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Abstract

Microfluidics has developed as a set of powerful tools that have greatly advanced in
some areas of biological research. The use of microfluidics has enabled many
experiments that are otherwise impossible with conventional methods and is highly
capable of providing advantages in terms of a significant reduction in the sample
processing time, sample volumes, and consumption of costly reagents. Various
research groups have established continuous flow separation methods in
microfluidic devices; however, they have worked with relatively small dimension
microchannels (similar to the blood cell diameter). The present work demonstrates
separation of plasma by utilizing the hydrodynamic separation techniques in
microchannels with size of the order of mm. The separation process exploits the
phenomenon, which is very similar to that of plasma skimming explained under
Zweifach-Fung bifurcation law. The T microchannel device (comprising
perpendicularly connected blood and plasma channels) were micro-fabricated using
su8 negative photo resist and for calculating the efficiency of the device electrodes
were deposited on both the substrates. Three variables (feed hematocrit, main
channel width, and flow rate distributions) were identified as the important
parameters which define the device’s efficiency for the blood plasma separation.
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Chapter 1

Introduction

The separation of plasma from blood is an indispensable process in the
domain of disease diagnostics. Human blood plasma provides crucial information
pertaining to disease diagnostics as innumerable biomarkers are found in blood
plasma, which state the physiological state of the human body. Therefore, the
plasma separation from whole blood is necessary for disease diagnostics.

The conventional method of plasma separation (centrifugation), though
commonly employed, is rather laborious and time consuming, and cannot be
integrated with a biosensor to develop a point of- care micro device. The field of
microfluidics has shown tremendous potential to provide distinct insights and
improvised solutions to processes hitherto involving complex traditional
experimental methods, especially in the areas of biology and clinical diagnostics.
The excitement surrounding microfluidics rests on the fact that it is highly capable
of providing advantages in terms of a significant reduction in the sample processing
time, sample volumes, and consumption of costly reagents, as well as precision in

controlling fluid assays, among others.

1.1 Centrifugation:

Centrifugation, Plasma separation is achieved by subjecting the suspension to
natural or induced gravitational fields. Blood cells are denser than the liquid medium
of plasma. These cells would settle down due to gravitational forces and form a zone
with a very high blood cell density. This method worth nothing that the method is

used for separating different blood cells.
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This is the conventional method and the commonly used method for separating
plasma, requires considerable amount of time and effort, and which cannot be

integrated with a biosensor to develop a point of- care device.

1.2 Microfluidics:

Microfluidics has developed as a set of powerful tools that have greatly
advanced in some areas of biological research. The use of microfluidics has enabled
many experiments that are otherwise impossible with conventional methods and is
highly capable of providing advantages in terms of a significant reduction in the

sample processing time, sample volumes, and consumption of costly reagents.

1.3 Blood:

Blood is a multiphase fluid, composed of cells suspended in plasma. The main
components of blood are erythrocytes (red blood cells), leukocytes (white blood
cells), thrombocytes (platelets) and plasma.

Blood mainly comprises about 45%-50% red blood cells, ~1% of white blood cells
and platelets, and the remaining ~55% is a pale or straw yellow colored fluid called

plasma. Human blood plasma contains 91% water, 7% proteins, 2% inorganic ions,

and other organic substances.



Blood exhibits a complex behavior even at a very high concentration of cells
and behaves as a fluid. Whole blood is a non-Newtonian fluid, whereas plasma is a

Newtonian fluid
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1.4 Definitions:

1. Hemolysis:
The breakage or the destruction of a cell membrane, especially RBCs, thereby

releasing its contents, such as hemoglobin, into the surrounding plasma or additive
solutions.

2. Hematocrit:

The hematocrit (Hct) or packed cell volume (PCV) or erythrocyte volume
fraction is the proportion of blood volume that is occupied by red blood cells. Its
normal range is 0.47 = 0.07 in adult males and 0.42 £ 0.05 in adult females. PCV can
be determined by centrifuging blood.

3. Serum:

Serum is similar to plasma in composition, but without fibrinogen (clotting

factor), and is obtained on centrifugation of blood without prior addition of

anticoagulant.



4. RBC aqgregation:

The human blood tends to form reversible aggregates, sometimes referred to
as ‘rouleaux’ formation. RBC aggregation is promoted by fibrinogen or plasma
proteins.

5. Plasma skimming:

The depletion of blood cells near the channel walls. It is utilized to withdraw
plasma into a side branch.

6. Separation efficiency:

Also referred to as purity. It is the measure of the number of RBCs in the
collected plasma against the RBC count in the inlet blood sample. There is no
universal agreement on the definition among researchers, and the separation
efficiency values obtained differ based on the definition employed. Generally, it is

defined as

n:ﬂ + 100

Cs
* ,where 7 is the separation efficiency
* ¢, = Number of cells per pl in source/feed blood at inlet of microchannel

* ¢p = Number of cells per pl in depleted cell branch or plasma collection
outlet of the microchannel

Separation efficiency of 100% refers to the situation in which no cells are
detected in the collected plasma sample.

6. Yield:

Also referred to as extraction rate. This is the ratio of flow rate at the outlet
plasma collection zone to the flow rate of the inlet blood sample. For example, a 3%
yield can be interpreted as obtaining 30 x«L plasma from 1 ml of blood.

7. Flow rate ratio:

Given a bifurcation in the microchannel with varying flow rates, the ratio of
the higher flow rate to the lower flow rate is defined as the flow rate ratio, if not

specifically defined otherwise.
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L, and W, are the length and width of plasma channel, respectively;

* L, and W, are the corresponding dimensions for the main blood channel.

8. Poiseuille’s law:

For a Newtonian, incompressible fluid exhibiting laminar flow in cylindrical
tubes where is pressure drop per unit length, Q is the flow rate, D is the tube diameter,
w is dynamic viscosity.

9. Reynolds number (Re):

The ratio of inertia force and viscous force, formulated as

_pvdy
U

R,

__ 4xArea of microchannel

h

Perimeter of microchannel

Total Flow rate

area of the microchannel

* dj is the hydraulic diameter
* v isthe average velocity
* p = density of blood

u = viscosity of blood.

10. Dean drag:
In the presence of secondary flow in curved channels due to centrifugal and

inertial forces, the magnitude of secondary flows can be described by the Dean
number, defined as De = Re d R h , where Re is the Reynolds number, dh is the
hydraulic diameter of the channel, and R is the radius of the curvature.

11. Bifurcation law:

It states that: when RBCs flow through a bifurcation region of a capillary
blood vessel, they have a propensity to move into the daughter vessel, which has the
higher flow rate, leaving a relatively small number of cells in the lower flow rate

vessel.



1.5 Thesis outline: The thesis is arranged as follows: Section 2 explores some

possible physical reason behind the separation phenomenon in larger dimension T-
microchannel, employed in the present work.. Details about process flow and

fabrication are presented in Sections 3 followed by conclusions in Section 6.



Chapter 2

LITERATURE SURVEY

2.1 Microfluidic methods:

Microfluidic methods for blood plasma separation include both passive
separation and active separation methods. In non-inertial or active methods,
separation is achieved by the application of external force fields such as electrical and
magnetic fields. However, to achieve separation, passive methods rely on effective
microchannel design, inertial effects, flow rate control, and utilize multiple
biophysical effects such as the Fahraeus effect and the Zweifach-Fung bifurcation law.

2.1.1 The active separation methods:

In non-inertial or active methods, separation is achieved by the application of
external force fields such as electrical and magnetic fields. Active systems generally
use external fields (e.g., acoustic, electric, magnetic, and optical) to impose forces to
displace cells for sorting, whereas passive systems use inertial forces, filters, and
adhesion mechanisms to purify cell populations. Cell sorting on microchips provides
numerous advantages over conventional methods by reducing the size of necessary
equipment, eliminating potentially biohazardous aerosols, and simplifying the
complex protocols commonly associated with cell sorting.

2.1.2 The passive separation methods:

Passive separation methods are mostly preferred because these methods do not
require application of an external force field, thereby allow for efficient system

integration. Success in the passive method pertains to intelligently manipulating the



microchannel pathways such that during blood flow, RBCs skim-off from whole
sample blood.

The advantages of passive separation methods are their simplicity of design,
ease of fabrication, continuous operation, use of moderate to high flow rates, and ease
of integration with a biosensor.

Microdevices based on passive separation methods for blood plasma separation are
further classified as lateral displacement by obstacles, sedimentation, filtration, and

hydrodynamic effects.

Passive separation

technianes

v v v v

Sedimentation Filtration Lateral Hydrodynamic
displacement effects
\ 4
\ 4 \ 4 \ 4
Bio-physical Geometrical Inertial
effects effects effects

The efficiency of these microfluidic devices is judged in terms of purity that

is the quantity of plasma obtained, and the total time taken for the separation. In fact,
the biggest challenge lies in separating plasma without diluting the blood, and also

subjecting the cells to minimal stresses during the separation process.




A high stress level leads to RBC lysis or hemolysis that liberates free
hemoglobin, which interferes with the diagnosis of the required biochemical in blood.
This will make it difficult for effective treatment and medication to the patient.
Therefore care has to be taken in designing such a microdevice for blood plasma
separation to ensure that the sample obtained would be free from hemolysis to the
greatest extent possible.

The final goal of a good microfluidic device in such an application would
involve extraction of high quality plasma, in the minimum possible time, and without

losing any target analytes.

2.2. The RBCs:

A few researchers have shown that, depending upon the diameter of the vessel
in which blood flows, it behaves either as a single phase homogeneous fluid or a multi-
phase, nonhomogeneous fluid.

In vessels of large diameters, blood can be thought of as homogeneous and
treated as a single-phase fluid, and analysis can be carried out satisfactorily based on
this assumption. In vessels with a smaller diameter, blood begins to exhibit multi-
phase, non-homogeneous and non-Newtonian characteristics, resulting in the
appearance of apparent viscosity; this is mainly due to the deformable nature of the
RBCs.

Blood without the presence of cells i.e. plasma can be considered as a
Newtonian fluid. The non-Newtonian behavior of blood is attributed to the presence
of cellular components

The uniqueness of RBC structure is its elasticity and deformability. In a
healthy adult, the average size of an RBC is approximately 8 xm with a thickness of
about 2 um.

The deformable nature of RBCs allows cells to flow through narrow vessels
which are much smaller than the size of the RBC. The axial migration of cells away
from the walls is increasingly manifested with a decrease in vessel diameter; this

phenomenon is also prompted by the deformability of cells. The outcome of the axial



migration is a cell-free layer adjacent to the walls, and has led to observations of many
biophysical effects.

The deformable nature of RBCs is a boon for the sustenance of life, but it
poses a challenge to the plasma separation designer to formulate a mathematical
model describing cell mechanics. The RBCs carry hemoglobin, but when the cells are
subjected to very high stresses, there is a very high chance of RBC rupture leading to
hemolysis. The occurrence of hemolysis can be identified by the discoloration of the
plasma.

Another interesting phenomenon observed in blood is the reversible aggregate
formation of RBCs, which is owing to the presence of fibrinogen and plasma protein.
The aggregates’ size is inversely proportional to the magnitude of shear forces that
the blood is subjected to.

2.3Theoretical background:

2.3.1. Biophysical effects

CFL:
In microcirculation, RBCs have a tendency to migrate towards the axis of the
tube, thereby increasing the cell concentration along the center while leaving a

marginal zone devoid of cells along the channel walls, called the cell-free layer (CFL).
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Deformability of the cells is attributed as one of the reasons for the axial
migration of cells; high shear zones near the wall are also responsible for the axial
migration of the cells. This in turn increases the velocity of the RBCs compared to
that of plasma.

The cell-free layer thickness is dependent on the cell concentration,
deformability, vessel diameter, cell aggregation, and flow rate. The thickness of the
CFL decreases with an increase in tube diameter and with an increase in hematocrit
level. When cell concentration (hematocrit) is high, the crowding effect acts against
axial migration, resulting in a decrease in the cell-free layer. An increment in flow
rate also has a positive effect on the thickness of the CFL at the microchannel

periphery.

Another important phenomenon in microcirculation is phase separation at
single bifurcations. This phenomenon has been the subject of ongoing research. Feed
hematocrit, channel width, and flow rate distribution have been elucidated as
important parameters influencing the phase separation.

Svanes and Zweifach observed that when the parent vessel of a bifurcation
had a high velocity, the vessel hematocrit in the side branch could be reduced to
almost zero by decreasing the blood flow through the branch.

Subsequently, several studies have been carried out reporting the
disproportionate distribution of RBCs at a bifurcation. Fenton studied Parameters
which influence the disproportionate cell distribution at the bifurcation. Three
parameters of major importance were identified as feed hematocrit, tube diameter and
flow rate ratio.

Given different flow rates of the two daughter channels in the capillary
bifurcation, the cell, on reaching the bifurcation, faces a dilemma about choosing the
channel flow to follow. Cells tend to prefer the channel with the higher flow rate in

comparison to the channel with the lower flow rate (figure 2).

11
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Figure 2. Schematic of the Zweifach-Fung bifurcation law. D and D, represent the diameter of the cell and channel (tube) respectively

For this asymmetric and preferential distribution of cells to occur, the velocity
ratio of the daughter channels is to be of the order 2.5:1, provided that the channel
diameter to cell diameter ratio is of order one. The exact critical velocity ratio is
dependent upon many competing factors, but essentially is a function of the cell to
tube diameter ratio and elasticity, and deformability of the blood cells. This is called
the Zweifach—Fung bifurcation effect, and is schematically represented in figure 2. It
can be observed that a cell, on reaching the zone of bifurcation, tends to favor the
channel with the higher flow rate, thereby leaving the channel with a low flow rate
with relatively fewer or no cells at all.

In general, it has been shown that the cell, on reaching the zone of bifurcation,
experiences an asymmetric pressure and shear distribution, with their resultant
towards the direction of the channel with higher flow rate. This asymmetric pressure
and shear on the blood cells is due to a non-uniform (parabolic distorted) velocity
profile, as noted in section 2. Lately, some researchers have pointed out that the cell-
free region along the channel walls has a role to play in this distribution of cells at the
bifurcation

In general, to understand the biophysical effects, most of the experimental
studies have been performed on tubes with a circular cross section. However, most of
the microfluidic devices which are fabricated today are noncircular (trapezoidal,
square, rectangular, triangular) in cross section.

Therefore, some confusion exists in the literature about the validity of the bifurcation
law or other biophysical effects with respect to noncircular cross sections

Roberts and Olbricht studied the behavior of spherical particles suspended in

a fluid flowing in a microchannel with a rectangular cross section. They showed that

12



there is still an asymmetric distribution of the particles in the daughter channels of the
bifurcation. Also, they studied the influence of the aspect ratio on separation and
concluded from their findings that at low Reynolds number, it is the aspect ratio of
the cross section which plays a significant role in particle partitioning instead of the
absolute dimensions of the channels.

The channels fabricated with materials other than glass, such as PDMS
(polydimethylsiloxane). One such study is by Lima et al, who studied blood flow
behavior in a rectangular PDMS microchannel. They considered blood flow (~20%
Hct diluted with physiological saline) in a 300 um x 45 um rectangular channel for
Reynolds number up to 0.1 and found that the cells do not axially migrate towards the
center axis. However, on reducing the microchannel width to 100 xm, they found a
thin plasma layer free from cells near the wall of the microchannel. Their study
suggests that blood flow and the related biophysical effects, such as the Fahraeus
effect, are observed even in PDMS channels, but the results obtained may be slightly

different from those of glass based microchannels

2.3.2. Combination of biophysical and geometrical effects:

Examples:

As blood flows through the microchannel, the axial migration of the cells is

clearly visible, thereby leaving a clear cell-free region adjacent to the walls.

13
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Due to axial migration, the cells have higher velocity relative to the adjacent
plasma in the cell-free layer. Additionally, the cells are of higher density in
comparison to plasma. Therefore, the momentum of cells is higher compared to
plasma, which results in an enhancement of the cell-free layer immediately after the
expansion. The cell-free region thickness may depend on hematocrit, flow rate,
dimensions of the constricted channel, and deformability of cells

It is clearly observed that by employing constriction-expansion in the design,
there is a definite increase in the cell-free region at the zone of expansion. However,
increasing the constriction ratio or flow ratio beyond a critical value is
counterproductive as the corner vortices at the zone of the expansion become so strong
that they tend to drag the particles from the blood outlet channel into the plasma

channel.
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Chapter 3

PROCESS FLOW AND
FABRICATION RESULTS

3.1 Process flow:

Choosing substrate substrates: silicon as 1% substrate and a glass substrate as

2" wafer.

Si substrate

Step 1:

Silicon Wafer Clean and Dehydration

A silicon wafer is subjected to a 12 minute basic clean in Piranha solution.
Piranha solution is a mixture of sulfuric acid (H2SO4) and hydrogen
peroxide(H202). The basic clean was performed at 70 degree C. A five second dip
in Buffered Oxide Etch(BOE), containing hydrofluoric acid, was also performed to
remove the native oxide. The wafers are then rinsed and dehydrated at 200 1C for 30
minutes to evaporate all solvents from the wafer to prevent improper adhesion of
SU-8.

16



Step 2:

40um T shaped channel formation:

Spin coating was then performed to obtain a uniform SU-8 layer. A spread
cycle of 100 rpm at 300 rpm/s was used to distribute the SU-8 2050 across a silicon
and a following thickness dependent cycle of 2000 rpm at 300 rpm/s was used to
obtain a thickness of 40 pm. After spin coating the wafers were transferred to a hot
plate to perform a stepped soft bake. The step includes a transfer from a hot plate of
65 1C for 4minutes to a 95 1C hot plate for 7 minutes. The soft bake is meant to drive
solvents from the polymer film and to dry the film for subsequent handling. The

silicon wafer was exposed for 45sec to form microchannels within the SU-8 layer.

Su8 2050 I 40u

#Mask1

To define main channel, plasma channel and reservoirs.

17




7 Measurement
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Step3:
Formation of Ti electrode: Using PPR

Spin coating with a cycle 3000 rpm at 300 rpm/s was used.
The wafer was exposed for 22sec to form opening for electrode deposition.

#Mask?2:

Step 4:

Formation of 10um channel on electrode: Using su8 2010

Spin coating was then performed to obtain a uniform SU-8 layer of 10um all
over. A spread cycle of 100 rpm at 300 rpm/s was used to distribute the SU-8 2010
across a silicon and a following thickness dependent cycle of 3000 rpm at 300 rpm/s
was used to obtain a thickness of 10 um. After spin coating the wafers were
transferred to a hot plate to perform a stepped soft bake. The step includes a transfer
from a hot plate of 65 1C for Iminutes to a 95 1C hot plate for 4 minutes. The silicon

wafer was exposed for 33sec to form microchannels within the SU-8 layer.

19



#MASKS:

S Measurernsnl

INVURE TALTY R I BN L TNULE TRYAN IS INEN
Scanning mode:XYZ fast scan
+ Color
Image aize[pixeis]: 1024X1024
Image size[um]: 2695x2581
Objective lens:MPLFLNS
Zoom:1X

Laser microscope

4
2
g

Wbl
Iherilfprnt

Ll ]

20



THURE TRIGTY TS 8N TROUME SATI9N R ET

Scanning mode:XYZ fast scan
+ Calar

Image size[pixals]: 1024X1024
Image size[uym}: 2695x2581
Objective lens:MPLFLNS
Zoom: X

©
a
<}
O
73]
O
—
2
&
[,
]
3

Roughness

Wedlenr®
kbl

Ll Ten]

21



@
i)
(=]
-2
=
@
[e)
o
o
>
o
<t

Step 5:

To prevent later contamination of the glass wafer, fluid input and output
holes were first drilled through the glass substrate. A 1.5 mm drill bit was used to
create the holes at spin speed of 3000 RPMs. Constant drips of coolent were applied
to cool the bit and wash away debris.

These holes were aligned to be in the same location as the masked region of future
metal deposition step. This will eventually create a complete passage through the
wafer for fluid input/output attachments.

The glass wafer and a new silicon wafer are then subjected to a 12 minute basic
clean in Piranha solution. Piranha solution is a mixture of sulfuric acid (H2SO4) and
hydrogen peroxide (H202). The basic clean was performed at 70 degree C. The
wafers are then rinsed and dehydrated at 200 degree C for 30 minutes to evaporate

all solvents from the wafer to prevent improper adhesion of SU-8.
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Step 6:

Formation of Ti electrode on 2nd wafer:

Using hard mask

Step 6: Bonding:

Bonding silicon substrate to glass substrate.

BONDING PROCEDURES:

1. PDMS BONDING:

Mixing the PDMS

PDMS should be mixed in a 1:10 ratio of curing agent and PDMS
monomers. The PDMS monomers are much more viscous than the curing
agents. Stir the mixture for approximately 3 minutes. After the 3 minutes of
stirring the mixture will have many air bubbles. These bubbles must be removed

23



before the PDMS can be used to make a device. To degas the PDMS, we expose
the mixture to a vacuum. The vacuum causes the bubbles in the PDMS mixture
to expand and rise to the surface where they pop. To degas the PDMS, we
expose the mixture to a vacuum. Do not leave the PDMS in the vacuum for too
long because it will become more viscous and will prevent bubbles from rising

to the surface when the PDMS is poured into the mould.

Once the PDMS has been degassed. Spin coat this PDMS onto glass
substrate at 3500rpm. Now align both the substrates and bond them and heat it

at 70°c for an hour.

. SU8 BONDING:

Adhesive bonding has become a major wafer bonding technique in
microelectro-mechanical systems (MEMS). In this method polymeric
material is used as an adhesive layer between wafers to be bonded. The
method has various advantages over more traditional bonding techniques
such as anodic bonding or thermo-compression. Temperatures can be lower
than 100 -C during adhesive bonding process, enabling wider selection of
materials applied on the bonded wafers. Low cost and large selection of
wafers to be bonded and large number of polymers to be used for bonding
are other advantages of adhesive bonding. This is acceptable in many
microfluidic and packaging applications. Material selection for adhesive
bonding is large: epoxies, polyimides, fluoropolymers, negative and positive
photoresists. SU-8 is epoxy-based negative resist developed by IBM.
Today it is widely applied in the field of MEMS because of its unique
properties. Compared with traditional MEMS fabrication methods, SU-8
offers a cheap and easy fabrication process to produce high aspect ratio
structures.

SU-8 has been used in fabrication of closed channels and cavities.
SU-8 closure has been done with different adhesives like PVVC or other
epoxies. SU-8 itself has also been used in adhesive bonding. Advantage of
using SU-8 for bonding is that it creates strong bonds with itself by cross-

linking. In some applications like in electrophoretic separation devices it is
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preferable to have the whole structure made out of one material only.
Applications of SU-8 as bonding adhesive have been mainly in microfluidic
devices

SU-8 served both as a material for the channels and also as a bonding

adhesive.

(A

® |

] Unexposed SU-8
B Cross-linked SU-8
[] Silicon wafer
[ ] Glass wafer

(C) |

SU-8 layers from 50_mto100_mthickness were applied. Baking times,
bonding temperature and exposure of this layer were optimized for the bonding
process. Similar to structural layer, also the bonding layer was soft baked on a hot
plate followed by contact with structural wafer during cooling. Pressure was applied
to initiate contact between wafers. Bonding layer was exposed through the glass
wafer and post exposure bake was done to finish bonding by cross-linking of the
bonding layer. Unlike reference no additional pressure was applied after initial
contact was made. Expensive vacuum bonding system that is often used inadhesive
bonding was not required. Bonding process was also investigated for fabrication of

fully insulated structures. In this method a blanket SU-8 layer was spinned on a
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silicon wafer. Blanket exposure of SU-8was followed by post exposure bake. On top
of the first SU-8, second SU-8 layer was spinned and patterned as described above.
Structures made fully of SU-8 are beneficial not only because of good thermal and
electrical isolation but also because of symmetry and mechanical stresses. This is an
advantage for example in fabrication of microchannels.

Relatively thick bonding layer (50-100_m) was applied to compensate
thickness irregularities of the structural layer. Bonding close to glass transition
temperature of SU-8 allowed slight flow of the bonding layer, enabling sealing of
large areas. Bonding at this temperature caused unintentional gap filling and
possibly some other deformation of the structures. These parameters have been
investigated and discussed in this section. Unless otherwise stated, the discussion
below is for 65_m thick bonding layer.

In optimized bonding procedure for 65_m bonding layer samples were soft
baked on a hot plate keeping temperature at the beginning 15 minutes in 65 C to
planarize the layer. After that temperature was ramped up to 95 -C and kept there for
10 minutes. Glass wafer with adhesive SU-8 was cooled down to 68 -C (ramp rate 3
> /min) and the wafer with SU-8 structures was heated up to 68, and the wafers
were pressed together.

This thermal equalization reduced structure deformation during bonding. At
this temperature void formation was minimized and unintentional gap filling was
controlled. Bonding temperature of 68 C is between earlier published results 75 -C
and 48 -C .

Pressure to the bonded wafers was applied from one edge and continued over
whole wafer. This reduced the amount of air bubbles between bonded layers. Apart
from initiation, pressure was not applied during bonding procedure. After contact is
achieved over the whole wafer, second layer of SU-8 is exposed through the glass
wafer with a dose of 1000mJ/cm2. In post exposure bake temperature was first
ramped to 95 °C in 5 minutes followed by holding there for 5 more minutes. Again
slow cooling was required to reduce stresses in the bonded stack.

By optimization of processing parameters, reasonably good bonding results
were achieved. Temperature during bonding should be adjusted to be close to glass

transition of SU-8 to avoid complete filling of the structures. By lowering the
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bonding temperature, filling of the structures can be reduced, but bonding quality
suffers. At lower temperatures non-bonding area increases. Below 60 -C high
pressure was required to achieve contact. Removal of pressure lead to debonding
when contact was made below glass transition temperature of SU-8. Bonding also
failed if wafer was held at 95 -C for too long time during soft bake. However, bake
should be reasonably long because the amount of solvent should be minimized
during soft bake, as the remaining solvent reduces cross-linking density and

therefore bonding strength.
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Final Device looks as follows:
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CHAPTER 4

EXPERIMENTAL SETUP &
CHARACTERIZATION

The efficiency of these microfluidic devices is judged in terms of purity
that is the quantity of plasma obtained, and the total time taken for the
separation. In fact, the biggest challenge lies in separating plasma without
diluting the blood, and also subjecting the cells to minimal stresses during the
separation process. The final goal of a good microfluidic device in such an
application would involve extraction of high quality plasma, in the minimum
possible time, and without losing any target analytes. The quality plasma is
known by counting the cells left in plasma after separation.

Over the last century a number of techniques have been developed which
allow the measurement of the dielectric properties of biological particles in fluid
suspension. Generally, in these devices, a constant current is set across a small
aperture using a pair of large electrodes and a voltage pulse is recorded as each cell
passes through the high current density opening. De Blois and Bean used an
approximation of the Laplace equation solution to determine, in a cylindrical
aperture with an axial electric field, the resistance increase due to the passage of a
particle that either has finite DC resistance or is an insulator. Their approach
assumes that the measurement takes place in an infinitely long channel, and neglects
the inhomogeneity of the field due to a short aperture length.
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Z0 is the impedance of the solution-filled channel of complex conductivity
sl and el. Z1 is the impedance with a cell present. The equivalent frequency
dependent conductivity s*(w) and permittivity e*(w) of the channel are given by
inhomogeneous media dispersion theory and geometric capacitance or using FEM
simulations. DZ is defined as the impedance difference between these two states DZ
=Z1 2 Z0 taking into account the electrode polarization effect as well as stray

impedances.

Dielectric spectroscopy:

In dielectric spectroscopy, the impedance of a biological suspension is
measured using an ac excitation signal. The suspension is held in a measurement cell
containing two, three or four electrodes. The current passing through the system is
measured as a function of frequency to give the electrical properties of the particles
in suspension. The development of techniques for single particle analysis using ac
electrokinetic methods, primarily electrorotation and dielectrophoresis. AC
electrokinetics is the study of the behaviour of particles (movement and/or rotation)
subjected to an ac electric field. Electrical forces act on both the particles and the
suspending fluid and have their origin in the charge and electric field distribution in

the system
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Microfluidic cytometry:

Flow cytometry is a technique in which the properties of large numbers of
cells are measured at high speed, one cell at a time. The device measures the dc
resistance between two electrically isolated fluid-filled chambers as cells pass
through a small connecting orifice. For a fixed sized orifice, the change in electrical
current can be used to count and size the cells. In the most general configuration, a
number of individual ac signals are mixed and applied to the top microelectrodes
each signal representing a single probe frequency that is applied continuously. The
signals generate an electric field in the channel, and when a cell passes through the
device the electric field is perturbed, causing a change in the current. This current
change is measured in differential mode, using two closely positioned detection
volumes defined by the one pairs of electrodes. As a cell passes through the
electrode gap, this electrode sensing the current change. The change in electric
current depends upon the size, shape and dielectric properties of the particle through

the change in impedance of the detection area.

Sample preparation:

=  Whole blood sample should be from a healthy adult by venipuncture.

The blood sample obtained is to be pre-tested for communicable diseases.

Then it should be mixed with anticoagulant (to prevent coagulation)

= Such as

« EDTA solution

+  3.8% buffered sodium citrate

* Then the blood is to be diluted with physiological saline solution (0.9 %
NaCl) to prepare blood samples of desired hematocrit levels like 2 %, 5 %,
10 %, 20 % and 45 %.

» Considering the low shelf life of these blood samples, experiments were

conducted within 5 days from the date of blood collection.
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Before starting the experiments, the chip was thoroughly flushed with saline
solution

Blood samples with different hematocrit levels (2 %, 5 %, 10 %, 20 %, 45
%) were then introduced at the inlet.

To ensure uniform mixing of the blood, the beaker containing the source

blood was stirred at frequent intervals

Cell counting:

Number of cells in the blood samples and collected plasma is quantified by
the cell counting method
Now a constant current is set using a pair of electrodes and a voltage or

current pulse is recorded as each cell passes through orifice

B &
— parice ) _
e v 40

As a cell passes through the electrode gap, the current changes.

The change in electric current depends upon the size, shape and dielectric
properties of the particle

the resistance increase due to the passage of a particle that either has finite

DC resistance or is an insulator

g
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= By monitoring such pulses in electric current, the number of particles for a
given volume of fluid can be counted.

= The two electrodes are connected through the liquid medium. An AC voltage
is applied to the electrodes.

= Whenever there is a cell in between them there is a change of resistance in
the circuit (AR).

« The change in resistance is represented by:

\'

aND

_ P
AR —A—ZUp

=  Where A is the cross sectional area of the channel, p is the specific resistance
of the medium, v, is the volume of the cell. A and p remains constant hence

the magnitude of AR depends on v,

Stray
Channel with Impedance

solution / \

01,84

}equivalent
(it

Electrical double
layer 0 0
ZoWithout Cell AZ=Z4-Zy  Z;y:With Cell

Flow rate ratio (FQ):

Fy = ﬁ:prb{1—0.63 (V’;—’;)}

Q2 wap{1—o.63 (V};—’;)}
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* Ly, and W, are the length and width of plasma channel, respectively; L, and
W, are the corresponding dimensions for the main blood channel.

Channel resistance:

12uL 1

T _h.p3

_ Ry h
{1-0.63(;)

* L, hand were the length, depth and width of the microchannel , respectively
and p is the viscosity of blood sample

* Separation efficiency :

n:ﬂ * 100

Cs
* ¢ = Number of cells per pl in source/feed blood at inlet of microchannel

* ¢p = Number of cells per pl in depleted cell branch or plasma collection
outlet of the microchannel

The Reynolds number : (at the inlet)

__ 4xArea of microchannel

h

Perimeter of microchannel

Total Flow rate

area of the microchannel

* dj is the hydraulic diameter
* v isthe average velocity
* p = density of blood

* p=viscosity of blood.
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