to the
resistance offered by the liquid to the body. Buoyancy from Fig. 1.2 can be
mathematically expressed as

Fret = Fg(buoyant force) — F,(weight) (1.7)
= (Vi —poVo) & (1.8)
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Buoyancy

m,_ 1

Fig. 1.2 Anillustration of Archimedes principle of buoyancy on a body of density ‘p,” dipped in a
fluid of density ‘p/. The body of mass m, experiences two opposite forces on it, gravity acting
downwards and buoyancy or thrust acting upwards. Denser the body will be with respect to the
fluid, the greater the gravity force will be on it. Thus the body will drown. On the contrary, if it is
lighter than fluid, then it will float on the surface

For static liquid, F,e; = 0; therefore, it can be deduced as
Fop, = Fapy (1.9)

Where, ‘0’ and ‘f” denote ‘object’ and ‘fluid’, respectively.

Now, based on (1.9) If,

po > pf, the object will submerge and settle down to the bottom of the fluid.
However, an object will float but submerged with po = pf, and will float on the
surface with a po < pf.

This knowledge becomes the basis of buoyancy-dependent mixing in certain
microfluidic set-ups. The best example is introduction of air bubbles from under-
neath of the static layer of liquid. The air bubbles have lower density than liquid and
will move towards the top of the channel thus causing disruption in the solvent
layers and introducing mixing Fig. 1.3. We will discuss other details later in this
chapter.

2.4 Hydrodynamics: Physics of the Flows

Fluids at motion are governed by a set of variables and these are crucial in
understanding the phenomena taking place within confined boundaries in
microfluidics. There are few properties we will first acquaint with before looking
into other aspects.
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Fig. 1.3 Buoyancy-driven mixing in liquids with various types of bubble flows. Each type of
bubble flow introduces mixing which could be diffusive or turbulent

2.4.1 Concept of Continuum

Typically matter is made up of atomic and sub-atomic particles. Thus, when
analyzing those at micron level, matter becomes discontinuous in space with
inter-atomic separation. However, when considering fluids as a continuum material,
assumptions have to be made where we have to neglect that atoms are the smallest
unit. And, the matter/fluid must be defined in terms of continuous fields, such as
density and force density (defined as per unit volume), rather than discrete physical
quantities, such as mass and force. The continuum can be confirmed for fluids by
first reducing the sample volume to a very small magnitude and then measuring
intrinsic properties, like density, at several points in liquid space. The density
should be equal to approve the consideration of fluid continuum.

2.4.2 Important Intrinsic Properties

« Mass density (p; Kg/m®): It is the mass distribution over a unit volume,

« Specific volume (V; m*/Kg): It is the volume occupied by a unit mass,

« Weight density or Specific weight (y; N/m>): It is the force due to gravity on the
mass in a unit volume and is expressed as

Y = gp (1.10)

» Specific gravity or Relative density (8): it is the ratio of density of the fluid to the
density of water,

* Viscosity: It is the resistance offered by the fluid to gradual deformation by
neighboring fluid layers under an external force, namely shear stress or tensile
stress. It is also known as thickness of the fluids. This parameter also represents
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the interaction of parallel moving fluid plates with each other and with surround-
ings. Inter-plate collisions in a moving fluid create friction which opposes the
motion of the fluid. Therefore, to move a fluid certain external stimulus, such as
pressure gradient, is required. A fluid that doesn’t offer any intrinsic resistance to
shear force is known as an ideal or inviscid fluid while those offering resistance
are called viscous or viscid.

Momentum of molecules in each respective layer is considered to be homoge-
neous. Additionally, due to mixing the molecules from one layers move to the other.
In this case, a molecule diffusing to a fast moving layer needs to be accelerated and
deaccelerated when travelling to a slow moving layer. During this these molecules
carry their respective momentum with them. This is the main reason for introduc-
tion of the shear into the layers.

Dynamic/Shear viscosity (n; Poiseuille (P1); Pa.s; N. s/m?; Kg/ms):

It is the resistance offered by a fluid layer to adjacent layers where all the layers are
moving parallel to each other but at different speeds. Thus, is also called shear
viscosity. The simplest understanding can be developed with the explanation of
illustration in Fig. 1.4. In panel a, suppose there are three parallel layers moving in
same direction, with lowest layer being at rest and top most layer moving at a
constant speed ‘U’, while layers should have no other gradient fields, such as
concentration or temperature. For simplifying the condition, we must also assume
that the plates (interface of fluid and surface) to be large enough; and the reason is
that we want to omit boundary or edge effects where fluids are in contact with the
surface. However, boundary or edge effects will have to be incorporated in theory
in microfluidics.

Therefore, when top layer is moving slow, then ideally all the layer will be
parallel to each other and speed of layers will be ‘zero’ in the bottom layer and
maximum in the top layer. Here, each layer will oppose the forward motion of the
layer above it and make the layer beneath it to move forward. In such conditions, an

i Ya

Moving .

Liquid plate  _ U, Velocity

: T, Shear glress

—>, dU/dy,
Fluid S gradient
Stationary
Liquid plate

Fig. 1.4 Viscous force opposes the motion of the fluid layer moving faster than it and pushes the
layer moving slower than it in its direction of motion. This introduces a resistance in fluids, which
tends to exert a net opposite force resisting the fluid motion. This resistance is known as shear
stress and is depicted as a function of change in velocity profile of the fluid layers moving from a
static layer towards the fastest moving layer
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external force will be required to overcome the fluid viscosity and keep it in motion.
This force is Newton’s viscous/shear force and is given by

F = n.AU/y (1.11)

where,

F is external force required to overcome viscosity, A is the area of each fluid
layer plate, U is the velocity of each layer plate, and y is the separation
between them.

Uly is rate of shear deformation of layers or shear velocity along the perpendic-
ular to the fluid motion.

Shear stress (t) can be written from (1.11) as

t = F/A = 1n.0U/0y = 1.y’ (1.12)
or, n = 1/y (1.13)

Kinematic viscosity (v; m%/s): It is the ratio of dynamic viscosity to the density of
fluid

v =n/p (1.14)

2.4.3 Types of Fluids Based on Intrinsic Properties

An in-depth knowledge of physical properties of fluids is crucial and it is the
foremost thing one must know to design an efficient fluidics. Pumping is an
integrated part in microfluidics. And, to effectively design the integrated pumping
mechanism, knowledge of viscosity, fluid type, and fluidity becomes important. For
example, a viscous fluid like honey will not flow easily through micron wide
channels, but if the temperature inside channels is high then its viscosity will
change making it less viscous and easy to flow. Else, an external pump will be
required to force honey through channels. I first case temperature changed the
fluid’s viscosity while in second pressure has pushed it without affecting its
viscosity. If we know this beforehand then we can design the tool to compensate
these effects. We will focus in this section the type of fluids and their properties.

Newtonian vs. Non-newtonian: Case of Whole Blood Analysis
in Microfluidics

According to Newton’s law of viscosity, the fluid viscosity has proportionality with
shear stress and shear rate, as depicted in (1.11) and (1.12). Based on this relation of
viscosity (1.13), fluids can be categorized into two broad groups. The first group
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that has a constant viscosity for relation (1.13), and second that has changing
viscosity with either of the two variables.

Fluids that has a constant 1), in other words has a constant ratio of shear stress and
shear rate. Such fluids are called Newtonian fluids. Water, honey, organic solvents
are few examples of this type of fluids. Their viscosity only changes with
temperature.

However, majority of the fluids in nature do not follow Newtonian fluid concept,
thus called non-Newtonian. Their viscosity changes with the change in shearing
stress and shearing rate. This is why the viscosity plays crucial role in fluid
properties. Now we qualify to classify fluids as Newtonian and non-Newtonian.

Let us consider the case of whole blood. Prior proceeding we must ponder to
decide what type of fluid whole blood would be. Considering the composition of
whole blood with ~40 % cellular material it can be classified as non-Newtonian.
The reason is that if we shear the whole blood by increasing pressure the cell-
fraction will not aggregate; thus, will change the blood viscosity making it less
viscous. This is what we observe in systolic and diastolic blood where systolic
blood is under high pressure flowing at high speed which makes it thin while
diastolic blood under decreased pressure is thick where cells tend to come closer
to each other and increase viscosity of the blood. On the other hand serum and
plasma are Newtonian fluids and their viscosity in independent of the shear, where
serum are plasma are essentially cell-free but serum is also free of clotting factors.

This knowledge of whole blood being non-Newtonian can be employed to make
several kinds of microfluidic devices ranging from separating plasma to clustering
cells.

Compressible and Incompressible Fluids

As the name indicates, the fluids that can be compressed into a smaller volume
under an external pressure are called compressible fluids. Typically, all the fluids
are compressible where gases are highly compressible while liquids are slightly
compressible. The fluid compressibility (f¢) is a measure of the relative change in
volume due to a pressure change, and is expressed as

pe = —1/V (2V/OP) = —1/p (9p/0P) (1.15)

where, 0V /0P and 0p/OP are change in the volume and density, respectively. V is
the initial volume and p is the initial density.

On the contrary, if the fluid volume does not change under an external pressure,
then it is considered to be incompressible. There are literally no such examples of
incompressibility. Incompressibility is used for the convenience of calculation
purposes in fluid dynamics where an assumption is made that fluids with small or
negligible compressibility are incompressible. It is important in microfluidics to
assume so because then the density can be considered constant which significantly
simplifies the calculation (see text box).
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If the microfluidic channel is too long, there might be a huge pressure drop
along the length, say 20 %. Then the density of the fluid at the inlet and outlet
will be very different. This difference in density will affect the experimental
composition and mathematical modelling of the experiments.

By now, we are able to understand several common terminologies that have been
used while describing microfluidic systems. We will now discuss the primary laws
that bind these concepts and terms together to create tools for understanding
fluidics.

2.4.4 Other Important Properties

« Surface tension (o; N/m; Kg/s?): It is primarily a property of an interface, either
liquid-air, or liquid—solid. It is the elasticity of a fluid surface to acquire
minimum possible surface area. The plausible reason for surface tension is
attributed to the unequal distribution of cohesion on the surface molecules due
to which they continuously feels an inward pull toward the center of mass
(Fig. 1.5).

The amount of surface tension (o) is given by the force ‘F’ required to oppose the
net inward cohesive force experienced by the top layer of length ‘L’, such that the
top layer stop to sink toward bottom (Fig. 1.5a)

o = F/2L (1.16)

where, 2 is introduced in the eq. to equate the force that is acting only on one side of
the surface.

Capillarity is an effect of surface tension at a solid-liquid interface, such that the
liquid tends to rise in a tube with small radius (small Bond number) due to
interplay between cohesion and adhesion between liquid molecules at liquid-air and
liquid—solid interface.

The height to which a liquid will go up is expressed as

Air k{“ (‘:\7' Surfacel Fper: Inward pull
Ciouid © : Liquid molecules
1qui %5 > : Missing Liquid molecules
- : Cohesive force
F_. -> : Missing cohesive force

Fig. 1.5 Illustration of the tension on the surface of a liquid. On the surface layer, cohesion of
liquid molecules causes a net inward pull due to which the surface behaves as a continuous film.
Contrary to the surface, cohesion is cancelled by the neighboring molecules
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h = 26Cos®/pgr (1.17)

where, @ is the contact angle, ¢ is surface tension, p is density of the liquid, and r is
the radius of the tube. This forms the basis of capillary pumping.

Importance of Surface Tension in Microfluidics

» Capillary pumping

» Droplet formation from a stream
» Contact angle determination

» Bubble generation for mixing

Capillary pumping: Capillary effect is employed regularly in microfluidics for
removing physical pumps to minimize the bulky features. Capillary-driven pumps
operate under Young-Laplace law defining the relation of difference in pressure at
the interface of two fluids due to surface tension to the curvature in the surface of
the liquid. This partial differential equation of Young-Laplace is expressed as

AP = o[l/r1 4+ 1/1p] = 20/t (if 11 =12) (1.18)

where, AP is capillary pressure in a tube, ¢ is surface tension, r; and r, are the
principle radii of curvature for internal and external surfaces at the interface/
meniscus, and r is the radius of curvature. If r; and r, are equal then the equation
reads as on extreme right.

Now, the actual radius of the tube is related to the meniscus radius by a cosine
relation, such that r = RCos@ then the (1.18) will read as

AP = 26/RCos®@ (1.19)

Critical Thinking

Ignore the surface wettability for an instance. A single microfluidic channel
opened at both the ends. Two drops of water were placed on both ends, such
that one drop is smaller than the other drop. What should be the direction of
flow?

: o (tension) for both the liquids given the interface is same. Since r is
smaller for small drop therefore, from (1.19) the capillary pressure will be
more. Thus, water will move from small drop towards big drop.

In order to compensate for this pressure difference the liquid will move a
distance thus giving rise to capillary pumping. The capillary pressure is crucial in
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designing an efficient pump because it requires a precise knowledge of the surface
wettability, wetting phase and non-wetting phase. This relation is

P. = Pnonfwening phase — Pwening phase (120)

Such that non-wetting phase in a typical experiment is air while water or buffer
serves as a wetting phase. This is only true when surface is water-wettable, viz.
hydrophilic. For hydrophobic surfaces, hydrophobic solvents serve as the wetting
phase.

More regarding capillary pumping in paper microfluidics will be discussed in
Chap. 2.

2.4.5 Laws Governing Dynamics
Basic Law

To understand the concept, we must first understand it intuitively what the
governing principle to this branch of science is. In a general sense, laws governing
fluid mechanics can be stated as the absence of relativistic effects for the conser-
vation of mass, energy, and momentum. In this process we must first (1) identify a
system, (2) identify boundary of that system, (3) identify surroundings of the
system, and (4) identify how it interacts with the surroundings. As described in
Fig. 1.6, if ‘A’ depicts mass, momentum or energy then the influx of any of these
entities in the system should be equated with the efflux of equal amount of that
respective entity.

This indicates that the total of any of these entities for the system will be a
constant and can be written as

s ~_ System
X

created

@ - N @

SyStem = Xin + Xcreated + Xdestroyed + Xout

Fig. 1.6 Fundamental to understand fluid mechanics is conservation of fundamental physical
components that are mass, momentum, and energy. As a general rule, system has its own mass,
energy, and momentum and it has a tendency to conserve that. Any external force exerted to that
body then the body should bring change in some form to conserve its mass, energy, and
momentum. This is illustrated as system is equal to the total sum of the quantity of all the physical
entities applied to it, applied by it, created by it and destroyed by it
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Ain - Aout = Asyslem (121)

Expression (1.21) stands true only if the extensive properties participating in
conservation laws are considered, such as mass, volume, length etc. but not for
intensive properties, which include pressure or temperature. The extensive proper-
ties are those which changes with the change in the amount of fluid; while intensive
properties are those that do not change when an amount of fluid changes in the
system.

Equations of Motion

A fluid in motion experience following forces

e Fg—gravity force

» Fp—pressure force

e Fv—Force due to viscosity

» Ft—Force due to turbulence

e Fc—Force due to compressibility

Therefore, according to the Newton’s 2nd law, the net force (Fx) on a fluid with
mass ‘m’ and acceleration ‘a’ in x-direction can be expressed as

Fx = Fg + Fp + Fv + Ft + Fc (1.22)

Recalling the previous assumptions we discussed in fluid compressibility, the
liquids with limited compressibility are considered incompressible and Fc becomes
negligible.

Rewriting (1.22) with Fc =0

Fx = Fg + Fp + Fv + Ft (1.23)

Equation (1.23) is called Reynold’s equation of motion.
If the system is not turbulent then Ft is negligible and the resultant eq is known as
Navier-Stokes equation of motion and is expressed as

Fx = Fg + Fp + Fv + Fc (1.24)
And can be written as,
P(0U/0t+U. = AU) = Ao = — AP +nA’U +f (1.25)

For real fluids with negligible viscosity, Fv is 0, the eq. is known as Euler’s
equation of motion and is expressed as
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Fx = Fg + Fp + Ft + Fc (1.26)

Conservation of Mass

It can be summarized as a time-dependent mass change over a defined fluid
boundary such that mass within that boundary is constant

Final mass = Original mass 4+ Mass added — Mass removed (1.27)

or

Final mass — Original mass = Mass added — Mass removed (1.28)

Equation (1.28) forms the basis of mass conservation of fluids in microfluidic
systems, and can mathematically be written as

Rate of change of mass = Net mass influx (1.29)

or

AM/At = — Al (mass flux) (1.30)

Left part of (1.30) can be written in terms of extensive intrinsic properties, such
as density and volume (refer back to the types of fluid section to know why intrinsic
properties are used and basic conservation law to know why extensive properties
are employed)

AM/At = (M) /3t = d(pdV) /3t = /0t “ p.aV} (131)

where, AM is the change in mass, At is time interval of the mass change, differential
0(M)/ 0t is rate of change of mass, pOV is the mass change in terms of changing
volume

Similarly, right part of (1.30) can be written as

I, = Am.AA (1.32)

where, Am is mass flowing normal to an area AA.
Equation (1.32) can further be expressed in terms of extensive intrinsic proper-
ties as

Am.AA = J p.U.3S (1.33)

where, U is mass flow velocity S is the surface area of the boundary region.
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Now, by replacing (1.31) and (1.33) in (1.30), we will have the mass conserva-
tion equation for fluids

2/at va.av} . _Lp.U.as (1.34)

Conservation of Linear Momentum/Inertia

It can be defined as the net momentum in a given volume at a given time is constant.
Newton’s second law describes the relation of force and momentum with the
expression

F=m.a=m. 0U/0t = 0(mU)/0t= 0p/0t = U. Om/0t (1.35)

where, m is mass of the fluid in a given area, p is momentum, U is the flow velocity,
a is acceleration, 0U/0t is velocity rate, 0m/0t is mass flow rate. U. Om/0t is
known as momentum flow.

Momentum flow can be written in terms of extensive properties

Op/0t =U. 0m/0t=U.I, = U.(mA) = U. (pVA) (1.36)
Now, for momentum on this given mass of fluid to be constant,

External forces(F) = Momentum flow rate + Momentum out — Momentum in
(1.37)

The external forces acting on the fluid in a defined boundary are body force
(force due to gravity) and surface forces (pressure, viscosity)
Thus conservation (1.37) will become

Fg + Fv + Fp = Momentum flow rate + Momentum out — Momentum in
(1.38)

Substituting respective values will give us the conservation of momentum
equation

pg + Fv + 0P/0L = pU.0V/0t + 0(pU)/ 0t (1.39)
Conservation of Energy

It is stated as energy within a system remains constant such that energy acting upon
the body is continuously changed to other form, such as work. For fluids it is a very
complicated equation that considers several forms of energy acting and dissipating
out of a defined body. In its simplest form the law can be written as
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Fig. 1.7 According to
conservation law,
volumetric flow rate in the
pipe sections depicted as
red circles must remain
same. However, channel
diameters, cross-section
areas, and flow velocities of
the highlighted sections
different. Thus, to satisfy
0, = 0,, flow velocity of
the smaller diameter > the
flow velocity of higher
diameter

C.K. Dixit

Arhy PLUL | A A, 1>, P<P,, U < U, |

@ A, 1, hy, P,U,

| Q (Volumetric flow rate) = U.A; ;= Q, |

AE = constant (1.40)

The simplest example of energy conservation is Bernoulli’s equation where fluid
flowing through a pipe having different radius as depicted in Fig. 1.7.
Bernoulli’s equation for per unit volume for a given area is written as

Pressure energy + kinetic energy + potential energy = constant (1.41)

P+ (mU?)/2 4+ mgh = P + (pU?)/2 + pgh = constant (1.42)

Now, from Fig. 1.7, at two different points with different cross-section areas,
Equation (1.42) can be written as

P + (pU?)/2 + pgh; = P, + (pU3)/2 + pghy (1.43)

Important Concepts

¢ Stokes law: Friction and Drag on spherical particles

Frictional force due to viscosity, which is also known as Stokes drag is given by

where,

Fy = 6IInrU (1.44)

F, is stokes drag, n is dynamic viscosity, r is hydrodynamic radius of the
spherical particle, U is the flow velocity around the particle. 6IInr is together is

called drag coefficient €.
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Applications of Stokes Law

» Hydrodynamic separation of cells
» Viscous force calculation
 Calculating shear on cells

This is important because mostly biomolecules and cells are approximately
spherical. Thus Stokes law can be employed with approximation.
The viscous force experienced by each spherical particle is given by

Fvz = 3nU/2r (1.45)
The gravitational force experienced by a spherical particle falling in a liquid

Fg = 4[(p, — py)ellr’]/3 (1.46)

where, p; is particle density, p¢ is fluid density, g is gravity constant, r is radius of
particle
Terminal velocity of a spherical particle falling in a liquid under gravity

Uer = 2[(p—pp)er’]/n (1.47)
Stokes-Einstein law relates kinetics to Stokes law for understanding Diffusion
D = kgT/6lInr (1.48)

where, D is diffusion constant, kg is Boltzmann constant, T is temperature of the
system
Drag force on a particle completely enclosed in fluid is expressed as

Fp = pU>CpA/2 (1.49)

where, Fp is drag force, Cp is drag coefficient, A is the area of reference, U is flow
velocity, and p is fluid density.
Equation (1.49) can be rewritten as

Fp = pU>CAf(Re)/2 (1.50)

where, f(Re) is function operator for Reynolds number
» Poiseuille principle: Volumetric flow rate and pressure drop

It describes the relation of pressure drop in a moving fluid enclosed within a tube
with the flow resistance and flow rate (Table 1.6). It is also known as Hagen-
Poiseuille law (Fig. 1.8).
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Table 1.6 Volumetric flow rates for common geometries

Shape of cross-section | Volumetric flow rate (Q) Fabrication approach

Cylindrical Ir*AP/8nL Isotropic wet etching, Ball-end milling
Rectangular APw/[8(A + 1)2 /A0 Photolithogrgaphy

Triangular AP(3a*)'2/320n1 Anisotropic wet etching

Fig. 1.8 Tllustration of the Flow Resistance

pressure drop ‘AP’ along R

the channel length ‘L’° due P, | € > P,

to the flow resistance

offered by the fluid to its

motion from point 1 to point -
2

L
Pressure drop along L =P, - P,

For circular channels the relation is expressed as

R = (P, — P,)/Q = AP/Q = 8n//ITr* (1.51)

The (1.51) can be written as
AP = RQ = 8n/Q/IIr* = 32n/U/r* (1.52)
where, AP is pressure drop, R is the fluidic resistance, and Q is the volumetric flow

rate through a cross-section area ‘A’ (Q = U.A)
For rectangular channels the relation in (1.51) is modified to

Rpg = Cpenl/A? (1.53)
where, C,,. is numerical coefficient and is given as
Coe = 8(A+1)%/A (1.54)

where, A is aspect ratio = height of the channel (h)/width of the channel (w)
Replacing (1.53) and (1.54) in (1.52)

AP = RyyQ = CoenlQ/A? = [8(A 1) /A} IQ/A> (1.55)
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Volumetric flow rate can be expressed in terms of mass flow rate with the
relation

Q = In/p (1.56)
Replacing (1.56) in (1.55) gives
AP = Ryglyn/p = Coelln/A%p = (n/p). [Cocllm/A*] = v. Cyel In/A* (1.57)

where, I, is mass flow rate, v is kinematic viscosity
For circular pipes, (1.57) can be written as

AP = RQ = 8u//TIr* (1.58)

An extension to Hagen-Poiseuille law is Darcy—Weisbach equation
Darcy—Weisbach equation relates head loss or pressure loss due to friction
along a given circular channel and is expressed as

Pressure loss form:

AP (pressure loss) = fplpV? /2D (1.59)

Head loss form:
Replacing (1.6) in (1.59)

pgAh = fplpV?/2D (1.60)
Ah (head loss) = f,/V*/2gD (1.61)

where, fp is Darcy friction factor from channel wall which is
fp = 64/Re (1.62)

Fanning equation relates the ratio of local shear stress to the local fluid kinetic
energy and is expressed as

f = 7/Kinetic Energy = 2t/pU? = 16/Re (1.63)

where,
fis fanning friction factor, 7 is shear stress, Re is Reynolds number.
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Pressure loss form:

AP = TA/A’ (1.64)
where, A is wall area (= 2IT /) and A’ is cross-sectional flow area (= ITr?), r is
radius of the pipe, / is flow length.

Replacing (1.63) in (1.64)
AP = fpU*A/2A° = fpU?. (201 1l/211r*) = fpU?.(I/r) (1.65)

Head loss form:
Replacing (1.6) in (1.63)

Ah = fpU?. (I/rgp) = fU?l/rg (1.66)

¢ Coriolis effect: Inertial frame and particle motion

It is inertial force acting upon bodies relative to a rotating reference frame. For
example, if a particle rolls on a static disc as illustrated in Fig. 1.9, by the virtue of
inertia, it appears to move in a straight line to the observer in the same frame of
reference. When the disc starts to rotate then the particle is still moving in the
straight line if observed by someone standing in an inertial frame of reference
outside of the rotating disc. However, if the observer is standing on the rotating disc
in the non-inertial reference frame, then the particle will look like following a
curved path, such that the particle is resisting in the change of its final destination by
the virtue of inertia. Thus we can say that the Coriolis effect is in contrast to the
normal inertia which resists the change in body’s motion, whereas in this effect
body resists the change in displacement. It is crucial in inertial microfluidics where
plasma can be separated from whole blood and cells of different sizes can be
separated from each other. The direction of fluids in specific channels in centrifugal
microfluidics as a function of inertial forces and Coriolis effect can also be
achieved.
The Coriolis effect can be expressed

F. = m.a, (1.67)

where,

Fc is Coriolis force, m is mass of the fluidic plug or particle, a. is angular
acceleration.

Since,

a. = —2Uo (1.68)

where,
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a Inertial frame of reference b Non-Inertial frame of reference

Stationary observer

Rotation axis

F

centrifugal

Fig. 1.9 Explanation of the Coriolis effect. (a) In an inertial frame of reference the observer is out
of the rotating disk. The stationary observer will see the rolled ball following a straight path. (b)
However, when observer stands on the same rotating disk on which the ball was rolled then to this
rotating observer ball will seem to follow a curved path outwards. This perspective of curving of
the path of ball is Coriolis effect. (¢) This effect is used in rotating microfluidics for separating
particles in a fluid plug of length ‘I. In this plug, the particle will experience an outward
centrifugal force normal to the rotation axis and an outward force normal but opposite to the
direction of the rotation, as depicted in ‘(c)’. Due to this effect particles will move to the wall of the
channel continuously pulled the disk boundary

U is linear velocity of the liquid plug in the channel/particle (velocity relative to
the rotation speed), and o is angular velocity,
Hence,

F. = —2mUo = —2(pV)Uoe (1.69)

where,
p is density and V is volume of the particle.
The force is also expressed as force density, as expressed below

f. =F./V=—-2pUw (1.70)

In centrifugal microfluidics the velocity of the liquid plug or particle (U) in the
channel depends on angular velocity (o), radial location of the fluid reservoir,
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channel geometry, and fluid properties, such as dynamic viscosity (n) and density
(p)- This linear velocity component is given as

U = D}w*prAr/32nl. (1.71)

where, Dy, is hydraulic diameter of the microchannel, r is average distance of the

liquid from the center of rotation, Ar is radial extent of the liquid plug (how much it

has moved from its initial position), and /. is the plug length in the channel.
Replacing (1.71) in (1.69),

F. = —2(pV)o(Diw’prAr/32nl,) = —D@’p*rArV/16n], (1.72)
The (1.70) can now be written as,
f. = —Djw’p’rAr/16n/ (1.73)

Centrifugal and Coriolis forces are related to each other in a sense that they
operate together but normally (perpendicular) to each other as depicted in Fig. 1.9.
Centrifugal force is given by

F, = —mo’r = —(pV)o’r (1.74)

Where, r is radius of rotation.
The centrifugal force density is given by

f, = Fy/V = —po’r (1.75)

Now, finding ration of (1.69) and (1.71) will give us relative effect of both the
forces acting upon the particle in rotatory frame.

F./F, = 2U/or (1.76)

Inertia circle is the path that moving body in a rotating reference frame will
follow. The radius of this circle (r.) and the time required to travel the edge of the
frame (t.) is given by

r. = U/20, andt, = /o (1.77)

Rossby Number—Ilength scales and Coriolis effect: It is the ratio of inertial
and Coriolis forces. We can determine the effect of length scale on the efficiency of
rotation in achieving Coriolis effects. The relation is expressed as

Ro = U/feL = D}w*prAr/32n fcLi, (1.78)
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where,
Ro is Rossby number, U is the relative velocity of the particle, fc is Coriolis
factor, and L is the length scale of the motion. Coriolis factor, fc is expressed as

fc =20Sin® (1.79)

where, O is the angle of the body to the plane of the reference surface. In case of
particles in centrifugal microfluidics, @ will be 90° thus changing the Coriolis
factor to 2.

¢ Dean number: Flows in curved pipes

It is defined as the product of Reynolds number and the square root of the
curvature ratio.

De = Re.(d/2r)"/? = (pVd/p).(d/2r)'/ (1.80)

where,
De is Deans number, Re is Reynolds number, r is curvature radius of the channel/
tube, d is travelled length of the liquid, and V is axial velocity.

2.5 Key Dimensionless Numbers Explained

2.5.1 Reynolds Number: Inertial Focusing to Separate Plasma from
Whole Blood

The Reynolds number is one of the most crucial dimensionless numbers in fluid
mechanics. However, when we discuss it with reference to microfluidics, its
relevance is practically limited. The reason is that the fluids employed in
microfluidics-related applications have small values for their respective Reynolds
numbers that make the inertial effects irrelevant.

Still, importance of the Reynolds number can’t be undermined. One best exam-
ple to explain the importance of inertia in microfluidics is separation of plasma from
whole blood. A straight channel, as illustrated in Fig. 1.10, is curved at one end. The
liquid flowing through this channel will feel a sudden curve on its path. At the
corner, liquid still tends to go straight due to which in the process of changing path,
it loses momentum at the corner. In this case,

Time taken for this liquid to turn around the corner is expressed as

tiNW/UO (181)

where, t; is turn time, w is width of the curve, Uy is velocity of the fluid before
turning.
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Fig. 1.10 Inertial separation of the particles moving with a velocity U, and following a curved
path approximately equal to the width of the channel. Due to the conservation of momentum,
particle will experience an outward push known as inertial centrifugal force with a density f; as
described in (1.84). P; is inertial flow pressure where X represents in x direction and z represents in
z direction. Initially, prior to the curve, along x axis, the momentum is O while all the momentum is
focused along z axis. At the curve particle will lose z momentum that will translate to the
x-momentum. During this transition, the particle will experience f; normally outwards towards
the putter wall of the microchannel

Now, the liquid during this time from (1.81) will lose a fraction of its linear
momentum density, which can be given as

pi ~ pUo (1.82)

The lost fraction of momentum (py) in (1.82) will be transferred as a force,
named inertial/centrifugal force, which is directed outwards in the same direction
the liquid was initially flowing prior entering the curve. This inertial force density
can be calculated as

f; ~ pi/ti (183>
By replacing (1.81) and (1.82) in (1.83) for pq and T; we will get
f; ~ pUg/ti ~ pUd/w (1.84)

These three equations form the basis of particle separation in non-circulating
fluidic chips.

2.5.2 Péclet Number: Diffusivities Across Channel Width
and No-Membrane Dynamic Filtering

In day-to-day life turbulent fluid mixing is crucial. To elaborate the time scale vs
length scale in the absence of this mixing, let us consider that we are holding a cup
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Table 1.7 Diffusivities of common biological elements

Biological element Solute Proteins Virus Bacterium Mammalian Cell
Size 0.1 nm 5 nm 100 nm 1 pm 10 pm
Diffusivity (um?s) | 2000 40 2 0.2 0.02
Uy
2
P, + AP P,
P w
50200 00 0% ¢
T o I
(o)
(o) (@)
(o) O
< > O
L
P, + AP P,
Us

Fig. 1.11 Tllustration of the working mechanism of a membrane-less dynamic particle separator.
The working principle depends on the different diffusivities of different particles and the time and
length scale required for diffusion in transverse direction according to their respective diffusiv-
ities. Two liquids enter through a T-junction and are left to diffuse over a length L in the arm of the
H-filter. However, the liquids will never mix due to laminar regimen. A solution with different
particles is injected through one channel. During the flow in the arm section, where both the fluids
stay in contact, smaller particles with higher diffusivity and lower Péclet number will move to the
other layer and thus separate from the rest of the initial solution

of coffee; in this case we will not be able to smell the aroma of coffee held in our
hands for next several days. If real world fluids were low Reynolds number then due
to laminarity in flow, diffusion will be the only means of mixing, as we have already
seen the relation between time and length scales. On the contrary, in microfluidics,
due to low-Reynolds number regimen, mixing is predominantly by diffusion; this
could be lengthy on a time scale. The common diffusivities for few biological
moieties are enlisted in Table 1.7. Now, there are several applications requiring
rapid mixing, and this is where Péclet number helps us understanding the extent of
mixing in our micro-devices.

Let us discuss the case of the ‘H’ filter. It is named so due to its geometrical
appearance (Fig. 1.11). Left T-junction is used as inlets keeping those at pressure
Py + AP; while T-junction on the right is used as outlet keeping it at pressure Py,
The arm of the ‘H’ is the central channel where diffusion takes place. The H-filter
works on the basis of diffusion, which is the only mean of transverse movement of
particles between two parallel moving fluid layers.

According to the mass transport and Fick’s law,
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Table 1.8 Conditions for particle separation in no-membrane H-filter

tconv tdiff
(time of particle | (time of particle | Pepjass
convection) diffusion) (Péclet number)
L/U, w/4D RePr=U,L/D
For teonv < taifr Low Pe,
diffusion
For no teonv >> taife High Pe
diffusion Either longer channel length or slower flow
velocity or both are required to achieve
diffusion

D(diffusion coefficient) = w?(width to diffuse) /2t (time to diffuse)  (1.85)

The time to diffuse is dependent on the particle velocity in the fluid (Uy) and the
length (L) it will travel before diffusing completely to the adjacent stream. Thus,
eq. (1.85) can be written as

D = w?Up/2L (1.86)

However, the particle has to diffuse through only half of the total width of the
H-connecting arm because the other half is filled with different liquid. Due to this
w becomes w/2 and eq. (1.86) will be

D = w?Uy/4L (1.87)

Also, particles in liquid flow experience convection along with the diffusion.
The time of particle convection become important as referred in Table 1.8. Thus the
particle diffusivity becomes crucial as well. Typical diffusivities for common
biological moieties are mentioned in Table 1.7.

As mentioned in Table 1.8, for particle to diffuse into the other half across the
channel width filled with different liquid, then the prerequisite must be the diffu-
sivity of the particle should be high; the aspect ratio of channel length to its width
should be smaller along with flow velocity. This all will result in low Péclet number
and smaller diffusion time. The opposite will be true for a particle not to diffuse into
the adjacent fluid across its width.

3 Conclusion

This chapter provides basic information, such as basic principles and related theory,
for developing a fundamental background to understand the so-looking complex
physics of microfluidics. On the contrary, the foundation of fluid mechanics starts
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dating back to high school physics. In this chapter, we have brushed all those
concepts we studied back then and added some advanced theoretical knowledge
built upon that. In principle, this chapter covers everything that one should get
acquainted to for understanding microfluidics. This will allow non-physicists and
engineers to interface with microfluidic engineers and thus, can improve commu-
nication, which is the biggest challenge when non-physical scientists and doctors
interact with engineers.
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Chapter 2
Microfluidics Overview

Geeta Bhatt, Sanjay Kumar, Poonam Sundriyal, Pulak Bhushan,
Aviru Basu, Jitendra Singh, and Shantanu Bhattacharya

1 Introduction

Microelectromechanical systems and micro-fluidics are two fast emerging domains
in diagnostics research. The Microsystems technology emerged as a fall out of the
microelectronics industry mostly due to the obsoleteness of some of the microelec-
tronic processes owing to integration density issues. The area was first widely
explored in the mechanical and physical sensing domains and found wide interests
primarily because of low overall size, high yields of production and ability to
integrate with a variety of processes. The technology saw a turnaround towards
chemical/biochemical sensing starting from the end of 80s as prompted by the fast
molecular diagnostic requirements imposed by the gene sequencing industry
fuelled by the Human Genome project. Microfluidics is mostly concerned with
handling of miniscule samples of fluids of volume 107°-10~"® L which is well
suited to the handling of different expensive analytes important for diagnostics
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work. This technology has very prominent advantage with respect to low overall
chip area and high integration density. For handling small volumes of fluid of the
range indicated above various micro-channels and micro-confinements are devised
using a variety of techniques in which the mixing, reacting, handling and
transporting etc. take place. The main motivations of this field are powerful
analytical and diagnostic techniques which have been parallel devised by chemists,
biochemists and material scientists over the last couple of decades to understand the
life processes for sustenance of life itself. These may include modern methods as
used in chemical diagnostics like [1]:

1. Micro-analytical methods (Chemical analysis methods for higher sensitivity and
higher resolution)

(a) High-pressure liquid chromatography (HPLC)
(b) Matrix assisted laser desorption/ionization time of flight methods (MALDI-
TOF)

(c) Capillary electro-osmosis and electrophoresis methods (CE)

2. Sensitive detection of for chemical and biological hazards which may have
military connotations (being used as bio-warfare tools)

3. Molecular biology driven methods to recognize basic structures of biological
entities deterministically which may include:

(a) High throughput DNA sequencing

(b) Causative genomics

(c) Protein crystallography and folding

(d) Immunological mechanisms through the study of binding chemistries of
various pathogenic and non-pathogenic biological entities so on so forth

The fluid which is analysed in the microfluidics domain can be handled in
various ways. Hence depending on this, microfluidics is classified in three different
types, continuous flow microfluidics (in which there is continuous flow of fluid
through the micro-channels), droplet based microfluidics (in which discrete manip-
ulating volumes are formed in the immiscible phase) and digital microfluidics
(in which discrete, independently controlled droplets are manipulated in the open
environment i.e., on the substrate) [2]. Depending upon the requirements, various
materials like silicon, glass and various elastomers (polydimethysiloxane (PDMS),
SU8 (negative photoresist)) are used in microfluidics for making various micro-
channels, micro-valves etc. Hence keeping in view the various requirements of the
field of microfluidics, a large domain of researchers are involved in the field
pertaining to the advanced applications of the field of Microfluidics.

In recent years, microfluidics has been an extensively explored domain owing to
its high applicability to develop low-cost diagnostic devices. Clinical diagnostics is
one of the promising application areas for deployment of such lab-on-chip systems
also better known as point-of-care (POC) systems [3]. Lab-on-chip technology is
preferred over conventional laboratory lab oriented techniques due to their faster
performance and overall miniaturized size which leads to reduced use of analytes
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and thus promotes low cost clinical diagnostics which can be of immense utility in
resource poor settings. Various advantages that such devices offer are reduced
detection time, increased sensitivity, greater control of molecular interactions,
cost efficiency, reduced chemical wastage, lesser human intervention etc. With a
purpose of exploring various dimensions of microfluidics in clinical diagnostics,
this chapter summarizes various aspects of the field of point of care diagnostic
devices including their fabrication technologies like Laser micro-machining,
lithography and MRDI process for making micro-channels/micro-valves; micro-
fluidic systems and its various fluid handling modules like micro-mixers, micro-
pump, micro-valve and micro-cantilevers etc. various applications of micro-fluidics
like electrophoresis (gel electrophoresis, capillary electrophoresis and surface elec-
trophoresis), dielectrophoresis, polymerase chain reaction (PCR) and gene delivery
and further various sensing and detection techniques like electrochemical sensing,
optical sensing, mass based sensing and surface plasmon resonance (SPR)
sensing etc.

2 Basic Fabrication Techniques

In this section we would like to discuss the various fabrication techniques that are
normally used for micro-fabrication of high aspect ratio micro-channels.

2.1 LASER

The term LASER is an acronym for Light Amplification by Stimulated Emission of
Radiation. Laser devices produce intense light beams which are monochromatic,
coherent, and highly collimated. The wavelength of laser light is monochromatic
and all photons are coherent. Laser beams show very low divergence and can travel
over great distances, can be focused to a very small spot with high intensity and find
a variety of applications in different fields.

Atoms possess energies only in particular discreet energy levels although when
in bulk there may be a bulk behaviour of the orbital energies. The electrons within
these atoms are naturally present in their ground state and they go to higher energy
levels when excited through light beams of an external source. This process is
known as absorption. After a short duration of time is lapsed the electrons returns
back to their initial ground states and in the process the atom emits a photon. This
process is known as spontaneous emission. In a traditional light source both
absorption and emission occur together. If an outside photon having precisely the
amount of energy needed for spontaneous emission is struck on the excited atoms,
this external photon is increased to two photons one provided by the excited atom.
Both released photons have the exact same phase. This process is known as
stimulated emission and it is a fundamental process for the operation of a laser



36 G. Bhatt et al.

T e E2 w E2
! e E1- Lower energy state
hv hv hy E2- Higher energy state
vy WA AP hv
WA
E1 v v Ei
(a)Absorption (b) Spontaneous (c) Stimulated
Emission Emission

Fig. 2.1 Schematic of Laser process

source (Fig. 2.1). In this process, the key is the photon having exactly the same
wavelength as that of the emitted light [4]. Application of laser machining for
micro-channel fabrication and mask making is discussed in the following sections.

2.1.1 Application of Laser Machining for micro-channel making

Laser Photo-ablation was first introduced in 1997 by Roberts’s group for making
polymer microfluidic channels [5]. The integration of laser micro-beams with
micro-fluidic devices is beneficial for rapid throughput fabrication strategies par-
ticularly for Lab on chip applications to achieve the manipulations of biological
entities and biological fluids within micro-fluidic platforms [6, 7]. One specific
advantage of pulsed laser micro-beam irradiation is that it does not require any
specialized instrumentation except a XYZ stage which would follow commends
from a drawing software. This reduces the design complexity and cost of the
individual micro-devices tremendously while increasing the speed of their fabrica-
tion by several folds. So it is economical to dispose the devices so made after a
single use. Secondly, the laser micro-beam can be positioned to any optically
accessible location within the micro-device thus provides high flexibility in
designs, enables potential parallelization of cellular analysis at multiple device
locations etc. [7].

In laser machining processes, a high power laser is used to break the bonds of
polymer molecules thereby removing the decomposed polymer parts from the
region being ablated by the laser. Excimer laser has been successfully used for
making micro-channels with 193 or 248 nm pulses with a pulsing frequency range
of 10 to several kilo-hertzs. Micro-channels can be made by a maskless direct laser
etching process or through lithographic patterning processes [8]. Laser etching is
suitable for machining a wide range of polymeric materials including polymethyl
methacrylate (PMMA) [9], polystyrene (PS), polycarbonate (PC), polyethylene
terephthalate (PET), polyethylene terephthalate glycol (PETG), polyvinylchloride
(PVC) and polyimide [10]. Surface chemistry can be modified due to the formation



2 Microfluidics Overview 37

of reactive species during the laser ablation process which makes this process very
attractive to biological assays.

Laser fabricated channels have high surface roughness than injection molded,
imprinted or hot embossed channels although a newly intended hybrid machining
strategies particularly on PMMA claims to have an average surface roughness of a
few hundred nanometers [11]. Surface roughness depends on the absorption of the
lasing frequency of the polymer. For example, PMMA channels made at 248 nm
have high roughness and porosity [12]. Parameters to govern quality of the fabri-
cated channels are laser power, scanning speed, polymer absorptivity, laser pulse
rate and number of passes made to realize a complete channel.

2.1.2 Application of LASER Machining for Mask Making

Photo-masks are very important for miniaturization of devices. However, due to
finite scanning speeds of laser pattern generators this process has an overall low-
throughput. MEMS fabrication is typically a multilayer fabrication process when
we consider devices and is also highly iterative thus needing multiple changes
based on device performance so that the design can achieve finality. Hence precise
mask fabrication is a critical step towards the MEMS grade precision and accuracy
needs. For making such masks a MEMS laboratory needs a laser pattern generator
for easy control on mask- fabrication process [13, 14]. Nonconventional machining
has been widely used for micro-machining purposes but their use for mask making
is not much explored [15]. Kumar et al. has shown how non-conventional
manufacturing processes can be utilized towards the fabrication of small MEMS
grade structure [16].

Laser machining is a highly localized and non-contact process to ablate micro-
features and structures has three simple steps, viz., (a) interaction between the
matter and beam, (b) absorption/heat conduction and an associated temperature
rise, and (c) melting and vaporizing of the material. The various advantages as
offered by laser micro-machining are the easy and precision control and rapid
machining.

Figure 2.2 shows a one-step demagnification and laser ablation technique as
applied to mask making as reported by Kumar et al. [16].The aluminium mask
which is made with large sized features through electro-discharge machining
processes is mounted on the excimer laser system and the shadow the mask is
subsequently demagnified on a thin chrome film after proper alignment and focus-
ing. An optimum solution can be extracted from the different machining parame-
ters, including energy, pulse frequency, pulse duration, and pulse numbers, etc., so
that edge roughness of fabricated features can be minimized. An energy optimiza-
tion can also be performed by energy value calculation used for metal film ablation
without affecting substrate. The minimum resolvable feature-size using this is
roughly 10 pm [16]. The mask-making strategy with a combination of advanced
machining technologies, easily available within an advanced machining laboratory,
can be very helpful for iterative micro-systems designing.
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2.2 Photo-Lithography

Photo lithography is a non-contact process which deploys the power of light
exposure to print extremely small features (up to sub micron levels) into photo-
chemicals and resists. Major steps in optical lithography are pattern transfer,
alignment and exposure; which are explained in the forthcoming sections in details.

2.2.1 Pattern Transfer

In lithography processes a pattern is transferred to a photosensitive material by
selective exposure to a radiation source (UV source in photolithography, X-Ray
source in X-Ray lithography, electron beam in e-beam lithography etc.) (Fig. 2.3).
Physical properties of the photosensitive chemical change when it is exposed to such
radiation source. The changed properties of the photo-chemical render the exposed
regions to be constitutionally different from the unexposed regions and this different
created by light is utilized to print features and structures on the surface of the
photochemical [17]. The changed properties are different with positive and negative
tone photochemicals. In a positive tone resist the exposed regions are debonded and
in the negative tone resist these regions are cross-bonded (Fig. 2.4a, b).

If the resist is exposed to a specific wavelength of light the chemical resistance of
the resist to developer solution differs. If the resist is placed in a developer solution
after selective exposure to a light source, one of the two regions will be etched
(exposed or unexposed). If the exposed material is etched away by the developer,
the material is positive resist as shown in Fig. 2.4a. If and the unexposed region is
etched away, it is considered to be a negative resist as shown in Fig. 2.4b.
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2.2.2 Alignment

Pattern alignment plays a major role in photo-lithography for making controlled
feature sizes and shapes. The pattern transferred to a wafer has a set of alignment
marks which have highly precise features. These marks are used as reference for
positioning other patterns at different layers with respect to a pattern of one layer
each alignment mark should be labelled for easy identification, positioning and time
saving [17]. Complex MEMS features are mostly multi-level and use multiple
masks for different operations related to micromachining on a single chip platform.
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2.2.3 Exposure

The main exposure parameters to achieve accurate pattern transfer from the mask to
the photosensitive layer depend on radiation source wavelength and the exposure
dose required achieving the desired property change of the photo-resist. Typical
sources of UV light are mercury vapour lamps and excimer lasers. A chemical
reaction takes place between the light and resist when UV light hits the resist. The
mask unprotected areas undergo a chemical reaction [17]. Application of lithogra-
phy is discussed in the next section.

2.3 Soft Lithography

Soft lithography covers a domain of processes which are based on
non-photolithographic techniques principally based on replica moulding and self-
assembly processes for micro and nanoscale fabrication. It is a convenient, effective
and inexpensive method for making micro and nanostructures. Under the replica
moulding process an elastomeric patterned stamp with relief structures on its
surface is used to generate patterns with very small features (30—100 pm size) by
a casting process using a soft polymeric material called PDMS. Replica Further the
patterned polydimethylsiloxane (PDMS) stamps may be used to print molecules on
surfaces with great precision and accuracy a process better known as micro-contact
printing [18]. In the replica moulding process a silicon master is fabricated with
patterned features composed of photoresists which are used for PDMS micro-
channel fabrication. Silicon wafers are firstly coated with photoresist and undergo
a photolithography step to generate a set of pattern on the surface of the wafer
[19, 20].

Replica moulding with PDMS is carried out by pouring PDMS prepolymer
(PDMS and curing agent) onto a pretreated (with mold release agent) and patterned
Silicon wafer which acts as a mold. To obtain an enclosed micro-fluidic device, the
PDMS replica is reversibly or irreversibly sealed to a variety of planar substrates
like silicon and glass. The irreversible bonding of such multi wafer stacks can be
carried out using a brief exposure of both bonding surfaces prior to bonding to
Oxygen plasma [21]. Soft lithography using PDMS offers several advantages like
low cost of fabrication, rapid processing, reusability of the SU-8 master for multiple
runs, facile sealing and bonding to a number of different substrates particularly in
case of reversible bonding, and multilayer fabrication to create complex three-
dimensional systems etc.. PDMS has good optical transparency from 230 nm
onwards and covers the whole visible spectrum. Its elastomeric properties allow
for easy interconnections between macro to microfluidic platforms and the proper-
ties are particularly helpful in realizing on-chip fluid handling components like
valves, pumps, mixers, reactors, sensors etc. [22].
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2.4 Micro-Scale Replication by Double Inversion (MRDI)
Process

Biological and chemical applications require micro-fluidic devices with micro/
nanoscale mechanical structures. Present fabrication techniques suffer from a low
pattern transfer quality particularly if the feature sizes are in the nanoscale during
the simultaneous embossing of the microscale and nanoscale patterns into a ther-
moplastic polymeric substrate since the polymer flow becomes insufficient. Fabri-
cation of 3-D micro and nano-structures require expensive and time-consuming
lithography assisted techniques and in some cases very high cost is involved in
realizing these mechanical structures through the use of processes like electron or
ion beam writing or nanolithography etc. [23]. In order to address the problems of
lithography driven processes we have developed a low cost and high throughput
replication based process called micro replication by double inversion (MRDI).

Figure 2.5 shows schematic of a standard replication process. The various steps
involved in such a process are (a) pouring the liquid monomer onto the master
(b) master and replica separation after photo-polymerisation by exposure to
UV-light (c) The use of the replica (with some surface pre-treatment) as a new
master for a further duplication of the features into another polymeric substrate.
After polymerisation and separation the second replica contains the same structures
as the initial one. (Represented in Fig. 2.5a—d). The master in MRDI process can
also be made using laser micromachining as shown in Fig. 2.6.

Fig. 2.5 Schematic

representation of replication (a)
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Fig. 2.6 Schematic representation of MRDI process

The principle advantages offered by the MRDI process are: (1) a sturdy mold,
(2) repeated use of the mold for replication of polymer, (3) an overall inexpensive
process as compared to other photolithography-driven processes,(4) A reusable
mold, and (5) the use of laser ablation or other micromachining techniques for
mold making.

PDMS replica mold is widely used for channel making in microfluidic applica-
tions although when we talk of embedded channels and features there are some very
serious limitations of replication and moulding processes [24]. For example if the
structure that is to be realized is a long micro-channel which is embedded within a
chunk of the polymer PDMS both replication and moulding process done in the way
as explained and also the MRDI may prove out to be failures and if done as a
sandwiching between two replicated surface may impose limitations in terms of
accurate alignment. In order to address these issues a replication and moulding
technique has been developed with wires where the features and structures are
replicated as embedded features within polymeric domains [25].

2.5 Embedded Structures with Replication and Moulding
Processes

An easy fabrication procedure has been developed for three dimensional structures
with soft materials like PDMS [26]. This has been used to develop micro-channel
arrays within PDMS matrices which in a separate module as described below been
tested for micro vibration control. An array of upto six rows of micro-channels with
20 numbers of micro-channels in each row have been fabricated using this proce-
dure and in a very innovative manner The process was initiated with a micro
drilling exercise wherein 200 pm diameter holes (20 in numbers) were drilled
using MIKROTOOLS (DT 100, Singapore) machine tool in a simple plastic mold
box using a CAD package on the side walls of this mold box. The centre to centre
distance between these holes in x and y direction were taken as 2 mm. In order to
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I Drilling holes in mold box
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Fig. 2.7 Dimensional micro-channel arrays within PDMS blocks using thin circular copper wires.
(Reproduced from Singh et al. [27] with permission from the Institute of Electrical and Electronics
Engineers)

realize high aspect ratio micro-channels, thin wires of copper etched to a diameter
of 50-80 pm were inserted between opposing holes in a mold box with a special
tweezers and provided with finite tension using a special jig developed for this
purpose. PDMS commercially available in a 10:1 ratio of a silicone rubber to curing
agent was poured into the plastic box over the wires and replicated the wire array.
This was followed by a release mechanism which comprised of a swelling step
wherein the matrix with embedded wire array was taken out curing the PDMS and
dipped in toluene for a finite amount of time. This swelling of PDMS matrix was
performed mainly to release the grip over the embedded wires. This was followed
by another shrinking step wherein the assembly was heat cured and the whole
PDMS shrinks back to a smaller size. Figure 2.5 shows the process flow chart of this
technique (Detailed in Fig. 2.7).

There has also been utilization of this wire based replication technique for the
development of embedded fluid handling structures like microvalves etc. [28].

Figure 2.8 shows an embedded assembly of micro-valving as reported by Singh
et al. In Fig. 2.8 there are two embedded channel in a piece of PDMS where the
central channel shows a 80 pm channel and the solenoidal track around this central
channel shows an embedded valve structure which can be inflated/deflated using
compressed air so that it can squeeze the inner channel and act as a fluid valving
device.
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Fig. 2.8 Solenoid
microvalve (Reproduced
from Singh et al. [29] with
permission from the
Springer)

There are many other soft lithography approaches which have been reported in
literature like solvent assisted micromoulding, nanoimprint lithography and dip pen
lithography etc. Where the patterning is carried out at various scales with soft
materials [30].

3 Microfluidics for Flow Control and Some Novel Effects

The early applications of microfluidic technologies have been mostly in chemical/
biochemical analysis. The field of microfluidics offers numerous capabilities like
rapid sensing and detection of analytes corresponding to limited concentration,
rapidity of performance, easy usage with minimal human intervention, good reso-
lution using very small quantity of sample volume and thus offering solutions to
low cost diagnostics etc. Micro-flows are mostly laminar with values of Reynold’s
no. in the range of less than 1 and this laminarity is an advantage in some of the
typical requirements of sensitive diagnostics like single cell isolation, single cell
manipulation and detection, drug delivery etc. Microfluidics also offers possibilities
to control concentration of sample in both space and time [1].

The laminar nature of Micro-flows makes molecular diffusion the only means to
facilitate mixing in micro-scaled devices in the absence of convective transverse
fluid motion. For a typical microscale device the diffusion length scale being large
and the diffusion constant being very small for fluids ensures a very high diffusion
time. This coupled with the laminar nature of microflows gives rise to a very
interesting domain where various spatial and temporal strategies are utilized by
various micro-chip designs to micro-scale actuation for enabling a reduced inter-
diffusion length causing the flows to mix vigorously and sometimes in a controlled
manner.

There has been a lot of research on micro-mixing methodologies, which focus
primarily on increasing the contact surface between two streams for diffusion
through multi-lamination strategies. The multi-lamination in flows can be achieved
easily by stacking different streams in parallel, perpendicular, radial, as well as
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angular orientations in respect of the flow direction. Various strategies have been
developed for micro-mixing which has been broadly classified as Active and
Passive mixing.

3.1 Micro-mixer Design and Characterization

A micro-mixer is a device which can passively (without using energy) or actively
(with external energy) is enabled to mix multiple fluids. This device is associated
heavily with key technological advancements in many fields like chemical engi-
neering, pharmaceuticals, bio-chemistry, analytical chemistry and high-throughput
synthesis and drug screening etc. The micro pathways or parts which are heavily
deployed in promoting active or passive mixing may vary from a long serpentine
channel to a piezoelectrically vibrating membrane.

The development of micro-mixers has progressed rapidly in the last decade.
Initially, the devices manufactured used to be housed within silicon or glass wafers
[31] and from then a number of micro-mixers with polymeric parts have been
fabricated and successfully developed [32]. As a result of their overall simple
design, passive micromixers have found a lot of applications as analytical chemistry
tools. While surveying the various the polymeric microfluidic systems, a simply
designed microfluidic system with efficient passive micromixing is a natural choice
for many applications in chemical and biochemical analyses [33]. Researchers have
proposed various designs of micro-mixers (Fig. 2.9) and their use including simple
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Fig. 2.9 Comparison of various micromixers with respect to time and specific power dissipation
(Reproduced from Falk and Commenge [34] with permission from the Elsevier)
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T-type or Y-type micromixers and also parallel and sequential Lamination
mixer [34].

Nanoparticle synthesis using microscale controlled mixing is a new essence that
is being carried out in micromixers and microreactors. The nanoparticles so syn-
thesized have a much skewed distribution and can be custom-made in regards to the
average size of the distribution and also the standard deviation on the particle
diameters [35].

Many materials which are either amenable to microfabrication such as Silicon
and glass or to laser micromachining such as PDMS and PMMA as discussed in
previous sections can be employed for the fabrication of the flow channels which
constitute the path in a micromixer. Sometimes when the requirement of fabrication
is extremely complex precision orientated techniques like micro-stereolithography
[36], two photon processes [37] etc. are deployed to realized complex 3-D flow
paths.

3.2 Bilayer Staggered Herringbone Micromixers (BSHM)

A novel modification of passive micro-mixers has been attempted by Choudhary
et al. [38] wherein a method is developed to fabricate micro fluidic devices using
MRDI technique as described above onto soft polymeric material PDMS [38]. It has
been observed that the novel fabrication method—MRDI was able to produce
excellent replication results. The limitation that the process faced however came
from the lack of control on speed and power in the laser ablation step which had to
be iterated with design of experiments (DOE) strategy. The dimensions used for
fabrication were simulated and arrived at in this work (channel width =100 pm;
channel depth = 100 pm; herringbone = 30 pm deep and 50 pm wide). Well shaped
herringbone structures were created on the path of flow and mixing was thoroughly
evaluated as a function of the overlapping herringbones arm. It was found that as
the overall ratio of the herringbone arms on the top and bottom sides of the flow
path was reduced the flow length reduced. The image of fabricated herringbone
micromixer has been shown in Fig. 2.10a, b and a snap shot of the experimental
mixing data evaluated through dilution of a fluorescence marker dye is provide in
Fig. 2.10c.

3.3 Long Microchannel Arrays as Vibration Pads

Long microchannels arrays have been also found to be suitable for custom made
vibration damping characteristics and can passively reduce mechanical vibrations
at a range of low frequencies and as such can be used for passive micro-vibration



2 Microfluidics Overview 47

C Re=1

1.0
§ "iﬂ&ﬂxﬂg *‘-e——tﬂ ) o-o-o-0
> N G & Plain Channel
3 0.8 p - 0 SHM
g # a A ABHM
< + % #  AsyBHM
e 0.6 + SymBHM
] # A © #* OrSHM
3 a
‘g 0.4 * L + ‘@ O
r & Nk
o '~2 $
> k-3
£ 0.2 - ~
é - -

0.0+

T T T T T T
0 5000 10000 15000 20000 25000 30000
channel length (microns)

Fig. 2.10 PDMS Replica obtained after soft lithography and herringbone structures ((a), (b)); (c)
Mixing performance by dilution of a fluorescence dye in a plain channel, symmetric Herringbone
structure, alternate bilayer Herringbone mixer, Asymmetric bilayer herringbone mixer, symmetric
bilayer herringbone mixer and oblique ridges and staggered herringbone mixer (Reproduced from
Choudhary et al. [27] with permission from the Springer)

damping. The channel array is embedded in blocks of viscoelastic materials in an
oil filled and hermetically sealed manner [27]. In this work, the passive response of
areplicated array of oil-filled micro-channels, structured within a block of PDMS is
reported. Constrained and unconstrained vibration-damping experiments are
performed on this block, by applying an excitation signal transversely at the
geometric centre of the lower face of the block; its vibration suppression ability
is detected. Figure 2.11 shows the constrained and unconstrained configurations
schematically and the respective loss factor data with no. of embedded channel
layers.
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3.4 Micro-pump

Micro-pump are MEMS based fluid handling devices which again work passively
or actively to initiate flow through micro-channels. One of their critical purposes is
to initiate micro-flows of samples of fluids (either chemical or biochemical) for
reaction assays for diagnostics applications. The pump volume is generally of the
order of volume of the sample that is being transported. Micro-pumps can be of
mechanical or non-mechanical type depending on the actuation principle that they
may possess. In mechanical micro-pumps the actuation methods can be electro-
static, magnetic, piezoelectric, pneumatic and thermo-pneumatic etc. while in
non-mechanical systems actuation scheme like electro-osmotic, electro-hydrody-
namic, electrochemical or ultrasonic etc. can be deployed. It is generally observed
that the flow rates in case of mechanical micro-pumps are orders of magnitude more
than the non-mechanical micro-pumps.

The first ever peristaltic micro-pump was patented by Smits in 1989. This was a
silicon based device fabricated using already established MEMS fabrication tech-
nology, and was provided with a set of piezoelectric valves which would deflect and
squeeze out on chambers in a sequential manner. This pump had a maximum flow
rate of 3 pL/min at zero back pressure and a Maximum Pressure head of 0.6 m
H,O. Further, it was observed that the discharge rate varied linearly with the back
pressure till a threshold frequency of 15 Hz was met beyond which it started to fall
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off. At frequencies more or equal to 50 Hz, no pumping action was observed which
was attributed to viscosity of the pumped fluid. In another work reported later [39],
the same group reported an improvised version of micro-pump capable of deliver-
ing 100 pL/min at zero back pressure as shown in Fig. 2.12.

Peristalsis with soft polymeric membranes have served the purpose of achieving
micro flows although literature has only thoroughly looked at their performance
metrics like flow rate [40], ability to withstand back pressure [41], actuation
mechanism [42, 43] and fabrication strategies. The most widely used discreet
peristaltic strategy that is worth mentioning in this context [44] uses two replicated
and molded layers of Poly-dimethylsiloxane (PDMS) bonded over a hard substrate
with the top layer being used as the actuator layer wherein controlled compressed
air is used to pinch circular chambers inter-connected by thin replicated channels in
the second layer. Some earlier reports on micro-pumps as reported by Kant
et al. [45] involves such architectures as described in the next section.

3.4.1 Micro-pumping System with Peristaltic Motion

Kant et al. have provided an innovative design of peristalsis based micro pump with
an optimized fluid chambers possessing enhanced discharge efficiency per unit
volume of the pumping architecture and reduced reverse flow, very often important
from the standpoint of blood cell sorting assays, within the pumping chamber where
full delivery of fluid containment is critical. Researchers have given a simulation on
COMSOL to optimize the chamber design to evaluate the effect of actuator
membrane interaction. Optimized geometrical profile formulated above was seen
to allow the maximum contact area between fluid containment and actuating



50 G. Bhatt et al.

--
c d

I

e 500 |
m .
T g
o 4
b o 1 ate v reguency
Flow %007
rate mo
(HUmin)
250 1
— |
m +
o+
a 100 roo0 00 a00 s00 OO0
Frequency(Hertz) —

Fig. 2.13 (a) Optical micrograph of pumping chambers in the circular design case before start of
wash cycle (b) at the end of wash cycle (¢) optical micrograph of pumping chambers in the
optimized design case before start of wash cycle (d) at the end of wash cycle (e) Discharge with
respect to operating frequency of the modified design as in case (¢) (Reproduced from Kant
et al. [45] with permission from the Springer)

membrane thus reducing the problem of fluid retainability inside the chambers.
Figure 2.13 shows optical micrograph of pumping chamber for both type of design
before and after the wash cycle and the discharge performance of the modified
chamber design as in part (c) and (d). Additionally Fig. 2.13e shows the discharge
related to (c) configuration.

New design of pumping system (experimentally) decreases the percentage
retainability of biological and other fluids contained within the chambers which
make it a comparatively high efficiency micro-pumping system as compared to
conventional design with circular membrane and chambers.
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3.5 Micro-valve

Micro-valves are designed to control the switching action of flows in
microchannels. This helps in controlling the flow rates so that proper manipulation
of the biological entities being carried by biological fluids can occur and hence the
overall efficiency of the microfluidic system to handle and deliver increases. Micro-
valves can also be characterized as active and passive microvales. Atwe et al. has
developed a novel pH-sensitive hydrogel based micro-valve for intelligent valving
system for metered flow [46]. Figure 2.14a shows the design of micro-valve using
hydrogel developed through precursors chitosan and polyvinyl alcohol (PVA).
The hydrogel solution has been shown to be prepared through Chitosan and
polyvinyl alcohol (PVA) in acetic acid (CH3;COOH) and crystallized using glutar-
aldehyde, crosslinking agent in thin wafers form and this has been found to be very
sensitive to pH changes. The pore structure of hydrogel had been investigated
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Fig. 2.14 (a) Design of the micro-valve; (b) Valve performance through PIV measurements as a
function of diametral distance from wall of the channel; (¢) architecture of a solenoidal
microvalve; (d) valve performance plot of flow rate versus time corresponding to a compressed
air pressure of 5 psi. (Reproduced from Atwe et al. [46] and Singh et al. [47] with permission from
the Springer)
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through Field Emission Scanning Electron Microscopy (FESEM) and thin wafers of
the gel were physically placed inside PDMS microchannels which blocked the main
flow as the pH in the actuating channels changed suitably. Flow metering in
channels was observed till complete realized of valving. This device was further
precisely characterized with micro PIV using a solution containing fluorescent
polymeric micro beads. The principle advantage device is the small range of pH
(3-7) over which the valving response was observed.

Singh et al. [29] has reported a pneumatically actuated solenoid micro-valve
design with performance evaluation in terms of flow constriction. Figure 2.8
reported earlier has already shown a schematic of this valve. The valve performance
has been evaluated with particle image velocimetry (PIV) (see Fig. 2.14b—d)
[29]. These valves are definitely an advantage over quake valves which were
done using two layers of microstructured PDMS with the bottom layer containing
the micro-channels as very thin and the top layer containing the valve structured at
the bottom of the top layer. These valves have so miniscule response time that they
almost close immediately qualifying them to be digital in nature. Design modifi-
cation has been performed in these digital valves to solve the leakage/leaching
problem, with a completely different synthesis process, wherein the closing
arrangement of a Quake valve has been varied from top down to radially inwards
across the whole cross-section of the micro-channel. The valve’s design enables its
wide applicability to microfluidics in drug delivery; study the flow of body fluids
across vasculature like flow within embedded channels etc.

4 Micro-cantilevers for Mass Based Sensing
and Diagnostics

Micro-cantilever is a beam fixed or anchored at only one end. The beam carries load
to the support where it is forced against by a moment and shear load. A micro-
cantilever is a device that can act as a sensor may be biosensor or gas sensor else for
various other applications by detecting changes in cantilever bending through
optical deflection method or piezoresistive method or vibrational frequency
method. The cantilever bending occurs when a specific mass of analyte or biomol-
ecule is adsorbed on the surface of the cantilever and leads to a change in the
surface energy of this thin cantilever structure. Miniaturisation of cantilever helps
sensing the presence of trace elements in chemical and biological analytes as well
as small mechanical displacement etc. Fabrication of micro-cantilevers is a multiple
step lithography driven process where the cantilever structure is first realized using
surface micromachining and this is succeeded by bulk micromachining to release
the cantilever structure additively built in the first step. The fabrication of cantilever
micro-structures can be done using different materials like silicon, silicon dioxide,
aluminium, gold and of different polymers.
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Fig. 2.15 Three dimensional schematic of (a) impedance based biosensor for pathogen detection.
(b) Magnified view of the focusing region and detection region (Reproduced from Ghoshdastidar
et al. [48] with permission from the Royal Society of Chemistry)

Both micro-cantilevers as well as other three-dimensional micro-structures have
been exclusively used for sensing and diagnostics. Ghoshdastidar et al. [48] have
made micro-machined impedance bio-sensor for accurate and rapid detection of
E. coli through interdigited electrode structures. They have fabricated two sets of
interdigitated electrodes made of gold, embedded in a SU-8/PDMS micro-channels.
Using dielectrophoretic trapping the microorganism E. coli was focused on the
centre of the microchannel where a second set of electrodes were used to sense
through impedance spectroscopy the type and the concentration of the micro-
organism. Figure 2.15 shows the three dimensional schematic of biosensor
platform.

Boehm et al. [49] introduced a methodology for fast detection of bacteria
through a micro-fluidic lab-on-chip device to detect cells using antibody immobi-
lization. Composite self-excited PZT-Cantilever was fabricated and their frequency
of resonance was measured both in water and air. Resonant frequency of the second
mode was observed to decrease due to pathogen attachment by Campbell
et al. [50]. Weeks et al. [51] have reported detection of Salmonella strains using
silicon nitride based micro-cantilever. V shaped cantilevers were used which were
180 mm long and 18 mm wide. The cantilever was functionalized using antibody
S. Heidb. The cantilever deflection with respect to the Salmonella concentration
cfu/ml was obtained and it was directly observed that with the increase in concen-
tration of the sample, deflection was increased. Initially S. Typh strains were
injected at 100 cfu/mL but no deflections were noticed but as the S. Heidb strains
were injected deflections were obtained within 20 s.

Ilic et al. [52] have done virus detection using nanoelectromechanical devices
using a non-pathogenic insect baculovirus to test the ability to specifically bind and
detect small number of virus particles. Arrays of surface, antibody-coated poly-
crystalline silicon nanomechanical free standing cantilever beams were used to
detect the binding from varying amounts of concentrations of baculo viruses in a
buffer solution. Figure 2.16 shows the fabrication technique and SEM image of the
fabricated micro-cantilever. Because of their small mass, the 0.5 mm x 36 mm
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Fig. 2.16 Fabrication
sequence of the
nanomechanical oscillators;
(a) Thermal oxidation and
LPCVD deposition of the
polycrystalline silicon
device layer; (b)
Lithographic definition of
the oscillator; (¢) Sacrificial
silicon dioxide removal
using HF; (d) Free standing
cantilever (L =06 pm,
w=0.5 pm, t=150 nm)
SEM image (Reproduced
from Ilic et al. [52] with
permission from the
American Institute of
Physics)

cantilevers have good amount of mass sensitivities of the order of 10 — 19 g/Hz,
enabling the detection of an immobilized AcV1 antibody monolayer corresponding
to a mass of about 3 x 10~ ' g. Reviewing some of the papers it can be observed
that cantilevers deflect in the range of 10°~10° cfu/mL of micro-organisms. Thus
although these numbers are not good with respect to PCR methods which can go up
to sensitivities of few tens of cells but still from a rapidity point of view these test
may serve to be better.

Secondly there may be problems during frequency shifts which can be found by
the work reported by Ilic et al. [53] while detecting the E. Coli due to low quality
factor of the cantilever structure in liquid and also the relative position of the
immobilized microbe along the cantilever from its tip end. Figure 2.17 shows the
frequency shift while capturing E. coli cells on cantilever surfaces.

Our research group has also started fabrication of micro-cantilever structures
with thin films which are of significant importance in biosensing applications.
Fabrication of thin film micro-cantilever possesses major difficulties like releasing
the structures and etchants selectivity. One of the most important problem is stiction
problem which occurs during wet etching. Releasing the cantilever without using
any sacrificial layer has been demonstrated by our work [54]. Other than that
Shipley photoresist S-1813 when hard baked, can act as a good protective layer
from etchants. Several films of aluminium (Al) of thicknesses ranging between
200 and 800 nm have been deposited on cleaned Si-wafers through sputtering
process. On the top surface of this Al thin film cantilever structures were patterned
through positive photoresist S-1813 (M/s Shipley). The positive photoresist struc-
ture acted as a mask or protective layer for the TMAH etching process that was used
subsequently for releasing of the cantilever structures. The Al thin film was first
etched off through the vias opened up for the remaining portion of the film for the
top elevation of the mask drawing. The etching of the aluminium from the opened
positions were further carried out using Transene solution at a temperature of 50 °C.
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For releasing the Al micro-cantilever a second step of masking and anisotropic wet
etching was done with TMAH etchant [55]. Figure 2.18a shows a detailed fabrica-
tion flowchart of the process used for etching of silicon cantilevers. Figure 2.18b
shows the FESEM image of a thin film and Fig. 2.18c shows a force deflection
characterization using a nano-indenter. Our studies have revealed a very high
resilience (almost equal to that of natural rubber) of these metallic cantilever
structures [56].

Our group has also been heavily involved in fabrication of polymeric cantilevers
using the photosensitive epoxy based polymer SU-8. These SU8 cantilevers have
been developed using a one-step lithography based process using maskless gray-
scale lithography (MGL). Generally in photolithographic process there are only two
states ‘0’ or ‘1’ i.e., the photoresist either stays or gets dissolved after exposure or
during development but in gray-scale lithography a selective exposure process is
possible by changing the gray-scale values. Also variation in exposure dose varies
according to the penetration depth as offered by the photoresist to the laser beam.

In this work, we have tried to develop a methodology for fabricating three
dimensional interdigitated micro cantilever structures of SU-8 through grayscale
lithography. The difference in our cantilever is in terms of sectional thickness
which has been realized at smallest level of 2 pm. Earlier researchers have shown
a total thickness of 45 pm using different grades of SU-8. Our fabrication technique
enables to fabricate at 1/20th the dimension achieved by earlier researchers. Thin
cantilevers find a lot of prominence in the area of sensitive detection of biological
entities. Figure 2.19 shows the FESEM image of fully dimensioned interdigitated
micro cantilever structures. The hanging SU-8 structures are metallized and serve
as interdigitated electrodes which may be able to capture and position single cells
using dielectrophoresis process. The miniaturized nature of our architecture enables
us to perform our studies on bacterial cells providing an opportunity to carry out
stiffness based segregation cells.
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5 Applications in Clinical Diagnostics

Using the basic principles and tools of microfluidics, various diagnostic applica-
tions are realized. These applications are focused on separation, modification,
combination, replication of biological entities that would result in a signal trans-
duction which may further be able to get detected with instrumentation or normal
eyes. Applications range in many domains like paper microfluidics, PCR micro-
chips, electrophoresis microchips, Gene delivery modules etc.

5.1 Paper Microfluidics: Applications in Clinical Diagnostics

Lateral flow technology is well suited for point-of-care disease diagnostics because
it allows complex bio/chemical processing to be performed without the need for
external instrumentation. It fulfils the criterion of world health organization (WHO)
i.e., ASSURED (affordable, sensitive, specific, user-friendly, rapid and robust,
equipment-free, and deliverable to users). Since the fabrication cost of paper
based device is very less as compared to the equipment used towards
bio-diagnostics like PCR and ELISA readers thus this technique is more affordable
to a wide section of people who cannot afford expensive healthcare particularly in
developing countries. There are several other advantages of using paper based
diagnostic devices such as thin and easy to transport, lightweight, disposability,
chemical modifiability and bio-compatibility [57]. Paper based devices can be
fabricated using various methods such as photolithography [58], plotting with an
analogue plotter [59], ink jet etching, plasma treatment [60], paper cutting, wax
printing [61], ink jet printing [62], flexography [63], screen printing, laser treatment
etc. [64].

The lateral flow tests often rely on antigen—antibody interactions to detect targets
of interest in bodily fluids, such as serum, blood, or urine. Depending on the assay
format, either the antigen or antibody is immobilized on the paper substrate as the
capture agent. The targets of interest bind to the immobilized capture agent,
resulting in visually distinguishable lines or spots generated by colorimetric, fluo-
rescent, or enzymatic conjugates [65]. When conjugated gold/silver nanoparticles-
antibodies bind to specific biomarkers thus changing the overall size of the nano-
particle assembly and thus their absorption properties which results in a colorimet-
ric assay. The change in colour can be even detectable through a commercial smart
phone camera [66].

The basic design of a lateral-flow test strip, shown in Fig. 2.20, comprises four
porous pads. The sample pad, conjugate pad and absorbent pad are usually made by
filter paper. While the test line and control line is made on nitrocellulose membrane.
The nitrocellulose membrane is a microporous structure which is made from the
nitrocellulose and nonwoven materials (glass, fiber or cellulose etc.). The nitrocel-
lulose membrane is preferred as a substrate for the formation of biochemical
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Flow direction

Fig. 2.20 The schematic diagram of paper based colorimetric detection assay. (1) Sample pad:
blood sample with viral proteins pipetted onto it; (2) filter paper: through which blood is migrated
towards conjugated pad; (3) conjugated pad: conjugated antibody-nano nanoparticles pipetted
onto it; (4) nitrocellulose membrane (5) test line: visualization of color change if there is any
positive test result. (6) Control area (7) absorbent pad: to wick the extra fluid

complexes because of the various reasons; First, high rate of adsorption of the
protein on it. Second, chemistries that make the membrane wettable with aqueous
solution which helps in protein adsorption. Third, the pore size of membrane can be
controlled according to requirement. The general detection steps of paper assay is
depicted in Fig. 2.20.

In the past decade, lateral flow or paper based assay have been widely used in
various types of biologically relevant applications including paper-based molecular
assays, paper-based ELISA (P-ELISA), paper-based nucleic acid assays, and paper-
based cell assays for rapid diagnostic of protozoan and viral diseases like malaria,
dengue etc. [57]. Compare to other existing detection techniques, the Paper based
rapid diagnostic kits (RDT) require little or no pre sample preparation and give
results in few minutes. Guidelines for the evaluation of malaria diagnostic assays
have been published and provide a standardized approach to diagnostic assessment
[67]. In recent years various researchers has performed testing of Plasmodium
falciparum on paper based device. Pereira et al. [68] fabricated the 3-D paper
based device to detect malaria biomarker in a single step. The concentration and
detection steps were integrated into single step that occurs entirely within a portable
paper-based diagnostic strip. Figure 2.21 shows the schematic device for malaria
detection on a single chip.

Weaver et al. [69] performed chemical colour tests embedded on a paper card
which can significantly identify formulations corresponding to very low quality
anti-malarial drugs. The presence or absence of chloroquine (CQ), doxycycline
(DOX), quinine, sulfadoxine, pyrimethamine, and primaquine antimalarial medi-
cations, were examined. The sensitivity of the developed test card varies from 90 to
100 % with no false positives in the absence of pharmaceutical. For detection of
extremely low concentrations of parasite target, a combined system has been
developed which combines the isothermal amplification (Recombinase Polymerase
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Fig. 2.21 Schematic diagram of paper based device for malaria detection in a single step
(Reproduced from Pereira et al. [68] with permission from the Elsevier)

Amplification) and colorimetric detection of a malaria DNA sequence [70]. Paper
based micro-fluidic device has also been used in detection of uric acid, glucose
using gold nanoparticles [71].

Dengue viral has been diagnosed using the conventional techniques like PCR
(polymerase chain reaction) and ELISA (enzyme-linked immunosorbent assay)
[72], even these methods are highly accurate but they need a highly clean lab and
expert people to perform the test. In the developing countries like, India where the
lab facilities are not appropriate in all the locations especially in rural areas, the
paper based detection can play a complementary role. Yen et al. [73] developed a
paper based testing device which can give a patient a diagnosis within few minutes
on whether they have dengue, Ebola or yellow fevers. The red, green and orange
silver nanoparticles were immobilized to the respective antibodies that bind the
spiked proteins. These antibodies were then attached to a small piece of paper.
Instead of whole blood samples, salivary fluid has also been used for dengue
detection because it is an important source of biomarkers and is useful for rapid
point-of-care diagnostics. Salivary fluids carries the immunoglobulins (e.g., IgGs
and IgMs), lymphocytes and plasma cells, which may serve as biomarker in point of
care diagnostics. But major limitation of salivary fluid as a sample is that it cannot
be applied directly to commercially available lateral flow test strips because it
causes the non-specifically binding of conjugated particles to the nitrocellulose
membrane. To overcome this problem, Yi et al. [65] recently developed a rapid test
for the detection of anti-DENYV IgG in saliva. They introduced samples and reagent
in separate flow paths. The sample flowed through a matrix of fiber glass which
reduces the non-specific adhesion caused by the salivary substances. Figure 2.22
shows the design of device for dengue detection.

The device gave good results in saliva samples spiked with IgG but requires
further improvement to detect IgG extracted directly from the blood of dengue-
infected patients. To improve the sensitivity (It is the ability of a paper based assay
test to correctly recognize patients who have a given disease or disorder.) and
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casselte bottol

Fig. 2.22 Device for the stacking lateral flow immunoassay; (a) The exploded view of the device.
The test assembly consists of a sample pad, a reagent pad, a flow regulator, a test strip and an
absorbent pad. The test assembly is housed in the cassette; (b) The assembled stacking flow
device; (¢) Photograph of the stacking flow device prototyped with a 3D printer (Reproduced from
Yi et al. [74] with permission from the Royal Society of Chemistry)

specificity (It is the ability of a paper based assay test to correctly exclude the
healthy individuals) of the dengue detection, a methodology has been developed
which combines reverse transcription loop-mediated isothermal amplification
(RT-LAMP), paper based device and fluorescence based colorimetric
detection [74].

5.1.1 Basic Principles of Fluid Flow in Paper Micro-fluidics

The flow through the paper occurs due to capillary action. The capillary action is
governed by three main variables i.e., cohesive force, surface tension and adhesive
force (Fig. 2.23). Capillary action happens only when the adhesive force is greater
than cohesive force. When liquid is brought into contact with a dry paper, it will
start absorbing liquid because there is an unbalanced pressure difference within the
bulk phases [75]. The fluid can rise against gravity and it stops when the hydrostatic
pressure balances the interfacial pressure difference.

Let us consider capillary rise in a cylindrical tube of inner radius r.

The equilibrium height h of the liquid within a capillary is obtained by

_ 2y ycos6
r

Ap

The hydrostatic pressure is given as:
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Fig. 2.23 Capillary rise in
the tube
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Where vy, y = interfacial surface tension of the liquid—vapor, ygqy = interfacial
surface tension between solid-vapor, yg = interfacial surface tension between
solid—liquid, p & p, are the densities of liquid and the vapor and 6 is the contact
angle.

The transport of fluid on paper channel in 1-D can be estimated using the Lucas—

Washburn equation [76]:
D
L [TLyDr cosb (2.4)
4u

Where L is the distance moved by the fluid front, t is time, D is the average pore
diameter, y; v is the surface tension, and p is viscosity.

The above formula is useful in designing of paper channel. The length of paper
channel is directly proportional to the square root of time. The volumetric flow rate
(Q) of the fluid in a paper channel of constant width can be described by the Darcy’s
law:

—kA
Q:[l—LAP (2.5)
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Where k is the permeability of the paper to the fluid, p is the viscosity of the
fluid, A is the cross sectional area of the channel perpendicular to flow, and AP is
the pressure difference along the direction of flow over the length L [77]. Apart
from the above governing equations the delivery of fluid depends on various other
parameters such as properties of the porous materials, including pore size, pore
structure and surface treatments etc.

Although these paper micro-fluidic point-of-care devices are capable of rapid
detection at a lower price they are easy to use and eco-friendly. These devices have
some limitations like the sample virus gets embedded in the pores of the paper
device due to which only a small portion of the conjugated antibody-antigen
reaches the test line resulting in an overall reduction of sensitivity etc. [78].

5.2 Electrophoresis

Electrophoresis is the process in which particles dispersed in the fluid move under
the effect of uniform electric field. It was observed by Ferdinand Frederic Reuss in
1807. This effect comes under play due to the presence of charge interface between
the particle surface and fluid around it. Electrophoresis helps in separating the
molecules according to their size (smaller molecules travel with higher speed).
Electrophoresis basically deals with applying a electric field on a particle and with
respect to the charge present in the molecule, the molecule starts moving towards
the oppositely charged electrode. Hence on this basis, electrophoresis can be
divided in two types, one is cataphoresis (electrophoresis of positively charge
ions) and other is anaphoresis (electrophoresis of negatively charged ions).

Figure 2.24 shows the effect of uniform electric field on the positively charge ion
as well as on the neutral body. The positively charged ion starts moving towards the
negative pole while the neutral body experiences no external force.

Electrophoresis can be done using three techniques namely:

1. Gel Electrophoresis
2. Capillary Electrophoresis
3. Surface Electrophoresis

(a) Gel Electrophoresis

Gel Electrophoresis is the technique used in electrophoresis to separate the
molecules depending on their size using a porous matrix. While using this
porous matrix, which is generally made up of agarose gel, an electric field is
passed making one side of the matrix positive and opposite size of the matrix
as negative. In this manner when we keep our negative charges on the side of
the negative pole, and start the field, it will quickly start moving to the positive
terminal through the gel matrix. Agarose is the polysaccharide polymer
material. When the solution of this is made, it makes a porous kind of structure
with very small size pores, which are just enough to allow molecules like
DNA/RNA to pass. When the field is applied, the smaller molecules start
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Fig. 2.25 Gel Electrophoresis

moving with the higher speed while longer molecules take more time. In this
way separation can be done. If we attach a fluorescence molecule to the DNA
being separated, we can exactly get the count of number of molecules with a
particular size by counting the fluorescence. Figure 2.25 shows the schematic
of gel electrophoresis.
(b) Capillary Electrophoresis

Capillary electrophoresis method also shares the similar principle as that of
the gel electrophoresis. The only difference is that in case of gel electropho-
resis, there are kind of multiple capillaries (pores through gel) being used for
causing electrophoresis, while in case of capillary electrophoresis, there is
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only one small opening through which DNA travels, i.e., single capillary and
the separation takes place in the similar way.
Surface electrophoresis

This technique of electrophoresis is mainly used for handling longer strands
of DNA. If the DNA strands are long, there is the problem of making them to
travel along agarose or so. Hence to handle the heavier molecules, mainly of
the size above 10 kbp (kilo base pair), this technique is used. In this case the
friction between surface and DNA strand plays a very major role, while
making DNA to move on the surface. Li et al. has reported that the mobility
of dsDNA, while moving along the surface is influenced by intensity of the
electric field, ionic strength and the migration distance [79]. Going with the
modifications, gel free microchannel electrophoresis has also been fabricated
by Lee and Kuo [80] for fractionating larger DNA. It was observed that the
channel’s bottom surface was modified in this process. This process helped in
fractionating molecules of size 3.5-21.2 kbp. Ghosh et al. [81] fabricated
PDMS micro-channels to make dsDNA to travel along. It was observed that
the dsDNA travels along the corner rather than the channel base, with the fast
speed. The physics behind the movement in such case was also optimized
using molecular dynamics simulation. Hence it was remarked that the orthog-
onally placed pair of surface channel corners is a more favourable option
rather than the flat base. Figure 2.26 shows the schematic of the fabricated
device.

Pt electrode

Inlet Reservoir

Buffer Chamber

Channel
Output Reservoir

Fig. 2.26 Color online Schematic of the SE device, (dimensions: reservoirs diameter =3 mm,
width of channel =400 pm, depth of features =250 pm) (Reproduced from Ghosh et al. [§1] with
permission from the American Institute of Physics)
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5.3 Dielectrophoresis

Dielectrophoresis (DEP) is a phenomenon in which movement of dielectric parti-
cles occurs under the effect of force exerted due to non-uniform field. It was
demonstrated in 1950s by Herbert Pohl. DEP force depends on various parameters
like electrical properties of particle and its surrounding medium, shape and size of
dielectric particles and frequency and magnitude of applied field. DEP is helpful in
cell separation, cell concentration and nanoparticle/nanowire manipulation. DEP
process can be classified in two different types, positive DEP in which dielectro-
phoresis takes place in the direction of increasing electric field strength and
negative DEP in which dielectrophoresis takes place in the direction of reducing
field strength. Figure 2.27 shows the effect of non-uniform electric field on the
dielectric particles.
DEP force [82] is given by:

Fpep=2nr’ggemRe[K(®)]V [E | (2.6)

Where, 1 is the radius of the particle, €, is permittivity of free space, €, is real
part of the permittivity of suspending medium, E,¢ is root mean-square electric
field and K(w) is Clausius-Mossotti factor (measure of effective polarizability of the
particle). Clausius-Mossotti factor is given by:

v
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Negative \ '-1 ' |
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Fig. 2.27 Effect of non-uniform electric field on dielectric particle, positive and negative DEP
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Where, p and m refer to the particle and medium, € is permittivity, ¢ is
conductivity and o is the angular frequency of applied field (w = 2xf). Dielectro-
phoresis can be carried out in various circumstances, i.e., using metal electrodes,
liquid electrodes, carbon electrode, insulator based DEP and light induced DEP.
The detailed classification of the DEP techniques is given in Fig. 2.28.

As Fig. 2.28 represents, DEP can be performed using various types of electrodes,
even electrodeless DEP is possible using techniques. Initially metal electrode DEP
were used in which metal electrodes used to be printed on the substrate surface.
Printed electrodes further possess various characteristics and various designs of
electrodes (interdigitated electrodes (IDEs), other discrete shapes etc.) It has
advantage of performing the process at low voltage value as the electrodes are
placed very near to each other. Very low volume of solution (volume corresponding
to ~ 30 um height from the base) can effectively undergo DEP process. Beyond this
height, the efficiency reduces steeply. In metal electrode category, 2D and 3D types
of electrodes are there. 2D electrodes are also called as the planar electrodes. To
increase the volume respective to further height, 3D metal electrodes (Extruded
metal electrodes, thick layer of doped silicon electrodes) were evolved. With time,
several limitations of the metal electrode DEP like constraint on the volume that
can undergo DEP and erosion of metal electrodes with time has led to evolution of
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Table 2.1 Fabrication techniques for accomplishing DEP
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Dielectrophoresis

technique Fabrication techniques Characteristic features Problem
Metal 2D metal » Metal deposition * Voltage requirement: Electrode
electrode | electrodes (Sputtering) 10 s of volts fouling

DEP [83] * Polymer patterning * Volume ~ 30 pm from

« Etching bottom
3D metal « Electrodeposition
electrodes (Gold electrodes)
[84] « Thick film photoli-
thography (Doped Sili-
con Electrodes [85])

Insulator | Insulator Channel filled with Higher
based matrices dielectric beads or shapes voltage
DEP [86] requirement

Insulator * Glass based: Symmetric repeated insu-
structures v Wet etching lator structures of various
(87]  Polymer based [88]: shapes
v Injection moulding
v Micromilling
v Photolithography
Contactless Electrodes not solid but
DEP [89] conducting fluid
Liquid Metal patterning and Vertical equipotential

electrode polymer surface creation at side

DEP [90] photolithography walls
Light Light excites photocon-

induced ductive layer and create

DEP [91] an electric field gradient

Carbon » Low voltage
electrode requirement

DEP [92] » Lower electrolysis of

sample

» More chemical stability
than metal electrodes

various new techniques. Table 2.1 represents various fabrication techniques
corresponding to the stated techniques along with their characteristics features
and problems involved with these modifications.

The characterised DEP modules have been used for various applications, includ-
ing separation, concentration etc. DEP of various nanoparticles like polystyrene
particles and polystyrenes particles mixed with Saccharomyces cerevisiae cells [93]
is carried out in asymmetric insulator traps. This kind of DEP has resulted in
separation of particles on the basis of size. It was observed that large size particles
leave the system earlier than those of the smaller size particles. This separation
scheme has been observed valid for individual particles as well as for mixture of
cells and polystyrene particles. DEP of DNAs is also carried out by various authors.
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Gold IDEs have been used for detecting DNA molecules [94]. A very important
remark about the DEP capture of DNA that was observed is DEP capture of DNA
takes place in a very specific frequency range. Initially DEP capture increases and
at a particular frequency capture stabilizes showing fluorescence plateauing. After
this state, DNA capture reduces with increase in frequency. Castle-walled micro-
electrodes were also used for DEP of DNA [95]. Very interesting observations were
made in this study. Below crossover frequency, positive DEP was observed and the
DNA capture was seen at the gaps between the printed electrodes. And above
crossover frequency, negative DEP was seen and the capture of DNA molecules
was seen at the electrodes. It was also emphasized that the crossover frequency
changes with change in the length of the DNA molecule. Further applications of
DEP are explored in the consequent discussion on PCR in molecular identification.

5.4 Polymerase Chain Reaction Microchips

PCR [96] is the method by which replication of DNA takes place, it is done for
some pre-selected sample by conducting a polynucleotide amplification reaction.
This is a very useful technique which helps in molecular diagnostics by making
several copies of one DNA in very small amount of time. It was discovered in 1985.
For carrying out PCR reaction, a solution has to be prepared which has several
component in it like DNA template, primers, Tag-polymerase, Deoxynucleic tri-
phosphates (ANTP’s like adenosine (A), cytosine (C), guanine (G), thymine (T)),
buffer solution having divalent ions (Mg>" ions) (approximate 1.5 mM concentra-
tion in solution, 1:10 dilution). Further a thermal cycler is required to maintain the
temperature of the solution in three steps (denaturation, annealing and extension).
Three basic steps of PCR cycle are denaturation (at 94 °C) of dsDNA to two
ssDNA, annealing (at 54 °C) of forward and reverse primers to the denatured
ssDNA from 5’ to 3’ direction and finally extension (at 7294 °C), attachment of
dNTP’s and backbone formation by Taq polymerase enzyme. Numbers of cycles
that take place in PCR process depend on the quantity of DNA, primers and
dNTP’s. In general 25-35 cycles are the standard for PCR process. The standard
process comprises of denaturing step of 5 min, then 25-35 cycles of 30 s at 9494 °C,
45 s at 5494 °C, 2 min at 7294 °C and final extension of 7 min at 7294 °C.
The basic principle of PCR and thermal cycle steps is elaborated in Fig. 2.29. In
PCR, there is exponential increase in number of DNA copies which are generated.
PCR is mainly two types, liquid PCR and solid PCR. Liquid PCR process is the
normal PCR process in which all the DNA, primers and dNTP’s are in solution.
While in solid PCR, primers are immobilized on the surface and DNA and dNTP’s
remain in the solution above primers. Further there is two amplification mechanism,
interfacial amplification and surface amplification that take place in the solid PCR.
Optimization of design and fabrication process for inexpensive reusable DNA
amplification chip with polydimethylsiloxane chamber (3 pL) on silicon base
with spin-on glass layer (140 nm thick) in between is done by Bhattacharya
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Fig. 2.29 PCR process (a) Process description; (b) Temperature requirement during PCR process

et al. [97]. Amplification chip contains microfabricated platinum heater structures
on the bottom of silicon base. Feed channels and inlet—outlet ports are bonded to
SOG film (bond strength: maximum 83 psi) with PCR cycle control by thermal
cycle functionalized using sensing thermocouple. 527 fragments of IBR viral
genome with 0.07 pg/pL concentration have been amplified in 51 PCR cycles.
Figure 2.30 shows the schematic of the fabricated device.

Negligible nonspecific binding of template DNA to the hydrophobic interiors
has been shown by fluorescence measurement design. Fabrication of a microchip
platform for sensitive detection of microorganisms using integrated sorting; con-
centration and real time PCR based detection system is done by Nayak
et al. [98]. Microchip is designed in such a way that to it pre-concentrates the
specific microorganisms from highly dilute sample and real time molecular iden-
tification is performed using g-PCR process in a pico-litre micro-channel by use of
optimized interdigitated electrodes and micro-scale thermal cycling mechanism.
Gold nanoparticles (coated with secondary antibody (Goat anti-mouse [gQG)) are
attached to targeted microorganisms (E-coli DH5«a) to mediate immune-
conjugation. Sorting and concentration is done through dielectrophoresis (DEP)
technique and finally detection is done by quantitative-PCR (q-PCR) using fluores-
cence measurement. A primary anti E. coli antibody captured E. coli DH5a cells
with binding through nanoparticle bridges. Figure 2.31 shows schematic of detec-
tion of molecules.

Fluorescence detection has shown that the DEP frequency is different for the
micro-organisms with conjugation and without conjugation. Additionally the fluo-
rescence pattern observed was seen different for in case of conjugated and
non-conjugated bacterial cells (Fig. 2.32).

An on-chip system for the electrokinetic capture of bacterial cells and their
identification using PCR is designed by Bhattacharya et al. [99] using a PCB
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Fig. 2.30 Schematic of the
silicon PDMS cassette.
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Fig. 2.31 Schematic of detection microorganisms (Reproduced from Nayak et al. [98] with
permission from the Nature Publishing Group)

bonded silicon-glass platform with electrodes, micro-channels and chambers built
on it is used for identification purpose (Fig. 2.33).

DEP forces are used to divert cells using one set of interdigitated electrodes in
big chamber while the diverted cells are collected in smaller chamber with second
set of interdigitated electrodes to trap and concentrate the cells. In the trapped cells,
under DEP force, PCR mix is injected for PCR amplification with SYBR green
detection for identification of Listeria monocytogenes V7 cells. Using DEP forces,
higher sensitivity was achieved from 10° to 10* cfu/mL cells. Very specific
identification technique for identifying as low as 60 cells in 600 nL. volume. Further
optimization of fabrication process for PCR micro-chip through system identifica-
tion technique is performed [100]. Design and optimal placement of a thin film
resistance based temperature detector (RTD) in the PCR microchip is studied and
the most optimal design is suggested. RTD integration is done to eliminate the need
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Fig. 2.32 (a) Plot showing the trend in increase in fluorescence intensity during DEP of different
bacterial cell (normal) concentrations with respect to time, --: 10? cfu/mL; -a-: 10? cfu/mL; »-: 10*
cfu/mL; -v-: 10° cfu/mL; 107 cfu/mL; -e-: 10° cfu/mL; -u-: control, (b) Plot showing the trend in
increase in fluorescence intensity during DEP of different bacterial cell (conjugated) concentra-
tions with respect to time, -2 109 cfu/mL; -4-:106 cfu/mL; -»-:104 cfu/mL; -v-: 103 cfu/mL; -=-:
control (Reproduced from Nayak et al. [98] with permission from the Nature Publishing Group)
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Fig. 2.33 Principle of operation of the dielectrophoresis-based diversion and diversion of cells
(Reproduced from Bhattacharya et al. [99] with permission from the Royal Society of Chemistry)

for the thermocouple. In this research the optimal placement test run for placement
of RTD is performed. The configuration chosen for RTD placement is heater is
placed at the bottom side of the chip while RTD is placed on the upper side of the
chip. RTD is used in four wire measurement mode which minimizes measurement
errors due to lead resistance. Various placement methods for RTD are studied to
obtain a linear relation in input and output parameters. Parametric identification
using Auto Regressive with Exogenous Inputs (ARX) method is performed and 2nd
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and 4th order temperature models are given which helped in deciding on the final
configuration. Detection of DNA is also performed using gold nanoparticle
functionalised with primers [101, 102]. Using this type of mechanism, colorimetric
change from red to purple is observed, if complementary sequence is present i.e., if
hybridization takes place. If hybridization takes place, formation of gold nanopar-
ticle aggregate is observed which is responsible for colour change. This kind of
work has also been done by Shen et al. [103] by making some manipulation in the
process by immobilising primers on gold nanoparticle surface by thiol bond.
Nanostructured aggregate formation on hybridization is observed.

5.5 Gene Delivery Using Nanoscale Material
and Electrophoretic Transport of DNA

Gene delivery is the process in which cell is modified by introducing foreign DNA
into the cell. This process is very important with respect to gene therapy and genetic
modification of crops. Various methods that come into picture while considering
gene therapy are viral method (virus has capability to inject its DNA into cell) and
non-viral methods (electroporation, microinjection, gene gun, hydrostatic pressure
and sonication). Viral method is easy to arrange but it has drawback of having
various random insertion sites, while non-viral can be controlled with respect to
insertion sites and number of insertions. Various processes have several advantages
and respective limitations. Here we are summarizing a bit about electroporation and
combination of electroporation and hydrostatic pressure wave method. Electropo-
ration is the method of gene delivery in which high voltage (=100,000-500,000 V/m)
is used for transfecting DNA into cells [104]. This high voltage leads to high
transfection but many a times results in high cell mortality as well. Hence if some
means can be devised to have higher yield with low electric field strength combined
with some other means, it may be a very successful aspect. So in this direction a
prominent combination of low electric field (=~20,000 V/m) electroporation and
hydrostatic pressure through shock wave is analysed to attain high yield efficiency
[105]. This high pressure wave was generated using nano-energetic materials.

6 Various Sensing and Detection Techniques

Interest in BioMEMS has been immensely growing for applications like biosensors
for detection of protein/DNA, cells and other biomolecules, immunoisolation
devices, drug delivery etc. [106]. There are various detection techniques
implemented for signal transduction in biosensors which includes mechanical,
electrical and optical primarily. This section presents various BioMEMS sensing
modalities.
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6.1 Electrochemical Sensing

Electrochemical sensing is one of the oldest techniques used dating back to 1950s.
This technique uses electrodes to measure electrical properties to sense materials
present in the sample without damaging the sample system. Typically there are
several types of electrochemical sensor. The three major types include amperomet-
ric, measurement of current, conductometric, measurement of conductive proper-
ties and potentiometric, measurement of potential difference or charge
accumulation across the electrodes. Impedimetric, which measures impedance
change and field-effect, for measurement of current because of the gate potentio-
metric effect are also, used these days [107].

Amperometric sensors have been typically developed for determination of
biochemical oxygen demand (BOD) since conventional techniques take 5-6
days for the measurement. Tonning et al. proposed an interesting approach for
sensing of Vibrio fischeri bacterium, Pseudokirchneriellasubcapitata freshwater
marine alga and Daphnia magna freshwater crustacean. The fabricated sensor
consisted of several cells and electrodes for sensing and finally the data was
processed using chemometry mathematical methods [108]. Also, these sensors
are commonly used for detection of glucose. Mu et al. investigated nickel oxide
modified glucose sensors that use carbon electrodes [109]. These sensors have a
response time of 5 s hence demonstrating excellent sensitivity. One of the recent
interesting findings include thick-film textile based amperometric sensors.
Direct screen printed amperometric sensors incorporated in clothing has been
reported by Yang et al. These sensors were printed on the elastic of clothing and
studied for mechanical stress, bending and stretching [110]. Specific enzyme
sensors can be developed using this technique which can prove useful for the
purpose of monitoring alcohol consumption, stress or sweat monitoring for
athletes etc.

Microfluidics is commonly used to position cells, but a novel device has been
fabricated to trap the cells directly over the sensing electrodes. A microfluidic trap
device to measure exocytosis from cells targeting them to electrochemical elec-
trodes has been demonstrated by Gao et al. (Fig. 2.34) [111]. The device is
fabricated in a manner such that there is no need for precise pressure control or
handling of fluids on the chip.

Conductometric sensors are used in varied fields to measure the change in
conductivity of a reaction solution caused by microbial activities. They are pre-
ferred over other sensors because of their inexpensive fabrication process, no
requirement of reference electrode, high accuracy and cancellation of interferences.
In the field of gas sensing, a novel and highly sensitive NO, gas sensor using
caesium-doped graphene oxide has been reported by Piloto et al. Doping of caesium
to graphene oxide results in the carbon atoms reducing the graphene oxide, dem-
onstrating very low detection limits for NO, (90 ppb) [112]. Latif and Dickert have
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Fig. 2.34 Photomicrographs depicting cells targeted to docking sites (Reproduced from Gao
et al. [111] with permission from the Royal Society of Chemistry)

developed a unique conductometric sensor which is a combination of interdigital
electrode structures with imprinted polymers for engine’s lubricating oil moni-
toring [113]. Using a sol—gel process, titania and silica are imprinted and used as
sensitive coatings. The change of conductance in these layers is measured as
they are exposed to varying concentrations of the oil. Conductometric biosensors
are extensively used for environmental monitoring as well. They are used for
detection of several pollutants, organophosphorous pesticide [114], heavy metal
ions [115], formaldehyde [116], 4-chlorophenol [117] and nitrate [118]. In spite
of being a novel field, arrays of such sensors can be used for various applications
in environmental modeling providing the advantage of improved accuracy and
low costs.

Potentiometric sensors work on a principle where an ion-selective or gas sensing
electrode is monitored for changes in potential with respect to a reference electrode.
When biological molecules bind to the sensing electrode the potential changes due
to consumption of the electrolyte by it. Gold coated silicon electrode with
alkanethiol molecules immobilized on it is used as a sensing element for detection
of cancer and proteins [119]. Real-time wearable sensors are paving their way in
owing to their self-tracking nature. From tracking heart rate to monitoring one’s
mood these sensors help the person quantify their health and make improvements
accordingly. A unique tattoo based epidermal pH ion-selective sensor has been
developed [120]. It is a flexible wearable sensor which can be an asset for physi-
ological monitoring purposes. Potentiometric sensors are targeting ultra-low cost
and robust sensors, which has led to development of paper based potentiometric
sensors. Bendable electronics and carbon nanotubes have been combined to
develop a novel low-cost sensor for diagnostic purposes which entails advantages
like excellent electrical properties, better conductivity and higher surface area
contact with the sample [121].
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Fig. 2.35 (a) Schematic of the sensing device (b) Equivalent circuit model of solution with DNA
molecules (Reproduced from Liu et al. [123] with permission from the American Institute of
Physics)

Impedimetric sensors measure the changes in impedance when biomolecules
bind to the electrode hindering the electron transfer. Based on this, carbon elec-
trodes deposited with PBA-modified graphene oxide were reported for detection of
glycated haemoglobin (HbA1c) for diagnosis of diabetes [122].

Liu et al. reported a device for label-free electrical detection of DNA through
impedance measurement (Fig. 2.35). Impedance vs. frequency characteristic was
extracted to detect the presence of DNA molecules in a nanomolar range for a
400 bp molecule [123]. Such electrochemical sensors have great potential for point-
of-care diagnostic devices, providing low-cost, high precision and portability.

6.2 Optical Sensing

In the recent decade optical biosensors have drawn extensive attention and have
rapidly developed changing the face of communication technologies. Due to its
advantages like high sensitivity, low-weight, high capacity to transfer information,
invulnerability to electromagnetic interference and low-cost, varied applications
are integrating these sensors [124]. The sensing mechanism works on the basis of
changes in optical properties such as UV—Vis absorption, bio or chemilumines-
cence, reflectance and fluorescence brought by the interaction of the biocatalyst
with the target analyte [125].

A SUS8 based optical biosensor has been reported by Yardi et al. A novel
technique has been developed to tag standalone optical fibres to a substrate using
laser exposed SU8 micro-droplet (Fig. 2.36). The stitched optical fibres show high
transmissibility for both aligned and misaligned configurations of the fibres [126].
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Fig. 2.36 (a) Schematic of fibers connected to SU8 droplet (b) Optical micrograph of the SU8
droplet (c) Image of light shining in the droplet (¢) Image of light shining in the droplet
(Reproduced from Yardi et al. [126], manuscipt accepted and under publising in Springer)

6.3 Mass Based Sensing

Mass based sensors rely on transduction of mechanical energy. Cantilever based
mass sensors are the most commonly used mechanical sensors that measure
changes in mass through its oscillating frequency shift. Cantilevers came to use
as highly sensitive biosensors after the advent of atomic force microscopy (AFM)
[127]. They were used as a tip in AFM to measure the force between the tip and the
sample through tip deflection or changes in resonant frequency of a vibrating
cantilever. A micro-cantilever mass based sensor works on the same principles as
above. Interaction of the cantilever with biomolecules changes the resonant fre-
quency of the cantilever [128]. There exists a linear relationship between the added
mass and the shift in the resonant frequency of the cantilever. The sensitivity of
these devices can be increased by increasing the quality factor, decreasing the mass
of the cantilever and using highly sensitive detection instruments to measure small
variations in frequency. Several fields like communication, sensing, optics, optical
microscopy etc. extensively use these cantilever based devices.

Nano-cantilevers have been reported with detection limits in the range of
zeptograms (1072' g) for top-down technology and yoctograms (1072 g) for
bottom-up technologies [129]. Nano-cantilever based sensors have reduced sensi-
tivity in liquids due to large damping. A novel sensing mechanism which uses
excitation of higher vibration modes to increase the sensitivity has been reported by
Braun et al. Bacterial virus TS5 interactions were observed using this gold coated
cantilever in parallel to measurements at the reference cantilever [130]. Using this
mechanism, the quality factor has been increased from 1 (at the 1st mode) to
30 (at 16th mode). Naik et al. have demonstrated high frequency cantilever-based
resonators for biomolecular spectrometry. IgM protein was detected in real-time by
observing the jumps in the resonance frequency as the protein gets adsorbed onto
the cantilever one by one [131]. Utilization of amplitude shift instead of a resonant
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Fig. 2.37 SEM image
showing the cantilever with
a vaccinia virus particle
(Reproduced from Gupta

et al. [133] with permission
from the American Institute
of Physics)

frequency shift to increase the sensitivity and eliminate the frequency tracking
elements from the sensor has been reported by Kumar et al. [132].

Gupta et al. used silicon cantilevers to detect bacterial cells (Listeria cells) and
viruses (vaccinia virus) (Fig. 2.37). Single virus detection was carried out on
4-5 pm long, 1-2 pm wide and 20-30 nm thick cantilevers [133, 134]. Detection
of Bacillus anthracis spores in air and water using a planar rectangular shaped
cantilever was demonstrated by Davilia et al. [135].

BioMEMS have made a significant impact on clinical diagnostics and the
affordability of these devices. They are being used for detection of protein, DNA,
detection of cancer, HIV and other infectious diseases. They have enabled low-cost,
rapid and point-of-care diagnostic of diseases allowing early and better diagnosis.
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Chapter 3
Manufacturing Methods Overview for Rapid
Prototyping

Nikolay Dimov

1 Motivation

Microfabrication is seldom in the focus of a biological studies but it influences the
performance and functionality of a miniaturised fluidic platform that affects
research outcomes. The scope of this chapter falls on methods, which are accessi-
ble, reproducible, and applicable for small-scale, laboratory production. However,
fundamental techniques such as photo- and soft lithography are also briefly intro-
duced with references to more detailed sources to facilitate the reader in his choice
of fabrication method. It is impossible to cover all the various aspects of microfab-
rication with extensive details in a single chapter, instead an overview of the rapid
and inexpensive methods are conveyed.

2 Selecting a Fabrication Method

Designing a microfluidic platform passes through multiple stages and iterations.
Typically, the design process starts with listing all the functionalities, requirements
and parameters that overarch the functionality of the device (Fig. 3.1). Then critical
design dimensions can be determined using background knowledge about the
on-chip operations and the laws of physics that govern them. The critical dimen-
sions serve as a base to select the fabrication process by which the first prototype
can be manufactured. With the fabrication method in mind a suitable material for
manufacturing prototype device is selected. As a designer you need to determine
number of suitable substrates based on those operational criteria, set by target
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Fig. 3.1 Design iterations.
The design cycle begins
with list of target
functionalities, followed by
calculation of the critical
dimensions, technical
computer-aided drawing,
determination of suitable
materials and fabrication
methods that can obtain
those dimensions
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List of
materials
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usability. Accessibility to equipment and techniques are also indispensable part of
the selection process. Scale of production is another factor, which plays role in
method selection. Last but not least comes available time for manufacturing and
testing complex variations in the device architecture. It is important to think about
both experimental and fabrication time as factors that need to be considered when
choosing a fabrication strategy. Minimizing the fabrication guarantees more project
time on experiments.

Fabrication methods can be grouped in direct: those translating the designed
features in one rapid step; and indirect—translation occurs in multiple stages
between the creation of the technical drawing and the production of the features
(Fig. 3.2). An example for direct method is laser ablation, where a computer-aided
design (CAD) file is sent to the laser, and the fabrication can start after a definition
of the power, speed and firing rate of the laser head.

The choice of microfabrication methods depends (1) on the functionality that
you want to achieve with your device and (2) on the overall operational conditions.
A system designer takes in consideration the extreme working range of conditions
where the device should remain operational. Typically, for laboratory based bio-
logical investigations there are no extremums in temperature as most applications
run below 40 °C. But if your microfluidic chip is meant as reusable, autoclavable
and resistant to polar aliphatic solvents, such as acetone for instance, then a proper
material should be selected (Table 3.1). This means that a material must meet the
following criteria: glass transition temperature above 121 °C, so it can be
autoclaved; plus, it must have high resistance towards solvents. The suitable
candidates, polycarbonate (PC) and cyclic olefin copolymer (COC), are then
considered with regards to all available fabrication techniques. Some additional
requirement is necessary to narrow down the list of possible fabrication candidates
and to select one. Such selection criterion is the maximum possible resolution of the
fabrication method. If we return to the hypothetical case study, and for argument
sake a minimum feature size of 50 pm is considered for fully-fledged device, then
the viable options are milling, hot-embossing casting and moulding. However,
economical and time constrains play significant role in the decision making process
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Fig. 3.2 Schematic representation of rapid prototyping techniques, which are commonly
implemented in microfluidics. Laser ablation and milling are direct fabrication methods because
of fast turnover times between design and ready-to-use device in minimum number of stages.
Indirect methods are photolithography, hot embossing, casting and moulding as they all consist of
intermediate stages. Tentatively, laser ablation can be used to create moulds for casting, shown
here with a dashed line

across all production scales. These constrains define our next criteria—time. From
the three enumerated methods milling is the only direct method; it provides a single
chip after a short processing time. In case the design stage is more advanced and
your device has performed well at the initial tests, then a mould can be made for
casting or hot embossing of multiple copies.

2.1 Photolithography and Mask Design

Photolithography is a keystone in the fabrication of microelectronics and
microelectromechanical systems (MEMS). A stencil mask is used to transfer the
designed patterns onto a wafer (Fig. 3.3). This technique requires dust-free
manufacturing conditions plus strict temperature and humidity control. Such con-
ditions are maintained in clean rooms with ISO standardised classes, depending on
the content of dust particles per cubic meter of air. Clean room processes are costly
because of the high maintenance expenditures; in addition, to gain access one must
follow multiple courses that can be also time intensive. Outsourcing the fabrication
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Fig. 3.3 Illustration of the method of photolithography using SU-8 photoresist. As described from
(a)—(c), SU-8 photopolymer is first coated on a isopropanol cleaned silicon wafer, followed by
aligning the transparency mask (black square in section (b)) of the desired microfluidic design.
Later, the aligned mask is exposed to UV light, which crosslinks SU-8 in the shape of clear mask
region. After mask removal, the SU-8-coated wafer was washed with SU-8 removal solvent. This
will remove all the unexposed SU-8; thus, leaving behind desired structures on the mask, as
depicted in frame ‘(¢)’. On this mould, soft lithography can be used by pouring PDMS and curing it
thermally. Upon removal, PDMS will give us the desired dimensioned fluidic network. Reprinted
by permission from Macmillan Publishers Ltd: [Nature Protocols, 2012] [5]

is one way of circumventing these apparent obstacles. There are adjacent services
and team of professionals who can carry out an operation instead of you. To
communicate your plan for photolithography one needs a properly designed mask
with definite criteria for fabrication. In the following paragraphs few guidelines for
masking will be introduced that will allow you outsourcing of your designs easily.

It is important to know what sizes of masks and substrates are typically used in
the cleanroom to which you are outsourcing. Standard 4 in. wafers are processed
with 5 in. masks; 3 in. wafers usually require 4 in. masks. Once you know the size of
substrate that the process line can handle, maximum lateral features of your design
can be determined. Important is to leave free space of about one centimetre over the
periphery of the wafer. That space is for handling the wafer manually, using
tweezers, without damaging the features close to the periphery. When the design
is fully tested and goes to mass cleanroom robotised production the space can be
reduced. Photolithography serves as the base for more ubiquitous application,
outside of the cleanroom environment. Soft lithography can be achieved in a regular
chemical laboratory due to the advances in photopolymerization chemistry and the
plethora of commercially available photoresists.

The most common negative photoresist used in microfluidics is SU-8 due to its
multiple implementations and well characterised fabrication properties. It is epoxy-
based resist that comes in different viscosities, which facilitate the formation of
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features with various thicknesses, which can be controlled by the spin speed during
coating. For exposure i-line (365 nm) is used and exposure time correlates to the
thickness of the layer. That information is provided in the datasheet from the
manufacturer. The SU-8 has excellent adhesion properties to silicone substrates;
demonstrates limited adherence to glass or quartz, the later needs to be treated with
HDMS prior to coating. It is important to remember that the illuminated areas are
rendered insoluble for negative photoresist. Overexposure is required for complete
polymerization, as the process starts from the top, where the light hits first, to the
bottom, where the resist adheres to the substrate. Major consequence is that for full
polymerization of very thick layers a long overexposure is needed. The scattered
light during the extra time diminishes the resolution to about 2-3 pm ([6], p. 7).
Multi-step processes are possible when thinner layers are applied in consecutive
coating and patterning cycles. However, such multi-layer depositions require align-
ment and also very thin films can result in non-homogeneous coating in the
substrate and pin whole formation. The resulting polymerized SU-8 has excellent
optical properties and is suitable for producing integrated optical guides on silicon.
As a mould the SU-8 can form undercuts, protruding edges at the top surface that
hinder demoulding and can lead to breakage of the silicone master. As shown in
Fig. 3.4 the tapered angle can be reversed and such impractical demoulding can be
avoided during the fabrication step [3] by using transparent substrate (Pyrex)
instead of silicon and by exposing from the bottom.

Typical SU-8 25 series for vias and channels follows established protocol [7],
which can vary in terms of baking and exposure times related to the thickness
(15 pm) of the resist layer. First SU-8 is poured to cover 60 % of the wafer surface.

Standard Impractical
front-side exposure demolding
YYYVYYVYY
[ — X

Back-side Smooth
exposure dcmo]ding

A

, taper ||
Y angle g

Fig. 3.4 Top: standard front side exposure of negative resist tends to form undercut structures at
underexposed sidewalls. Botfom: backside exposure reversed the effect to form tapered sidewalls
(taper angle a=6°), which allowed facile demolding. Reprinted by permission from Institute of
Physics Publishing: [Journal of Micomechanics and Microengineering, 2007] [3]




3 Manufacturing Methods Overview for Rapid Prototyping 91

If it is manually dispensed from a small bottle it is recommended, to minimize the
distance between the bottle and the substrate surface. Second, the wafer is spun
(e.g., 3000 RPM) to create uniform coating. Third, is soft bake (5 min) at 65 °C,
which is followed by (2 min) incubation at 95 °C. Fourth comes the alignment and
exposure using hard contact with vacuum for better resolution. A delay before
exposure is optionally introduced that lasts from 4 min to 2 hours and serves as
stress reducing step in the photoresist. The total exposure time for this particular
case (SU-8 25, spun at 3000 RPM) is 60 s on 12 mW/cm? EVG mask aligner. Fifth
step is post exposure bake, (5 min) at 65 °C followed by 95 °C (2 min). Finally the
latent image is developed in REP 600 (5 min) with agitation. The wafer is rinsed
with isopropanol and after drying is ready to use. The time values provided in
brackets may change as per the datasheet provided by the supplier; depending on
the fabrication conditions.

Patterning of positive photoresist (i.e., OiR-, AZ-series or PMMA-based) fol-
lows similar processing steps: spin of photoresist; soft bake to remove the solvent
from the resulting layer; expose the wafer and resist using UV-light; develop the
resulting pattern. To promote adhesion the substrate is treated with HDMS. But the
major difference is the polarity of the used mask as after exposure the illuminated
areas become soluble. In terms of application, the positive photoresists are not
building the channel walls but serve for masking during etching or spattering
followed by lift-off processes.

2.2 Moulding and Casting

The principle of moulding is that a master, bearing an inverse image of the targeted
structure, is covered with a liquid polymer, or other material that solidifies after
exposure to light, temperature or other external factors. As the resin polymerises it
mimics the features of the master. At the end of the process the replica is demoulded
leaving the master intact, and ready-to-use, which makes the whole process appli-
cable for rapid device generation.

The most encountered moulding material is polydymethylsiloxane PDMS,
which is heavily brunched elastomer, that gains its popularity among researchers
due to its multiple implementations in cell studies. The properties of PDMS that
potentially have adverse effects for microscale cell studies are discussed in a critical
review [8] covering the following material characteristics: deformation, evapora-
tion, absorption, leaching of uncrosslinked oligomers, and hydrophobic recovery. It
has Young’s modulus ranging from 8.7 to 3.6 kPa [9] that is tailored by varying the
ratio between the elastomer and crosslinking agent. In this chapter the process flow
of PDMS moulding onto SU-8/silicon master is conveyed.

Surface functionalization of the mould is the first step in this process. In the case
of silicon substrate a straightforward approach is to use vapour deposition of
fluorinated silane to render the surface of the master hydrophobic. For this purpose,
the surface of the master is activated using 30 W RF plasma for 1 min. Then the
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substrate is transferred into a desiccator with 5 pL of Triethoxy(1H,1H,2H,2H-
perfluoro-1-octyl)silane. The desiccator is pumped and the master is incubated
under vacuum for 4 h. Self-assembly layer of silane is formed on the surface during
that process. Next, the master is baked for 1 h to eliminate water and to cross-link
the ethoxy-groups thus stabilizing the coating.

The second step is, preparation of mixture of standard 10:1 (w/w) ratio of
elastomer and curing agent (Sylgard 184, Dow Corning). PDMS elastomer is
very viscous and it adheres to the walls of the beaker, so it is weighted first and
in excess. Then the corresponding amount of curing agent is added to that same
beaker using a Pasteur pipette. The two components need to be well mixed for a
successful polymerisation. Inevitably, bubbles will form while mixing and because
of the high viscosity they will remain in the mixture.

To remove the air entrapped in the mixture and to improve the reproducibility
between mouldings the mixture is placed inside a desiccator and the chamber is
then evacuated. Depending on the amount of mixture the degassing time can vary;
the rule of thumb is to keep the degassing until the foaming stops. Typically for 11 g
of mixture in 50 mL plastic beaker it would take 4-5 min of degassing. While the
mixture is inside the desiccator, the silanized master is placed in a petri dish.

Pouring the degassed mixture onto the master inside the petri dish is the
moulding step. Specifically for complex structures air may be trapped onto the
master; to avoid it a second degassing step is performed. Once the foaming stops the
moulded structure can be placed in an oven for curing at 85 °C for 2.5 h. The final
step of the casting process is cutting out the structure from the bulk of the mould and
consecutive de-moulding, i.e., detaching the PDMS slap from the master. Holes for
connectors are punctured at this stage and the PDMS cast is ready for bonding. In
my experience the best way to protect the master from dust or damage is to pour a
thin layer of PDMS on top and allow it to cure. This may look like waste of
elastomer but actually preserves your masters for future casting and moulding.

This is a protocol for the thermal curing of PDMS (Sylgard 184), other types of
PDMS chemistry exists that might be more suitable [10] for the functionality you
need. The authors report on hard PDMS with tensile modulus of 8.2 MPa in
comparison to 1.8 MPa for the 184-PDMS from Sylgard.

2.3 Hot Embossing

The hot embossing is a rapid fabrication process for thermoplastic material, which
is heated above a glass transition temperature, while being pressed against a master.
There are three parameters essential for optimisation of hot embossing: the first is
holding time, the second temperature on each platen, the third is embossing
pressure. We are going to touch upon each of the three in this section. The
embossing temperature should exceed by 15—40 °C the glass transition temperature
(T,) of the polymer (Fig. 3.5). Using a higher temperature leads to lower viscosity
of the polymer which facilitates filling of the features on the master and high fidelity
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Fig. 3.5 Jenoptik HEX02 hot embossing machine, vacuum chamber and mould insert fixture
(left). Displacement of the platens as a function of temperature with different states of the polymer
material (right). Ideal temperatures for bonding is about T > Tg but it can vary depending on the
design complexity. Reprinted with the permission of [Springer-Verlag, 2006] [11]

of replication. However, the polymer might degrade if the temperature is too high.
Ideally, the temperature of the tool and substrate should be the same within a range
of £2 °C during the holding time. Increasing the holding time gives the polymer
more time to flow into the mould resulting in better replication. Also more complex
architectures from the master require longer holding times allowing for the molten
plastic to fill the features. A higher pressure obviously pushes the polymer faster in
to the mould but the disadvantage is that it also increases the risk of damaging the
master, especially when using SU-8 on Si wafer. Breaking a master takes you
back to photolithography and potentially into the cleanroom, which is time and
cost intensive. The parameters are interconnected which makes optimisation
nontrivial task.

A conservative approach to optimize the hot embossing consists of isolating a
single parameter by keeping the remaining two constant. For instance, hot
embossing of PMMA, having glass-transition temperature of 105 °C, will require
heating to 130 °C and pressure of 290 N/cm? with varying holding times that
depend on the complexity of the featured design. Studies exist that develop meth-
odologies for process optimisation [11]. The more advanced optimisation methods
include deterministic studies based on numerical simulations and computational
fluid dynamic (CFD), which aim to elucidate critical values [12]. In practice the
process optimisation targets a specific outcome. For instance to increase the
lifespan of the master; first, holding time, then embossing temperature and finally
pressure are altered. Such optimisation approach will increase the number of
replications per master by reducing the risk of damage, but might also result in
prolonged cycle times. In contrast, time efficacy is achieved through changes in
embossing pressure, and only then holding time.



94 N. Dimov

An optimised embossing process can use the same master over again without any
wearing of its features or compromise of the replica quality. Moreover, the method
has short processing times (40 min per device), which makes it suitable for rapid
prototyping of devices on small to medium scale [1].

2.4 Micromilling

Micromilling is a subtractive fabrication process based on the mechanical removal
of material by a cutting tool from a stock piece, also known as substrate or
workpiece, resulting in micrometre-sized features. It is a direct method enabling
transfer of 3D designs into bulk material, which makes it suitable for machining
masters used in hot embossing, injection moulding and resin casting or as an
immediate microfluidic device. The micromilling is applied for rapid prototyping
in polymer and metal substrates. Resulting architectures can be utilized multiple
times as masters for casting resins such as polydimethylsiloxane (e.g., PDMS)
and/or can be integrated in the final version of a device. Typically, for microfab-
rication purposes, dimensions of the features fall in the range from 25 pm; also can
decrease down to 3 pm depending on the class and price range [1]. The lower price
range machines provide comparable quality and accuracy as their mid-range coun-
terparts (Fig. 3.6a). However, the midrange milling machines come with extra
functionalities such as automatic holders and substrate aligners. Variations of
milling machine designs exist where additional degrees of freedom are available,
i.e. rotational axle. The development of milling has shifted the lower limit bound-
aries even further down (15 pm) lateral obtained with basic functionality CNC, that
is available for 15 k USD, thus bringing mechanical methods closer to the level of
precision obtained with soft lithography. When automation is required together
with high accuracy the price can exceed 200 k but guarantees better quality and
high throughput.

2.5 Choice of Instrument and Relation to Material

The choice of cutting tools, substrates and milling parameters is driven by the
intended functionality of the final product, also by the design complexity and stage
of design development. At the beginning of the design process, when a concept is
sought and single devices are investigated direct manufacturing in polymer might
be sufficient. Metal substrates (e.g., brass, copper) are used for milling moulds in
advanced design stages that intend multiple replications and produce large number
of devices. The choice of substrate relates to the final functionality of a microfluidic
device and is typically difficult because of the large variety of substrates. Choosing
milling-tools, however, is straightforward and depends on the features that need to
be fabricated, milled material maximum spindle speed.
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A. CNC Mill Comparison 2
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Fig. 3.6 (a) CNC mills from several manufacturers are compared and categorized into price
ranges. Costs were assessed based on quotes of the lowest level mill from each manufacturer,
except for the Tormach mill, which was quoted to be comparable in terms of capabilities to the
other CNC mills. Unlisted specifications were not given by the manufacturer. (b) Endmills—the
most common cutting tool for milling—are available in many profiles, in a variety of materials,
and with a variety of coatings. Mills are also compatible with a variety of other cutting tools, some
of which are shown. (¢) Endmills are defined by several characteristics, each of which contributes
to the endmill capabilities and feature quality. [© The Royal Society of Chemistry] [1]

Endmills are common tools that remove material from a substrate material.
Essentially this is a cutting process powered by high-speed rotation of a motor,
a.k.a. spindle, while lateral displacement of the endmill takes place following a
machine pathway, called G-code or M-code. As the substrate is immobilized on a
flat coordinate table a precise removal of material is achieved. A pass is defined by
the lateral movement of that table in XY-plane at constant Z-value. Stepper motors
control the movements along the axles (X-, Y-, and Z-axle), but the profile of the cut
depends on the tooling style (Fig. 3.6b). Square tools result in channels with straight
vertical walls with no undercuts that makes them ideal for cutting reservoirs and
chambers. It is the most commonly used endmill style, which is the reason it serves
as reference for spindle speeds and feed rates. To achieve round bottom channels
and a ball style instrument is used. Bull nose is different from the square and the ball
style tools as it has round edges causing round-offs at the corners of the milled
structure. Together with the tapered style tools they are used to obtain slanted,
round-off edges that are often required for injection moulding or hot embossing.
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Depending on the application various tool types are commercially available, for
instance the woodruffer cutter that can create undercuts. High-aspect ratio features,
dominant in one dimension, are best achieved with drill bits rather than end mills.
The problem is that the length of cut, which is defined by the length of the cutting
edge, restricts the fabrication depth. Custom tools are available with longer necks
for deep cuts; they can be tricky to operate at high-feed speeds though. Tool
manufacturers provide recommendations for milling that relate the cutting diameter
to spindle speed to feed rate. The purpose of these tables is to provide optimal
parameters for milling without tool breaking. It is important to emphasize that most
of the data is calculated for cuts shallower than two tool diameters and high chip
load. Chip load is the thickness of the removed material by each cutting edge, and it
is calculated by dividing the feed rate (meters per minute) by the spindle speed
(RPM) times the number of flutes. The flutes are the spiral cutting edges starting at
the tip of the tool and protruding towards the shank (Fig. 3.6¢c). Let us consider that
the diameter of a two-fleet tool is large (3 mm) in comparison to the chip load
(5 pm) then at extremely low spindle speeds (1000 RPM) the maximum feed rate
should not exceed (1000 RPM x 5e—6 m x 2 =0.1 m/min). This would be very
inefficient, as the milling would take extremely long time. Increasing the feed rate
without compensating for the spindle speed could cause dragging of the tool against
the substrate. Therefore, spindle speed needs to be corrected accordingly. Higher
spindle speeds than those recommended by the tool manufacturer result in friction
that wears off the cutting edges. Thus, the optimal milling conditions are defined by
knowing the characteristic chip load for a tool with a given diameter and maximal
spindle speed.

Optionally, coolant can be added during the fabrication process to improve heat
dissipation and prevent melting of the plastic substrate. The cooling agent must be
selected such not to interact with the substrate. Increasing the number of passes and
reducing the depth per pass diminishes the amount of build-up and hence can
prevent melting. Another option is to use air stream as coolant, which is easily
achievable by splitting the air supply to the spindle and directing it at the substrate
surface.

2.6 Laser Ablation

Laser ablation is another rapid fabrication technique for direct translation of
computer-aided laser design (CAD) on to polymer substrates. Laser ablation can
also be used for patterning surfaces of photopolymers and /or antiadhesive layers by
forming micro- or nanoimprints (Fig. 3.7). These patterns can then be
functionalised with proteins, oligonucleotides or whole cells. Power, stability and
low operational cost of CO, lasers make them suitable for cutting and engraving
PMMA. The wavelength of CO, laser lies in the far infrared spectrum (10.6 pm)
and due to the constraint of light diffraction this limits the focused laser beam
diameter [14]. Evidence exist that shorter wavelengths, i.e., ultraviolet laser
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Fig. 3.7 Stamp preparation by laser ablation for microcontact printing. The pattern is transferred
from the PDMS stamp to the PDMS replica, which bears a positive image of the originally ablated
pattern that has been embossed on its surface. Then the replica is applied for stamping
hexadecanethiol onto a gold surface. This replica is used for stamping onto a gold surface, and
the unprotected gold is removed by etching to give features of sizes of 1 pm. Reprinted by
permission from Analytical Chemistry: [Journal of Analytical Chemistry, 1998] [13]

(355 nm), results in better quality PMMA channels [15]. Most organic materials
show an intense absorbtion in the ultraviolate region, for instance, excimer laser at
wavelengths of about 190-248 nm or third harmonic of Solid State Lasers of
355 nm; remain transparent at the most common semiconductor (800 nm) and
Nd-YAG (1064 nm) wavelengths [16]. In this chapter infrared laser fabrication is
considered, as it is universal for PMMA fabrication; however the other wavelength
can be utilized as well under certain conditions and ablation environments [14].
Among the merits of microfabrication with laser is the capability to engrave and
to cut designs on a wide variety of materials. The materials suitable for engraving/
cutting cover a wide range including: wood, acrylic, plastic, glass, leather, corian,
fabric, coated metals, annodized aluminum, ceramics, mylar, pressboard, and more.
Thermal plastics (e.g., PC, COC) are not suitable substrates for laser ablation
because they tend to degrade in the process. PVC brings another sort of difficulty
it melts and fills the cut groove. Therefore, we look mainly into PMMA. At 1200
dpi, the moving precision of CO, laser (e.g., Epilog Mini 18 Laser cutter) is about
0.02 mm (~20 pm). Microdevices are easily made within minutes by engraving
channels in PMMA, or by moulding PDMS onto a PMMA master. It has been
demonstrated that ablation of mechanically stable material such as PEEK (poly-
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ether-ether-ketone) is possible, and the resulting structure has been implemented
for embossing PMMA, PC and PS and COC. However, the technique is restricted
by the amount of removed PEEK material, and only negative polarity features up to
10 pm in height are feasible [4].

The CAD file is converted in to a format that is suitable for the machine interface
that one uses. Epilog series are compatible with files processed in Illustrator (.AI) or
Corel Draw (.CDR). Lasers from Synrad in contrast use their own 2D CAD
software to control the movements of the laser head. Despite the different file
formats, all lasers have similar setting parameters that define the translation from
2D drawing into 3D feature onto the substrate. The amount of energy that is
dissipated by the laser head is determined by the power of the laser. But the
absorbed energy is equal to the product of the absorption coefficient a, the incident
power P;, and the irradiation time Af:

Q;, = aPy,At, where Ar=1L/v

The irradiation time is related to the cutting speed (v) and the effective spot size
along the scanning direction L as illustrated in Fig. 3.8. This model is suggested by
Romoli et al. [16] who assume the irradiated area to be rectangular and the
irradiance distribution of the nearly-Gaussian beam to be triangular, L is
represented by half of the groove width W. In the same paper authors assume that
the removed material m is proportional to the amount of heat Q available to
vaporize the polymer. This heat can be evaluated as the difference between the
absorbed energy Q;, and the threshold energy O,

m = kQ = k(Q;, — Q)

where, k is a constant related to the chemical bond energy of the PMMA polymer
and is generally characterized by a nonlinear dependence on temperature. Here Q,,,
is cumulative value combining two major loss terms: one is the energy needed to
heat-up the irradiated area prior vaporization starts, the other energy lost into the
surroundings due to conduction.
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Based on these formulas and the relation between the material density (p), the
channel depth (D), channel width (W) and laser spot (L), the groove depth is
calculated as:

D = (2ka/p) (Pin/WY) — 4kQyy/pW

This formula provides a linear correlation between groove depths, incident laser
power while reciprocal dependence on the cutting speed is observed. This simple
model has shown good agreement with experimental data performed earlier
[17]. Essentially, the ratio of the incident power to the scanning speed is the energy
density € [J/m]. As it becomes obvious the second term of the model is the offset in
energy density due to dissipation into the material and surroundings.

The predictive power of the model makes it valuable for determination of the
laser parameters necessary to attain a feature size. Varying simply the cutting speed
and the incident power defines the energy density, hence the physical parameters of
the groove. The nominal power of the laser diminishes with time and must be
calibrated to make sure that the real values are implemented.

3 Packaging and Bonding

A separate section is dedicated to packaging and bonding as that is the final step of
fabrication that facilitates means of connectivity between auxiliary equipment (e.g.,
pumps, optical cables, signal amplifiers etc.) and the microfluidic device. Several
methods are presented that allow bonding in regular chemical lab.

3.1 Thermal Bonding

This technique is very similar to the embossing approach; namely, the layers (2 or
more) of the device a are placed in contact with one another and the assembled stack
is incubated at temperature above the glass transition temperature of the material. In
contrast to the hot embossing, feature alterations need to be avoided. The method
can be performed with sophisticated machine as the HEX02 (Fig. 3.5); also using
static loads (e.g., weight) and standard lab oven. The process development involves
optimisation of the pressures (loads), temperatures and incubation time.

3.2 Chemical Bonding

The uppermost layer of the plastic surface is deplastified using chemical agents,
vapours (e.g., acetone, heptane), the substrates are aligned, placed in hard contact
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incubated at temperature that exceeds the evaporation temperature of the solvent.
This allows the extra solvent to evaporate from substrate surface while a bond is
formed. However, the incubation temperature should not exceed the Tg of the
plastic as this can bring distortion of the existing features and formation of artefacts.
The plastic substrates are typically exposed to solvent vapours to minimize feature
loss at bulk solvent treatment. Critical parameter for this process is the exposure
time that can vary depending on the critical dimensions. A risk exists that miniscule
features are damaged when the exposure times are long; too short exposure times
can lead to poor bonding quality.

3.3 Bonding Through Pressure Sensitive Adhesive

Bonding through pressure sensitive adhesive (PSA) is a method that requires
minimum investment but time, effort and manual operations. The method has
been reported for sealing laser-ablated channels on a disc bonded through pres-
sure-sensitive adhesive (86 pm, PSA, Adhesive Research, Inc.) to another PMMA
disc, which hosted loading, collection chambers, as well as milled channels and
valve beds [18, 19]. The method involves cutting out the silhouette of these
structures from the PSA using a precision knife cutter from Graphtec. The extra
material is removed manually which can be time consuming and even prohibitive
for small dimensions (<20 pm) restricted by the stylus dimensions of the knife
cutter. Alignment is achieved using pins or rig to facilitate the adjustment of the
PSA relative to the features on the substrate. For designs that include suspended,
flimsy, features a transport film needs to be used in order to handle the PSA more
easily. After alignment, the protective layers from the foil are removed and the
plastic layers are brought together. Pressure is applied to finalize the bonding
process. Ideally, a hot/cold press or laminator provide enough pressure; rubber,
manual rollers can be used in case resources are limited.

3.4 Plasma Bonding of PDMS

After casting of PDMS structures they must be de-moulded and sealed either with a
piece of plastic, glass or another piece from the elastomer. Well-established method
is plasma activated bonding of PDMS. In the process RF-generated plasma is used
to activate the surfaces of both substrate and PDMS. A radio frequency voltage is
applied between two electrodes that cause the free electrons to oscillate and to
collide with gas molecules leading to RF plasma generation. Electrons pick-up
enough energy during oscillation in the RF field to cause ionization of the gas,
which is entrapped in the reactor chamber. Steady flow of gas (e.g., oxygen,
nitrogen or air) into the reactor chamber of the plasma generator provides popula-
tion of molecules that can be ionised. Very importantly the pressure inside the
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chamber should be stable at 500 mTorr for a successful process. The substrates are
placed inside the chamber exposing the binding surfaces to the RF-plasma. Expo-
sure times can vary from one reactor to another, for example 45 s of exposure are
sufficient using plasma asher (Harrick Pro) at 30 W nominal power. After exposure
the PDMS and substrate are immediately brought in contact, and the left to incubate
at 65 °C over 2 h. The incubation step is optional, however, it facilitates water
molecule removal from the interface between the substrates and the formation of
bonds. Plasma treatment oxidises the siloxane bonds on the surface of the PDMS
and renders it hydrophilic, as silanol groups are formed. This process is reversible
and takes up to 12 h before PDMS returns to its native hydrophobic state.
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Chapter 4
3D Printed Microfluidic Devices

Gregory W. Bishop

1 Introduction

Recently, increasing interest has developed around the use of 3D printing methods
for the preparation of microfluidic devices. 3D printing generally involves deposi-
tion or curing of materials in a layer-by-layer fashion as determined by a three-
dimensional representation of the desired object. While 3D printing was invented
and first demonstrated in the 1980s, prohibitive costs and the limited number of
commercially available printers and materials restricted applications to rapid
prototyping for manufacturing. Present-day enthusiasm surrounding 3D printing
can largely be attributed to momentum established about a decade ago by initiatives
such as the RepRap and Fab@Home Projects [1, 2]. These endeavors have provided
great progress toward democratizing 3D printing by promoting interest in technol-
ogy, fostering collaboration through communities of enthusiasts, and decreasing
barriers associated with high costs and levels of expertise. Improvements in afford-
ability and accessibility of 3D printers have enabled new applications in many
fields, including medicine and biotechnology. 3D printing is especially attractive
for the fabrication of microfluidic devices due to its rapid prototyping capabilities
and simple procedure compared to other previously described methods, which are
more time-consuming and typically require a greater amount of expertise and
expensive equipment [1, 3].
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2 3D Printing Techniques

3D printing offers fast design-to-object workflow and typically requires few,
relatively simple steps. First, a computer-aided design (CAD) file is generated
through the use of CAD software or by computer-assisted scanning of a real object.
Free CAD programs and online libraries that allow users to share CAD files have
provided means for increased utilization of 3D printing technologies. Printer
instructions are generated by a slicer program, which separates the CAD file into
sections along the vertical axis to define the composition of each printed layer.
After uploading the instructions to the printer, the object is fabricated on a platform
via a controlled deposition or curing apparatus interfaced with a precise positioning
system. Finally, the printed object is removed from the platform. Depending on the
printing method and parameters defined in the slicer program, post-processing may
be necessary to remove extraneous material and supports used to bolster the
structural integrity of the printed layers during the fabrication process.

Generally, layer fabrication in 3D printing is accomplished by deposition of
thermoplastics (fused deposition modeling) or viscoelastic materials (syringe depo-
sition or direct ink writing) through a nozzle or syringe, sintering of powdered
materials (selective laser sintering), exposure of photocurable resin contained in a
reservoir (stereolithography), or inkjet printing of photocurable inks follow by
immediate exposure (PolyJet or MultiJet) [4—6]. Some important aspects for print-
ing methods relevant to fluidic device fabrication are briefly described in this
section.

2.1 Extrusion-Based Methods

In fused deposition modeling (FDM), a thermoplastic filament (typically 1.75 or
3.00 mm in diameter) is extruded through a heated nozzle (typically ~0.2-0.5 mm
in diameter) onto a moving platform (Fig. 4.1). The extruder assembly (Fig. 4.1b) is
often mounted on a gantry system that controls XY movement, and the platform or
stage moves in the Z direction. Fabrication of single objects composed of multiple
materials can easily be accomplished with this method simply by including more
than one extruder nozzle in the printer design. Typical filament materials include
poly(lactic acid), acrylonitrile butadiene styrene, and poly(carbonate). However,
there is a great deal of interest in developing composite materials with improved
physical and chemical characteristics for various applications. Composite filaments
that incorporate carbon nanotubes, graphene, ceramics, and magnetic materials are
commercially available.

Direct ink writing, pioneered by Lewis et al., is another extrusion-based tech-
nique for 3D printing [7]. Direct ink writing uses a pneumatically controlled syringe
to print viscoelastic materials, such as colloidal suspensions of nanoparticles,
polymers, and ceramics, onto a moving platform [7-13]. Rheological properties
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Fig. 4.1 Illustrated representation of an FDM-based 3D printer. (a) Object is printed from
extruded filament deposited on a moving platform. Extruder assembly is mounted on a gantry
system that controls deposition in the X and Y directions. (b) Close-up view of the extruder
assembly. Adapted from Reference [6] with permission from IOP Publishing

of viscoelastic inks are tailored to facilitate extrusion through syringes with diam-
eters as small as 1 pm [9].

2.2 Methods Based on Photocuring

In stereolithography (SLA), photocurable resin held in a reservoir is exposed to a
light source. In the traditional form of SLA, a laser is scanned in a pattern defined by
the slicer program to cure each layer onto a moving platform (Fig. 4.2). Some SLA
printers now incorporate projection systems such as a digital mirror device to
facilitate curing of layers with single exposure steps. Digital light processing
(DLP) projectors that feature ultra-high performance lamps or light emitting diodes
permit fabrication of objects with greater detail since XY resolution is limited by
pixel size [14] (~30 pm for 920 x 1140 pixels) rather than laser spot size (often
~100 pm) [15]. However, printing with improved resolution limits the overall
object size since DLPs possess a fixed number of pixels. SLA materials are limited
to acrylate- and epoxy-based resins [4], and fabrication of single objects composed
of more than one material is not easily accomplished.

Recently, Tumbleston et al. described a 3D printer based on a process called
continuous liquid interface production (CLIP) [16]. CLIP is similar to SLA in its
operation; however, CLIP uses an oxygen permeable membrane between the
optical window and cured part. The presence of the membrane leads to a control-
lable oxygen-containing layer where photopolymerization of the resin is not per-
mitted. This enables the exposure, replacement of resin, and movement of cured
part processes to be performed in a continuous manner instead of as discrete steps as
they are in traditional SLA. CLIP has been shown to reduce printing times from
hours to minutes over traditional SLA.
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Fig. 4.2 Tllustrated Platf .
representation of a laser b Cured Resin
SLA-based 3D printer.
Adapted from Reference
[6] with permission of IOP
Publishing

Like SLA, MultiJet and PolyJet technologies also employ photocurable mate-
rials. However, these methods rely on inkjet printing and immediate exposure to
harden each layer. MultiJet and PolyJet printers are outfitted with multiple print-
heads so objects composed of more than one material can be produced.

2.3 Cost and Materials

Printers based on each of these techniques are commercially available. Depending
on the printing method and capabilities, 3D printers range in price from <$1000-
$100,000 USD or more. Printers based on FDM are typically among the lowest in
cost with some SLA printers also approaching a consumer-grade price-point.
Printers based on PolyJet and MultiJet technologies are among the most expensive.
There are also several commercial services that enable customers to submit CAD
files to receive corresponding printed objects prepared by a high-resolution 3D
printer [3, 17-19]. Likewise, commercially available materials also vary in cost
with prices for thermoplastic filaments ranging from ~$30/kg or more and photo-
polymer materials for SLA and inkjet-based technologies starting at ~$120/L.
Many of the commercially available materials for SLA-based 3D printing are not
biocompatible [5]. However, there are a growing number of biocompatible options
as interest in materials development continues to be a focus for extending the
capabilities of various 3D printing technologies.

3 3D-Printed Microfluidics

Various methods and applications of milli- and microfluidic devices have been
described. Due to the inadequate resolution of many 3D printers, the limiting
dimensions of the 3D-printed fluidic channels are typically on the order of tens to
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a few hundred micrometers. Therefore, many 3D-printed “microfluidic” devices
described in recent literature are given this distinction to convey the microliter to
sub-microliter volumes they contain. Very few reports of 3D-printed “microfluidic”
devices correspond to channels with micrometer dimensions characteristic of true
microfluidics. While 3D printing can be used to make small features, it is not yet
routine for most current technologies to fabricate objects that include design
elements of different vastly scale, such as microfluidic devices with submicrometer
channels in housings of several centimeters. However, progress continues to push
the boundaries of 3D printing towards capabilities necessary for true microfluidic
devices.

3.1 Molds and Scaffolds for Fluidic Channels

The first applications of 3D printing to fluidics involved the production of molds for
elastomer-based microfluidics. Unlike photolithography, which requires the pro-
duction of a mask to create the master mold, 3D printing enables fabrication of the
master directly from the design file. These techniques also facilitate the preparation
of complex molds for channels that propagate in all three dimensions. Such molds
would be difficult or impossible to produce by two-dimensional photolithography,
since they require multiple masks and layer bonding.

Whitesides et al. demonstrated that a printer based on FDM could be used to
prepare molds for PDMS channels with limiting dimensions of 250 pm or more
[20]. Channel dimensions are limited by nozzle size, and the surface roughness of
FDM-printed objects is quite large (~8 pm) since each printed layer is essentially
composed of adjacent cylindrical threads of thermoplastic filament. Molds pro-
duced by SLA exhibit surface roughness of <1 pm and can be used to produce
PDMS channels with dimensions of ~50 pm [21, 22]. Mixing channels and channels
with integrated valves prepared from 3D-printed molds have been demonstrated
[20-22].

Microvasculature scaffolds for epoxy-based fluidic devices have been prepared
by direct ink writing [8]. A pneumatically controlled syringe with diameter as small
as 10 pm is employed to produce the scaffold from fugitive organic inks (Prussian
blue paste). After curing, the scaffold is removed by heating to 60 °C under light
vacuum. Fluidic devices with remarkably smooth cylindrical channels (surface
roughness 13.3 &£ 6.5 nm) result. Similarly, FDM has been used to prepare scaffolds
from acrylonitrile butadiene styrene (ABS) for PDMS-based fluidic devices
[23]. ABS dissolves in acetone, permitting its removal from cured PDMS.
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3.2 Fluidic Devices Prepared by Direct Printing

Direct fabrication of 3D-printed fluidic devices has also been demonstrated. Chan-
nels with limiting dimensions of ~500-800 pm have been produced from poly
(propylene), poly(lactic acid), and poly(ethylene terephthalate) by FDM [24]. As
previously stated, FDM-printed objects are composed of layers of adjacent cylin-
drical threads, which results in channels with ridged or scalloped internal surfaces
[5]. Additionally, the overlap of adjacent layers makes it difficult to visualize fluids
contained within the channel even when clear filaments are used [25]. Fluids in
channels are largely obscured when located beneath 14 or more printed layers
(0.200 mm) of clear PET filament. Better visualization of fluids within channels
can be obtained by printing the bottom layer of the device on a heated platform,
which reduces surface roughness.

Printers based on photocurable inks and resins can produce channels with typical
limiting dimensions of ~250 pm [26, 27]. Smaller channels are also possible;
however, it is often difficult to remove necessary support material from smaller
channels. For example, during SLA, the channel is filled with uncured resin, which
can be difficult to force from small channels. Also, since some light can reach
uncured resin held within the channel during the printing process, complete block-
age of the channel can result in some areas. The surface roughness of 500 pm-high
channels printed by SLA was reported to be ~2.54 pm [3], and a study of four
different 3D printers based on inkjet technologies found surface roughness to range
from ~0.09-2.24 um [28].

Nordin et al. investigated the effect of resin composition on limiting channel
dimensions produced by DLP-SLA [14]. Resins for SLA usually consist of mono-
mer material(s), a photoinitiator, and an absorber, which is included to control the
penetration depth of the light source. Nordin et al. found that controlling the
penetration depth by using higher concentrations of the absorber was crucial for
production of small channels. 60 pm-high channels were printed with 100 % yield
using a custom-formulated resin that contained poly(ethylene glycol) diacrylate
(PEGDA), 1% photoinitiator phenylbis(2,4,6-trimethylbenzoyl)phosphine oxide
(Irgacure 819), and 0.6 % absorber Sudan I. For 100 % success rate, width for
these channels must be at least 108 pm (4 pixels) as determined by the limitations of
the 912 x 1140 pixel DLP projector.

Due to the availability of clear resins and inks, 3D printed fluidic devices
prepared by SLA and inkjet technologies can also permit visualization of fluids
within the channels. As-printed, devices are typically opaque and must be
processed to improve transparency. For example, the outer layers of SLA-printed
devices can be sanded with up to 2000-grit sand paper, polished with a plastic
cleaning compound, and coated with clear acrylic spray to enhance clarity [29, 30].

Photopolymer-based 3D-printing methods possess sufficient resolution to pro-
duce complex fluidics and modular fluidic devices. SLA has been used to prepare
channels with integrated membrane-based valves that can be pneumatically con-
trolled [27, 31]. SLA and MultiJet printing have been employed to yield
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microfluidic components that can be reversibly connected to construct customiz-
able fluidics [18, 19]. Channels can also be filled with fast-drying, conductive
suspensions of colloidal silver to make resistors and inductors for electrical circuits
and wireless sensors [32].

4 3D-Printed Fluidics and Bioanalysis

3D-printed fluidic devices have been described for use in cell studies and measure-
ments of biomolecules and biologically relevant species. With relatively high
resolution printers based on SLA and inkjet methods, threaded ports can be printed
to interface the channel with commercially available fittings and tubing for easy
access [33]. Spence et al. have employed a PolyJet printer to produce various fluidic
devices that feature access ports for reversibly integrating commercially available
membrane inserts and other components into channels for various cell studies
[29, 33-35] (Fig. 4.3). Membrane inserts selectively transport small molecules
from the channel and prohibit transport of larger species like large biomolecules
and cells. In one cell viability study, a layer of bovine pulmonary artery endothelial
cells was deposited on a cell culture membrane inserted into the 3D-printed channel
[33]. Saponin (a detergent that disrupts the cell membrane) or Hank’s balanced salt
solution (HBSS) was delivered into the fluidic channel. Sytox Green staining of
cells indicated that a larger population of dead cells resulted upon exposure of cells
in the membrane to saponin compared to HBSS.

Fluidic devices have also been designed such that a commercial plate reader can
be used to perform measurements [34]. Such platforms have enabled investigation
of the effects of storage conditions related to transfusion medicine on ATP produc-
tion by erythrocytes. Erythrocytes stored in FDA-approved additive solution
1 (AS-1) that contains ~110 mM glucose or a modified AS-1 with lower glucose
concentration (5.5 mM) were delivered into the 3D-printed channel. Membrane
inserts provided reservoirs for collecting and measuring adenosine triphosphate

Fig. 4.3 3D-printed fluidic
device used in cell studies.
Device features 3 mm
wide x 1.5 mm deep
channels for incorporating
membrane inserts.
Reprinted with permission
from Reference [33],
Copyright 2013 American __Inlet Outlet
Chemical Society : [

Membrane

Channel
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(ATP) transported from the channel. Erythrocytes stored in the modified AS-1
exhibited greater ATP production than those stored in commonly used AS-1.

In addition to membrane inserts, sensing elements like electrodes and optical
fibers have also been incorporated into 3D-printed channels to facilitate
bioanalytical measurements [17, 25, 28, 30, 35-37] (Fig. 4.4). Electrodes can be
fastened in channels through access holes, deposited on substrates that are bound to
open-sided channels to complete the fluidic device, or housed in threaded fittings
that are compatible with threaded ports included in the device design. 0.5 mm
carbon and platinum electrodes incorporated in 3D-printed channels have been used
to detect viruses that were labeled with cadmium sulfide quantum dots [36]. Dopa-
mine, nitric oxide, ATP, and hydrogen peroxide have also been measured using
3D-printed fluidic devices with integrated electrodes [25, 35]. Continuous moni-
toring of glucose and lactate in human subjects during and after physical activity
was accomplished by connecting an FDA-approved microdialysis probe to a
3D-printed channel (375 pm x 508 pm, internal volume 1.9 pL) equipped with
needle electrode biosensors [37].

Threaded electrode port
B)

Microchannel for Inkjet 3D printed

optical fiber asse

spectrophotometric chip
e

Fig. 4.4 3D-printed channels with integrated devices. (a—d) Schematic (a, b) and photographs
(c, d) of a device that features a threaded port for incorporating disk-shaped electrodes into a
500 pm diameter channel. Reproduced from Reference [35] with permission from the Royal
Society of Chemistry. (e) Photograph of fluidic channel interfaced with optical fibers for
in-channel spectrophotometry. Reproduced from reference [28] with permission from IOP Pub-
lishing. (f-h) Fluidic device with integrated needle biosensors for continuous monitoring of
glucose and lactate from dialysate. Reproduced by the permission from Reference [37]; copyright
American Chemical Society
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5 Outlook and Prospects

Growing interest in 3D printing techniques and improvements in technological
capabilities and materials have resulted in many new applications. Due to the
simple and fast design-to-object workflow, 3D printing offers advantages over
traditional fabrication techniques for the production of microfluidic devices. Fluidic
devices can be directly printed from CAD files that are processed using slicer
software, and several free and open-source design and slicer programs are avail-
able. The printing process allows more freedom in design than other fabrication
techniques to a certain extent due to the ability to produce channels that propagate
in various directions. Also, several device designs can be produced and tested
relatively quickly, since there is no need to prepare various masks and molds that
are required with other techniques. Currently, there are few 3D printing techniques
that can produce channels with dimensions <100 pm; however, as the capabilities
of 3D printing continue to improve, so too will these boundaries. Applications of
3D-printed fluidic devices have shown their utility and robustness in bioanalytical
applications, including cell studies, biomolecule sensing, and immunoassays.
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Chapter 5
The Centrifugal Microfluidic: Lab-on-a-Disc
Platform

Brian Henderson, David J. Kinahan, and Jens Ducrée

1 Introduction

Over the past decades microfluidics has proved its game-changing potential where
biomedical diagnostics are performed [1, 2]. The field of research focuses on
so-called ‘Lab-on-a-Chip’ or ‘Micro Total Analysis Systems’ (WTAS) that manip-
ulate and analyse fluid on the microscale. These devices integrate the labour
intensive operations of a specific laboratory diagnostic exam onto a chip of the
typical size of a credit card. The method offers significant reduction of reagent
volumes, reaction times and human intervention through on-chip automation
[3]. Since the adaptation of microfluidics towards the biological sciences there
has been a surge of interest in the evolution of these two complimentary fields;
leading to the adaptation of a huge array of bioanalytical assays onto microfluidic
platforms. One of the most promising areas of research in the field of microfluidics
is the development of Point of Care (POC) diagnostic devices that are simple to use,
cost efficient, fast and effective. By now different modes of operation such as
continuous flow, batch-wise discrete volumes and droplet-based liquid handling
have been implemented. A range of integrated microfluidic platforms have been
developed including passively driven systems propelled by capillary action and
paper imbibition, alongside pneumatically, peristaltically, and electrokinetically
actuated platforms. This chapter introduces the centrifugal microfluidic “Lab on a
Disc” platform [4].
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2 Centrifugal Microfluidics

One of the main challenges for improving the efficiency and reliability of the
resulting diagnostic device is flow control on the microscale. On the centrifugal
microfluidics, the inertial pseudo forces that occur in a rotating reference frame are
combined with a purpose-built network of multi-scale channels, chambers and
obstacles to pump and manipulate fluids towards through a sequence of laboratory
unit operations (LUOs). These LUOs include metering, mixing and particle sepa-
ration [4]. The centrifugal field depends on the mass density of the fluid and the
distance of the liquid volume from the centre of rotation. The centrifugal field
squares with the frequency of rotation [4] and so provides a wide range of available
force strengths. The disc cartridge functions without connection to an external
pump and can be loaded at atmospheric pressure using a simple pipette. Thus
there are few or no ‘world to chip’ interface limitations; similarly the disc cartridges
are often relatively cheap and disposable and thus particularly suitable for diag-
nostics. The inherent capability to centrifuge samples makes the platform particu-
larly suitable for blood processing and also for assays based around particle
sedimentation and cell handling [29].

2.1 Centrifugal Hydrodynamics

Within the centrifugal microfluidic platform there are three forces acting on a fluid
during rotation an angular spin frequency w, there are three (pseudo) forces
(densities).

Centrifugal Force

fo = pro? (5.1)

d
Euler Force fj= prd—a;) (5.2)
Coriolis Force f. = 2pwv (5.3)

acting on the fluid p is the mass density of the liquid, r is the radial distance from the
centre of rotation, w is the frequency of rotation and v is the fluid velocity in the
plane of the disc (Fig. 5.1).

The effect of changes in these variables is visualised below in Fig. 5.2.

The three forces can be changed by the frequency of rotation to achieve a
specific mean flow velocity [4]. Given a fluid plug within a straight channel
(segment) with round cross section of diameter d, liquid plug length Ar, mean
radial position 7, at a set angular frequency of rotation w, we obtain the mean
velocity
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Fig. 5.1 A graphical
representation of the
direction each force acts in
for a give direction and
constant spin rate
(Centrifugal and Coriolis),
Euler Force depends on
acceleration which can be
positive or negative and can
therefore act in both
directions
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Fig. 5.2 A graphical representation of the effect of radial distance from the centre of rotation and
the frequency of rotation on the centrifugal forcefelt by a particle on the disk
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Fig. 5.3 Image a represents Centre of Rotation
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with the cross sectional area of the channel A =1/4 n d°. As for pressure-driven
systems, centrifugal flow is characterised by a parabolic velocity profile, which
peaks in the centre and vanishes at the wall due to no-slip boundary conditions.

2.2 Metering

Volume metering on the centrifugal microfluidic platform is often based on a
simple principle of centrifugally driven overflow from a chamber with a specific
volume below the bottom edge of an upper outlet channel [4].

Some microfluidic devices require hydrophilic materials, which aid the flow
against the centrifugal force. This can cause inconsistencies when attempting to
handle very small quantities of liquid; the effect can be suppressed at elevated
rotation frequencies where by the centrifugal force far exceeds interfacial forces
and also flattens the meniscus becomes flat, e.g., to improve accuracy of metering
(Fig. 5.3).

The metering chamber is structured with two exits, one will be sealed with a
valve that can be opened upon demand and the other is an unobstructed channel that
leads to a waste chamber. When the sample or reagent is placed into the metered
chamber, the excess will overflow into the waste chamber thereby leaving only the
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Fig. 5.4 Image (a) shows a random quantity of liquid for use in a biochemical reaction, this liquid
is required in 10 pL quantities for reactions downstream. The spin rate is increased to force all
liquid further from the centre of rotation where it fills all available space on the disk, Image (b)
show the liquid fill the metered chambers and proceed to the overflow chamber. The dimensions of
the metering chambers have been specifically designed to hold only 10 pL of liquid (Image (c)),
once all excess liquid has passed to the overflow chamber it is possible to open the valving system
holding back the metered volume by increasing the frequency of rotation to the “Burst Frequency”
of this specific valve

predetermined volume of liquid in the initial chamber. The liquid in this chamber
then can be released by opening the valve, valving will be discussed in more detail
in further sections (Fig. 5.4).

2.3 Mixing

The flow regime of a fluid is described by the Reynolds number

_pvDy
n

Re (5.6)

where p is the fluid density, v is the velocity of the fluid, y is the fluid viscosity and
D,, denotes the hydraulic diameter [3]. Turbulent flow begins to form as the
Reynolds number surpasses (roughly) 2300. In a typical microfluidic system the
values of each term could be 2~ 105cm?s™!, Dj ~200pm and v ~ lcms™!,
using the above equation this would result in a Reynolds number ~ 2 which shows
that laminar flow dominates within typical microchannels [3, 5].

Due to the laminar flow regime where advective mixing is absent, mixing
primarily occurs through diffusion, which is the process whereby a concentrated
group of particles spread out over time by means of Brownian motion to distribute
themselves uniformly across a given volume at a time scale

tp =D;/D
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Determined by the Molecular Diffusion Coefficient D which can range consid-

erably between bio-molecules; for small molecules, the diffusion coefficient would
be 107 cm? s~ ! whereas for large molecules (e.g., proteins), the coefficient could be
in the range of 107 cm?s~'. Even though the dimensions are quite small, diffusive
mixing is rather slow as the time scales needed to diffuse half the width of a

microchannel can range from 10 s for small molecules to 16 min for large proteins.

2.4 Diagnostic Applications

A full-fledged Point of Care (POC) Diagnostic device requires a scope of attributes;
first and foremost, POC systems allow patient diagnosis in a more decentralised
manor away from the infrastructure of primary health care facilities. With this in
mind, a POC device must include a method of sample preparation, biorecognition
of target molecule, signal transduction and signal conversion to a readout or
display, which can be interpreted qualitatively or quantitatively.

Using this general schematic, a number of biological analyses have been
implemented on-disc including DNA hybridisation Microarrays [6], Real Time
PCR (qPCR) Amplification [7], Protein Microarrays [8], Immunoassays [9, 10]
biochemical analysis [11, 12], cell based screening bioassays [13] (Burger
et al. 2012) and biochemical screening of (individualized) cells [14].

2.4.1 Nucleic Acid Amplification

The most established method of nucleic acid amplification is Polymerase Chain
Reaction (PCR) which uses enzymes to duplicate strands of DNA as the reaction
mix alternates between high (~ 95°C) and low temperatures (~ 65°C) in the
prescience of excess nucleotide bases [15]. This thermocycling requires a method
of heating and cooling designated locations of a rotating disc; previously described
methods for achieving this have ranged from including battery packs on the disc,
slip rings to transfer power to resistors and infrared radiation [15]. Each of these
methods has allowed amplification of a targeted DNA sequence which has great
relevance in the field of POC molecular diagnostics. PCR can be used to identify the
presence of pathogenic microorganisms by including primers specific to the micro-
organism’s DNA, if the DNA is present the amplification will occur whereas no
amplification occurs in the absence of the pathogens DNA.

2.4.2 Immunoassays

Automation of immunoassays on disc is an area of increasing interest in
microfluidics as they are one of the most widely used biological tests in patient
diagnostics, food safety and environmental monitoring. The most frequently used
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immunoassay on-disk is the Enzyme linked Immunosorbent Assay or ELISA, this
technique requires a solid support with bound capture antibody (Sandwich Config-
uration) or antigen (Direct Configuration) which can then isolate target molecules
from solution before impurities are washed away [16, 17]. Using a multi-valve
architecture to sequentially deliver reagents [18] at pre-defined times according to
an assay protocol, it is possible to implement a benchtop ELISA on the Lab-on-a-
Disc platform. More complex versions of protein analyte detection have been
integrated on-disk like multiplex immunoassays which utilize individual fluores-
cent tags for specific targets, and protein microarrays, which require surface
modification and precision to efficiently bind and array the proteins on the disc
[15]. The most common detection methods utilize either optical or electrochemical
set-ups. Such devices could replace conventional blood tests in the future due to
their ease of use, speed and overall cost.

3 Valving Technologies

As all disc-based liquids experience the centrifugal field, a set of valves is required
to orchestrate the spatio-temporal release sequence of on-board liquids along the
test protocol. A number of valving schemes have been devised for the Lab-on-a-
Disc platform which typically use the interplay of centrifugal forces with other
on-disc forces. These other forces typically depend on statically defined parameters
such as microchannel geometries, surface tensions and liquid viscosity.

Valving schemes are usually divided into two distinct types, passive and active
valving [19]. With passive valves being controlled by the interplay of both the
centrifugal and the capillary counter pressure and active valves require external
instrumentation, therefore needing an extra interfaces adding to the overall com-
plexity of the system [19]. Each valving scheme.

3.1 Passive Valving
3.1.1 Capillary Valves

On the microscale the surface-to-volume ratio is reduced such that the forces
governing the liquid are predominantly surface orientated, this allows the move-
ment of liquid through a narrow channel by capillary action [20]. Capillary valves
can take two forms. Geometry based valves use either an expansion or constriction
depending on if the surface is natively hydrophobic or hydrophilic. The other form,
a hydrophobic patch, locally modifies the channel surface tension to function as a
barrier to liquid movement [4, 20]. Surface tension is typically characterised by the
surface contact angle, &, which denotes the wettability of the surface to a given
liquid. A contact angle & < 90° indicates a hydrophilic surface whereas a contact
angle J > 90° indicates a hydrophobic surface (Fig. 5.5).
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Fig. 5.5 Figure 5.3 showed a metered volume of liquid held back by a “hydrophobic constriction
Valve” (Image (a)), this type of valve stops the flow of liquid due to the repulsive interactions
between the liquid and the surface of the microchannels which have been altered to be hydropho-
bic. Image (b) depicts the concept of “Hydrophilic expansion” whereby the walls of the
microchannel diverge rapidly, this halts the contact between the liquid and the walls of the
microchannel which is drawing the liquid along the channel. Without the new surface to draw
the liquid down the channel the advancing liquid stops at the opening. Both valve types can be
opened by increasing the frequency of rotation to the burst frequency

3.1.2 Siphon Valves

The structure of a siphon valve typically utilizes hydrophilic microchannels to
ensure capillary action dominates at a low spin frequencies. These structures consist
of a reservoir chamber attached to siphon channel that is directed towards the centre
of rotation [20]. At a crest point, located radially inwards of the reservoir, the
siphon channel turns back away from the centre of rotation to a point radially
outward below the original reservoir.

At rest flow can be restricted from entering the siphon valve by a capillary valve
(described above) when the rotation of the disc is increase to the “Burst Frequency”
the valve will open and fluid will flow up the siphon until it reaches hydrostatic
equilibrium, that is when the force of capillary action is counteracted by the
centrifugal force [4, 20]. As this frequency of rotation is lowered the capillary
force will become more dominant until the fluid passes around the siphon, it is at
this point that the siphon is said to be “primed”. Next, when the frequency of
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Fig. 5.6 Siphon valves build upon the principle of capillary action as previously described, the
walls of the siphon channels draw the liquid from the reagent reservoir back towards the centre of
rotation however at a high frequency of rotation (Image (a)) the liquid is held back by the
counteracting centrifugal force, this causes the liquid to reach “Hydrostatic Equilibrium” at a
point beneath the height of the siphon crest. As the frequency of rotation is reduced the adhesive
interactions between the liquid and the channel walls begin to dominate over the centrifugal force
causing the liquid to advance around the siphon crest and down towards the reaction chamber
(Image (b)). It is at this point that the siphon is “Primed”, the liquid will now flow towards the
furthest average radial point from the centre of rotation (Image (c) and (d))

rotation is increased the fluid will move around the siphon to fill the next chamber.
A number of these siphon valves can be placed in series to delay the introduction of
different reagents to a reaction chamber [11, 12, 21] (Fig. 5.6).

Both the time taken to prime a siphon valve and the burst frequency for each
capillary valve can be calculated in order to create simple changes in the speed of
rotation to allow the addition of reagents in an automated manner, the time of each
speed of rotation can be elongated in order to allow time for specific reactions to
take place, as well as mixing of reagents [4, 20]. The time needed to prime each
valve

4nl?

= 59
docos 6 (59)

Depends on the surface tension, the contact angle 8 and the viscosity 7, the length
of the liquid plug / and the channel diameter d. The equation

1 o-|cos 9|
=—/— 5.10
Y b4 prard ( )

provides the capillary burst frequency.
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3.1.3 Centrifugo-Pneumatic Valving

This type of Lab-on-a-Disc platforms create structures between layers of different
materials bonded together to form a continuous network of microchambers and
microchannels; due to this feature it is possible to insert dissolvable film between
layers of adhesive material to form valves [22]. The valve is be dissolved upon
contact with an aqueous solution and also blocks the passage of air meaning that on
the addition of liquid upstream a sealed channel of air is created between the valve
and the front of the liquid plug [22]. When the frequency of rotation is increased the
fluid plug advances down the channel, this is due to the centrifugal force exerted on
the liquid as described above; however, due to the now decreasing volume of air
there is increasing centrifugally induced pressure which contracts that centrifugal
force attempting to advance the liquid [22]. This induced pressure scales according
to the following equation [22],

AP, = pArfa? (5.11)

where AP, describes the pressure at a specific frequency of rotation and all other
terms are consistent with above descriptions. The advancing liquid plug is halted as
Ap,, becomes balanced by the air pressure within the microchambers which can be
calculated according to the following equation,

1

_av
1 "

P=P

(5.12)

where P is the pressure within the microchannel, Py is the initial pressure within the
microchannel, V, is the initial volume of the microchannel and AV is the change in
Volume of the microchannel [22].

Using the above information, it is possible to design pneumatic chambers with
calculated dimensions that will result in a specific burst frequency.

3.1.4 Event Triggered Valving

A key disadvantage of rotationally-actuated capillary burst valves is that their
minimum achievable feature size requires a relatively large amount of disk real
estate as well as large differences in rotational frequency [23]. This limits the
number of discrete LUOs which can be automated on-disk. These specific limita-
tions can be circumvented through the use of so called “Event Triggered Valves”.
This mechanism of valving builds upon that of dissolvable film valves described
above, an extra degree of control is introduced by utilizing a second dissolvable film
which controlled the pressure in the pneumatic chamber, in this way the liquid is
restricted by the counter acting pressure even at high rotational frequency’s
[18]. The created valve requires a pneumatic chamber which is sealed by two
dissolvable film (DF) tabs, one DF is connected to the reservoir and leads to further
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unit operations downstream, this is known as the Load Film (LF). The second DF is
located within a second chamber which is connected to the pneumatic chamber by a
pressurised microchannel, when this chamber fills with an ancillary liquid the DF is
dissolved and the pressure holding back the liquid is released, this DF is known as
the Control Film (CF) [18]. The main liquid in the reservoir can then advance down
the microchannel connecting the reservoir to the LF where it dissolves and releases
the liquid [18].

3.1.5 Paper Imbibition Valves

A further improvement with respect to event triggered valving is realised through
the use of low cost paper imbibition valving. This iteration utilizes the well-defined
mechanism of liquid “Wicking” through absorbent paper, an ancillary liquid wicks
from a liquid field chamber through the absorbent paper which is in contact with a
number of sequential Control Films (CFs) [23]. As the liquid wicks across the paper
at a well-defined rate the control films are dissolved which in turn releases the liquid
held in the corresponding reservoir towards further LUOs in the same manner as
described above [23].

3.2 Active Valving
3.2.1 Phase-Change Micro-valves

Park et al. introduced a nanocomposite material of 10 nm-sized iron oxide
nanoparticles dispersed in paraffin wax which could be used to create a unique
phase change microvalve controlled by an external laser diode [24]. The integration
and operation of the Laser Irradiated Ferrowax Microvalve (LIFM) is achieved by
including a small chamber called an Assistant Valve Chamber (AVC) which is
located next to the ferrowax plug [24]. The microvalve can be installed on disk in a
Normally Open (NO) or Normally Closed (NC) configuration which can then be
reversed by irradiating the iron nanoparticles, on irradiation the iron partials
quickly heat causing the paraffin wax to melt thereby opening or closing the
channel [24].

The ferrowax plug is located within the microchannel in the case of the NC
configuration, as the laser diode transfers heat to the iron nanoparticle the paraffin
wax melts and flows into the AVC thereby unblocking the microchannel and
opening the valve [24]. In the case of the NO configuration the reverse occurs,
the ferrowax is contained within the AVC in a solid state until the laser diode
irradiates the iron nanoparticles, this then causes the ferrowax to burst from the
AVC and block the microchannel [24].
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3.2.2 Electromechanical Pumping

Clime et al. created a microfluidic disk with integrated microelectronics responsible
for on-disk pneumatic pumping of liquid through specific chambers [25]. This
programmable valving system allows the accurate displacement of fluid by
pressurising individual as well as multiple ports of the microfluidic disk. This
system has the advantage of being able to pump liquid towards the centre of
rotation, thereby giving it a clear advantage over conventional microfluidic designs
however its greatest disadvantage is its extensive complexity. The design requires
integrated electronics as well as slip-rings for power transfer to the device, this
novel technology is currently in its infancy however there is need for this degree of
fluid control in the future of centrifugal microfluidics.

4 Valving Design

When developing a new Lab-on-a-disk liquid handling protocol it is necessary to
achieve the simplest and most accurate disk design possible, this requires an
understanding of the proposed assay or biochemical test to be implemented. Timing
of reagent delivery, reagent volumes, incubation times, washes and reagent routing
must be taken into account whilst designing the disk architecture, can these unit
operations be accomplished using passive valving schemes or do they require more
complex integrations. Using passive valving schemes, can the operation be accom-
plished using frequency dependant valving (Siphon, Capillary, Centrifugo-
pneumatic etc.) or should each LUO be triggered by the previous thereby being
independent of the rotational frequency (Paper imbibition, Event Triggered). These
questions will help in making the simplist architecture possible whilst developing a
highly accurate and cost affective Lab-on-a-disk platform.

5 Spin Stand

5.1 Operation

Due to the rapid rate of rotation of microfluidic discs during operation, a special
experimental test rig is used to visualise flow. In particular, this development tool
provides critical feedback to determine if failures occur (due to manufacturing
flaws) and for optimising the fluidic design. This rig is typically referred to as a
‘spin stand’[26].

Generally, spin stands use a stroboscopic system to visualise a disc during
rotation. Here, a camera and strobe are synchronised such that, as the motor spindle
passes through a particular angular location, a pulse is generated which triggers the
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Fig. 5.7 By inserting a piece of dissolvable film between two channels it is possible to create a
pressurised channel between the front of the advancing liquid and the dissolvable film, as the
frequency of rotation is increased the advancing liquid reduces the volume of air within the
channel thereby creating a counteracting pressure gradient that restricts the flow of liquid
(Image (a)). Only when the frequency of rotations increased to the burst frequency can the liquid
advance enough to come in contact with the dissolvable film (Image (b)). At this point the film
dissolves the pressure is released, thereby releasing the total volume of liquid to pass towards the
reaction chamber (Image (c) and (d))

camera and strobe. Thus, each image of the disc is acquired at the same orientation;
a video generated from these still frames shows liquid moving about these appar-
ently still discs. A typical configuration of a spin stand can be seen in Fig. 5.7.
Images acquired using a spin stand can be seen in Fig. 5.24.

The most critical aspect for good operation of a spin stand is the correct
synchronisation of the motor and strobe. This usually incorporates two steps;
generating a signal from the motor as the spindle passes through a particular angular
location and filtering this signal before it reaches the camera/strobe.

5.1.1 Signal from the Motor

A stepper or servo-motor should be chosen which has sufficiently high a maximum
speed to overcome capillary effects and pump liquids about the disc. Typically
centrifugal microfluidics operates using a range of 5-30 Hz but, for some applica-
tions, such as blood processing, spin rates of above 60 Hz may be beneficial. The
resulting centrifugal force is also influenced by the radial location of the liquid
(volume) of the disc. Similarly, a motor should be chosen which can permit high
acceleration / deceleration of the disc as this is critical for some applications such as
centrifugo-pneumatic siphon valves [27].

The motor should also be chosen which can generate a digital signal once per
rotation. If a motor is otherwise suitable, an encoder can be purchased separately
and fitted to the motor. Alternatively, an optical sensor can be manufactured using a
low-cost LED and photodiode detector [28] (Fig. 5.8).
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Fig. 5.8 Spin stand Operation (a) shows an image of a typical spins stand. The motor is mounted
vertically and the camera is mounted above it. A fibre-guided strobe light is mounted on a movable
arm. In this case the camera is mounted on an electrical positioning stage (for lateral movement)
and a manual positioning stage (to move closer to or further from the disc) (b) is a schematic of
how a low-cost photodiode and LED can be used to generate one digital pulse per disc rotation.
This option is suitable if the motor is not fitted with an encoder that can generate a pulse per
revolution (c¢) the typical signal that is generated at one pulse per revolution. Note that in this
approach the entire disc must be imaged and images are only acquired at a single angular position
(d) the typical signal generated by a two channel encoder. The ‘home’ channel (red) shows one
pulse per revolution while the second channel (green) shows four pulses per revolution. A filter
box, with a dial to input value ‘m’, permits the angular position where the disc is imaged to be
changed. Where m =0 the offset is 0° while m =1 results in 90° offset. In a typical encoder the
channel resolution will be 1000 pulses/revolution and thus the angular resolution will be 0.36°
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5.1.2 Positional Triggering

If the motor generates just one digital pulse, at the home position, per rotation then
the disc can only be images in at one particular angular rotation. This is also the case
if a LED/photodiode based triggering system is used. In this configuration, the
entire disc should be imaged. The images acquired can be post-processed (rotated
and cropped) using commonly available software.

However, in some cases, particularly if imaging particles or cells, imaging the
entire disc is not feasible. In this case, the angular location of the digital pulse must
be modified so that the location of interest is imaged during each rotation.

Some motors have software based controls which allow the angular location of
the trigger pulse to be varied. An alternative approach is to purchase a motor with
an integrated dual-channel encoder. These can also be purchased and fitted sepa-
rately. These encoders generate one pulse per revolution in Channel 1 and a set
number of pulses in Channel 2 can generate a single pulse. A hardware based filter
can be applied which counts a specific number of pulses (in Channel 2) after the
single pulse in Channel 1 before passing a single pulse to the camera/strobe. Thus, if
four pulses are generated per rotation in Channel 2 the system can be rotated in
steps of 90° while if 360 pulses are generated the system has a resolution of 1°.

A third approach, when only a single channel is available, is to use a low-cost
microcontroller to measure the time between pulses and interpolate between them.
However, this approach is less reliable than hardware based timing and is particu-
larly susceptible to jittery imaging during disc acceleration and deceleration.

5.1.3 Filtering the Camera Signal

With the motor signal now filtered to one digital signal per revolution this must now
be used to trigger a camera. However, the number of digital signals generated per
second is equal to the disc spin rate (up to 100 Hz) while typically low-cost cameras
will only acquire ~5 images per second. Therefore the additional signals must be
filtered out.

The easiest method is to ensure purchase of a camera with a ‘camera ready’
output. This digital output from the camera provide information regarding if the
camera is ready (or not) to acquire a new frame. This input can be used to filter the
incoming digital signals so that a trigger signal only reaches the camera if the
camera is ready to receive it. Alternatively, a time delay can be generated so that
only one trigger signal reaches the camera in a defined time period; for example if
the camera can acquire images at 5 Hz then one trigger signal can be passed to the
camera every 200 ms.
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5.2 Application Example: Automation of a Direct
Bilirubin Test

5.2.1 Direct Bilirubin

Direct bilirubin is a measurement of bilirubin which is water soluble and that has
been metabolised by the liver for excretion. A decrease in the production of direct
bilirubin in conjunction with raised total bilirubin indicates an inherited inability to
metabolise bilirubin. Raised direct bilirubin can indicate blockage of the organs of
the body which make, store and secrete bile. Here we demonstrate how a standard
hospital direct bilirubin test (Randox Laboratories BR411) might be automated on a
Lab on a Disc system.

5.3 Liquid Handling Protocol: Disc Architecture

The (typical) liquid handling protocol in Fig. 5.9 requires a blood sample to be
separated into its different fractions by centrifugation. Once plasma has been
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Camera is Ready
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(Camera triggers on rising edge)
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(b) signal from Motor |

Filter } NEEEER NN I—-
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Fig. 5.9 Filtering the Camera Signal (a) shows the filtering of the signal using a camera with a
‘camera ready out’ (red line). When the camera is ready this signal line drops. When both this
signal and the motor signal are low the filter allows the pulses from the motor to pass through to the
camera. Note that when the camera receives a signal it will go into a non-ready state and the
subsequent pulses from the motor will be blocked. (b) shows the filtering of the signal using a
camera and a timer (red line). When the timer elapses the signal goes low. When both this signal
and the motor signal are low the filter allows the pulses from the motor to pass through to the
camera. Note that the timer should be configured such that, when a pulse is passed to the camera,
the timer resets and blocks subsequent pulses for the defined time
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purified, 20 pL is removed and added to each of the two test reagents. The results
can then be obtained by measuring the absorbance of the solution.

As shown in Fig. 5.10a, the disc architecture of the Direct bilirubin test
requires a blood separation chamber with a DF valve (DF1). This valve leads
to two metering structures which are also sealed by DF valves (DF2 and DF3); a
waste chamber is included to collect unneeded plasma that overflows from the
metering chamber. Each Metering chamber is connected to an individual reaction
chamber through DF valves. Prior to running the centrifugal platform, the blood
sample must be loaded into the separation chamber through the openings
described as Air Vents in Fig. 5.10a, the same procedure is used to load a specific
volume of reagent into each of the reagent chambers. Once each chamber is filled
(Fig. 5.10b) it is possible to run the test by increasing the spin rate of the disk
separate the blood sample.

Accelerating the spin rate of the disk to 30 Hz causes the heavier red blood cells
to move towards the edge of the disc without creating enough pressure to burst the
connected DF valve (Fig. 5.10c). After the red blood cells have settled further out
then the radial distance of the connecting DF valve (DF1), the disk can be accel-
erated to the burst frequency of DF1. Upon dissolution of the DF film liquid is
released and fills each metering chamber with the excess flowing into the overflow/
waste chamber (Fig. 5.10d). This step eventually leaves the required volume of
20 pL for each test ready to be added to the reaction chamber (Fig. 5.11).

Once all liquid has settled in the appropriate chambers (Fig. 5.10d) the spin rate
of the disk can be increases to the burst frequency of DF valves 2 and 3, this releases
the liquid in the above metering chambers and allows it to pass into the reagent
chambers. At this point the plasma can react with the preloaded reagents to form a
measurable signal which can be measure on disk or if necessary off disk
(Fig. 5.10f).

Handling Protocol
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Fig. 5.11 Schematic Diagram representing the disk architecture and liquid handling protocol
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6 Manufacturing Protocol

6.1 Designing the Lab-on-a-Disk

The designs used in this protocol were created in the commercial drawing program
“SolidWorks”; however, other programs which allow the drawings to be saved as a .
DXF file can be used. This Lab-on-a-Disc is fabricated using dissolvable film and
multi-layer manufacturing to create a three dimensional internal structure that can
control the movement of fluid with a high degree of accuracy (Fig. 5.12).

The SolidWorks programme is well suited for creating the architecture of a
Lab-on-a-disk; yet, the code can be difficult to operate at first glance. For this
reason, there is a large quantity open source material and instructional video content
available online to help beginners learn how to operate the programme. With a
rudimentary understanding of the software, it will be possible to create a prototype
design in a few hours. This is a key quality of our method of design and fabrication
as it allows rapid prototyping of new Lab-on-a-Disc designs (Fig. 5.13).

Fig. 5.12 The dimensions of the Lab-on-a-disk platform are similar to that of a compact disk
(CD), the outer diameter is 120 mm with the inner diameter set to 15.5 mm. Each disk contains
alignment holes used later in the fabrication process to ensure correct alignment of the layers, these
holes are 57.75 mm from the centre of the disk (Centre of Rotation) and are 1.05 mm in diameter.
The disk itself is 6 mm in width however these dimensions are purely a guideline and may be
modified to suit a particular application
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Fig. 5.13 A cross sectional profile of the Lab-on-a-disk shows the location of each as well as the
intended material the designs will be cut from. The thin blue lines in the image above represent
layers of PSA whereas the large blue segments represent layers of PSA. The route between two
chambers is depicted by the black voids with the fluid (orange) moving outward due to the
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Fig. 5.14 Example SolidWorks design

The microfluidic discs are created using layers of poly(methyl methacrylate)
(PMMA) bonded together by layers of pressure sensitive adhesive (PSA). Each
layer contains a structural component which is created by cutting voids out of the
material, when layered together this creates a three-dimensional network of cham-
bers and channels for flow control.

Once the disk design is complete it is important to ensure that all complex
structures requiring the interconnection of multiple layers are perfectly aligned, this
can be done by zooming and rotating around the central axis of the disc. If the
quality of the design is assured the disk design can be separated into 2D layers
which are compatible with the knife cutter and laser cutter (Fig. 5.14).
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6.2 Cutting PSA

Sheets of pressure sensitive adhesive are cut using a Graphtec automated knife
cutter. This device is controlled by the programme “Robo Master-Pro ™ Vision
4.6.0” which accepts the previously attained DXF files (alternative hardware /
software can be used) (Fig. 5.15).

6.3 Dissolvable Film Tabs

Dissolvable film tabs are used to restrict the flow of fluid from one microfluidic
structure to the next by sealing the channel and creating a counteracting pressure
which pushes back the liquid. These DF tabs can be wetted and dissolved by
increasing the spin rate of the disc until the liquid comes in contact with the DF,
this is known as the burst frequency (Fig. 5.16).

Firstly, the tabs are designed in CAD software by patterning an array of inner
circles that are equally spaced from each other as shown in Fig. 5.17. Next, a second
sketch created to define the outer edge of the tabs; this is drawn with the same pitch
as the inner edges.

Fig. 5.15 Graphtec
automated knife cutter

Microchannels DF Cover DF Support Lower Channels

Fig. 5.16 Examples of the four DXF files corresponding to the four layers of PSA
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Fig. 5.17 The DXF files showing the inner and outer cuts made in a sheet of PSA (Leff) and a
graphical representation of the procedure required to create dissolvable film tabs

Fig. 5.18 30 W Carbon —

Laser

Fabrication of dissolvable film tabs requires an adhesive solid support like PSA
(Fig. 5.17). First, the knife cutter is used to cut out the inner holes and the chads are
manually removed. Next, the upper layer of PSA is removed exposing the adhesive
surface of the PSA. A sheed of dissolvable film is rolled onto this layer and pressure
is applied to the film to ensure a good seal over the hole. The outer edge of the DFs
is then defined by using the second CAD file above. The force used by the knife
cutter should be lower than used for the inner DF cut; this results in the DF tabs
remaining mounted on the backing film such that they can be peeled off for
placement into the discs (Fig. 5.18).

6.4 Cutting PMMA

The cutting of sheets of PMMA is relatively simple in comparison to that of PSA,
sheets of PMMA are firstly cut by hand to the size required by the laser cutter being
used, in this case the laser cutter is a 30 W Carbon Laser. Once the laser is set up the
DXF files, shown in Fig. 5.19, can be opened in the controlling programme Corel
DRAW X5 or an alternative programme if using a different piece of equipment.
Once this is complete the laser can be activated.
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Fig. 5.19 Examples of the four DXF files corresponding to the four layers of PMMA

Fig. 5.20 Apparatus
required for disk assembly

7 Assembly

It is necessary to carefully remove all segments of PSA and PMMA that have been
cut from the main disk layer, this is done by hand prior to entering the clean room. If
left in place these small pieces of PSA and PMMA may interfere with the flow of
fluid through the microchannels of the disk during testing (Fig. 5.20).

A custom built alignment housing is used to ensure that that the disks are aligned
accurately when assembled, due to the microfluidic nature of the Lab-on-a-disk
platform even the smallest deviation during assembly can destroy the functionality
of the device. Figure 5.21 shows how this custom assembly jig is used to guide the
assembly of the disk. It is for this same reason that assembly is completed within a
clean room environment as small particles of dust may inhibit the flow within the
device.

As previously stated the PSA serves a dual purpose in the construction and
functionality of the disk, it provides channels of narrow dimensions for fluid to pass
from one chamber to the next however it also acts as the adhesive that bonds the
layers of PMMA together. This requires a great deal of pressure which is provided
by a Hot Roll Laminator, or similar device. After each layer is added to the growing
Lab-on-a-Disc platform and aligned, it is pressed gently to hold it in place and is
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Fig. 5.22 Hot Roll Laminator used to activate PSA

then rolled at room temperature in the hot roll laminator, ensuring that the disk is
void of trapped air bubbles (Fig. 5.22).

This procedure is held throughout the assembly process. This Lab-on-a-disk
platform is layered as follows:

7.1 Vents (PMMA)

Holes are cut from the a PMMA layer in specific locations to allow air to enter/leave
the chamber as fluid enters/leaves to ensure the chamber remains at atmospheric
pressure, meaning there is no resistance to the movement of fluid. This layer can
also act as a pneumatic seal to create pressurised chambers which restrict the flow of
fluid like in the case of dissolvable film valves (Fig. 5.23).
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7.2 Microchannels (PSA)

A layer of PSA directs fluid from each chamber towards further unit operations as
the disc spin rate is changed, these microchannels are usually 50 pm in width and
maintain a constant height of 86 pm due to the thickness of the PSA. The surfaces of
these channels are hydrophilic by virtue of the innate properties of PSA and
PMMA.

7.3  Microchambers (PMMA)

Relatively large chambers are cut from the PMMA to form structures responsible
for incubation, mixing and liquid storage. This layer can also contain part of the
pneumatic chamber responsible for back-pump controlled mixing.

7.4 DF Cover (PSA)

In order to seal each chamber above a layer of PSA was inserted below the
microchambers. This layer contains specific cuts to allow the passage of fluid from
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the above layers to those below as well as creating access points for the fluid to come
in contact with the dissolvable tabs contained within the DF support layer.

7.5 DF Support (PSA)

This layer contains the dissolvable film tabs which restrict the movement of fluid by
creating a build-up of pressure as the fluid approaches the tab, this resistance to fluid
movement can be overcome by increasing the spin rate of the disc thereby allowing
release of connected fluid reservoirs. Through cuts were also created to allow the
passage of fluid back towards the upper microchannels once valves were burst.

7.6 Mid-Layer (PMMA)

Through channels were cut in a layer of PMMA to allow the movement of fluid
between layers in both directions, this layer also forms a support structure and seal
for the layers above and below.

7.7 Lower Channels (PSA)

Similar to the microchannel layer the final layer of PSA allows fluid movement
connecting the above valves to further microchannels.

7.8 Base Layer (PMMA)

A final PMMA seal is used to complete the structure.

7.9 Testing

Once fabrication and assembly are complete the Lab-on-a-disk design requires
testing to ensure that all unit operations (Valving, Metering, routing, etc.) work
correctly, this is done using the custom spin stand described above in Fig. 5.7. To
test the Lab-on-a-disk design, the reagents intended for use are replaced with water
coloured with food dye so that the movement of fluid around the disk can be more
easily visualised against the white background of the disk. The spin rate of the disk
can be controlled manually to assess the specific burst frequency’s required, if the
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Fig. 5.24 Disc functionality photographed by the custom spin stand described in Fig. 5.7

spin rates are known it is possible to create an automated programme to control the
change in spin rate at specific times throughout the process. Figure 5.24 shows a
sequence of three real images acquired from a disc designed to isolate blood
plasma, meter these samples and distribute them to the periphery of the disc
following the liquid handling protocol defined in Figs. 5.10 and 5.11. Coloured
water is used as the functional liquid for better visualisation. First, the sample
centrifuged at 30 Hz. Once the plasma has been separated the spin rate is increased
to 40 Hz to burst the first DF valve, this releases the plasma to flow into the metering
chambers and the excess to the overflow waste chamber (Fig. 5.24b). Finally, the
spin rate is increased again to 50 Hz which bursts the final two DF valves allowing
the metered plasma to reach the prefilled reagent chambers (Fig. 5.24c).

8 Conclusion

The Centrifugal Microfluidic platform offers great versatility in the field of bio-
medical diagnostics with applications in environmental monitoring and beyond;
this versatility is due to its ease of use and minimal hardware requirements. In the
best case scenario, a Lab-on-a-Disc can run a diagnostic test with a minimal impute
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of blood, can be entirely automated using nothing more than a spindle motor and
preprogrammed spin rate, leading to a visually interpreted result or can at times
require simple external/on-disk sensors. This approach obviates the need for spe-
cially trained technicians as the operation is as simple as turning on a CD player,
contamination risks are greatly reduced as the sample to answer process is a closed
system and given the portability of the hardware involved it is possible to use this
concept in decentralised locations away from primary health care facilities, this in
turn would remove any cost associated with sample and results transport.
Described here is a basic overview of the requirements to understand, design,
fabricate, assemble and test the Lab-on-a-disc platform, the equipment required is
common in academic and some industrial settings with the main fabrication mate-
rial being cheap plastic sheets, this means the main cost of implementing this
procedure is the cost of the manual labour required. This protocol is intended to
allow those with limited understanding of centrifugal microfluidics to gain a
foothold within the field which will allow them to explore this promising platform.
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Chapter 6
Materials and Surfaces in Microfluidic
Biosensors

Pandiaraj Manickam, Jairo Nelson, and Shekhar Bhansali

1 Introduction

Microfluidics is the science of designing, manufacturing, and formulating processes
to generate devices that are capable of analyzing small sample volumes, usually in
the range of microliters (1079 to picoliters (10™'). Microfluidic techniques have
emerged as a promising alternative to conventional laboratory assays since they
allow complete laboratory protocols to be performed on a single chip, merely a few
square centimeters in size. Applied microfluidics have a number of significant
advantages in biomedical research and in creating clinically useful technologies.
For example, microfluidics enable the fabrication of new cost-effective biosensing
technologies for clinical diagnostics. This decrease observed in cost stems from the
small scale of the device’s architecture, which reduces sample volumes, processing
times, and reagent consumption when compared to conventional methods. At such
a small scale, material selection is a crucial part of microfluidic system develop-
ment as it impacts its processing, functionality, application, and the disposability of
the sensor strips and the fluidic manifold. This chapter reviews the most common
types of materials that are currently used to fabricate microfluidic devices. Methods
used for their fabrication, physical and chemical properties of the materials, and
advantages they provide to the biosensor configuration are also summarized.
Special consideration was also given to the selection of ideal prototyping materials
for specific applications based on their cost, mechanical, and biocompatible
properties.
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1.1 Biosensors-Involvement of Microfluidics

According to a recent National Institute of Health (NIH) report, point-of-care
(POC) testing has the potential to introduce a paradigm shift into personalized
medicine by creating a link between disease diagnoses and the ability to tailor
therapeutics to the individual [1]. POC testing promotes a shift away from tradi-
tional diagnostic tests in the clinical laboratory setting to near-patient settings,
providing physicians with timely diagnostic details to make appropriate decisions
regarding diagnosis and treatment. The global POC market for in-vitro diagnostics
is poised to grow at a CAGR of 9.3 % from 2013 to 2018 and is said to reach $27.5
billion by 2018 [2]. Examples of POC testing have become a familiar topic within
the research community in recent years. Successful examples of these widely
adopted POC systems are the glucometer, used for managing diabetes mellitus
and the disposable lateral flow immuno-strip, used for pregnancy testing. To qualify
as a successful candidate for POC diagnostics, the sensitivity, specificity, portabil-
ity, and cost of the biosensor system must be better than that of centralized
laboratory assays [3, 4]. In order to achieve these requirements, most of the POC
sensors are built around the idea that they should operate as lab-on-chip (LOC)
devices; implying that they are miniaturized automated laboratories. The only way
to achieve this device goal and out-compete the need for cumbersome lab tech-
niques that require culture bottles, petri dishes, and microtiter plates is to employ
microfluidics. Analysis rates for POC devices integrated with microfluidic channels
are usually shorter and several assays can be integrated in a single system without
extending the size and complexity of the device. In addition to this, several steps of
the analytical procedure can be integrated and automated within the system. An
idealized concept of a POC device [5] is shown in Fig. 6.1.

Based on George Whitesides’ definition [6], microfluidics is “the science and
technology of systems that process or manipulate a small volume of fluids, typically
(10_9—10_18 L), using channels with dimensions of tens to hundreds of microme-
ters”. The high surface-area-to-volume ratio of microfluidic devices leads to
enhanced heat and mass transfer. In addition to the latter, interfacial phenomena
that are not usually observable at the macroscale, such as the domination of surface
forces instead of inertial and body forces can be elucidated. While microfluidics
hold great promise in POC medical diagnostics, limitations to its applicability still
exist. Fabrication costs and material compatibility are two major concerns in
material development; novel materials and processes that overcome these limita-
tions are addressed in this chapter.
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Fig. 6.1 Idealized POC device [5] reproduced with permission from John Wiley & Sons, Inc. The
POC device consists of a disposable part, with a loading port for sample introduction, a sample
preparation and metering unit (for pre-concentration, amplification, cell lysis), a microfluidic
processing unit (for splitting, moving, and mixing samples and reagents), a sensor unit (to target
recognition receptors) for labeled or label-free detection, and a signal transduction unit with
electronic readout circuit

2 Material Development for Microfluidic Systems

The choice of materials for microfluidic sensor fabrication is a significant factor in
performing chemical and physical operations inside the microchip [7, 8]. The
surface chemistry and mechanical stability of substrate materials are two major
considerations for microfluidic device fabrication [9]. The surface modification and
handling of fluids within the chip are primarily controlled by the surface properties
of the material while the mode of detection is governed by the transducers
employed. Although a variety of transducer methods have been feasible toward
the development of biosensor technology, the most common methods are electro-
chemical and optical followed by piezoelectric. A broad range of materials from
silicon, glass, polymers, and paper have been demonstrated as viable compatible
materials for creating advanced and low-cost microfluidic devices, with embedded
micrometre-sized elements, to provide unique and often combined functionalities
for microfluidic processing (Fig. 6.2).

2.1 Inorganic Materials
2.1.1 Silicon

The first generation microfluidic devices were fabricated using glass and silicon-
based materials due to their widespread availability in the semiconductor industry
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Fig. 6.2 Schematic representation of different types of materials used for microfluidics design

and well-established micromachining processes [10, 11]. Furthermore, both the
materials can be chemically modified and functionalized to provide biocompatible
platforms for sensing and cell culture applications. However, since silicon is a
semiconductor, usually a dielectric SiO, layer is thermally grown on the surface of
silicon as an insulating layer to separate the electrode surface from the substrate of
most silicon-based sensors that require electrical isolation [12]. This is particularly
important for sensors that employ electrically-based detection methods since elec-
trical effects in the bulk silicon substrate could potentially interfere with detection
or provide stray noise in the sensor. The silicon’s surface chemistry, based on the
silanol group (—Si—OH) is well developed and modification can be easily accom-
plished via silanes [9, 13]. For example, nonspecific adsorption can be reduced or
cellular growth improved through chemical modification of the surface.

Due to its intrinsic properties, silicon is transparent to electromagnetic wave-
lengths in the infrared spectrum but not to wavelengths in the visible light spectrum,
making typical fluorescence detection or fluid imaging challenging for embedded
structures. This issue can be overcome by having a transparent material (polymer or
glass) bound to silicon in a hybrid system. Such hybrid devices have led to a
renaissance in Si-based detectors for microfluidic systems [15, 16]. For example,
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Fig. 6.3 Microcantilevers (a—e) and a microring resonator (f) made from silicon. (a) Schematic
diagram of waveguides and microcantilever array layout on die. (b) Optical image of two
microcantilevers in a fabricated array. (¢) Close up scanning electron micrograph (SEM) image
of the unclamped end of a microcantilever (/eft of 165 nm gap) and the differential splitter capture
waveguide (right of gap). (d) Photograph of complete integrated device showing the fluid
microchannels (red) and control valves (green). (e) Cross-section of fluid microchannel at a
microcantilever array. (f) Top-view SEM image of a microring resonator and linear waveguide,
visible through an annular opening in the fluoropolymer cladding layer [14]. Reproduced with
permission from American Chemical Society

Si microcantilevers and optical resonators have recently been interfaced with
microfluidics for optical sensing (Fig. 6.3). Silicon possesses good thermal conduc-
tivity and is resistant to high temperatures; therefore, it is suitable for applications
requiring a relatively high operating temperature, such as for a polymerase chain
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reaction (PCR) and for bioreactions. However, silicon substrates are relatively
expensive when compared with other materials, such as glass and polymers.
Furthermore, the fabrication process for silicon-based microfluidic devices
involving substrate cleaning, resist coating, photolithography, development, and
wet/dry etching are relatively time consuming and costly. These limitations
hinder its practical applications in commercial immunoassays. Another drawback
is silicon’s optical opacity, which limits its direct applications in real-time optical
detection.

2.1.2 Glass

After the initial focus on silicon, glass has emerged as the substrate of choice for
the time. The reason for this is that wet and dry etch methods were developed
for generating microstructures and microchannels in glass at a high level of
resolution. Glass has the advantage of being transparent and chemically stable,
which is particularly attractive when optical detection methods such as fluores-
cence or surface plasmon resonance (SPR) are used. Several types of glass are
used in microfluidic devices such as soda lime, quartz, and borosilicate. Soda
lime glass is one of the cheapest and most commonly used forms of glass, but it
can contain a large amount of contaminants such as aluminum. Quartz is the
most suitable glass material for optical sensing devices since it is transparent
between the ultraviolet and infrared wavelength spectrum [17]. Unfortunately,
the etching rate and cost of the quartz substrates are 2-3 time higher than that of
soda-lime glass. Borosilicate glass or pyrex is the most commonly used material
in microfluidic and nanofluidics devices because of its optical characteristics
(transparent from approximately 350 through 700 nm) and its physical proper-
ties (annealing temperature of 640 °C, resistant to most chemicals). However,
borosilicate glass is also more expensive than soda lime glass. In the end,
selecting the material will affect either the device cost or the device function.
The key to selecting an adequate material for a microfluidic device comes down
to the device’s application. In many cases, many materials need to work together
to yield the desired functionality. An example of this can be seen with glass,
whose elastic modulus is highly dependent on the glass’s composition; as a
result constructing active components with more dynamic valves and pumps
require multiple materials to form hybrid devices such as the one seen in
Fig. 6.3 [18]. Glass has many other favorable traits that become paramount to
a microfluidic device’s function. One of the most important and well-known
traits is its compatibility with biological samples. Since glass has the property of
relatively low nonspecific adsorption and is not gas permeable, it is an ideal
material for working with biologics where cell kinetics and gas incubation need
to be controlled.
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One pitfall of utilizing silicon and glass substrates is the costly conditions under
which the micromachining of channels and structures need to take place. Most of
these microstructures require the use of cleanroom facilities and equipment to
maintain a small structural resolution; which includes the use of wet and dry
etching, photolithography, electron beam lithography, and a variety of other tech-
niques that can only be done properly in a particle-free environment. The high cost
involved in processing glass and other materials like it, will likely limit their usage
as disposable devices. In addition to this, glass may not be a very suitable material
for more complex multi-layered devices. This challenge stems from the fact that
bonding glass-based device layers to create sealed channels is a difficult to
do. Often high temperatures and/or large electric fields may be needed to achieve
the desired outcome and therefore new fabrication methods for biomaterials have to
be adapted to meet these device-bonding requirements.

2.1.3 Ceramics

Ceramics are another inorganic material that offer many novel structural and
functional capabilities in microfluidic device fabrication. Ceramics such as,
Low-Temperature Cofired Ceramic (LTCC) are a commonly used aluminum
oxide based material that comes in laminated sheets that can be patterned, assem-
bled, and then fired at elevated temperatures to construct microfluidic platforms
(Fig. 6.4). LTCC has inherent properties that make it another viable material for
microfluidic structure construction. It has high-temperature stability, chemical
inertness, biocompatibility, low thermal conductivity, excellent dielectric proper-
ties, mechanical strength, packaging capabilities, and three-dimensional structuring
characteristics that are ideal for developing multi-layered microfluidic devices
coupled with electronic components [19, 20]. A representative LTCC device
consists of a multilayered stack of sintered ceramic tapes, each of which contains
passive electronic elements such as resistors, capacitors and inductors buried within
it. The various layers are interconnected via channels filled with conducting mate-
rials such as gold (Au) or silver (Ag); topical gold or silver paste can also be utilized
to bridge device components. LTCC-based fabrication aids rapid prototyping with a
significantly low turn-around time in a semi-cleanroom environment and with
minimal use of expensive tools when compared to conventional cleanroom based
microfabrication techniques (Fig. 6.5).

2.2 Elastomers and Plastics

Polymer-based microfluidic chips were introduced several years after silicon/glass
chips. The vast variety of polymers offers great flexibility in choosing a suitable
material with specific properties for any microfluidic application. Compared to
inorganic materials, polymers are easy to access and inexpensive, which is why
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Fig. 6.4 Microfluidic valve network. Photograph of the multiplexed latching valve test device,
with a four-bit demultiplexer [18] Reproduced with permission from Royal Society of Chemistry
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Fig. 6.5 Microfluidic device made from LTCC. (a) Multilayer stacking to create a screen-printed
20ld/LTCC microchannel device. (b) Photograph of a microchannel device with an edge connec-
tor. (¢) Top down view of a device. (d) Cross-section view of the microchannel showing the four
gold electrodes. The width of the chip in panel d is not drawn to scale [21]. Reproduced with
permission from Springer
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they have become the most commonly used microfluidic materials. Based on their
physical properties, polymers can be classified into three groups: elastomers,
thermoplastics, and thermosets.

2.2.1 Elastomers

Elastomers consist of cross-linked polymer chains that can stretch or compress
when external force is applied and return to their original shape when the external
force is removed. Elastomers, particularly PDMS-based microfluidic systems have
been used extensively in the control and manipulation of different liquids because
of their remarkable biocompatibility and ease of fabrication. One of the most
common PDMS fabrication processes is soft lithography [22, 23], which allows
the patterning of sub-micron sized channels. The process is fast, simple, and does
not require expensive facilities. PDMS offers a number of unique and attractive
features compared to former inorganic materials. These features are as follows:
(1) PDMS has a shear modulus of 0.25 MPa and a Young’s modulus of roughly
0.5 MPa (characteristic of a moderately stiff elastomer). This elastomeric charac-
teristic allows it to conform to a surface and achieve atomic-level contact, a feature
that is useful in forming and in sealing microfluidic systems; (2) PDMS is readily
available from commercial sources at decent prices (~$80/kg); (3) It is optically
transparent which facilitates the observation of fluid transfer and content in the
micro-channels visually or through a microscope; (4) The surface of the PDMS is
hydrophobic (with a water contact angle of ~110°) and can be modified to be
hydrophilic (with a water contact angle around 10°) by brief exposure to oxygen
plasma; (5) This material can sustain a large temperature range, from 100 to 300 °C,
without obvious changes in the property. Figure 6.6 shows the commercially
available elastomer microfluidic devices.

Due to its advantageous features, PDMS has been extensively employed in the
designing of microfluidic devices including. Examples include the detection of
tumor markers [24], anticancer activity evaluation [25], the diagnostic of influenza
virus [26], and HIV-1 infection [27]. These flexible materials have also been
investigated for use in pressure sensors and wearable healthcare monitoring
devices. For example, using a carbon nanotube (CNT)-PDMS composite, Lee
et al. developed flexible and biocompatible dry electrodes that exhibited good
long-term performance in wearable electrocardiographic (ECG) monitoring when
connected to traditional ECG devices [28]. Although PDMS has many merits, its
hydrophobicity (due to the repeating OSi(CHj3),) challenges its applications in
biochemical sensing because of the nonspecific adsorption of proteins and other
molecules it exhibits. Furthermore, the PDMS polymer network sometimes absorbs
small molecules, leaches uncured monomers, and swells in solvents. Therefore,
applications for PDMS devices are restricted to aqueous solutions. This disadvan-
tage, however, can be easily overcome by bulk/surface modification and well-
developed functionalization techniques.
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Fig. 6.6 Some commercial
elastomer based
microfluidic devices

2.2.2 Thermoplastics

Thermoplastics are a class of synthetic polymers that exhibit softening behavior
above a characteristic glass transition temperature (Tg) resulting from long-range
motion of the polymer backbone, while also allowing them to return to their
original chemical state upon cooling. Thermoplastic polymers differ from elasto-
mers by their ability to be softened, fully melted, and reshaped upon heating, while
remaining chemically stable over a wide range of operational temperatures and
pressures [29]. Polymethylmethacrylate (PMMA), polycarbonate (PC), and cyclic
olefin polymers (COP) or copolymers (COC) are most common examples of
thermoplastics used in the microfluidic design. A short list of other engineered
thermoplastics which have been used for microfluidic chips include polystyrene
(PS), polyetheretherketone (PEEK), polyesters, polyethylene terephthalate (PET),
polyethylene (PE), polyvinylidene chloride (PVDC), polyvinyl chloride (PVC),
polypropylene (PP), polysulfone (PSU), and fluoropolymers such as polytetrafluor-
oethylene (PTFE) and fluorinated ethylene propylene (FEP). The microchannel
fabrication process with thermoplastics involves a different variety of replication
methods including hot or cold embossing, injection molding, or thermoforming.
Early developments in thermoplastic microfluidic systems were largely focused on
using PC and PMMA due to their wide availability in a variety of grades, good
solvent and chemical compatibility, and well-characterized molding parameters. A
chart summarizing several important material properties for common microfluidic
thermoplastics is provided in Table 6.1.

PMMA, a commonly used thermoplastic, is widely known under the commercial
names of Plexiglas and Lucite. It has an elastic modulus of 3.3 GPa and good
optical clarity from the visible into the UV [30]. Other advantages of this material
include biological compatibility, gas impermeability, and ease of micromachining
at relatively low temperatures (~100 °C). Yang et al. demonstrated that
a-fetoprotein can be quantified in blood serum using immuno-affinity extraction
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Table 6.1 Summary of physical properties for common microfluidic thermoplastics [29]

Water Optical

absorption | Solvent | Acid/base | fransmissivity
Polymer |Tg (°C) |Tm (°C) | (%) resistance |resistance | Visible uv
COC/ 70-155 190-320 |0.01 Excellent | Good Excellent | Excellent
COP
PMMA | 100-122 |250-260 |0.3-0.6 Good Good Excellent | Good
PC 145-148 | 260-270 |0.12-0.34 | Good Good Excellent | Excellent
PS 92-100 | 240-260 |0.02-0.15 Poor Good Excellent | Excellent
PEEK 147-158 | 340-350 | 0.1-0.5 Excellent | Good Poor Poor
PET 69-78 248-260 |0.1-0.3
PE -30 120-130 |0.01 Excellent | Excellent | Fair Fair
PVDC 0 76 0.10 Good Good Good Poor
PVC 80 180-210 |0.04-0.4 Good Excellent | Good Poor
PSU 170-187 | 180-190 | 0.3-0.4 Fair Good Fair Poor

Note: The qualitative metrics shown in this chart are neither comprehensive nor definitive and are
provided only as a general guide for material evaluation

In particular, note that solvent resistance can be highly dependent upon the solvent type,
e.g. hydrocarbons, alcohols, ketones, etc

coupled with electrophoretic separation in a PMMA-integrated microdevice
[31]. Chen et al., reported a self-contained, integrated, disposable, PC microfluidic
cassette for nucleic acid—based detection of pathogens at the point of care[32]
(Fig. 6.7). The system, in its current state, successfully and reproducibly detected
down to 1000 pathogen particles in the sample.

Covalently modified surfaces are generally more stable in thermoplastics than in
PDMS. For example, after treatment with oxygen plasma, the surface of PMMA
retains hydrophilicity for up to a few months [33]. Also, they can be easily
integrated with electrodes for flexible circuits; one related application is digital
microfluidics, which can manipulate droplets by electrowetting. In general, they
show a slightly better solvent compatibility than the PDMS elastomer. Unfortu-
nately, they are incompatible with most organic solvents, such as ketones and
hydrocarbons. In contrast to elastomers, thermoplastics are normally purchased
solid and fabricated by thermomolding. Thermomolding can produce thousands of
replicas at a high rate and low cost, but it requires templates in metal or silicon for
use at high temperatures (to allow ample plastic flow); it is excellent for commercial
production but not economical for prototypic use.

From a manufacturing point of view, the main advantage of thermoplastics is
their stability and ability to be melted and reshaped against a mold, enabling
production of thermoplastic parts with high throughput. From a lab-on-chip per-
spective, the availability of many commercial, medical grade formulations is a
great advantage. Their stiff mechanical properties also provide structural support
and protection for the sensor and the microfluidic network. However, many solvents
common in chemical analysis and separation dissolve thermoplastics. Nevertheless,
most commercial lab-on-chips are made of thermoplastics.
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Fig. 6.7 Photograph of the assembled, nucleic acid cassette in its storage state [32] Reproduced
with permission from Springer

Thermosets or thermosetting polymers, are covalently cross-linked polymers
and thus do not melt. From a manufacturing point of view, thermosets are shaped
during the polymerization and cross-linking process. Because of the covalent bond
formation, thermosets exhibit higher residual stress, shrinkage and crack-formation
compared to thermoplastics. From a lab-on-chip perspective, the main advantages
of the thermosets are their geometrical stability and solvent resistance. Common
thermosets used in microfluidics are poly(dimethylsiloxane) PDMS (an elastomer),
the hard resist SU-8 (MicroChem, USA), and the optical glue NOA81 (Norland
Products, Inc, USA), that has recently been used for solvent resistant
microfluidics [34].

2.3 Hydrogel

Hydrogels are a class of crosslinked hydrophilic polymer networks and are able to
change their volumes reversibly and reproducibly by more than one order of
magnitude; what’s even better is that this volume expansion can be accomplished
with very small changes of certain environmental parameters [35]. The volume
change of smart hydrogels can be induced in response to a variety of inputs such as
pH, glucose temperature, electric field, light, as well as by the carbohydrates and
antigens present. Hydrogels can be natural or synthesized in a laboratory. Natural
hydrogels are proteins that are extracted from mammalian or non-mammalian cells
(e.g., collagen, gelatin, and fibrin, and polysaccharides). Most of the natural
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hydrogels form networks through ionic or physical interactions under physiologi-
cally relevant conditions. Synthetic hydrogels (e.g., polyethylene glycol,
polyacrylic acid, and polyvinyl alcohol) are hydrophilic polymers and synthesized
covalently by radical chain polymerization or step-growth polymerization. Studies
by Mirzabekov and his collaborators showed that immobilizing nucleic acid probe
molecules into hydrogel networks rather than grafting them directly onto solid
surfaces (such as in a traditional microarray) led to significant detection advantages;
with respect to specificity and sensitivity [36, 37]. Jinseok et al. describe a
microfluidic biosensor that uses an array of hydrogel-entrapped enzymes to quan-
titatively determine the concentration of an analyte and simultaneously detect
multiple analytes [38]. The hydrogel, poly(N-isopropylacrylamide) (PNIPAAm)
is a thermosensitive polymer that exhibits a reversible phase transition from a
swollen hydrated state to a dehydrate state. The reversible phase transition can
also be described theoretically as a gas-liquid (hydrated to dehydrated state) phase
transition [39]. Microvalve actuators are the simplest hydrogel-based components
in microfluidic systems. Beebe et al. presented a hydrogel-based microvalve con-
cept for autonomous flow control inside microfluidic channels corresponding to
different pH values [40]. The hydrogel components were fabricated inside the
microchannels using a liquid phase in situ photopolymerization process. Owing
to low density at the macromolecule scale (and low strength), hydrogels support
only lower resolutions (micrometer scale) in microfabrication than other polymers
(nanometer scale). While there is no complete study of hydrogel as microfabricated
material, numerous methods have been developed to integrate hydrogel into
microfabricated devices. The applications of hydrogel devices are mostly cell
related.

2.4 Paper

Microfluidic paper-based analytical devices (WPADs) is a growing research field
first described by Whitesides and his collaborators in 2007 [41]. At the initial stage,
microfluidic channels were designed on chromatography paper to allow the simul-
taneous colorimetric detection of glucose and proteins in the same sample. Paper
has become an alternative starting material to inorganic or polymer materials for
fabricating low-cost micro-analytical devices for following three reasons: (1) itis a
ubiquitous and inexpensive cellulosic material; (2) it is compatible with many
chemical/biochemical/medical applications; and (3) it transports liquids using
capillary forces without the assistance of external forces.

Filter paper (Whatman Grade 1) and chromatography paper are the most widely
used substrates for pPADs. They are composed of pure cellulose, while many other
papers contain structure-reinforcing additives that are potentially detrimental in
analytical assays. For example, surface coatings can prevent the analyte from
diffusing into the paper matrix. Cellulose is the primary component which has
abundant hydroxyl groups (—OH) and a few carboxylic acid groups (—COOH) on
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the fiber surface [43]. Since cellulose has a slightly anionic surface, it can serve as a
scaffold for immobilizing positively charged bio-receptors (enzymes, antibodies,
and nucleic acids). Covalent bonding of bio-receptors is often exploited for its
robust attachment of biomolecules through EDC/NHS chemistry.

There are many techniques reported in the literature for fabricating paper-based
microfluidic devices including: (1) photolithography, (2) plotting with an analogue
plotter, (3) ink jet etching, (4) plasma treatment, (5) paper cutting, (6) wax printing,
(7) ink jet printing, (8) flexography printing, (9) screen printing, and (10) laser
treating. The fundamental applications of all these techniques is to create hydro-
phobic barriers onto the sheet of hydrophobic cellulose matrix, which will consti-
tute the micron-sized capillary channels. To prevent leakage of the applied solution
and keep it in the fluidic channels, the paper materials are often coated with a
polypropylene layer (or other plastics). A variety of hydrophobic materials such as
photoresist SU-8, wax, or alkyl ketene dimer (AKD) are widely used to create
fluidic channels inside the paper [42]. Depending on the hydrophobic agents
employed, the paper pores can be either blocked (after using SU-8) or covered by
layer of physical deposition (polystyrene or wax); in some cases the cellulose fibers
can be chemically modified (after using AKD).

In general, four detection methods have been reported for the detection of
analytes in paper-based microfluidics: (1) colorimetric detection, (2) electrochemi-
cal detection, (3) chemiluminescence detection, and (4) electrochemiluminescence
detection. Colorimetric detection protocols are typically related to enzymatic or
chemical color-change reactions. In most cases, the analysis of results can be
visually assessed, which is adequate when a yes/no answer or a semi-quantitative
detection method is sufficient for diagnosis [41]. Electrochemical detection has
higher sensitivity, enabling the detection and quantification of analytes even in the
nano-Molar (nM) range. Most studies to date have been focusing on exploiting the
colorimetric detection and the electrochemical detection of biomarkers in paper-
based microfluidics. Chemiluminescence and electrochemiluminescence are the
most common optical detection methods in microfluidics. They are performed in
the dark and therefore exposure to ambient light will yield inaccurate readings.
However, they have not been widely used in paper-based microfluidics; only a few
studies investigated using these two detection methods for detecting analytes in
paper-based microfluidic devices or paper-based microarray plates [43, 44].

Although paper-based microfluidics are predominantly used in recent days, they
still have issues. They are:

1. Low efficiency of sample delivery to the sensing surface due to the retention of
samples within the paper fluidic channels and sample evaporation during trans-
port. In most of the cases, the volume that reaches the detection zones verses the
total volume within the device is usually less than 50 %. This makes the
application of paper microfluidics difficult to utilize in clinical diagnosis situa-
tions where the sample quantity is tiny or the sample is costly.

2. The micro-channels (barriers) patterned with hydrophobic materials are not
hydrophobic, or strong, enough to withstand samples of low surface tension.
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Fig. 6.8 Examples of three detection methods for bioassays on paper-based microfluidic devices.
(a) Colorimetric detection for simultaneously detecting glucose and protein in an artificial urine
sample; (b) EC detection on a three-electrode paperfluidic device. (¢) ECL detection of a sample
solution (2-(dibutylamino)-ethanol (DBAE)) [42]. Reproduced with permission from AIP
publishing LLC

For example, the hydrophobic channels of a paper-based microfluidic device that
is fabricated with wax or AKD will not allow the liquid to leak unless the surface
tension of the liquid is lower than a critical value. When the surface tension of a
liquid is lower than that value (e.g., biological samples with surfactant), liquid
can penetrate not only within the hydrophilic channels but also in the hydropho-
bic areas of the device, making the device ineffective for proper liquid transport.

3. Another challenge faced by researchers is how difficult it is to employ multiplex
analysis using paper microfluidics. Though, a few multiplexed sensing studies
have been performed; see Fig. 6.8b for an example. However, as the design and
shape becomes more complicated, there is the potential for cross-talk as some of
the signal reporters may diffuse to neighboring channels.

A comparison of properties of different type of microfluidic materials is given in
Table 6.2.
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3 The Ideal Microfluidic System for POC Sensor Design

The ideal prototyping material is a tunable material that can provide structural
stability and external interface, such as manifold integration. It has to be chemically
inert, compatible with chemical and biological samples without absorbing them,
and allows stable and patternable surface modifications to be employed to control
the wetting and biological functionalization properties of the device. Finally, the
material must allow for biocompatible bonding to a wide range of substrates. These
properties are concretized in the list below:

1.

Tunable mechanical properties: The mechanical properties of an ideal
prototyping material are somewhat contradictory. On one hand, it must mirror
the stiffness of commercial thermoplastics to produce geometrically stable
microfluidic devices with robust external chip-to-world interfaces. On the
other hand, it must be soft enough to allow for the pneumatically actuated valves
and pumps to operate, commonly used in PDMS.

. Chemical inertness and low interaction with the sample: To be able to analyze

low concentration samples, the ideal material must not absorb small molecules,
such as proteins or DNA from the sample, react with the sample, or leach
uncured components that may interact with the sample or the sensor.

. Solvent resistance: Critical to many chemical reactions and separation processes

is the use of harsh solvents. The ideal material must not dissolve or swell in the
presence of these solvents.

. Direct, patternable, and stable surface modifications: The spatial control of

surface properties is instrumental for controlling liquids and immobilizing
biological receptors on the chip. The ideal material allows for spatial control
of surface modifications, preferably without the need to first activate the polymer
surface by plasma or solvents.

. Fast, scalable, and utilizing inexpensive materials and processes: The

prototyping method has a fast-curing micro-structuring step and uncomplicated
back-end processes, which enables rapid device development. To be useful in
academic research, the ideal prototyping method relies on inexpensive materials
and does not require access to expensive/technically-complicated facilities. To
allow a fast transition to commercial production, the method is possible to scale
up to medium or large-scale production.

. Three-dimensional microfluidics: Advanced lab-on-chips must be able to handle

multiple liquids, something that often requires 3D microfluidic channels with
under- and overpasses. The ideal prototyping method therefore allows for
efficient fabrication of multiple vertical interconnections between channel
layers.

. Biocompatible bonding: Essential for labs-on-chip is a simple and biocompatible

bonding method to surfaces that are functionalized with proteins and DNA. The
ideal prototyping method must form a strong bond to a wide number of materials
under biocompatible conditions.
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4 Conclusion

The first generation of microfluidic POC sensors is already available in the market:
blood glucose tests, rapid streptococcal tests, and pregnancy tests, just to name a
few. The crucial aspects for commercializing microfluidic devices are powerful
microscale technologies and low-cost materials for portable analyses. Although, the
development of these technologies is currently the focus of many research groups,
the selection of material and expensive manufacturing process bottleneck limiting
the transfer of technologies from research to commercial products. Silicon/glass
and PDMS are the commonly used materials in research laboratories while plastics
and paper are more promising for commercializing microfluidic devices. Each
material has its pros and cons (Table 6.2). Silicon, glass, and Teflon represent the
most inert materials to chemicals and solvents; PDMS is easy to prototype, making
it easy to fabricate complicated fluid circuits with various integrated components;
normal thermoplastics are excellent for commercial mass production of standard
microfluidic devices; hydrogels are more suitable for biological applications; and
paper is highly promising for commercial disposable bioassays. Finally, all the
materials can be modified or combined to fabricate more powerful devices for
specific aims.
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Chapter 7
Paper Microfluidics

Elizaveta Vereshchagina

1 Introduction

Low cost, paper-based point-of-care diagnostics, often also referred as, paper
microfluidics and paper lab-on-a-chip is a new, emerging class of microfluidics
devices. This chapter summarizes recent advances in the field of paper
microfluidics, describes the underlying physical concepts, design and fabrication
guidelines, and presents various examples of application of this technology. In this
chapter, we mainly focused on the works published in the period 2010-2016. We
apologize in advance if any original works and reviews were not mentioned or
overlooked due to the large amount of material that has been published in this topic.

Multiple reviews have been published: reviews giving overview over all aspects
of paper devices [1-5], reviews which are mainly focused on paper-based bio-
sensors with EC detection [6], functionality of paper devices [7], detection [7, 8],
chemical measurements using microfluidic paper-based analytical device (WPAD)
[9], bio-sensing techniques and, specifically, use of nanoparticles [10], working
principles and reaction mechanisms [11], history of development [12], thorough
review of properties of paper material [13], paper devices for biomarkers and
bacterial detection [14], infectious disease [15], paper devices in resource-limited
settings for diagnostics and education [16].

Traditionally paper microfluidics has been seen as a low cost diagnostic tool for
the developing world. There are still big hopes associated with this technology,
mainly that it can help people in low and middle-income countries in areas such as
public health, environmental monitoring, agriculture, water and food safety and
many others [17]. At the moment, according to the World Bank data, more than
5 billion people are living in the areas that can be characterized as low and middle-
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income. These people might live in low-resource, hard-to-reach areas with a very
limited access to primary healthcare and nearby medical institutions. Access to
affordable diagnostic tools can be a very positive change in these communities.
Another aspect of the same problem: people might lack basic medical education in
these areas. If diagnostic tools are easy to use and interpret, many people would be
able to apply them to real life problems it e.g. a community health officer at a
remote rural village with limited medical education and not only highly educated
practitioners could do the initial diagnostic screenings. With time, when reaching
technological maturity, this type of technology could be very useful for rapid
diagnostics of e.g. non-communicable diseases (e.g. sickle cell, or daily monitoring
of blood glucose levels in diabetic patients), but also for communicable (infectious)
disease diagnosis (e.g. malaria or ebola). Monitoring quality of drinking water is
another application area that still needs attention worldwide, as some regional
discrepancies as well as differences between rural and urban regions persist.
According to the World Health Organization, 8 out of 10 people living in rural
areas do not have access to high quality, clean drinking water sources. Integration
of low cost solutions for water quality monitoring would have positive economic
effect and improve well-being of people in those regions. Managing the above-
mentioned challenges will be more important over the years as the world population
will continue to grow. These ideas are few of the core motivating factors behind the
development of paper-based microfluidic diagnostic devices.

As the research community on this technology rapidly developed, the field also
started receiving a commercial attention as well as interest from non-profit organi-
zations. This is seen following the numerous patents filed in this area in recent times
with a few examples referred to here [18-20]. DFA (Diagnostics for All), for
example, is a non-profit organization aiming to deliver low-cost, easy-to-use,
point-of-care diagnostic devices designed specifically for the developing world
[21], and is one of the successful examples of bringing this technology into use.
If paper-based devices will be able to overcome such shortcomings of the lateral
flow based devices as lack of quantification, specificity and sensitivity, they may
potentially revolutionize the field of low cost diagnostics.

The paper microfluidics device works by wicking liquid sample between sepa-
rate compartments containing assay reagents. The device may consist solely of
patterned chromatography paper or may combine several other materials
(e.g. polymers, conductive materials, functional nanoparticles, etc.) used in
point-of-care. Typically, a paper device has hydrophobic patterns, and hydrophilic
areas which are used as chambers and channels, and performing various kinds of
fluidic operations. If, for example, a colorimetric assay has been adapted, the result
can be read by a phone, or photographed and sent for further analysis to a
centralized lab, where a specialized medical practitioner will be making an
informed judgement. Time duration of assays on paper is mainly limited by the
time needed to wick paper channels of given dimensions and design and by the
inherit properties of the assay itself, and typically is within 30 min, which is well
sufficient for many analytical applications. Some applications are particularly
suitable for paper diagnostics. These are situations where e.g. qualitative results
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are of primary interests, the analytes are fairly easy to obtain, some device-to-
device variations due to fabrication processes are acceptable and assays can be
easily transferred for use on paper substrates [22].

Paper-based devices are so attractive due to these factors:

« Low cost,

e Operating on low volumes,

e Abundant supply,

« Easy to construct devices,

e Suitable for multiplexing, thus multiple samples can be analyzed
simultaneously,

¢ Reagent storage in dry form,

¢ Facile interpretation of the results (produced signal can be read by eye),

¢ Do not require additional instrumentation for liquid transport (without pump),

» Can be designed not to require additional instrumentation to read test results
(23],

¢ Possible to combine with portable readout systems [24, 25], smart phones [26—
28]

» Highly-skilled staff is not required,

e Light-weight material,

* Does not produce bio-hazardous waste,

» Devices can be mass-produced,

¢ Portable format of devices, and many others.

Factors that are often mentioned in a positive context can be, however, seen as
drawbacks when applied in different settings. In fact, this depends on the specifi-
cations to device and the application area.

The following drawbacks are often mentioned:

¢ Limited sensitivity of many assays,

e Lack of quantitation in existing assay formats,

e Limited number of detection methods can be applied, i.e. colorimetric,
electrochemical,

¢ Often not self-sustained, i.e. to be able to obtain quantitative results paper-based
devices need to be integrated with external read-out system, which increases the
costs and complexity [22].

Significant progress has been made in increasing functionality of paper-based
fluidic devices. At the moment, many fluidic operations are possible including
fluidic timers, valves, sophisticated detection units and even power sources (batte-
ries)—therefore, potentially it is possible to design complex assays in single paper-
based device. If, some of the promising design concepts could be mass-produced in
paper at a price comparable to commercially available rapid tests, they may be
commercialized in the near future.
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2 Application Areas

The idea of low-cost microfluidics responding to global public health needs has
been around before paper microfluidics started developing as an individual field,
and, undoubtedly, there was and still is an actual need for monitoring devices used
in resource-poor settings [29]. The world Health Organization (WHO) provides the
guidelines (“ASSURED” concept) to how devices should be better suitable for
being used in developing countries. Paper devices meet such requirements as being
affordable, sensitive (sufficient sensitivity for some applications), specific, user-
friendly, rapid and robust, equipment-free, portable and target-delivered (to those
who in need of the technology) [1]. Essentially, paper devices can be applied to
analysis of various bodily fluids and their synthetic substitutes (whole blood [30],
human serum [31, 32], artificial serum, synthetic urine, urine, saliva). Detection of a
variety of biomarkers has been demonstrated i.e. uric acid and glucose [24, 31],
cholesterol [33], simultaneous detection of glucose, lactate and uric acid in urine,
ketones [34], salivary nitrite [34], proteins [34], lactate [35], triglyceride [36],
nitrates [34].

An overview of the history of the development of this field can be found
elsewhere [1]. An important step in growing awareness of this technology was
introduction of paper-based ELISA and the first demonstration of the colorimetric
glucose assay on paper, which is still used by many researchers as a model
application system [27, 37].

While a killer-application, that is only possible on paper, is still missing, a wide
range of interesting applications has been reported:

e Medical diagnostics
Paper fluidics can be successfully implemented in medical diagnostics. Espe-
cially it is useful for systematic, routine diagnosis, analysis of patients’ samples
in places distant from hospitals, analysis of asymptomatic diseases, and evalu-
ation of disease progression [1]. Examples include early cancer detection [38]
using multiple biomarkers, among those are r-fetoprotein (AFP), carcinoma
antigen 125 (CA125), carcinoma antigen 199 (CA199) and carcinoembryonic
antigen (CEA) [32], isolation of extracellular vesicles [39], blood typing
[30, 40], drug monitoring (example of induced liver failure [41]), diagnostics
of non-communicable diseases (including cardiovascular disease and
cancer) [42].
* Veterinary diagnostics
This application area mainly addresses infectious and viral diseases passed
from animals to humans. A wide array of communicable diseases can be
transmitted from livestock or wildlife to humans in various ways. Some of
these disease can potentially become pandemics [1].
» Food safety and control, agricultural field
Determination of toxic agents with main examples including salmonellosis
and campylobacteriosis infections (via eggs, poultry, and unpasteurised milk),
enterohaemorrhagic Escherichia coli (O157:H7 serotype) and cholera
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(via water, rice, vegetables, seafood) [1], water analysis by electronic tongue
device [43], detection of pesticides [44, 45], foods analysis e.g. wine and
beer [46].
« Environmental monitoring
Today, very few developing countries have adapted testing routines for water
supplies in rural regions. Contamination due to industrial and agricultural
activities, as well as environmental pollution monitoring is still challenging
and needs to be tackled. Examples of monitoring of these factors include
detection of heavy metals [47], low cost monitoring of environmental pollutants
in air [48], measuring the metals (Fe, Cu, Ni, and Cr) content in welding fumes
[49, 50], biosensor for organic pollutants in water (e.g. L-DOPA and catechol
[51]), bacterial detection (Salmonella and Escherichia Coli) [28].
» Energy storage and generation
In fact, paper as a substrate has entered other fields, besides traditional point-
of-care diagnostics. Batteries and other types of energy storage devices can be
constructed based on paper [52], fuel cell harvesting electricity from bacterial
metabolism [53], devices generating power when liquid sample is applied [54].
» Pharmaceuticals
Detection of pharmaceuticals has been demonstrated on paper [55].
» Forensics
Detection of explosives is a new area of application [56].

3 Physical Principles

The ability to control the flow rates of liquids in paper channels is necessary for
successful operation of the device. This section gives an overview of basic physical
principles behind flow in paper. For more details, one can refer to the informative
articles on this topic [57, 58].

3.1 Flow Through Paper

Darcy’s law describing flow through porous media is the basis for estimation of
liquid flow through a paper channel. For the constant width of channels fluid flow
can be expressed as

Where Q is the volumetric flow rate, k—permeability of the paper, n—viscosity,
WH—area of the channel perpendicular to flow, AP—pressure difference over the
length of channel L.
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When the width of channel is varied:

AP
o0=-———

zZN L,
k i=1 WH;

W;H,; is the area perpendicular to flow, L; is the length in the direction of flow, and
AP is the pressure difference across the length of the channel.

Using parallels between fluidic and electrical resistance, i.e. liquid flow Qi is an
equivalent for current, APi pressure drop along the channel is equivalent to voltage
drop, and pLi/(kWiHi) is an equivalent to fluidic resistance of each individual
channels, one can estimate total flux. If several fluidic elements are connected in
series or in parallel, the total flux through this network will follow analogy of
Ohm’s law, i.e. sum of individual fluxes when connected in series, and reciprocals
when connected in parallel.

3.2 Spreading of Wax and Width of Patterned Channel

Spreading of the molten wax and width of final channels can be predicted using the

Washburn equation:
L= ™
4

Where L—distance covered by the wax front, n—viscosity (function of time and
temperature to which device was exposed during bake), y—effective surface
tension, D—average pore diameter, t—time. The same equation can be used to
predict transport of the fluid front in the channel.

The final inner width of the channel formed by wax can be defined as

We=Wp— 2L, where

Wc—inner width of the hydrophobic channel, Wp—inner width of the printed
channel, L—the additional distance that the wax spreads perpendicular to the length
of the channel. L is a function of time, heat and the structural properties of paper.

3.3 Transport Time

Transport time through a multi-segment geometry can be calculated using the
modified Darcy’s law equation:

VR,

=
AP
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Where V is the volume of the geometry, AP is pressure difference and Req
expressed as

BN L
Req = %Zi:l W,H;

If we assume that permeability, viscosity, and pressure difference are constant,
differences in the transport times in two channels would be only due to geometrical
differences

t:”LZ

kAP

This means that all channels of the same length would have the same transport time
regardless to other geometrical dimensions.

Of course, in reality, channels often have several sections characterized by
different length and width. For a channel that has two sections, both characterized
by constant length and width (and same heights), the equation for transport can be
modified to

U Ly L
t=——=(LW LWy | — +—
kAP( Wi+ L 2)(W1+W2)

3.4 Signal Visibility

The visibility of the signal is a function of the thickness and the opacity of paper:

Visible depth

% Visible signal = Thickness

4 Main Formats of Paper Devices

Many design concepts in paper microfluidics are inspired by bio-sensing principles
and structure of the lateral rapid tests and dipsticks [59]. Examples of the commer-
cial point-of-care tests are shown in Fig. 7.1. If focus in lateral flow assays and
dipsticks was their robustness and ease of interpretation (often yes/no answer),
paper microfluidics explored various ways to enhance the functionality, increase
design complexity while still trying to keep the costs down. Current status on fluidic
operations in paper can be found elsewhere [60]. Design concepts of paper fluidic
devices are constantly under development. Currently several groups succeeded in
integration of sample preparation with simultaneous detection of a biomarker of
interest using the same paper device [61].

Transport of liquid through paper is equivalent to transport of liquid through the
porous media. It occurs as soon as paper is brought in contact with liquid reagents
and therefore has to be confined and directed. To gain some understanding on
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correlation between the shape of channels and liquid transport, one can also refer to
[58]. Most of the channels have rectangular shape, but there is also experimental
work with channels with varied width [58]. Typical width of the hydrophilic
channel is 0.5-4 mm, hydrophobic barrier can be about 1 mm.

All paper devices can be classified by these three main formats:

e 2D format for paper networks
Two-dimensional paper networks were the first microfluidic designs. A few
typical examples are shown in Fig. 7.2. These are mostly channels fully made
out of paper, which can either be cut or patterned with a liquid-repelling material
to a required shape. The channels may vary in width, length, may contain several



Fig. 7.2 2D paper channels of various designs: (a) channels of different width (liquid introduced
via the same inlet of the same width) shows faster transport in the strip of smaller width. Images
were taken at 2, 10, 50, and 210 s after introduction of fluid to the inlet (Adapted with permission
[65] Royal Society of Chemistry); (b) Y-shaped channel with dissolvable barrier can be used to
create a delay in the transport time of a fluid along the channel (Adapted with permission [65]
Royal Society of Chemistry), (c¢) Slit-shaped channels and correponding differences in liquid
transport (Adapted with permission [58] Royal Society of Chemistry); (d) A simple 2D paper
network. The arrival time of multiple reagents at the “detection region” of the paper strip is
staggered by placing 3 inlets along the common segment of the device. The geometry of the inlets
results in the sequential arrival of fluid from each of the three inlets. (Adapted with permission [65]
Royal Society of Chemistry); (e) One of the first paper microfluidic designs with inlet, transport
channel and reaction zone. (Adapted from [1] with permission of Royal Society of Chemistry)
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segments varying in size for storage of liquid and dry reagents. Modifying
channel length and width allows controlling time and spatial distribution of
reagents and samples.

To prevent contamination between individual fluidic compartments hydro-
phobic barriers, absorbing pads or physical separation of reacting zones can be
applied. Flow in these channels follows the relationships discussed in the
previous sections. Some of the early publications discuss various scenarios of
liquid transport in 2D networks such as: Y-shaped and T-shaped devices,
structures for hydrodynamic focusing, size-based separation, mixing and dilu-
tion [57, 62-65], hydrophobic barriers for time-controlled transport of liquid
reagents [66]. The majority of the newly published works are using this design
principle probably due to its simplicity.

* 3D format for paper networks,

Three-dimensionality was an important step in developing device complexity.
In these devices, liquid transport occurs in both vertical and lateral directions
[32, 67-71]. 3D devices, shown in Figs. 7.3 and 7.4, have two main advantages
(1) better suitable for multiplexing, a higher number of tests can be simulta-
neously integrated; (2) more complex assays can be integrated as three-
dimensionality (liquid flow can now be controlled in both lateral x-y and vertical
z directions) allows for more complex fluidic operations and more suitable for
multi-step assays[72, 73]. Since liquid flow can be transported vertically, the
distribution times between various reaction zones can be significantly reduced,
so the required sample volume.

¢ Centrifugal, i.e. paper-disc format,

Flow in 2D and 3D devices are governed by capillary force. Centrifugal
paper-based systems are operating on principles of interplay of centrifugal and
capillary forces [36, 74, 75]. This adds more possibilities to time and spatial time
control as reagents can be recirculated within the same channel multiple times
and the flow rate through the paper can be well controlled. Compared to this, in
2D and 3D networks, the flow through channel is typically constant and reverse
flow is not possible. Two examples of centrifugal systems are shown in Fig. 7.5.

* Various hybrid formats, that cannot be strictly assigned to either of the above
mentioned categories.

Combination of paper devices with other materials and the advances in other
areas of microfluidic research gave rise to some interesting hybrid device
concepts. Various efforts for hybrid integration of electrodes into paper has
been demonstrated: electrical circuit used for electrical readout can be attached
externally [53], functionalized paper can be placed on top of screen-printed
electrode [76], or electrodes can be incorporated as a part of the fluidic network
directly in paper [43, 77]. Since patterning of electrodes on paper or hybrid
integration with external devices are relatively established process, paper
microfluidics can be combined with other areas such as e.g. digital microfluidics,
which allows development of some complex assays [78]. These areas can
potentially profit strongly from each other as low power and flexibility of
operational control of digital microfluidics can be well combined with suitability



7 Paper Microfluidics 175
Folder-1 y

%M

’ / Folder-I

Fig.7.3 Example of an assay based on 3D origami immunodevice. (a) The filter tab was folded
above the test pad; (b) the blood sample was added into each paper microzone on the folded
filter tab with the aid of Folder-I; (c) the filter tab was removed and one waste tab was folded
below the test pad; (d) the washing buffer was added into each immunozone on the test pad to
wash the immunozones with the aid of the used Folder-I; (e) the used waste tab was removed
and a solution of AgNPs-luminol/Ab2 was added into each immunozone on the test pad; (f) the
remaining waste tab was folded below the reversed test pad and the device was washed again
with the aid of Folder-II; (g) the used waste tab was removed and the reagent tab was folded
above the test pad; (h) the hydrogen peroxide solution was added into the reagent cell to trigger
the CL reactions with the aid of a new Folder-I. Reproduced from [72] with permission of from
Royal Society of Chemistry

for rapid prototyping of paper fluidics. Fabrication of electrodes for digital
microfluidic devices in a classic clean room would be significantly more expen-
sive. Another example is a combination of paper with hydrogels, where
hydrogels are used for liquid storage and upon application of external stimulus
release liquid into paper [79]. Sugars were applied to paper for programmable
time-delays, that can be used for sequential reagent delivery [80].
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5 Types of Paper and Its Functionalization

Traditionally, rapid point-of-care tests wuse nitrocellulose membranes
(e.g. membranes available from Millipore). The term “membrane” is exclusively
used to describe nitrocellulose in the lateral flow format [1]. Nitrocellulose-based
technologies are in close relationship to paper microfluidic devices. Attempts to
replace nitrocellulose in the diagnostics industry with other materials (nylon,
polyvinylidene fluoride and Fusion 5 from Whatman) were not successful due to
high-costs, manufacturing challenges and need for additional optimization of
chemistry. In order to replace current manufacturing practices, to which industries
are typically reluctant, paper-based devices have to compete in manufacturing
price, signal-to-noise ratio, robustness and functionality. The term “paper” refers
to cellulosic materials (i.e. filter paper and chromatography paper used in
microfluidic devices). 90 % of paper is produced from wood stock, however for
diagnostic purposes a paper from cotton is desired (to eliminate interferences from
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Inlets / Loading chambers
PMMA1.5mm /PSAS56 pm

Base/extraction chambers
PMMA1.5mm /PSA 56 pym

Fig. 7.5 Centrifugal paper-disc devices: (a) whole paper disc is used in this device assembly and
fluidic structures are patterned in paper by wax, (b) paper inserts with wax patterns are cut and
integrated into polymeric parts. Adapted from [75] with permission of IEEE

lignin coming from wood). Unlike nitrocellulose membranes exhibiting hydropho-
bic properties due to its cellulose acetate blends, filter and chromatographic papers
are hydrophilic and do not require the deposition of surfactants to improve wetting
properties. Additionally, there are several other requirements to paper material:
suitability for processing of biological samples in small volumes and within short
times (e.g. wicking time between reaction zones), specificity and sensitivity com-
parable to commercial rapid tests [1].

Another crucial factor is sufficient protein binding to allow for the formation of
sharp and intense capture zones while keeping the signal from nonspecific
background low.

There is no universal type of paper that will suit all applications. Choice of
design is highly dependent on the type and structure of paper. Structural properties,
insights into physics and chemistry of paper [81] can be found in dedicated reviews.
Utilization of different papers, and different channel width were explored by some
researchers earlier [36, 82]. Some experimental work on papers of different grades
can be found in [75]. Commercial paper grades differ in flow rate, pore size and
porosity, thickness, color, particle retention and other properties. Ideally, in paper
microfluidic devices there should be high consistency (within single device as well
as batch-to-batch) in surface pore size, thickness, protein binding capacity (irre-
versible capture of reagents at the detection zones), flow characteristics, magnitude
of obtained signal during detection and stability during storage. Binding character-
istics of selected paper should be tested during the development stage of device.
Protein binding capability will dependent on the paper surface area available for
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capture. It should also be verified that binding capabilities are not altered during the
manufacturing process or when assay is run [13].

Paper requires chemical activation to immobilize antibodies. Many researchers
address that it is suitable for variety of (bio)functionalization procedures [13]. Tech-
niques for functionalization of paper, and main factors influencing functionalization
procedures such as structure and surface chemistry are discussed [82, 83]. Early
works describing strategies for treatment of paper surface with DNA, both physical
adsorption and covalent binding [84], salinization [45], in situ polymerization of
molecular imprinted polymer on paper [45], modification of paper with poly (vinyl
pyrrolidone) and polyaniline [33]. Functionalization with polymers gives numerous
active sites to build up a sensitive detection method [85, 86].

There are, however, some concerns associated with possible integration of paper
in diagnostic devices. For example, colloidal gold and latex labels, used in the
industry, require more open pore materials such as glass fibre and polyester for
optimized stabilization and release from it during the assay run. Surface quality is
another key parameter in optimizing the performance of paper-based microfluidics.
Paper has relatively rough surface characteristics, which might cause various
challenges in reproducibility of quantitative measurements. Recently, a novel
class of materials, so-called synthetic paper, with controlled porosity characteris-
tics, has been introduced and may have potential for integration in point-of-care
devices [87].

Finally, note that it is possible to combine nitrocellulose, filter, and chromato-
graphic paper in one device where positive sides of each type of these materials can
be utilized. All these materials can be cut by laser or PC-controlled knife plotter,
and assembled in a single process.

6 Existing Fabrication Technologies

This section reviews technologies that are applied for fabrication of paper-based
devices. Because paper is a very flexible material, the following techniques are
often applied (Fig. 7.6): inkjet, wax, flexography, or screen-printing all use
non-toxic reagents. In the majority of the works a paper device needs to go through
two main fabrication stages, i.e. patterning of hydrophobic channels for liquid
confinement and assembly [88]. On the laboratory level, some deviations from
the described low-cost methods are possible, but due to the limited space we only
provide general descriptions.

6.1 Technologies for Patterning of Hydrophobic Barriers

Paper is a flexible material; therefore, various printing techniques are well suited to
form a pattern. Physical blocking of pores in paper with hydrophobic material is a
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Fig. 7.6 Examples of paper-based structures fabricated by (a) wax-printing (Adapted from [92]
with permission of Royal Society of Chemistry), (b) screen-printing (Adapted from [99] with
permission of Royal Society of Chemistry), (¢) inkjet-printing (Adapted from [104] with permis-
sion of John Wiley and Sons) and (d) photolithography assisted method (FLASH) (Reproduced
from [108] with permission of Royal Society of Chemistry)

widely used method. The rise of this technology goes back to 2007 when a
description of the process for creating hydrophobic pattern in paper and using
hydrophilic channels for pumpless liquid transport was reported by Whitesides
and co-workers [89]. Hydrophobic barriers can be made using wax, SU-8 and
other photoresist materials, PDMS, alkenyl ketene dimer [5], polystyrene, ethyl
cellulose, silicones, rosin, paraffin, printer varnish, cellulose esters, hydrophobic
gels [90] and possibly others. All these materials are impervious to water and allow
for implementation of various structures for transport and storage of liquids. Width
of channel structures that can be achieved by these methods varies and can go down
to 200-300 pm with some optimization.

6.1.1 Wax Printing

Wax printing [91, 92] is the most commonly used technique. It is easy, fast, and low
cost, and can be easily applied for small-scale manufacturing. Typically, the
channel width is in the range of 1-5 mm. This technology is very straightforward:
adesign is sent to a printer and printed directly on a sheet of paper, this paper can be
sandwiched between a metal foil and placed on a hot-plate at ca. 70 °C for 1 min.
For better penetration of wax into paper it can be baked from both sides. Baking
temperature, baking time and printing mode are parameters that can be used for
optimization in each specific case. Speading of wax in paper after bake can be
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predicted (see description in the earlier section). Reproducibility of channel dimen-
sions and printing resolution will depend on quality of the printer and homogeneity
of heat applied during the bake. Wax printing has been widely applied to 2D, 3D
fluidic devices as well as in centrifugal paper-based systems. Details of the method
for fabrication of 3D pPADs by wax printing can be found elsewhere [93]. Perme-
ability of the paper is another parameter describing flow through it. Permeability
has been alternated using papers that were impregnated with wax [94]. Accurate
control over the penetration depth of melted wax, printed on both sides of a paper
substrate allows formation of multilayers of patterned channels in the
substrate [95].

6.1.2 Screen-Printing

Screen-printing [96, 97] is a versatile technique where liquid material is transferred
onto substrate via a screen (a grid with a stencil attached or formed directly on it)
manually or using an automatic tool, which regulates pressure applied on substrate
and amount of printed material. After applying the material, the paper substrate is
allowed to dry, and maybe subjected to heat or other treatments. What is charac-
teristic for this method is that much thicker layers of printed material can be applied
compared to wax printing by a commercial printer. There are also less strict
requirements to size, planarity, shape and thickness of the selected paper substrate.
Advantages of screen-printing technique [98] are fast fabrication times, low costs,
flexibility (different materials can be printed) and capability of mass production.
Several instrument-free, single-step screen-printing methods on chromatographic
paper were demonstrated, e.g. patterning of PDMS solution with minimum channel
width of ca. 600 pm [99], patterning of polystyrene through a patterned screen [100]
with minimum channel width of ca. 670 pm (minimum width of hydrophobic
barrier was ca. 380 pm). Another variation of this technique utilizing spraying of
material through a pre-defined micro stencil instead of squeezing through a screen
as in conventional screen-printing, i.e. a mask containing pattern to be transferred
[101]. This technique is also widely applied to form electrodes in paper [77].

6.1.3 Inkjet-Printing

Inkjet-printing is also one of the early methods applied for fabrication of paper-
based devices [102—104]. Review of inkjet-printed technologies applied on paper
can be found elsewhere [105, 106]. In short, this technology is based on transferring
material directly into paper via a nozzle (nozzle is activated e.g. piezo-electrically
or thermally). Material is jetted in a close proximity from paper surface and follows
a required pattern. Printed lines are formed from hydrophobic inks, e.g. PDMS,
which was also adapted to roll-to-roll technology [103, 107]. Besides the setup of
the inkjet-printer (jetting pressure applied via the nozzle), the chemistry and
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wetting properties of the printed material is probably the most crucial optimization
parameter to achieve good quality of the printed image.

6.1.4 Flexographic Printing

Flexographic printing is method utilizing a flexible plate containing a pattern which
is transferred by applying a liquid ink. It is another variation of the screen-printing
technique, which is widely applied in industrial settings. It is suitable for various
inks and substrates. One example is flexographic printing of polystyrene applied
using the roll-to-roll technology. Several layers need to be applied to achieve
hydrophobic channels where width of channels is typically 1 mm [107].

6.1.5 Photolithography-Assisted Methods

Conventional UV lithography can be used to produce pattern on photo-curable
polymer that was brought in contact with paper substrate by one or other method.
Paper can be impregnated with the photoresist via dipping prior to patterning using
a UV lamp through a glass or polymeric mask containing desired patterns. The
UV-assisted methods, i.e. FLASH method, was one of the first methods introduced
for patterning of paper-based devices [108]. UV lithography can aid very defined
and reproducible structures but fabrication costs are high and not every lab has
access to photolithography facilities. A variety of hybrid fabrication methods were
demonstrated, for example, an interesting method where photolithographic pattern-
ing of Parafilm® was subsequently followed by embossing of the film into
paper [109].

6.1.6 Plasma Treatment

Definition of hydrophilic and hydrophobic regions can also be achieved by expo-
sure to plasma [110]. Oxygen plasma can also be used to introduce new fluidic
functionalities in paper, e.g. multiple-use valves [111].

6.2 Technologies for Assembly of Devices

After paper devices were patterned with hydrophobic materials to form channels
and reaction zones, they still need to be assembled. Common methods include
cutting, stacking several layers of paper together, shaping of paper by cutting or
folding (origami-like technique [71]) with or without use of adhesive tapes
[70, 112]. Paper can also be laminated prior to cutting and stacking by methods
similar to production of ID cards [113, 114]. Cutting can be done by knife plotter
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controlled by PC (down to 0.5-0.8 mm with some optimization of cutting param-
eters), or CO, laser can be used for cutting cellulose (down to 1-1.5 mm).
Maintaining contact between hydrophilic features in each layer of a 3D paper-
based microfluidic device is the key fabrication challenge for these devices.
Dry-stored reagents are deposited onto individual layers before assembling the
final 3D device [1].

6.3 Technologies for Fabrication of Electrodes in Paper

Many detection methods applied on paper require reproducible fabrication of paper
electrodes. Electrodes, typically conductive inks (carbon, Ag/AgCl), can be formed
by various techniques, including those discussed above: screen-printing [96, 97],
electrospraying [33], painting or dipping paper in conductive ink, or e.g. solution of
carbon nanotubes [115, 116], combination of direct printing of Au and Ag stripes
and subsequent electrochemical deposition of AgCl layer, and even by using a
regular pencil [44]. Combination of fluidic networks in paper printed over elec-
trodes allows for many applications involving measurement of electrical signals
[107] such as e.g. digital microfluidics [117]. Functionality of paper can be
extended by modifying its properties or hybridly combining it with conductive
materials for various electronics applications [118].

7 Detection Methods

7.1 Colourimetric

Colourimetric method has been widely applied in paper for quantification of
concentration of analytes [35, 51]. Colourimetric detection may include or not an
enzymatic stage. The method is very common for medical laboratories and, as a
result, many assays are based on it. It is also a convenient method for multiplexing
[119] and can be combined with other detection methods, e.g. electrochemical
[120]. Readout of colourimetric signals can be achieved with a smartphone or
dedicated readout system.

7.2 Electrochemical

Detection methods which are using change in electric current or potential as a result
of biochemical reaction occurring in a paper device are called electrochemical
[38, 44, 121, 122]. Cyclic voltammetry is a very common measurement technique
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[97, 103], as well as potentiometric [103, 123]. There are also more exotic varia-
tions of these such as streaming potential measurements [124].

7.3 Chemiluminescence and Electrochemiluminescence

Detection of electromagnetic radiation as light emitted during chemical reaction is
the basis for chemiluminescence [125, 126]. Electrochemiluminescence method is
luminescence generated by electrochemical reactions [47, 127].

7.4 Fluorescence

Fluorescence-based assays also have been integrated into paper [128, 129]. Overall,
although fluorescence sensing brings new opportunities to paper-based detection,
cost reduction and miniaturization of fluorescence readers are still on-going
issues [1].

7.5 Nanoparticles

Many detection practices using nanoparticles are coming from the lateral flow
assays. Antibody-conjugated gold nanoparticles and monodisperse latex, coupled
with fluorescent dyes, are widely utilized in commercial rapid point-of-care tests. In
general, colloidal gold particles are a preferred option due to higher colour intensity
compared with coloured latex particles; they also can be dispersed in higher density
as they typically ten times smaller than monodisperse latex particles [1, 130].

7.6 Other Methods

There are also a few methods, which are less popular and cannot be strictly assigned
to any of the methods described above. Paper-based microfluidic calorimeter has
been proposed [131]. This method would only suit for assays producing or con-
suming sufficient amount of heat to be detected as the method is not highly
sensitive. Distance-based detection method where distance travelled by analyte
producing colorimetric response is used as an analytical signal [50, 132]. Similarly,
time to obtain response in the reference area of the device can be used as readout
[23, 114].

Various efforts were also made to achieve visual detection just by naked eye
which is a very resource-poor settings inspired idea. Specific designs aiming at
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solely visual determination of test result, e.g. counting bars that turned colorful after
analyte has reached it were demonstrated [23]. Electrical measurements were
applied for monitoring of bacterial movement through the paper, which both has
fundamental interest (measurement of speed of movement of bio-entities through
paper network is challenging) and potentially interesting applications [133]. Raman
spectroscopy [55] was also applied as a detection method, and although this
technique might be very feasible in certain applications, it still remains a sophisti-
cated and expensive technique.
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Chapter 8
Biological Applications of Microfluidics
System

Shipra Solanki and Chandra Mouli Pandey

1 Introduction

In the last decade, the applications for microfluidic (MF) devices have proliferated
at an explosive rate similar to the revolution brought in the field of microelectronics
by the invention of the integrated circuit [1]. These MF devices have shown
enormous potential in diverse fields of biological applications, including cell
sorting, enzymatic assays, immuno-hybridization reactions, and polymer chain
reaction (PCR). The advances in MF technology are revolutionizing the areas of
cell biology, molecular biology and diagnostics [2]. The similarity in the dimen-
sions of cells and microchannels (10-100 pm widths and depths) plays a crucial role
in modifying the procedures of molecular biology for enzymatic analysis, DNA
analysis, and proteomics [3]. MF systems offer many advantages over traditional
macroscale laboratory techniques such as:

e The small size of the MF chip requires very fewer sample volumes (typically in
nanolitres as compared to the hundreds of microliters needed for microlitre plate
based assays). This reduction in the quantity of the sample, as well as the
reagents, decreases the cost of the device. Nowadays low-cost paper-based MF
devices are being explored as a tentative solution for clinical diagnostics in
developing countries.
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» The most exciting aspect of MF systems is probably the system integration with
different biochemical operations such as sample pre-treatment, sample prepara-
tion and detection on one single platform. These devices are referred to as micro
total analysis system (UTAS) or lab-on-a-chip (LoC). Technologies need to be
developed in biological research to simplify complex assay protocols; to max-
imize information gathered from precious samples; to conduct analogous exper-
iments together and to provide the investigator with more control and
predictability of the spatio-temporal processes of the cellular microenvironment.

¢ Micro sized components enable researchers to perform experiments which are
not possible or practical to execute with other bench top traditional techniques.
MF platforms are extensively being used in resource-rich research laboratories
to provide innovative solutions to non-feasible problems which may help in
understanding the fundamental insight into human biology.

e With the fluidic components that approach the cellular scale, MF circuits offer
superb liquid handling capabilities that allow the manipulation of single cells and
even individual molecules in vitro. Moreover, the small device size makes this
technology an ideal platform for portable Point of Care (PoC) diagnostic devices.

The number of research articles published in the field of MF has been exponen-
tially increasing year-on-year, reflecting the growing importance of this field and
some MF based devices are also available in the market. In this chapter, we will
discuss an overview of how and why MF is changing the scenario of biological
analysis and diagnostics. The advances made by MF technology in academic
research being conducted in the fields of stem cell research, neurology, tissue
culture, drug discovery and synthetic biology will also be presented. Finally,
some examples of commercial MF devices that are being successfully used for
biological and life sciences applications will be summarized.

2 Microfluidics in Cell Biology

Cells are the building blocks of all living organisms. The knowledge of cells and
their functions is thus important in several areas including cell biology, human
physiology, and tissue engineering. The basic cellular study involves the three most
important steps-isolation, culture, and analysis [2, 3]. But conventional techniques
are inadequate for extending the present knowledge of these processes. Traditional
petri dish based cell culture systems are not able to mimic exactly in vivo cellular
microenvironments and as a result, many cellular phenotypes are lost. Natural
suitability of MF technology with all three cell handling processes has given new
insights into the study of cells in various contexts [4]. The integrated systems
fabricated have revolutionized the techniques of cell sorting, cell culture, and
cellular analysis. P TAS or LoC systems are the devices which integrate analytical
procedures of pretreatment, separation and analysis of samples in a single MF
device [4, 5]. These systems play a significant role in research and discovery of



8 Biological Applications of Microfluidics System 193

cell biology and tissue engineering. Improvements have been made in the basic
requirements of cell culture in terms of required sample volume, the supply of
nutrients, control of physical factors, and continuous monitoring and manipulation of
cellular processes. The realization of techniques utilized for maintenance and growth
of cells in vitro is an important milestone in the field of biological sciences [6]. Apart
from the often-cited advantages of MF like faster response times, lower reagent
volumes, and the potential for integration; the most important benefit of using the
technology for biology is the ability to tailor the cellular microenvironment. Latest
organ-on-a-chip applications of MF allow the fabrication of smallest functional units of
a single organ or multiple organs [7]. These kinds of devices present a more physio-
logically relevant in vitro model compared to cells cultured in dishes. The unprece-
dented control over spatial and temporal gradients and patterns can be attained while
moving from macro- to microscale, which is otherwise not possible with traditional
Petri dishes. So far, MF applications have been used in many experimental parts of cell
manipulation and analysis, such as cell trapping/sorting, cell culture, cytotoxicity,
PCR, DNA sequencing, and gene analysis. In the next section, we will discuss on
the advancement made by LoC technologies in stem cell research, neurology, drug
discovery, latest fabricated organs on a chip and single cell analysis.

2.1 Stem Cell Research

Stem cells are the cells that are capable of continued self-renewal through replica-
tion and becoming precursor cells of a specific tissue types. It offers a steady supply
of physiologically relevant cells from pathogen-free sources that both in vivo and
in vitro can differentiate into mature somatic cells [8]. These cells are being success-
fully used in replacement of cells lost due to degenerative disease and repair of
damaged tissue [9]. Other examples of stem cell application are in bone healing, repair
of the suspensory ligament, and injury to the nervous system, as well as inflammatory,
relieve in arthritis and immune suppression [10]. Regenerative medicine through stem
cell therapy is becoming popular and is considered to be the future milestone in the
therapeutics. The conventional techniques involved in stem cell experiments are not
appropriate as they poorly mimic the physiological cellular environment, and suffer
from inaccurate spatial and temporal control. They also give reduced throughput, lack
of scalability and reproducibility. On the other hand novel LoC platforms can much
better mimic the complexity of in vivo tissue and provide a more precise control of
different parameters. This capability can be very helpful for understanding the biology
and improving the clinical potential of stem cell-based therapies [8, 10].

A lot of research has been conducted, where stem cells have been used to study
various life processes. Klein et al. developed a high-throughput droplet-MF
approach for barcoding the RNA from thousands of individual cells for subsequent
analysis by next-generation sequencing and analyzed mouse embryonic stem cells
[11]. They used the analysis to infer gene expression relationships which can be
useful for various biological studies. The MF device fabricated was 80 mm deep
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with four inlets and one outlet. Four events of cell capturing in different droplets,
cell lysis, reverse transcription reaction and gene amplification integrated into one
single chip made possible the event of cell capturing at the rate of 4000-12,000
cells per hour for their analysis. The device generates monodisperse droplets that
can be varied in the range of 1-5 nL at a rate of 10-100 drops per second,
simultaneously mixing aliquots from the inlets. Flow rates were 100 pLh™~" for
cell suspension, 100 pLh™" for mixing of reagents, 10-20 pLh~' for mixing of
barcodes, and 90 uLh~" for carrier oil to produce 4 nL drops. The carrier oil used
was HFE-7500 fluorinated fluid with EA-surfactant. Jung et al. performed flow-
based sorting of human mesenchymal cells by using optimally designed MF chips
based on the principle of hydrodynamic filtration (HMD) [12]. Human bone
marrow-derived mesenchymal stem cells (hMSCs) were sorted into three subpop-
ulations by focusing the cells (with a proper ratio) between primary and side flows
and analyzing the surface marker expressions of cells from each outlet. The
specially designed MF chip consisted of a rectangular main channel of length
16 mm with 55 branches and three outlets to achieve the trimodal separation, as
shown in Fig. 8.1A. The heights and the widths of primary as well as branch
channels, total lengths of main and branch channels, and inter-distances between
each branch channel were set by applying equations of steady state laminar flow for
the Newtonian fluid. The fluid circulation was done using syringe pumps at a flow
rate of 30 pL min ™. Particles of certain size can escape from the main channel at a
specific branch where its ratio of the flow fraction is optimized for the right particle
size. Thus based on this hydrodynamic filtration method the cells are sorted into
three subpopulations: small (<25 pm), medium (2540 pm), and large (>40 pm)
cells. This process leads to the possibility of sorting stem cells rapidly without
damage. Kang et al. developed an efficient on-chip cell culture MF device capable
of repeated, temporal delivery of molecules into a population of cells tool [13]. The
design of the on-chip localized electroporation device (LEPD) consists of
microchannels, a cell culture chamber, built-in electrodes, and a porous substrate
containing micro- or nanochannels (Fig. 8.1B). The width and height of the
microchannel are 200 pm and ~20 pm, respectively whereas the cell culture
chamber is 3 mm in diameter. The working electrode was built-in on a fabricated
glass cover slide while the second electrode (Ag/AgCl wire) was submerged into
the media in the cell culture chamber. On-chip cell culture was maintained by the
continuous flow of culture media through the circulation microchannels located
beneath the perforated substrate. For intercellular delivery by electroporation, a
solution containing biomolecules to be delivered into the cells was loaded into the
circulation microchannels. To elicit the formation of nanopores on the cell mem-
brane voltage was applied between the two microelectrodes due to which molecules
are transported into the cell by diffusion. Thus, utilizing this LEPD configuration,
localized electroporation was achieved that provides exceptional capabilities such
as the transfection of various molecules into primary cells, maintenance of consis-
tent pH levels by continuous media circulation, and application of a focused electric
field to a small portion of the cell membrane to minimize stress. Also, the device is
simple to use and cost effective. Further, an impedance sensors integrated
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Fig. 8.1 (A) HDF microfluidic chip for sorting of particles and hMSCs where the number of
branch channels is 55 and the total length of the main channel is 16 mm [12]. (B) (a) schematic of
the LEPD enclosed within a Petri dish, (b) an optical image of the LEPD, made of PDMS, with
three inlets and three outlets connected to microchannels, and (c) and (d) magnified views of area
A in the schematic drawing depicting an adhered cell covering a micropore, and the mechanism of
delivery of molecules by localized electroporation, respectively [13]

microwell platform was used by Lepperdinger research group to culture bone-
marrow-derived stem cells for several weeks [14]. The authors reported that the
developed LoC platform controls the quality of stem cells in medical cell produc-
tion platform. Thus, significant attention is given to stem cell research owing to
high therapeutic potential and their use as in vitro models for drug screening and
understanding the developmental mechanisms.
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2.2 Neurology

Neurology is another field which is being explored for MF applications. MF is
employed for both in vivo deliveries of drug solutions from on-chip reservoirs
situated on neural implants as well as in vitro studies of neuronal cells via highly
precise delivery growth and inhibitory factors by the use of gradient-generating
devices [15]. It is tough to probe the complex interactions that actually occur among
neural cells using conventional methods of analysis. In this context, MF has proved
to be the most suitable technique for neurology experiments. For instance, rapid,
highly sensitive determination of trans-membrane potential has been possible in
MF devices utilizing charged membrane-permeable, potential- sensitive dyes, with
minimal use of reagents [16]. The LoC system consists of a quartz sipper chip
containing microchannels connected to a sipper capillary, a fluorescence reader, a
vacuum pump, and a computer. The flow rate in the detection channel is controlled
by pressure driven pumps and could be varied from 2 to 10 nLs ' by varying the
applied pressure from 21 to 25 psig. Cells and samples were first mixed on the chip
and then the dyes are added to the mixture. After a short incubation in a detection
channel, the fluorescence of individual cells was detected. The membrane potential
was determined by monitoring the dye uptake rate of the cells and modulated either
by opening or blocking K* channels by varying cytoplasmic free Ca**. NMR
(nuclear magnetic resonance) micro coils have been efficiently used to study single
non-perfused neurons [17], where NMR probes have been micro-fabricated on the
glass substrate MF platforms and sucrose solutions are used for their testing
[18]. Besides this MF principle and techniques have been applied in the isolation
of brain tissue culture studies. The separation of brain tissue specimens under
in vitro conditions is a very complicated task as it requires exquisite control over
experimental conditions and access to neural networks and synapses [19]. Scott
et al. designed a MF chip for simultaneous recording of electrical signals and
optical characterization of brain tissue slice preparations [20]. The device was
utilized to record waves of spontaneous activity in developing cortical slices and
to perform multisite extracellular recordings during simultaneous calcium imaging
of activity. The device consists of an array of MF channels and a perfusion chamber
(Fig. 8.2A). Each channel consists a well at one end, an aperture which is in contact
with the perfusion chamber in the middle, and pressure and electronic controls at
the other end is connected to port. The apertures are 20 or 50 pm in diameter with a
spacing of 300 pm and are designed to probe an array of anatomically relevant sites.
The relatively large aperture size and spacing were chosen because they are
appropriate for the anatomical features in the particular study. The work paved a
way to develop devices of different geometric configurations for other studies also.
The use of microchips may overcome the limitations of reduced oxygen and
nutrient supply while using conventional interface and submerged slice chambers
to the brain slices allow the neuroscientists to design complex experiments to have a
better insight into neuroprocesses [15]. Mauleon et al. developed an MF system that
allows diffusion of oxygen throughout a thin membrane and directly to the brain
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Fig. 8.2 (A) (a) Schematic of microfluidic multi-electrode array (MMEA) device showing the
different layers. (b) Photograph of MMEA during operation. [20]. (B) Schematic of device
developed by Mauleon et al. (@) perfusion chamber having gas inlet and outlet. (b) different
parts of the device: the perfusion chamber, the PDMS membrane, the PDMS microfluidic channel,
and a glass slide and the alignment marks show how the gas is supplied to the device (c) top view of
device [21]

slice via MF gas channels [21]. The device consists of four independent parts: the
perfusion chamber, the PDMS layer, the PDMS MF channel, and a glass slide
(Fig. 8.2B). The designed microchannel provides rapid and efficient control of
oxygen and can be further modified accordingly to allow the various regions of the
slice to experience different oxygen conditions. Using this novel device, stable and
homogeneous oxygen environment throughout the brain slice has been obtained,
and the oxygen tension in a hippocampal slice can be altered rapidly. It was
observed that the device allows more complete temporal control and can reach
greater differences in oxygen concentration as compared to the standard perfusion
method. Although a lot of research is being conducted for exploring the neurolog-
ical processes seeking the help of MF technologies, still efforts are in their initial
stage and scope of MF in neuroscience is endless.
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2.3 Drug Development

The drug development process comprises of two phases i.e., drug discovery and
drug testing. The first phase includes the target selection, lead identification, and
preclinical studies, while the development stage includes -clinical trials,
manufacturing, and product lifecycle management [22]. Miniaturized MF devices
being small sized in nature are emerging as useful tools for the study of target
selection, lead identification and optimization and preclinical test and dosage
development [23]. Recreation of complex pharmacological and pharmacokinetic
interactions occurring in living organisms is a major challenge in toxicology as the
toxic effect of drugs in one tissue often depends on the metabolic activity of another
tissue. Caviglia et al. developed a MF cytotoxicity assay for studying the impact of
anticancer drugs doxorubicin and oxaliplatin (Fig. 8.3A) [24]. The targeted drug
delivery tested the cytotoxicity and was evaluated using real-time impedance
monitoring. The time-dependent effect of doxorubicin on the Hela cells was
monitored and found to have a delayed onset of cytotoxicity in MF compared
with static culture conditions. Although, the cell-based in-vitro tests, can provide
useful preliminary data but animal tests are still required to verify the pharmaco-
logical properties of the drug. To mimic these interactions, organ-on-chip devices
i.e. MF system containing a network of interconnected chambers have proved to be
very useful. Sung et al. developed a device using hydrogel cell culture for
pharmacokinetics—pharmacodynamics (PBPK) studies of the three cell lines that
represents the liver, tumor and marrow for testing drug toxicity [25]. These cell
lines were grown in the three-chambers of device to test the toxicity of an antican-
cer drug, S-fluorouracil. The device is assembled by sandwiching a cell culture
chamber layer and a fluidic channel layer between a bottom aluminum frame and a
Plexiglass top frame (Fig. 8.3B). Gravity-induced flow achieved the recirculation of
cell culture medium and tilting of the device results in the flow of liquid from one
well to the other well, where the flow rate through the conduits was calculated. The
rocking platform changes the angle, and the medium flows in the opposite direction
in almost 3 min. The gravity induced circulation offers several advantages over
pump circulation like reduction of the total space occupied by the device, lowering
of cost, elimination of the possibility of unwanted binding, and prevention of air
bubble formation. Prabhakarpandian et al. designed a synthetic tumor to test in vivo
delivery efficiencies of the drug vehicles [23]. A pre-digitized MF-based artificial
vasculature assay was used to mimic the tumor microenvironment for in vivo
observation. The MF device recreates the in vivo tumor microenvironment of
circulatory flow in the vessels, transport across the leaky vessel walls between the
vascular and the tumor cells, and delivery to the 3D culture of tumor cells across the
interstitial space. The combination of these features distinguishes the present
synthetic tumor network model from other in vitro models. Several organs on
chips devices are reported to be utilized for drug development purpose (discussed
in the preceding subsection).
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Fig. 8.3 (A) (a) Photograph of the fully integrated platform showing its main components,
including the EXCELL potentiostat with a window for microscopic observations (inset). (b)
Schematic representation of an individual microfluidic chamber in the cell culture/detection unit
containing three electrode arrays. (¢) Photograph of the reservoirs, showing the lid embedding the
gas connection used for pressurization. (d) Photograph of the microfluidic cell culture/detection
unit (e) Microscopic image of a single electrode array showing the counter (CE), reference (RE),
and working (WEa and WEDb) electrodes [24]. (B) PBPK model of Sung et al. consisting of (a)
schematic of device fabrication (b) device operation steps (¢) photograph of the device [25]

2.4 Organs on Chips

These are the MF devices which are used for culturing living cells in micrometer-
sized chambers having a continuous supply of nutrients that mimic the physiolog-
ical functions of tissues and organs. Minimal functional organs that can recapitulate
tissue or organ level features are built so that ‘near to real’ conditions are available
for various experiments. Simplest system is a single, perfused MF chamber
containing only one kind of cultured cells exhibiting functions of one type of tissue,
e.g., hepatocytes or kidney tubular epithelial cells [26, 27]. These systems are
utilized to study the organ-specific responses, different chemical stimuli (drugs,
toxins or other chemicals) and physical stimuli (physiologically relevant levels of
fluid shear stress, cyclic strain, and mechanical compression) [7, 27]. Attempts have
been made to micro-fabricate models of blood vessels, muscle, bones, airways,
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liver, brain, gut, kidney, lung, and heart [28]. For analysis of kidney transport
barrier function, a simplified kidney model was created by stacking two
microfabricated PDMS chambers, separated by a porous thin membrane [29]. The
apical channel is separated from a bottom reservoir by an ECM-coated porous
membrane. The presence of the physiological level of apical fluid shear stress helps
in culturing the primary human proximal tubule epithelial cells on the membrane.
The second compartment (basolateral compartment) is readily accessible for fluid
sampling and addition of test compounds to study the active and passive epithelial
transport. The dimensions of the MF channel were 1 mm wide, 1 cm long and
100 pm high. The bottom structure beneath the MF channel is rectangular 1 mm
wide and 0.6 cm long which is made from a cured PDMS slab to serve as a medium
reservoir directly. This fabricated design mimics the living kidney proximal tubule
in terms of natural architecture, tissue—tissue interface and dynamically active
mechanical microenvironment. The top channel mimics the urinary lumen and
has fluid flow, whereas the bottom chamber mimics interstitial space and is filled
with media. Primary human proximal tubular epithelial cells were cultured under
flow conditions in the MF chip device. On reaching the confluence, the cells are
exposed to circulating culture medium at a fluid shear stress of 0.2 dyne cm ™~ for
3 days using a syringe pump. After 3 days of culture under both fluidic and static
conditions the immunofluorescence, microscopic analysis of the proximal tubular
epithelial cells revealed a well defined confluent epithelial monolayers which are
continuously lined by a linear distribution of the tight junction (Fig. 8.4A). In
contrast, exposure of cells to physiological fluid shear stress (0.2 dyne cm ™ 2) results
in restoring the cells to normal columnar form and the height is increased by almost
twofold (Fig. 8.4B). In a typical MF “alveoli-on-a-chip” setup there is a cyclic
propagation of a meniscus over a flexible PDMS membrane which recreates a
combined stresses and provides a more physiologic recreation of the stresses,
including cyclic distribution of air-liquid interface and wall stretch. During the
process, the alveolar chamber can be partially filled with fluid and positioned in the
vertical configuration to establish a meniscus at the interface of fluid and air. By
withdrawing fluid from the “actuation channel”, the membrane can be forced to
deform and relax stretching cells and propagating the meniscus over a specified cell
region (Fig. 8.4C) [30]. The MF system provides the first in vitro technique to study
the role of both solid and fluid mechanical forces in ventilator-induced lung injury
systematically.

In another example of lung-on-a-chip a microfabricated lung mimic device was
created which uses compartmentalized PDMS microchannels to form an alveolar-
capillary barrier on a thin, porous, flexible PDMS membrane coated with ECM
[31]. Soft lithography techniques were used to fabricate these hollow
microchannels which are conjugated with a new method that uses chemical etching
of PDMS to form the vacuum chambers. The fabrication starts with the alignment
and permanent bonding of a 10-pm thick porous PDMS membrane (10-pym wide;
pentagonal pores) and two PDMS layers containing recessed microchannels
(Fig. 8.4D). The entire integrated device was only 1-2 cm in length, with the
central channels only millimeters in width, thus making it entirely amenable to
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Fig. 8.4 (A) and (B) Fabrication and operation of a multi-layer microfluidic device (MMD) for
kidney on chip application (i) fabrication steps (ii) image of top view of device (iii) schematic
showing lateral view of device (iv) SEM image of the cultured cells. Kidney on chip application (i)
fabrication steps (if) image of top view of device (iii) schematic showing lateral view of device (iv)
SEM image of the cultured cells. [29]. (C) Microfluidic “alveoli-on-a-chip”. (i) assembly of the
components (i) horizontal tubules show direction of culture media F-12 K (iii) liquid—air interface
formation at the alveolar surface (iv) A cross-sectional view of the microfluidic device shows the
horizontal orientation for cell culture and the vertical configuration for experimentation [30]. (D)
Lung on chip device. (i) schematic of fabrication of device. Three PDMS layers are aligned and
irreversibly bonded to form two sets of three parallel microchannels (i7) After permanent bonding,
PDMS etchant is flowed through the side channels. Selective etching of the membrane layers in
these channels produces two large side chambers to which vacuum is applied to cause mechanical
stretching. (E) Images of an actual lung on-a-chip microfluidic device viewed from above [31]

high-density integration with a highly multiplexed microdevice. The microchannels
were separated by a 10 pm-thick PDMS membrane containing an array of through-
holes with an active diameter of 10 pm. The human alveolar epithelial cells and
microvascular endothelial cells are attached opposite to surface of the 3-D extra-
cellular matrix coated membrane (Fig. 8.4D). The device recreates physiological
breathing movements by applying vacuum to the side chambers and causing
mechanical stretching of the PDMS membrane forming the alveolar-capillary
barrier. Epithelial and endothelial cells are grown on either side of a porous thin
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membrane that is exerted by airflow and fluidic flow respectively via the two
channels separated by the membrane. The mechanical forces are operated by two
channels beside the main channel. Though complex geometries have been applied
to MF system, the models are still small and simple. This device provides a
comprehensive tool for lung disease research and related drug screening.

Recently brain on a chip has been reconstructed on MF chip using co-cultured
endothelial cells and astrocytes by combining the fluidic shear stress and thin
membrane (Fig. 8.5A). This fabricated blood-brain barrier (uBBB) model
addresses the previous limitations of fluidic shear stress (static transwell models)
and thin dual cell layer interface (conventional dynamic in vitro BBB model). The
results indicate that this proposed model might be a valid prototype for simulating
the function of pBBB. The fabricated multi-layered microfluidic pBBB device
consists of four PDMS substrates, two glass layers, and in the center between the
PDMS layers there is a porous polycarbonate membrane (Fig. 8.5A). To ensure the
laminar flow the height of the channel is 200 pm, and the width at the cell culture
interface is 2 mm (luminal) or 5 mm (abluminal). The porous membrane located at
the channel junction has an area of 10 mm?” To introduce dynamic flow the
assembled device houses two perpendicularly crossing channels with a porous
membrane at the intersection of the flow channels for cell culture, and to monitor
trans-endothelial electrical resistance (TEER) multiple embedded electrodes are
introduced across the barrier. Opposite to the membrane on each side are two sets of
two AgCl thin-film TEER electrode pairs forming a four-point sensing structure.
The fabricated puBBB platform was sterilized and adhesion seeded by steadily
perfusing for up to 7 days. The developed pBBB successfully mimicked the
dynamic cerebrovascular environment with fluid shear stress. Further, this uBBB
model can be effectively used to monitor the changes in the barrier function such as
barrier-enhancing or barrier opening drugs [31, 32].

Researchers have also fabricated an MF cell culture device mimicking the
microscopic structure in liver tissue (hepatic cords) (Fig. 8.5B). The MF device
consists of a medium flow channel with a width of 100 pm and a height of 30 um,
with a cell loading channel (200 pm width and 30 pm height), a cell culture area
(37 pm width and 30 pm height), and an endothelial-like barrier [35]. For the
smooth alignment of the hepatocytes in two lines, the tip of the cell culture area was
asymmetrical design with a width of 37 pm which can accommodate two cells side-
by-side. To avoid the deformation of the cells the cross-sectional area of the slits
was minimize, (2 pm wide and 2 pm high). For efficient simulation of the flow in
the device COMSOL MULTIPHYSICS COMSOL, Inc. was used (Fig. 8.5B). The
obtained simulation results show that the flow velocity in the medium flow channel
is 1 mm s~', which is nearly same as the velocity of blood flow in vivo. Under
perfusion condition, the flow velocity in the cell culture area is 0 mm/s whereas the
flow rate determined is 0.1 pL min . To further, avoid the greater fluidic resistance
of the endothelial-like barrier in comparison to the medium flow channel both the
cell inlet and cell outlet were sealed [33].

A recent human gut-on-a-chip (GoC) model tried to build a more physiologically
relevant in vitro model of the human intestine that undergoes peristalsis,
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Fig. 8.5 (A) Structure and design of the developed pBBB. (i) The uBBB system comprises two
perpendicular flow channels. (i) The fully fabricated puBBB chip. (iii) Close-up view [32]. (B) (i)
and (if) Design of a MF device mimicking the structure of a hepatic cord. (iii) SEM image of the
device [33]. (C) A schematic of the GoC device. (i) A schematic of the gut-on-a-chip device
showing the flexible porous ECM-coated membrane lined by gut epithelial cells cross horizontally
through the middle of the central microchannel, and full height vacuum chambers on both sides.
(if) A photographic image of the device. (iii) A cross-sectional view of the top and bottom channels
(both 150 pm high) of the gut-on-a-chip; square inset shows a top view of a portion of the porous
membrane [34]

experiences fluid flow and supports the growth of microbial flora without
compromising human cell viability [34, 36]. The GoC’ microdevice composed of
two MF channels that are separated by a flexible porous membrane coated with
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extracellular matrix (ECM) and are lined by human intestinal epithelial (Caco-2)
mimicking the physiology of human intestine. To create, the gut microenvironment
the fluid is flown at a lower rate (30 pL hfl) that results in low shear stress
(0.02 dyne cm~?) over the microchannels. These conditions lead to the change in
columnar epithelium that polarizes rapidly and spontaneously into folds resulting in
the recapitulation of the structure of intestinal villi and the formation of high
integrity barrier to small molecules that mimics whole intestine than cells in
cultured static Transwell models [36]. A cyclic suction controlled by a computer
vacuum manifold was used on both sides of the microchannels that repeatedly
stretch and relax the elastic ECM-coated porous membrane. The created rhythmic
mechanical deformations of the epithelial cell monolayer are similar to those
caused by peristaltic motions of the human intestine, (Fig. 8.5C). Under this
condition, the phase contrast microscopic analysis of cell shape in human intestinal
epithelial monolayers increased linearly (0—30 %) for both substrate distortion and
cell deformation when the level of suction pressure was raised from 0 to 45 kPa.
Thus, the GoC microdevice provides a micro controlled- platform to study and
perturb critical gut functions in the presence of relevant physiological cues, includ-
ing cyclic mechanical strain, fluid flow, and coexistence of microbial flora.

An attempt has also been made to constitute a four organ chip system for
studying the homeostasis between the organs recapitulated [37]. The authors tried
to reconstruct kidney, liver, small intestine and skin equivalents on a multi-organ
chip and conducted studies related to barrier integrity, continuous molecular trans-
port against gradients and metabolic activity [28]. Researchers have even micro-
fabricated ‘Body-on-a-Chip’ devices that contain multiple micro-chambers each
containing cultured cells of different origin (e.g., liver epithelium vs. brain neurons)
that is connected to a network of micro-channels which permit the recirculation and
exchange in a physiologically relevant manner [38, 39].

The technologies promise to have the potential to be more relevant functional
models for testing toxicity and efficacy, and allow a better insight into metabolic
activities at the tissue and organ levels. The several organ on chip devices, their
fabrication and operation parameters as well as applications have been summarized
in Tables 8.1 and 8.2.

2.5 Single Cell Analysis

Considerable biochemical heterogeneity exists among cells of the same type caused
by many mechanisms including damage, mutations, stages in the cell cycle, and
differential exposure to external stimuli [50]. To better understand how and why
these differences arise is crucial in cell biology and early detection of disease
conditions. Many fascinating examples have been reported in the literature showing
the cell-cell variability and its significance to biological phenomena. For example,
the transcription events in mammalian cells are affected by random fluctuations,
leading to significant variations in mRNA copy numbers. In a clonal population of
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Table 8.1 Different organ on chip devices and their applications

Organ on chip MF Platform used Application References
Kidney, brain, Physiologically-based ADME profiling and quantifi- [25, 40]
heart, lung and | pharmacokinetic (PBPK) cation of the amount of drugs in

liver model different parts of the body
Gastrointestinal | Microscale cell culture Evaluating nanoparticle toxicity |[41]
tract and liver analog (HCCA) and interactions with tissues

Liver, tumor Pharmacokinetic-pharma- Testing drug toxicity and [25]
and marrow codynamic (PK-PD) model |improve insights into the drug’s

combined with a pnCCA mechanism of action
Gastrointestinal | Gut-parallel tube model Investigating paracetamol first | [42]
tract and liver pass metabolism in intestine and
liver

Intestine, liver, Four-Organ-Chip ADME profiling and toxicity [37]
skin and Kidney testing

Liver, colorectal | 96-well format-based Testing effects of different con- | [43, 44]
tissues microfluidic platform centrations drug in several

tissues
Lung, gut PDMS-based organs-on- Prediction of clinical responses | [28, 45]
chip in humans

mouse multipotent progenitor cells, the cell-cell heterogeneity is found to be
connected with cell-fate decisions [51, 52].

The analysis of single cells, however, presents a variety of challenges including
micrometer sizes of cells, presence of macromolecules of interest (mMRNA and
proteins) in low copy numbers, etc. Therefore, there is an urgency for techniques
which can handle such small volumes without significant dilution and can be
directly integrated with ultrasensitive detection schemes [53]. Moreover, cells
must be treated gently before analysis so as not to perturb the biochemical pathways
or molecules of interest. Finally, although one wants to examine only one cell at a
time, many individual cells need to be analyzed rapidly to understand the statistical
distribution of a particular analyte in the cell population, so that the potential
disease biomarkers can be identified.

Analysis of single cell can be of two types: whole cell analysis and analysis of
cell lysates. The most critical step in both is the development of techniques that can
reproducibly transport cells to precise locations for further analysis [29]. Various
on-chip culture, immobilization methods, and cell trapping techniques were applied
for the purpose. Ideally, these methods should be amenable to parallel formats, have
high throughput capability, limit dilution, and be robust. The reported single-cell
manipulation techniques include: (a) hydrodynamic flow and focusing [54]; (b) use
of on-chip valves and pumps to direct cell transport [55]; (c) incorporation of cells
into MF droplets [56]; (d) optical and optoelectronic trapping of cells [57];
(e) dielectrophoretic trapping of cells [58], and; (f) geometrical trapping of cells
[59-61] (Fig. 8.6A) [62]. The hydrodynamic focusing takes advantage of the fact
that the Reynolds number for fluid flow in MF devices is generally <0.1, so the fluid
flow is laminar [64]. Thus, through careful control of flow rates by multiple pumps
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and pressure sources, one can focus the cells to the desired location. Single cells
were isolated in high-density arrays composed of two channel height levels
(Fig. 8.6B). The larger 40-um channel height served as the main fluid conduits
for cell solutions while the 2-pm-height regions were used to form elevated
trapping regions. Having a 2-pm gap allows a fraction of fluid streamlines carrying
cells to enter a trap. Once the cell enters a trap and partially occludes the 2-pm gap,
then there is a reduction in the fraction of fluid streamlines (and cells) entering the
trap region which leads to a high quantity of single-cell isolation [59]. The prob-
ability of trapping was found to be dependent on the number of cells previously
entrapped. For on-chip valves based focusing PDMS-based valves and pumps
configured within the device a pressure-driven, feedback-based dynamic trap
using on-chip sieve valves that are positioned at both ends of the sensing channel
and can selectively capture a cell without replacing the solution (Fig. 8.6C)
[63]. The small channel dimensions and laminar flow in MF channels also enable
a variety of immiscible droplet-based generation technologies to be developed
[65]. Droplets are generated by shearing a dispersed aqueous phase with a constant

(A) a)

Lol E LIl

o

Fig. 8.6 (A) Schematic of the various types of methods reported for transporting and manipulating
cells. (a) Cells can be hydrodynamically focused at an intersection so that they all flow past an
interrogation region in single file. (b) Cells can be hydrodynamically transported to an intersection,
where they can be lysed either electrically or chemically and the lysate injected into a separation
channel. (¢) Cells can be incorporated into aqueous droplets within an immiscible fluid and
hydrodynamically transported to an interrogation region. Cells can be trapped in an interrogation
region geometrically using pillars (d), weirs (e), or hydrodynamically balanced flows ( /). Arrays of
cells can also be trapped using filters (g). Dielectrophoretic trap for cells (4). The gray circles
represent cells and the arrows indicate the direction of fluid and cell flow [62]. (B) (a—) Hydrody-
namic cell sorting method [59] and (C) cell sorting based on pumps and valves on chip [63]
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oil phase. In optical and electrical sorting of cells, high-frequency electrical fields
create forces which move cells into potential wells specified by the placement of the
electrodes or the use of light patterns that change the conductivity of a conducting
surface. Similarly, the electrical forces can be used in dielectrophoresis to direct the
cell to a particular location. After single cell sorting, the analysis of cell components
can be done using cell analysis techniques.

Single cell analysis (SCA) reduces the biological noise, and it provides funda-
mental improvements in experimental design and data analysis for applications
predicated on single cells. Stem cells, for example, hold great potential for regen-
erative medicine as they are capable of self-renew and can divide along different
lineages. However, the other cells like the embryonic stem cells, adult stem cells,
and induced pluripotent stem cells are all heterogeneous populations. SCA can
target specific populations and, therefore, elucidate signaling pathways and net-
works for self-renewal and for differentiation [66].

3 Microfluidics in Diagnostics

Biomedical diagnostics has been an important application area of MF technologies.
The unique features of MF technology make it naturally suitable for the fabrication
of PoC testing devices. Till date, some prior DNA separation techniques and
diagnostics have been successfully miniaturized [67, 68]. MF seeks to overcome
the difficulties or challenges in traditional assays in medical diagnoses such as cell-
based assays, disease screens and drug screens. Many MF systems are integrated
with sensing modules or sample-pre-treatment modules, which increases the effi-
ciency of the assays and reduces cross-contamination. These advantages have
potentially lowered the cost of the assays as well as provided a faster diagnosis.
Integration of multiple components/functionalities (sample preparation, detection,
data processing) on a simple to use single device has enabled their use by
non-specialized person. Moreover, the parallel analysis allows multiple tests to be
run simultaneously, either in the same sample or multiple samples. A variety of
samples including blood, urine, saliva, stool, and plasma, amniotic and cerebral
fluids have been used for diagnosis in PoC devices [69]. Figure 8.7 demonstrates
different steps of a general analytical procedure involved in a MF diagnostics
device.

Various materials like glass, silicon, and polymers have been used for the
fabrication of various MF devices, but recently, the application of paper in MF
device development is emerging as a promising format for PoC devices. MF paper-
based analytical devices or pPPADs as coined by Whitesides are thin, small, cheap,
flexible and can easily be disposed of thus, making it an ideal platform for
healthcare applications [70]. The PoC devices are designed to detect specific bio-
molecules like DNA, RNA, whole cell or biomarkers, etc. specific to a particular
disease. The paper-based assay is suitable for measuring multiple samples in
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Sample input (Raw samples)

.\. ./.

Pretreatment of sample

(fluid handling, derivatization, lysis of cells, concentration, extraction,
and amplification)

Sample separation (electrophoresis, liquid chromatography, molecular
exclusion, field-flow fractionation)

Amplification or post treatment

7
s
St

Detection (fluorescence, UV/Vis absorption, amperometric,
conductivity, Raman, electrochemical)

Fig. 8.7 Scheme showing different steps involved in a general procedure for operation of a MF
diagnostic device

parallel and in a relatively short period. In one run the researchers were able to run
20 different samples (glucose and BSA) within 7.5 min (another 10.5 min for the
color to fully develop). Thus, an 18 min assay is enough for measuring two analytes
in 20 different samples (Fig. 8.8A) [71]. In another work Bercovici
et al. demonstrated an experimental and analytical study of a novel paper-based
analytical device for sample focusing using isotachophoresis (ITP) [72]. The
authors used 2.5 mm wide channels and described the processing of a 30 pL sample
in several minutes. It was observed that the dispersion was much significant in the
paper as compared to glass, and the peak enhancement on the order of 1000-fold in
several minute by substantial sample focusing (Fig. 8.8B). Thus, obtaining high
sample concentrations in paper results in enhanced reaction kinetics and creating
low-cost devices with much-enhanced sensitivity. Further, this paper-based ITP can
process large sample volumes, but the small dimension of the microchannels limits
their application to the analysis or processing of small sample volumes. The
realization of ITP in larger channels or larger diameter capillaries is challenging
due to hydrodynamic instabilities and excessive Joule heating. Therefore, these
papers based ITP can be helpful in detection of extremely dilute samples
(e.g. detection of bacteria at 10-100 copies per mL). In the next section we will
discuss the potential application of PoC devices for molecular diagnosis and
immunodiagnostics.
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Fig. 8.8 (A) Diagram depicting the method for patterning paper into millimeter-sized channels:
(a) Use of photolithography to pattern SU-8 photoresist embedded into paper; (b) modification of
patterned paper for bioassays. (B) Images of patterned paper (a) After absorbing Waterman red ink
(5 mL) by capillary action. (b) After spotting the reagents. (c) Negative control for glucose (/eft)
and protein (right) by using an artificial urine solution (5 mL). (d) Positive assay for glucose (/eft)
and protein (right) by using a solution that contained 550 mm glucose and 75 mm BSA in an
artificial urine solution (5 mL). (e) Glucose and protein detection assays by using varying
concentrations of glucose and BSA [71]. (C) (a) Schematic illustration of the multistep fabrication
process. (b) 3D illustration of the resulting structure. (c) Raw fluorescence images of the paper
cross section showing the effect of lamination temperature on the penetration of wax into the
paper, resulting in control of the channel depth [72]
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3.1 Molecular Diagnostics

Numerous MF systems have been used for the analysis of various molecules
including DNA, RNA and other chemicals for general purpose as well as for disease
detection. A large number of devices used for diagnosis of disease including
pathogen detection have reported MF as the general theme of fabrication
[73]. Most of the currently designed devices focus on single molecule or single
disease identification but the future lies in the fabrication of multiplexed MF
devices that can screen hundreds of diseases simultaneously. For detection of
bacteria, and virus two methods are commonly used i.e. immunosensing (discussed
in next subsection) and nucleic acid based detection. The later detection method
employed four fundamental steps (1) designing of a MF platform, (2) lysis of the
target bacterial or viral cells, (3) target DNA and RNA purification and amplifica-
tion, and (4) detection of the target analyte using various transducers. Malhotra
et al. has fabricated impedimetric microfluidic—based nucleic acid sensor for
quantification of DNA sequences specific to cancer. The MF chip was prepared
by patterning an indium—tin—oxide coated glass substrate followed by sealing with
PDMS microchannel (Fig. 8.9) [74]. An integrated MF device used by Dimov
et al. for tmRNA purification and nucleic acid sequence-based amplification
[75]. The device consists of two separate chambers one for RNA purification and
other for nucleic acid amplification. The device efficacy was demonstrated by
integrating on-chip purification, amplification, and real-time detection of
100 Escherichia coli (E. coli) bacteria in 100 mL of crude lysate. The device
took less than 30 min for on-chip purification, amplification, and real-time detection
of 100 E. coli bacteria in 100 mL of crude lysate, thereby, demonstrating the device
efficacy. Recently, Chang et al. detected live bacteria from the human joint using an
MF platform based on ethidium monoazide (EMA) [76]. The detection process was
based on utilization of labeled gold nanoparticles. The limit of detection was 10°—
10* CFU for typing bacteria by an on-chip PCR. The system overcomes the
problem of human contamination by use of an integrated MF system replacing
the usage of RNA sample by EMA to distinguish live and dead bacteria. Lee
et al. reported 3D-printed MF device for rapid and facile detection of E. coli in
milk [77]. They used stereo-lithography to fabricate a vertically designed helical
micro-channel around a cylindrical chamber. UV—Vis spectroscopy was used as the
detection method and the sensitivity achieved was 100 CFU mL™'. Boehm
et al. developed a simple and rapid biosensor with immobilized monoclonal anti-
bodies for the identification and detection of bacteria using an MF LoC [78]. The
MF chip utilizes impedance-based measurement and showed that the sensor could
detect 9 x 10° CFU mL ™" E. coli in the solution. The sensitivity of the chip with
immobilized bacteria is governed by the height of the sensing chamber. The
selectivity of the sensor to different bacterial strains was demonstrated by the
identification of E. coli in a suspension of E. coli and M. catarrhalis. Specific
extraction of DNA of Hepatitis B virus has been done and several other reports are
there for MF based detection of different viruses and bacteria [79].
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Fig. 8.9 Different steps showing the fabrication of MF biochip for electrochemical detection of
DNA hybridization. WE working electrode, CE counter electrode, RE reference electrode [74]

Other than pathogen detection the MF PoC devices include health care devices
for monitoring human health from analyzing different molecules from human
blood. Blood chemistry analysis is perhaps the most successful application of
these kinds of devices and the examples include i-STAT, Bioanalyzer 2100 from
agilent Technologies, epoc from Epocal etc. [73, 80]. These devices provide
information about various ions like Na*, K*, C1~, blood pH, nitrogen content and
oxygen analysis in very short time duration [81].

3.2 Immunodiagnostics

Immunoassays are probably the most important protein analysis technique. These
are based on detection of either antigen or cytokines. Antibody-antigen based
detection is utilized for the detection of various diseases like hepatitis and autoim-
mune disorders whereas cytokines based assays are utilized for the studies of
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diseases like Alzheimer’s and cancer. They have proven to be a breakthrough
technology that has rendered the analysis of proteins after the work of Yalow and
Berson, who employed radioimmunoassays to determine peptide hormones in the
1950s [82]. Immunoassays have since then evolved considerably. The sensitivity
limits have been decreased to picomolar concentrations using monoclonal anti-
bodies, labeling techniques, and signal transduction and data acquisition devices.
The immunoassays are increasingly ported onto MF formats. MF bioassays have
been used in routine analysis of clinically observed symptoms, frequent monitoring
of disease progression and continuous assessment of therapeutic efficacy. Two
major technologies that are being currently used to fabricate biarrays are
(1) microspot array and (2) mosaic array. The most commonly developed immu-
noassay method is the spot array. It is a simple method whereby many probe spots
are printed onto a chip substrate. This bioarray is then tested against a single
sample, which flows on top of the array. With this method, a large amount of
data can be obtained from using a single sample [83]. The mosaic array is an
immunoassay method that allows for multiple probes to react with various samples
[84]. Rather than having a single sample react with multiple probes, this method has
several samples tested against multiple probes simultaneously. Such robust analysis
has the potential of early; possibly even presymptomatic, diagnosis of a disease. MF
immunoassays can be classified into two homogeneous or heterogeneous assays. In
homogeneous assays, the probes and the samples will be mixed in liquid phase; this
method requires a separation step to detect the presence of the reaction products. In
heterogeneous assays, the samples in the liquid phase interact with the probes
immobilized on a solid phase. While both of these assays are in practical use,
heterogeneous assays are much more widespread due to the ease of washing away
unbound particles from the solid substrate. Heterogeneous immunoassays usually
take the form of the ELISA [83]. Two major areas where immunoassays are now
playing a vital role for analysis are cancer detection and cardiovascular biomarker
detection. In these fields MF immunoassays have now enabled early diagnosis of
disease, resulting in the continuous monitoring of the progress of disease and
response to therapy. Legendre et al. reported work on the design and development
of an MF device for diagnosis of T-cell lymphoma [85]. The system accepts a
whole blood sample as the input, extracts the DNA, amplifies target sequences of
the T-cell receptor gene, and electrophoretically resolves the products for detection
of a signature consistent with monoclonality. Diercks et al. fabricated a MF device
that measures multiple proteins (tumor necrosis factor, CXC chemokine ligand
2, interleukin 6 and interleukin at pgmL ™' concentrations in nanoliter volumes
[86]. Antibody-coupled polystyrene microspheres labeled with embedded
fluorophores were used to detect the analyte (proteins). Optical detection of cap-
tured analyte was performed off-chip using a confocal microscope, which proved to
be a disadvantage in terms of device portability.
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3.3 Commercial Diagnostics

As the global market for PoC diagnostics is expected to grow a value of US$
24 Billion by 2018 the potential application of MF towards the production of
practical devices raises enormous excitement among the researchers [87]. Present
diagnostic techniques mainly focus on glucose monitoring, blood chemistry, and
electrolyte, pregnancy and fertility, drug and alcohol, cholesterol, hemoglobin/
hemostasis, urine chemistry and to some extent infectious disease surveillance.
The major areas of growth include HIV testing, drugs of abuse, cardiac and tumor
markers detection and diagnostics for infectious diseases. There is a long list of
companies involved in the fabrication of MF based devices for both PoC analysis as
well as general laboratory tools. Some of which along with the products are listed in
Table 8.3.

The i-STAT handheld system was among the first commercially successful LoC
based products. i-STAT is a portable handheld system result of an integration of
miniature fluidics and electrochemical detection designed for analysis of electrolyte

Table 8.3 List of various PoC devices in the market from different companies [81]

Product Company Application and highlights of technology

i-STAT Abbott Blood chemistry analysis system, Portable analyzer
capillary-driven microfluidics, thin-film electrodes
for detection

Bioanalyzer | Agilent Technologies Cellular and molecular analysis, chip based device

2100 utilizing principles of flow cytometry and electro-
phoresis based assay for analysis

Piccolo Abaxis Blood chemistry analyser, compact analyzer,

xpress® injection-molded plastic discs, no sample
pre-processing

ACIX 100 Achira Analysis of hormones, multiplexed assay based
device utilizing fluorescence detection

cobas® Liat | Roche Infectious diseases and genotyping, Lab-in-a-tube

System platform for automated analysis in compact benctop
instrument

epoc’ Epocal Blood chemistry analysis, Self-contained cards,

patterned electrodes for sensing, wireless data
transmission

3M"™ inte- Focus diagnostics Flu, intestinal pathogens, Portable detector, discs
grated cycler with on-board extraction
GeneXpert Cepheid Respiratory infections and cancer detection, dis-

posable cards with benchtop analyzer
(GeneXpertl), on-card sample processing (sputum)

Proxima Sphere medical Blood chemistry analysis, microanalyser with sili-
con chips and functionalized electrodes for rapid
electrochemical detection

Micronics PanNAT® Molecular Bacterial infections and drug susceptibility testing
(Sony) Diagnostic System Disposable cards with integrated heating, detection,
sample processing in a portable instrument
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levels, glucose, cardiac markers and limited immunoassays [81]. The other notice-
able blood chemistry analysis LoC based systems are being developed by Abaxis,
Epocal, and Sphere Medical. Industries are currently focusing on development of
microfluidic CD4 + T-cell detectors for monitoring HIV/AIDS, a disease of high
prevalence in developing countries. But a majority of commercial MF is focused on
manipulation of DNA and RNA signatures for PoC clinical diagnosis and monitor-
ing of patients. Nucleic acid tests are probably some of the most difficult assays to
develop because of additional steps required for sample pre-treatment, signal
amplification and target contamination, and instability. The company which initi-
ated the integration of multiple MF procedures for nucleic acid detection was
Handylab (founded in 2000 and acquired by BD in 2009). The company developed
disposable platforms with onboard dry reagents provided in combination with a
benchtop instrument combining heating, mechanical valves for fluid control, and
fluorescence detection using molecular beacons. Besides this, several devices
aiming at replacing traditional ELISA-based diagnostics with MF technology are
also on their way to commercialization.

4 Present Challenges and Future Perspectives

After the recognition of MF potential in diagnosis, the realization of this field has
been very slow. In fact, thousands of research publications are there, but the
outcome as successful devices is very less. Some commercially available LoC
products for DNA analysis, protein crystallization, and performing simple chemical
reactions are available but still there is need for so-called “killer application” in the
field of clinical diagnostics [88]. The PoC diagnostics have not yet lived up to their
forecasted potential. One of the reasons may be the complexity of the systems.
Many complex biochemical processes have been demonstrated on-chip for diag-
nostic application. However, the majority of them require the support of bulky and
expensive external parts (pumps, valves, and switches) for the manipulation of the
fluid and a variety of optical detectors and sensors for signal measurement. Thus,
for practical use, simple approach with more applicable procedures should be
devised to make the technology more field application. The other challenge may
be the reluctance to the adoption of new technology. As the market is user driven
and not technology driven i.e. the users are habitual to the traditional methods of
analysis any new technology introduced has to be simple and must be easily
operated by non-experts also. Most of the PoC diagnostics used in hospitals or
laboratories are not suitable to be used by common people. User-friendly diagnostic
concepts should be employed in the devices such as the simple indicator symbols to
indicate the presence of antigens, antibodies, viruses, or other biological targets to
be analyzed.

Analysis of real samples like blood and saliva in an MF device, however, is more
complex and problematic than the purified samples usually used in general labora-
tories. Therefore, new devices need to be designed which are operable in the virtual
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environments rather than in laboratory conditions. Lack of funds may be another
reason for the slow pace of transformation of academic research to practical
devices. Manufacturing of MF devices is quite expensive and uses costly instru-
ments that are not available in all laboratories. These costly MF platforms that are
being used for research are not suited for mass production of practical devices. The
majority of manufacturing methods published on the LoC devices have been
micromachining on glass or silicon, and soft lithography on PDMS, which is
again expensive [89]. However, for commercial PoC applications, mass production
methods are required. Presently, plastic and paper or membranes are the two
popular materials used for achieving high-volume and low-cost production. As
the industry is influenced by the market cost of manufactured product more research
should be directed towards the designing of low-cost platforms. To justify the
switch for the consumers from current products the MF technology must signifi-
cantly outperform or cost less than the present products. An emphasis on global
health has increased the demand for low cost, high through output and integrated
PoC devices which are likely to become common in the years ahead. Currently,
most MF devices have one diagnostic target, but device targeting 100 s or 1,000 s of
diseases will likely be designed and commercialized in the next decade, presenting
MF a solution for major disease diagnostics.

MF is an emerging technology in the field of commercial diagnostics as far as the
realization of technology from the laboratory to the real world is concerned, and its
future holds enormous potential. The MF devices are destined to replace conven-
tional techniques, and the innate advantages of the technology are too hard to
ignore. The continuous development of MF applications in manufacturing methods,
including platform technologies that can be customized easily for each diagnostic
test, will be the drivers of success. Commercial success will result in the expansion
of the field from biological domain to other areas also.

5 Conclusion

Here we have summarized the advantages of small fluidic circuit components
which are capable of realizing quantitatively more and qualitatively new measure-
ments of biological procedures. Microfluidics can be thus called as a technology
with an aim to improve the end products. The microfluidics modified procedures are
leading to new discoveries in the laboratory and new devices fabricated based on
these discoveries are changing the landscape of biological systems. A lot of work
has been done in this direction but still there is enormous scope for future
development.
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Chapter 9
RETRACTED CHAPTER: On-Chip
Immunoassay for Molecular Analysis

L

1 Introduction Z:
1.1 Immunoassays

The specificity and affinity of antibody-antiZ@msifiteractions has long been exploited
in immunoassays for the detection of biomolecular analytes. In particular, immu-
noassays are used in a wide spe applications in clinical diagnostics,
molecular biology, proteomics an ng, for the measurement of many pro-
teins and, to a lesser extent, smalyYmaglecules due to their relatively smaller exposed
surface for recognition. Immu s/Can be categorized into two main formats:
homogeneous and heterogengQus assdys. In homogeneous format, antibodies and

antigens are in solution, agd théMyinteractions that lead to the formation of the
antibody-antigen immungComplex also occur in solution. On the other hand, in
heterogeneous format, the, antipodies or antigens are immobilized on a solid
support, and their interactionS take place at the boundary layer, and the unbound,
or “non-captured” anti or antigens, as well as other reagents can be easily
removed. Both immunoasgay formats have been extensively studied and widely
implemented in idic platforms.

Immunoassays-cal urther classified into competitive mode and non-competitive

modes. Inco itive mode, known amount of labeled antigens are introduced into the
assay, and the non-I3beled antigen competes with the labeled antigens for a limited
number of Rin ites on the antibodies. As the amount of non-labeled antigen in a
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sample increases, the amount of labeled antigens that remain bound to the antibody
decreases. The competitive immunoassay generates a signal that is inversely propor-
tional to the amount of the antigen, if the labeled antigen-antibody complexes are
detected, or an increase in signal. In non-competitive mode, there is an excess of
antibodies. The antigen are first “captured”, and subsequently dete by a second set
of labeled antibodies, via recognition of a distinct recognition Ope) of the
antigen. The formation of this antibody-antigen-antibody co x 1SWg¢scribed as a
“sandwich” immunoassay, where the signal is propo tp the antigen

concentration.

Conventional immunoassays, in particular heterogefic immunoassays, are
performed in microtiter plates with 96 or more sampl Is, and typically involve
a series of sample/reagent introduction, washing, mi nd incubation steps. The

process often requires at least several hours and could last 1§ up to days to perform
a single experiment. The lengthy analysis time is e to the long incubation
step, attributed to the limitation in mass trans 1l the reagents to migrate
from within the solution to the antibody-coated e, as the association rate of
the antigen to the antibody is relatively rapj botic systems can be used to
carry out repetitive fluid handling, thereby reducing hands-on time and improving
the throughput, but require significant inv enf in infrastructure, as well as high

maintenance efforts.
ithin microfluidic systems represents

Miniaturization of the immunoags@
an attractive solution to shortcomiy % imitations in conventional immunoas-
says. Common microfluidic sys arcWuilt by networks of channels with dimen-

te T
sions in the pm range. Flui ow)in a laminar manner at these scales,
exhibiting neighbouring parall€l flui@ig¢’ streams where mixing occurs only through

m
t f

diffusion [2]. Due to the muc er scale, mass transport is more efficient, and the
increased surface to volu tio further accelerates the antibody-antigen complex
formation. The smaller difhension)s of the channel significantly reduce the amount of
reagent and sample requi uid handling are mostly automated through the

design of channel net use of valves and other features, thereby simplifying
experimental procedurdy, improving reproducibility, reducing analysis time,
increasing throug and Yowering the operating cost.

This chapter n a number of main developments in microfluidic immu-
noassays in sinfe 2000y Representative works are highlighted, presented and cate-

gorized in tHree s: microfluidic immunoassay formats, fluid driving and
handling te logi¢s, and multiplexing approaches.
2 Im assay Formats in Microfluidic Systems

Both homogeneous and heterogeneous immunoassay formats (discussed above)
have been developed into microfluidic-based assays. In homogeneous formats,
analyte bound and free antibodies are both in solution, and can be distinguished
by their mobility in the microfluidic channels; whereas in heterogeneous formats,
all antibodies are immobilized on the surface of the microfluidic device, or on beads
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introduced in the device. This section will discuss a number of microfluidic
implementations in immunoassays based on electrophoresis-based homogeneous
format, and surface- and bead-based heterogeneous formats.

2.1 Homogeneous Immunoassays in Microﬂui@s

Homogeneous microfluidic immunoassays rely on the di§crimifglion of analyte-
bound and free antibodies for quantitative measur ormation of the
immunocomplex creates differences between the analy@8gound’and free antibodies
in diffusion characteristics, [3] isoelectric point, [4] a%rophoretic mobilities.
In particular, gel electrophoresis separates molecules based oifelectrophoretic mobility

due to differences molecular weight and conformation se of non-denaturing gel.
that separate bound and

of polyacrylamide [8]. Since the reagents i eous immunoassays, especially
the antibody, are not immobilized and is fre icrofluidic channel, a concentra-
tion step is usually required to improve the detection sensitivity. Strategies such as the
use of a preconcentration membrane pe®emyrich the analyte have been employed. A
microfluidic system integrating analyfg precohcentration, reagent loading and discrim-
ination of analyte-bound and nopbouRdhy/antibody has been shown by Meagher
et al. [6]. A protein analyte was oaded into large pore-size polyacrylamide gel,
which then migrated under an/tect eld onto a preconcentration membrane and
trapped. A labeled antibody, hen loaded and concentrated in the same area.
Analyte-bound and non-boydeantibodies were then separated in the separation channel
containing polyacrylamidejgel with small pore size that is suitable to discriminate the
two antibody species. The a be carried out in less than 20 min with 10 pL sample
and achieved a detectiommligait, of 10 pM for SEB detection and metalloproteinase-
8 using saliva samples [9

Isotachophores#ITP)Yis an electrokinetic method that has been applied in
microfluidic chi paration and concentration technique in microchip-based
electrophoresi inates the use of a preconcentration membrane. ITP has
been used as dpromising sample pretreatment for a wide variety of analytes such as

protein bio ers, [10] and in a number of microfluidic-based immunoassays. In
particular? has been used to preconcentrate the immunocomplex before the
electro etic Separation step, resulting in enhanced sensitivity and reproducibil-
ity of [7, 11]. An example is a microchip known as the “electrokinetic

analyte tram§port assay” by Kawabata et al., [12] in which concentration, mixing
and incubation of the reagents and analyte were integrated on-chip using ITP prior
to electrophoretic separation, completing the entire analysis in about 2 min.

Due to its enhanced compatibility with electric force-based fluid manipulation
and the rapid and straightforward separation, capillary electrophoresis (CE) has
been used in microfluidic systems for carrying out immunoassays. Since the first
report of CE-based microfluidic chip for detection of monoclonal antibodies and a
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small molecule drug, [13] the Harrison group has developed advanced CE-based
microfluidic systems comprising of six independent channels for mixing, reaction,
separation and detection within a single wafer. This CE-based chip can perform
simultaneous direct immunoassays for ovalbumin and anti-estradiol using fluores-
cence detection, completing the assay within 1 min [14]. CE-basgéychips have also
been integrated with electrochemical measurement [15] for se tection, as
well as high throughput immunoassays in competitive m n addition,
CE-based chip can be adapted for continuous flow, repla sepl reagents and

buffer with fresh ones, thereby prolonging CE to 24 or itoring insulin
secretion from islet [17, 18].

2.2 Heterogeneous Immunoassays in idic Systems

In heterogeneous immunoassays, antibodies are bilized on the surface of a
solid support. In general, the solid suppqrt ither be the surface of the
microfluidic device or on beads typicallyfof pmydimension that are embedded in
the channel or chamber within the deviceQWhepeas antibody immobilization is a
key step because it can dramatically influences the specificity and sensitivity of the

assay, strategies for analyte delivery shing can also affect the performance of
the assay in terms of analysis time of detection.

2

2.2.1 Antibody Immobilip&@
m

Microfluidic substrates are only made from materials including glass, silicon,
silicon nitride [19], polydimethylsiloxane (PDMS)[20, 21], polymethyl methacry-
late (PMMA) [22] and po ne [23]. The simplest method to immobilize anti-

body onto a microflui ate is by physical adsorption. While being extremely
simple, this method oftehdresults in significant reduction in antibody activity due to
steric hindrance, om Yand unfavourable orientation and denaturation of the
antibody [24]. se shortcomings, more controlled and specific immobili-
zation strategig§ by bi0fffinity and covalent immobilization have been developed.
One strategy 1 use of a long covalent linker to “tether” the antibody, which
keeps the a; dy a’defined distance away from the surface, thereby maintaining a
chemical onpgient around the antibody similar to the bulk solution, minimizing
proble socidted with accessibility and steric effects. Indeed, different strategies
for co obilization of antibodies on silicon substrates have been compared
by Yakov et al., [25, 26] demonstrating that long and flexible linkers such as
polyethyleneimine (PEI) [27] and dextran [28] led to more favourable
immunoreaction than short linkers such as 3-aminopropyltriethoxysilane
(APTES). Antibody functionality can also be maximized by the use of bioaffinity
interactions. A novel antibody immobilization strategy on PMMA surface was

reported by Wen et al., [29] who used a surface linker biotin-poly(L-lysine)-
graft-poly(ethylene glycol) (biotin-PLL-g-PEG) for immobilization. The PMMA
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was activated by plasma, followed by coating with poly(acrylic acid) to add
functional carboxyl groups, which form electrostatic interactions with biotin-
PLL-g-PEG. NeutrAvidin labeled-Protein A binds strongly to the biotin, effectively
linking Protein A to the surface, which captured antibody in an orientation-specific
manner via the Fc region of the antibody. In addition, the PEfg moiety on the
PMMA surface helped reduce non-specific adsorption. This s sulted in a

higher analyte capture efficiency than direct covalent linkage 6f Protegh to PMMA.

Antibody can also be directly entrapped in the microfluddic/ suljstrate material
during the fabrication step. Heyries et al. [30] spotted antiody sOWftion on a Teflon
mould by a microarrayer, followed by pouring liquid ., After curing, the
PDMS was peeled off and the antibody molecules w ereby transferred to the

PDMS. The transferred antibody showed efficient a capture with the overall
assay sensitivity at ng/mL sensitivity.

2.2.2 Analyte Transport and Delivery Q
Compared to conventional microtitre wellformat, microfluidic systems offer more

efficient mass transport due to the significantly geduced diffusion distances inside
microchannels/microchambers, thus rapid analyses can be performed at small
sample volumes. However, at low anai¥g, concentrations, the transport of analyte
can still be limited [31]. While tlg been significant effort focused on a
reduction of the size of the sengt gfon, [32] there is less attention on the
improvement of the design of pj dic elements. Transport can be enhanced
by further lower the dimension§ of th@ghicrofluidic features, but there is obviously a
limit at which the devices c&ignaturized before the resistance to fluidic flow
becomes impractical to dle. ’Because diffusion is the only method for
transporting the analyte tQ the immobilized capture antibody, and that the replen-
ishment of the analyte at undary layer on the capture surface is subject to
mass transport limitafi , 34] one way to improve analyte delivery to the
capture antibody is to in¢¢grate mixing functionalities in the microfluidic system.
Periodically pulsi e anflyte solution in simple “forward-backward” flow within
serpentine chan 0 higher analyte capture [35]. Passive mixers built with
micro-dimensigned fedures such as patterned grooves/herringbone ridges pat-

terned in the 4op e microchannel have been shown to increase the sensitivity
of immunogss y more than 26 % [36, 37]. The grooves in the channel induced
mixing o fludd, thereby encouraging the delivery of analyte to the capture

region, asgwell Yas continuously replenishing analyte molecules at the boundary
layer, g analyte depletion. An active mixing strategy developed by
Jennisen a umbrink [38] used a bubble introduced into the channel upstream
of the analyte solution, which moved over the sensing surface through the solution,
creating a vortex sheet between the fluid layer close to the surface and the bulk
solution that achieve good analyte transport to the sensor via effective mixing.
Another strategy to create enhanced transport of the analyte to the capture surface
has been developed by Hofmann et al. [39] The rapid delivery of analyte to capture
antibodies in small volume sample was achieved by a flow confinement method, in
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Cy5-labeled anti-rabbit IgG immobilinit 1gG
Fig. 9.1 Schematic illustrating the concept of flow confinégich sample flow is joined by a

of higher velocity near one surface of the microchg TaKen from [39]. Copyright © 2002

American Chemical Society

which the flow of the sample is joined perpefidicularly by a confinement makeup
flow of buffer. Since the flow is la the makeup flow effective confines the

sample into a thin layer on the cap @ (Fig. 9.1).

2.3 Heterogeneous I@ays on Microbeads
2.3.1 Magnetic Microbéads

To significantly increase the Strface area to volume ratio, microbeads are often used
in microfluidic immundgsgays. Microbeads can also serve as a simple vehicle for
reproducibly manipulating, antibodies and their delivery to specific locations
[40]. Microbead @ agnetic or non-magnetic, which often determines how
microbeads are gmplegented in the microfluidic system.

The use o netic microbeads in microfluidic immunoassays is becoming
more populaxas thSfr manipulation is greatly facilitated by the application of a
magnetic ficldPallpwing easy capture of analyte from the sample mixture. Typical

magnetic_bed@gfimunoassays employ antibody-coated magnetic beads that are
immob{ the surface of the device, [41—43] providing an increased capture
or senst rface. The most efficient use of magnetic beads however is by

resuspending and dispersing them in the sample solution to reduce the diffusion
distances between the analyte and antibody. For microfluidic systems, collecting
and resuspending magnetic beads at specific stages of the assay requires more
specialized and complex functionalities such as micropumps, active mixers and
microcoils for generating localized magnetic field [44, 45].
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A unique magnetic bead retention mechanism has been developed by Lacharme
et al., [46] which exploited the self-assembling properties of magnetic beads that
led to the formation of a magnetic chain, without the use of sophisticated fluidic
handling. The magnetic chain was formed by trapping magnetic beads in
microchannels with cross-sections with periodically enlarged sizgs When a mag-

netic field is applied, the magnetic beads self-assembled as chai the length
of the channel. This mechanism provided efficient mixing ang™as a It enhanced
the antigen capture in an immunoassay performed complet, n-chip with detec-

antibody solution.

2.3.2 Non-magnetic Microbeads ’
tioZ ;or manipulation, and the

tion limit in the range of a few ng/mL in 30 min, usinﬂ of reagents and

Non-magnetic microbeads require physical r
removal of unbound analyte. Physical retention -magnetic microbeads can
be achieved by microstructures fabricated w e microfluidic system. The
Kitamori group used a dam structure to frap antibody-coated polystyrene beads
[47, 48]. Ko et al. [49] developed an infiggrated chip for protein sensing using
antibody-coated polystyrene beads trapped in a reaction area by micropillars made
of PDMS. Sample solution, gold nangp@#igles labeling agent, and signal generation
solution were then flow through t @ d beads. The gold nanoparticles cata-
lyzed the silver ions in the signal generagn solution into metallic silver, which in
turn deposited onto the gold n rtiples and thereby enlarged the particles to

100 nm. The enlarged particlegfo an electrical bridge between the electrodes
layered on the sensing surfac&ng in a signal due to the decrease in resistance.
The entire chip-based a can’be completed in less than an hour, while
performing the same as@ a conventional setup requires at least several
hours on hands on time.

Employing a con similar to solid-phase extraction, Shin et al. [50]

packed antibody-conjugafed microbeads against a frit structure as a strategy to
increase the sensifi¥ity offimmunoassay for C-reactive protein (CRP). Captured

CRP were captu packed bead matrix, and subsequently eluted in an acidic
buffer. The exffaction #¥lso worked successfully to detect CRP in complex sample
such as serumdan ebrospinal fluid [51].

Non-magnetic microbeads can also be immobilized by dielectrophoresis [52] or
electrosta ceg [53, 54] without the use of microstructures for physical retention
of the b . es et al. [52] developed a microchip-based flow cytometer using
com ethacrylate beads for capture antibody immobilization. The

microchip-B8§ed flow cytometer used negative dielectrophoresis to focus the
microbeads into a stream of particle, and the impedance and fluorescence signals
of each bead were measured.

In the work by Sivagananam, [53] positively charged APTES were patterned on
a glass substrate, and negatively charged streptavidin-coated microbeads were
assembled electrostatically. The assembled beads were then used for conjugation
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with the capture antibody. Using mouse IgG as a model analyte, this method
reached a detection limit of 250 pg/mL when operating in continuous-flow mode.

The majority of microbead-based strategies only employed the outer surface of
the beads for antibody immobilization. Unique implementation of the bead-based
immunoassay such as the work by Yang et al., [55] in which su Orous agarose
beads with diameters ranging from 10 to 80 pm were used as pport. The
superporous agarose beads were covalently conjugated to Profein hich immo-
bilize the capture antibody in a favourable orientation. U, thee superporous
beads as immobilization materials, the immunoassay detegted g gG, as a model
analyte, with a detection limit of 100 pg/mL, a 10{t improvement over
conventional bead-based microfluidic assays. The largé®gurface area attributed to
the inner matrix of the agarose beads, as well as the 1 fluidic resistance due to
the porosity of the beads have led to the enhanced sensitivify of the assay.

3  Fluid Driving and Handling Te ies in Microfluidic
Systems

Fluid transport plays an integral role in microfluidic immunoassays, and the per-
formance of the fluid driving and h, % system directly affect the result of the
assays. To miniaturize the fluidic gpcFagions analogous to the steps in conventional
immunoassays, [56] many strafegjes \for on-chip liquid transport have been
reported. The force for fluidic odalities can be categorized into electric,
pressure and power-free passj

3.1 Electric For

Electric forces fo w are generated by electroosmotic pumping based on

electroosmotic ). EOF is the flow of the bulk fluid resulting from the
movement of the solvafed ions. A layer of fluid containing a build-up of solvated
ions is attracted oppositely charged walls. When an electric field is applied,
the solvated iQns, and the waters of hydration are driven toward the oppositely
charged ode/ The movement of the solvated ions drags the bulk fluid via
viscous es, torming a uniform plug-like flow [57]. Using this mechanism, fluid
handli s flow initiation, stopping and direction can be easily controlled by

the applied*®lectric field, and do not require valves or pumps. Furthermore, con-
trolling fluid flow by electric field alone facilitates automation.

The first application of electric force-driven fluid flow in immunoassays was by
Rooij et al. [58, 59] and further developed by Gao et al. [60, 61]. For example, Gao
et al. developed a microfluidic chip for detection of multiple microbial antigens
based on electroosmotic pumping [60]. The microchip first used a microfluidic
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network to adsorb the analyte onto a PDMS-coated glass slide. Another PDMS
bearing H-shaped microchannels for reagent delivery was then bonded to the slide.
The sequential delivery of reagent solutions was performed automatically by a
programmable voltage sequencer. This method was able to detect bacterial lysate

antigen and achieved a detection limit of 3 pg/mL. Simulta s detection of
human antibodies against two bacterial species in serum wa sible with
this automatic system [61].

Electric force-driven immunoassay could have better Aginding kinetics than
pressure-driven assays. Hu et al. [62] built a two-dimensjonal putation model

in the bulk fluid flow
icrochannel. The model

to simulate the mass transport and binding between the a
and the immobilized antibody on the surface of th

showed that, due to the uniform, plug-like fluid flo le as a result of electro-
osmosis, assays using electric force-driven flow indeed exliibited superior reaction
kinetics than pressure-driven ones. However, there ct design constraints for

the construction of electric force-based syste he Sybstrate material should be
non-conductive, other electrical breakdown rcuit might occur. Further-
more, the choice of buffer and reagents us ch systems must be conductive.

affects the conformation of biomolecules and hence antibody-antigen recognition,
as well as causing denaturing and agge®@ation of other biomolecules present in the

Another electric force-based flatd tramgport strategy is electrowetting, whereby
liquid, in contrast to continuou in)channels, are handled as discrete droplets,

in the presence of voltage segfienc plied to an electrode array insulated by a
hydrophobic dielectric layer, lectrowetting is often combined with magnetic
s

microbead-based immunog8says for liquid droplet manipulations, separation of
bound and unbound ana@ washing steps. Sista et al. [43] developed a
microchip containing a sa droplet and a reagent droplet containing capture
antibody-conjugated microbeads and detection antibody. Electrowetting-
based manipulation moved and merged the two droplets, and after an incubation of
2 min the drople ng the sandwich immunocomplex on microbead was

delivered over followed by capture by the magnetic field. Unbound
analyte and otfler coniponents were then removed by splitting the excess liquid

from the bea in the droplet, and a new droplet containing fresh buffer was
introduced pver the ‘beads for washing, and the process repeated several times to
ensure C te avashing (Fig. 9.2). Detection was achieved by introducing a

droplet tainthg detection reagents. The entire analysis using electrowetting
fluid as completed in 7 min.
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Magnetic beads with
a antibodies and reporter
antbodies Reporter antibody
a/ labeled with ALP
Capture antibody with
magnetic beads
O Analyte

Antibody-Antigen complexes
with unbound material

Splitting of unbound
material

Fig. 9.2 Process flow of the hete:
(a) Delivery of sample to the i
bilization of magnetic beads, fd) remqval of unbound analyte and reagents (e) addition of fresh
wash buffer. Taken from [77]}

ous immunoassay using electrowetting for fluid transport.

andling modality for microfluidic immunoassay is by
pressure-driveg flow. contrast to electric-force driven flow, pressure-driven
modalities do{no e strict requirement on the conductivity of the solution and

device m n the other hand, pressure-drive flow exhibits a less uniform,
parabol rofile, which results in the dispersion of the liquid plug, and
theref sidered less useful for separations [64].

The simpyest setup for pressure-driven flow can be created by leaving the inlet
open to atmospheric pressure and applying vacuum at the outlet using a vacuum
pump, similar to a sucking action. The fluid can also be pushed by applying a
positive pressure at the inlet and leaving the outlet to atmospheric pressure. In
low-cost microfluidic chip designs, actuation by applying pressure using the hand
or thumb have been demonstrated [65, 66].
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For more precise control of pressure-driven flow and automation,
micropneumatic pumps integrated with the microfluidic chip have been developed
and have become popular for immunoassays. The micropneumatic pump is com-
posed of a fluid flow in a microchannel, mechanically flexible membranes such as
those made of PDMS and air chambers or valves that pneumagigally deflect the

PDMS membranes by introduction of compressed air [44, ¥ Liquid is
propelled by the peristaltic action driven by the time-phased/defletiyon of PDMS
membranes above the fluid flow along the microchannel, and&gpartigularly suitable
for sequential liquid delivery. Detection of host-generated anti against infec-

tion pathogens has been demonstrated with micropnue
immunoassays [67]. In this system, a capture prob

ps in microfluidic
s firSt adsorbed on the

surface of the detection zone. Serum sample, washi ffer, detection antibody
and signal generation reagents stored in separate reservoirs were sequentially
delivered to the detection zone by the micropneum p. The signal generated

was then detected optically by absorbance
required at least three pneumatic valves for cpntr
PDMS membranes [69].

In a more recent design by Schudel et al{[70], the valve structure utilized flexible
PDMS membranes with microfabricated Qarriey/ features or gates that are lifted
away from a substrate by vacuum, thus allowing the fluid to flow. Kim et al. [71]
used these lifting gate microvatlvII nd built pumping capabilities within

surewgent. The peristaltic action
sequential deflection of the

microfluidics. The pump consisted & ar array of three microvalves in series

with cyclic actuation, and was capab efficient and automated fluid transport.
The lifting gate structures offer ced and direct integration with patterned solid
substrates.

To simplify design and ¢ algorithms, it is desirable to limit the number of

pneumatic valves requirg#~ for pumping. For this, alternative designs for
micropneumatic pumps that usefl air chambers of different sizes interconnected
by air channels were devel 2, 73]. Using interconnected air chambers caused
the membranes to de ifferent times, allowed for their sequential actuation

micropneumatic as used in bead-based immunoassays with flow cytometry
detection [44]£The tfAnsport of samples, washing buffer, antibody-conjugated
magnetic beads, tion antibody and sheath flow for focusing the sample stream
were all prgvided by the micropneumatic pump, and the entire process including
sample in iory’and final detection step took 40 min.

3.3 Centrifugal Force-Driven Modalities

Centrifugal force-based microfluidic platforms have been developed and typically
built from round substrate similar to the compact disc (CD) form factor and
footprint. CD-based microfluidic systems contain networks of channels and
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chambers that perform many analytical functions, including sample/reagent trans-
port, dilution, mixing and separation, all within a disc format.

The main characteristic of microfluidic systems on a CD is the use of centrifugal
force controlled by the rotation speed of the CD. The centrifugal force is to
overcome the capillary or surface force which prevents the ligwid contained in
one chamber from exiting. As the centrifugal force increa the center
towards the outer edge of the CD, sequential pumping of ligfrid c e achieved.
Similar to all pressure-driven flow methods, centrifugal f; driven flow is not
affected by the physiochemical properties of the fluid. In/additi®y, because of the
CD format, these devices can be easily adapted with optiCal®dgtectors similar to the
mechanism of a CD player.

Centrifugal force-driven microfluidics have attra ttentions and have been
implemented for carrying out homogeneous immunoassa¥ for pathogen antigen

detection [74]. A number of commercial assays haeen developed. Gyrolab

used a packed bed of microbeads and perfo mWtiple reagent delivery steps
controlled by centrifugal forces to perform i oassays [75]. The bed of
microbeads formed an assay surface on whic ents flow through for analyte
capture and washing, followed by optical/ detection using a laser directly on the

device.

The ability of centrifugal-based microfluidic to implement on-chip blood sepa-
ration is particularly attractive. Lee 76] developed a system for performing
bead-based immunoassay for the Ae gn of host-generated antibody against
hepatitis B virus and in particulae-theSyétem was capable of plasma separation.
The control of flow between ery was done by an interesting microvalve
design involving the use of feffow at can form valves that are normally open
or closed. Ferrowax is paraf with embedded iron oxide nanoparticles, which
upon heating by a low inteisity IR Yaser melts at an accelerated rate, and therefore
can be individually actudted. The immunoassay is fully automated started from
whole blood, and can be ¢ ed in less than 30 min.

A recent centrifug i uidic platform reported by Koh et al. performed an
innovative sedimentationfbased immunoassay for detection of botulinum toxin
ixed a whole blood sample with capture antibody-
nd fluorescently-labeled detection antibody. Binding of
capture and detection antibody formed a sandwich and

e~ a

the analyte begveen

fluorescent ifym mplex. Subsequently, the centrifugal device separated the
beads with immunocomplex from the blood sample through a density media,
which efféChiglely Avashes the beads and remove all interfering agents. As the bead

pellet a end Pf the channel located at the out edge of the disk, fluorescent signal
can b d and the analyte quantified (Fig. 9.3).
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3.4 Passive, Capillary Force-Driven Modalities

Passive fluid handling has been pgpula ause the integration of active actuation

of liquids using electric force, p ing Yy peristaltic action and pressurized valving
directly contribute to the co X1 d cost of the system. Passive microfluidic
systems offer portability, e operation and power-free operation. The most

for passive fluid flow, thefeby avpid the requirement for external pumping system,

common and versatile pa@u d driving force is capillary force, which allow
tubing and connectors [7

In particular, capillary microfluidic systems can
perform autonomous livery [83, 84] and allows the use of transparent
materials including PDMS, PMMA and glass, providing higher flexibility in
assay design and tionYmethods.

Gervais et al, eloped a one-step capillary-based microfluidic immuno-
d of sample collector, delay valves, flow resistors, detec-
ition zone and a reaction chamber with immobilized capture

tion antibodydde

antibody. The-capillary-force was generated by capillary pumps with vents. The
microstru of fhe capillary pumps, delay valves and flow resistors determined
the ove ow Yesistance and capillary pressure, which controlled the flow rate of
the de " In this system, the delay valves consolidate the liquid flow from the

sample coll8gtor before reaching the flow resistors, thereby minimizing the problem
of air bubble trapping. The flow rate can be modulated by adding flow resistors.
Capture of the analyte was achieved by capture antibody patterned on the surface of
the reaction chamber. All other reagents were stored on-chip and redissolved as
sample solution flowed through during the assay. In this one-step design, the
addition of blood sample into the capillary circuit initiated the capillary-driven
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flow, which then automatically triggered the fluidic operations to complete the
immunoassay. However, the system was unable to sequentially deliver multiple
reagents required to amplify the signals and enhance the detection limit of the
assay.

Safavieh and Juncker [83] introduced two novel capillary ele
and retention burst valve. A trigger valve consists of a shallow

another channel that is deeper, covered by a hydrophobic layef.~The @fupt increase
in the cross-section of the microchannel making it energeti unfavourable for
t

s: trigger valve

the liquid to flow from the shallow to the deep channel dy€ to arge increase in
liquid-air interface at the liquid front. The trigger valve1S%giggered by flowing a
liquid through the larger channel. A retention burst valy@g formed by constrictions
in the microchannel that produce high capillary pres hen the pressure in the
capillary circuit near the retention burst valve is weakeff'that the valve’s burst
pressure, liquid remains pinned by the retention bu e. When the pressure in

the circuit builds up and rise above the valve
draining the channel of the valve until it eyent
reservoir downstream of the retention burst ya eings to drain rapidly (Fig. 9.4).
A novel capillary circuit was built by cdmbining a variety of capillary elements,
and achieved completely autonomous Welivesdly of multiple liquid reagents
according to a defined sequence that followed a preprogrammed and predetermined
flow rate and timing. The capillary cjsewmi
noassay to measure the concentratj
such circuit as capillarics and int
those used in electrical circuits,

burst _pressure, the liquid begins
bursts, and as a result the

Flow
Resistor

mm

Fig. 9.4 Optical micrograph of a microfluidic capillaric circuit containing 4 side-reservoirs made
in PDMS. CP capillary pump, RBV retention burst valve, CRV capillary retention valve, TV trigger
valve. Taken from [83]. Copyright © The Royal Society of Chemistry 2013
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4 Multiplexed Microfluidic Immunoassay Platforms

Multiplex immunoassays facilitate detection of multiple analytes from a single
sample, and are of great importance for various fields, such as medical diagnostics,
drug discovery, and other biological studies [86, 87]. Multiplex
commonly performed on surface microarrays and microbead-bds
common characteristic of these two platforms is the reduced v
antibody-antigen recognition takes place, which is facilita
ple and reagent handling.

ujtiplexing. A
in which the
jcrofluidic sam-

4.1 Surface Array-Based Multiplexing

Antibody-immobilized microarrays have
throughput multiplex immunoassay using chj

the spatial encoding (x and y coordinates) on the microarray surface, and can be
analyzed using spatially resolved imagi ethods such as microscopy and micro-
array scanner.

Microfluidics has mainly been
delivery to surface microarray
create linear channels that cofinectgdividual rows or columns of a microarray
[89]. Microfluidic flow cells&so been coupled to microarray [90]. As men-

tioned in the previous se@iﬂc ofluidics reduce the diffusion distances within

the microchannels, therelly enhancing transport of analyte and reagents onto the
array surface that leads to reaction rate on the surface.

Antibody microarr created using microfluidics. A well-known method
developed by Delamarch¢ [91] used microfluidic networks (LFN) to pattern anti-
body on surfaces. t, anpibodies were patterned on the surface of the substrate as
linear strips usi t uFN. A second pPFN, oriented in such a way that the
channels are pgipendic¥lar to the first set of channels, was used to deliver analytes
and reagents for jmmunoassays, which subsequently generated signals that can
be imaged pptically’(Fig. 9.5). A number of immunoassays have been developed
based on attgrning method, [92, 93] and a more complex system integrating
pneumajagy valvgs to control the delivery of reagent solutions for simultaneous
detecti ifferent analytes from 10 samples [94]. A modification of the initial
design was ®ported by Ziegler et al. [80] where a stencil was used as an alternative
to microchannels for delivering and coating proteins to form microspots [95].

Using the same concept, a double layer microchannel system was developed by
Shao et al., [96] which consisted of two layers of pFN that were perpendicular to
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Fig. 9.5 Patterning of a Immobilization Channe
surface using microfluidic
networks. (a) A pEN Antigen 1
patterned different protein B ',Aﬁﬁgén 2
analytes along lines on a HFI\/‘// i P /%—”
substrate. (b) Unpatterned Subsirate B
area was blocked with BSA.
(c) Flourescently-labeled b Bl :

ockin
antibodies flowed through & //./
the channels of a second 2 i
WEN and locally bind to the BSA ~ -

patterned analytes. (d)
Immunocomplex formation
resulted in fluorescent spots. ¢ Recognition
(e) Microsopy image of the
microspot patterns. Taken e
from [91]. Copyright
© 2001 American Chemical iV =
Society 5&“\0\:@6\?\; E@Q\e

d Reading Mosaic II A
| o l///

antigen-TRITC

(immobilization)

each other, crefting icroarray. Microarray has also been fabricated on filter

membranes b, wiching it between two layers of PDMS containing two differ-
ent pFNs [9p1. The major advantage of these systems is the elimination of the need
to remov r§ pFN and the subsequent introduction of the second onto the
pattern.

4.2 Bead-Based Multiplexing

The simplest way of multiplexing bead-based immunoassays is to separate beads
with different conjugated antibody into sets, and isolate each set of beads in
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different compartments [20]. A single sample is then delivered and allowed to
interact with the antibody on the beads in all compartments. In this format, the
number of compartments that can be fabricated and fit within the device is limited,
and that a uniform distribution of the sample across all the compartments must

occur. On the other hand, in most bead-based multiplexed igamunoassays, the
microbeads are encoded so that the identity of the antibo%ated to a
e

particular bead can be determined by reading and decodin al from the
bead. The use of optically encoded microbeads does not regquiye the precise posi-
tioning of the beads because their identity, and hence th€ identigy of the capture
antibody, is determined at the end of the assay by imaging. ost common bead
encoding method for multiplex immunoassays is fluo nce barcoding, which is
mostly analyzed by flow cytometry, whereas in mic% implementations, the
beads are usually confined to a monolayer to facilitate sifiultaneous imaging by
microscopy. A microfluidic platform was develo Diercks et al. [97] to
simultaneously detect four different analytegQwith\pg/mL sensitivity from a
2.7 nL sample, using antibody-conjugated ds encoded by embedded
fluorophores. A microfluidic platform wa oped by Sasso et al. [98] that
fully automated all step of the multiplex igfimunogssay using magnetic microbeads
encoded with the Luminex xMAP technolggy (www. luminexcorp.com). In this
system, magnetic actuation was used to transfer the beads into and out of incubation
and washing solutions, which define incubation time and also allowed contin-
uous flow operation to perform coni oncentration monitoring. The binding
kinetics of the assay was empist gharacterized to determine the optimal
incubation times, achieving sepéitiyitiey in the range 1 pg/mL to 100 ng/mL for

detection of IL-6 and TNF-a, f€speCtiyely.
Another innovative use o beads for multiplex immunoassays is the use of

DNA for barcoding [41, 9:: 100]. In this method, a sandwich immunoassay was

carried out on microbeads, wheye the detection antibody was labeled with gold
njugated with double-stranded DNA (dsDNA)
barcodes. After the immunocomplex was formed at the end of the
immunoassay, the dsD is denatured, and the dissociated single-stranded DNA
(ssDNA) was de d by either DNA assay, PCR amplification to reach aM
sensitivity or D array for multiplex detection. This multiplex immunoas-
say combined ghe eas§ of manipulation of magnetic beads, the straightforward
signal amplificat y DNA amplification, and the high multiplexing capability

of microargdy

5 &ons

In this chapter, representative works on microfluidic immunoassays were catego-
rized and described according to the format of the immunoassay, fluid driving and
handling modalities, and multiplexing. Antibody-analyte interaction is accelerated
due to enhanced transport within microfluidics, resulting in more rapid analysis and

nanoparticles that were
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improved sensitivity in comparison to conventional methods. Analysis of complex
biological samples such as blood is possible with microfluidics, and is best handled
by pressure-driven flow due to the more stringent requirement of electric force-
based and capillary-driven systems on the composition and viscosity of the sample.

On the other hand, more complex capillary circuits with novel elements have been
demonstrated, allowing for precisely controlled sequence id” operation
performed in full automation with minimal requirement foy’nstrifgéntation and
power. Bead-based heterogeneous assays have experienc )enificant progress,
particularly in the development of novel encoded beads fgr multiplexing.

Whereas microfluidic immunoassays progress signifi€a in the last decades,
the potential for more advancement remains very hig arti€ular, multiple fluid
handling modalities would be applied in synergy a%rated within a single
platform, hence more complex fluid operation can be carfied out with enhanced
precision and reliability. Integration of novel tran and detection methods
with microfluidic would further improve the spegificitiand sensitivity of the assay,
and facilitate multiplexing.

There are still challenges to be ov
pre-loading and their long-term storage ed to be developed. The issue
of reagent stability is particularly importa munoassays as most biological

reagents, such as antibodies, are perishable and require specific storage environ-
ments. Whereas polymeric substrates, ” as PDMS are the preferred materials for

ew strategies for reagents

prototype fabrication at the labora gl, materials with similar properties but
having capabilities for mass productiOmySuch as injection molding are in great
demand for practical applicati nd }commercialization. The ultimate goal of
microfluidic system developmént 1 provide fully integrated, packaged, robust,
user-friendly, low-cost and sable devices. Given the active research and

continual progress in thf@a the increasing number of innovations, it is

envisioned that this goal ¢an be jchieved in the near future.
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Chapter 10
Challenges and Future

Ajeet Kaushik and Chandra K. Dixit

Since the discovery of microfluidics systems (MEMS), efforts have been used to
use these automated architecture widely for health care. The systems are miniatur-
ized and revolutionized the way we deal biological samples and biological matrix.
BioMEMS is a choice of system for accurate and precise measurement, wherein a
very low sample volume is available to measure. The design and fabrication of an
appropriate BioMEMS enable us to understand how a single cell is completely
different from multiple cells and spheroids. This happened in practice because
BioMEMS technology opened the ways to study physiology of a single cell and
to understand the heterogeneity in the cellular population of the same decent using
morphological, optical, and electrical analytical tools. Another example is to
develop BioMEMS integrated biosensor which can detect target biomarkers using
10 pL of sample volume.

BioMEMS becomes an essential component to develop health care devices for
personalized management. However, due to requirement of highly sophisticated
fabrication set-up consist of clean room equipped with expensive equipment limits
the production of BioMEMS. Beside this, the need of high operation expertise to
function and manage a fabrication tool is also a major issue to promote such
systems for desired application. Scientists have made considerable efforts to fabri-
cate a BloMEMS of reduced form factor, easy operational, easy to integrate, easy to
package, shock proof, no-dead volume, and affordable. Such devices potentially
can be useful for field of life sciences, from basics to industrial to diagnostics.
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However, there is a big communication gap between biologists and micro-
technologists; it is because of the lack of training in the fields other than theirs.

Presented book is a very good platform to understand the basic of BloMEMS,
fundamental science associated with BioMEMS, materials science in BioMEMS,
nanotechnology in BioMEMS, scale-up fabrication of BioMEMS, role of
BioMEMS in cell biology, contribution of BioMEMS in health care devices, and
development of chip-based approach for diagnosis, especially point-of-care
systems.

Overall, this document is call to researchers to explore BioMEMS more to make
state-of-the-art more effective and efficient. According to the diagnostics require-
ment, BlIoOMEMS architecture can be modified via changing design and adopting
novel nanomaterials. Such investigated and proposed BioMEMS could be useful in
the field of cell and molecular biology, single cell biology, disease diagnostics, and
introduced all the commercially available systems that has been either introduced or
have the potential of being get used in research and development. To make possible,
government agencies, national laboratory, universities and industries should pay
more attention and manage more budget to establish BioMEMS fabrication center
along with the introduction of more basic coursed to produce engineers. This
approach certainly will help to establish BioMEMS based start-up companies.
This will reduce the cost of fabrication and increase BioMEMS availability.

The proposed book explored the need of novel microtechnologies, their integra-
tion strategies for developing new class of assay systems to retrieve the desired
health information of patient in real-time. To achieve accomplishments, the selec-
tion of each sensor components and operational parameters of desired property is
very crucial to develop an efficient sensing platform to capable of performing at
POC. System-on-a-Chip (SoC), Diagnostic-on-a-Chip (DoC), and Lab-on-a-chip
(LOC) are the core to the next generation bioanalytical sciences; therefore, this
book will help biologists to understand these systems and will allow them to make
educated decisions on selecting the nature and type of microtechnologies that suits
best to their methods thus enhancing the rate of translational research in the field.
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