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A Passive Microfluidic Device for Buffer Transfer of Cells

Sudharsan Thattai Sadagopan

(ABSTRACT)

Buffer transfer of cells is a critical process in many biomedical applications such as di-
electrophoresis experiments, optical trapping, and flow cytometry. Existing methods for
buffer transfer of cells are time consuming, require skilled technicians and involve expensive
equipment such as centrifuges and bio safety hoods. Furthermore, even a minute error in
transferring the cells can easily result in cell lysis and decrease in sample viability. In this
work, a lab-on-a-chip device is proposed that uses a passive microfluidic approach to effec-
tively transfer cells from a growth medium to a desired fluid buffer for downstream contact-
less dielectrophoresis (cDEP) analysis. This approach eliminates the need for any external
fields or expensive equipment, and it significantly reduces manual efforts. Computational
studies were carried out to analyze the impact of device geometry, channel configuration,
and flowrate on the effectiveness of the buffer transfer. The proposed device was evalu-
ated through a parametric sweep, and the device configurations were identified that induce
low values of fluid shear stress, support high throughput, and maintain minimal diffusion.
Finally, a method for fabricating the device in the laboratory using polydimethylsiloxane
(PDMS) was illustrated. The outcome of this study helps further the development of highly

effective microfluidic devices capable of performing buffer transfer of multiple cell lines.
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(GENERAL AUDIENCE ABSTRACT)

Prior to performing biomedical experiments, cells often need to be transferred from the chem-
ical solution in which they are grown to a different fluid buffer that is customized for the
analysis technique. This process is called buffer transfer and it is a critical process that needs
to be performed before running many cell experiments. The way in which buffer transfer
is carried out in most labs is time consuming, requiring skilled technicians and expensive
machines. Moreover, even a small error while performing buffer transfer can easily cause the
cells to die and reduce the cell count available for performing experiments. In this work, we
propose an easy-to-use device that can perform the buffer exchange process without the need
for expensive technologies or skilled technicians. The device achieves this exchange by lever-
aging fluid flow in the channel to filter the cells out of the growth medium and transferring
the cells to the desired chemical solution while washing the unwanted chemical solution away.
We used computer aided drawing (CAD) modeling and computational analysis to develop
the device. The performance of the device was enhanced through a parametric analysis such
that the device induces low shear stress, supports high flow through the channels and limits
the mixing between the growth medium and the buffer. Finally, we have also illustrated a
method for building the device in the laboratory. The results of this research work would

help in furthering current efforts in the buffer transfer of cells.
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Chapter 1

Introduction

1.1 Microfluidic Devices

Microfluidic lab-on-chip devices are used in a plethora of biomedical applications [16]. A
few applications include cell sorting and separation [37], organ on chip [76], dielectrophoresis
[88], bio sensors [39], flow cytometry [14], micro total analysis systems (u7T'AS) [2], at home
diagnostics [17], cell characterisation [10], visualization [15], cell manipulation [86] and buffer
exchange [72]. Small size, ease of fabrication, low cost and wide ranging applications have
caused the popularity of such devices to skyrocket over the years [83]. There are two different

classifications of devices, namely active and passive devices.

The primary method of operation of a passive microfluidic device involves leveraging fluid
forces in the channel to move the cells and manipulate them without depending on external
forces or fields [46]. These devices are easy to fabricate, cost effective, and relatively simple
to use. However, since they can only make use of the inherent microfluidic forces, their
applications are a bit limited. The second category of device requires active application of
an external force in addition to the ambient fluid flow in the channel, such as an electrical
field, magnetic field, optical or acoustic fields, to name a few [65]. Even though active
devices have a very wide range of application, they are comparatively more expensive and

often require complicated setups to perform experiments.
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One of the major applications of passive microfluidic devices involves manipulation of cells
and controlling their position in the channel using forces generated by the fluid flow. With
a precise device design, the forces of interaction between the cell, fluid, and the walls of the
channel can be controlled and the cells can be made to move between different streamlines

of the flowing fluid. This is often used in cell sorting, separation, and buffer transfer [30].

1.2 Current Buffer Transfer Process

Buffer transfer is the process of transferring the cells from a growth medium to a desired
buffer for further downstream processing. This is a critical process, and even a small error
may cause the cells to undergo lysis. The current widely used method for transferring the
cells between buffers is a manual process in which the confluent cells are first trypsinized
under a bio safety hood. Then the solution containing the cells is carefully pipetted out to
a test tube and the desired quantity of buffer is added. The mixture is then transferred to a
centrifuge and is subjected to density gradient centrifugation, with the heavier cells settling
in the base of the test tube and the lighter fluid collecting above. The trypsin and buffer
is carefully removed from the test tube under the bio safety hood. Care is taken to avoid
the cells from getting piptetted out along with the fluid. Once the solution is removed, the
required quantity of buffer is added to the test tube and the contents are mixed so that the
cells will get suspended in the buffer. Once the buffer transfer is complete, the cells are used
for downstream experimentation. This process is time consuming, requires expertise, and
involves the use of expensive laboratory equipment. Moreover, there is very little control over
the shear stress imparted on the cell and the final electrical conductivity and concentration

of the buffer.

Efforts have been made through the years for developing an effective microfluidic device
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for buffer transfer of cells. This involves using the inertial and fluid forces generated in
the channel to control the cell and fluid motion and change the cell position in the device.

Different microfluidic methods for cell manipulation are discussed in the following section.

1.3 Passive Microfluidic Methods for Cell Manipula-

tion, Sorting and Buffer Transfer

Since passive methods rely primarily on the inertial forces in the channel, the size, shape,
and density of the cells are important while displacing them in the fluid medium inside the
channel [64]. In one type of passive microfluidic cell manipulation device, inertial forces
from the fluid flowing close to the wall cause a lift force. This force is used in migrating cells
across streamlines in laminar flow. One of the pioneering works in this area was by Di Carlo
et al. [11], who used serpentine channels for size-based separation. The device supports high
throughput and is used frequently in flow cytometry applications. Similarly, a technique
called Dean Flow Fractionation was used by Hou et al. [24] to isolate circulating tumor
cells (CTCs) from blood. In this process, the cells are subjected to a centrifugal force by
making them flow through a spiral channel. Based on the size, mass and density, the cells get
migrated to specific streamlines within the channel and are extracted from different outlets.
In a similar work, Guan et al. [18] found that a trapezoidal cross section enhances the
performance of a spiral channel, which leads to better sorting and separation. Parichehreh
et al. [52] showed that the inertial forces in a straight microfluidic channel can be leveraged
for manipulating cells in a channel. This manipulation was achieved by altering the aspect

ratio of the channel.

Another class of devices that makes use of inertial forces in straight channels is the pinched
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flow fractionation devices. In this method, the cells are pushed by the fluid against a wall of
the channel in a narrow cross sectional area in the device called the pinched section. Then
the particles are made to flow through a broadened section where they separate based on
size [84]. This has been leveraged by Nho et al. to achieve size based separation of red blood

cells (RBCs) and platelets [48].

Deterministic lateral displacement (DLD) is a technique of manipulating cells using a periodic
array of microposts. In this design, each row is periodically offset from the next by a
fixed distance [40]. Huang et al. [25] showed that small cells move easily between the
pillars compared to the larger cells. This causes the smaller cells to follow a different fluid

streamline, leading to separation.

DLD and micropillar arrays have inspired a host of filtration techniques. One such widely
used method is called size exclusion filtration [42]. In this method, the micropillars are
arranged such that the spacing between the posts reduces with distance. As a result, cells
are selectively filtered based on size and shape. To reduce the chances of clogging during
the filtration process, a cross flow filtration technique is used. An array of lateral slits are
aligned along the flow direction so they act like a sieve in which the cells get filtered based

on size [44].

Another commonly used filtration technique is called hydrodynamic filtration [85]. Here,
multiple branched outlets are used to filter cells by size. The cells are pushed towards the
outlet by a cross flow. The fluid draining from the outlet pulls the cells through the channels.
The smaller cells exit through the near outlets while the larger ones exit through the outlets
downstream. The above techniques used for cell manipulation, flow control and cell filtration

could be leveraged to develop a device for effective buffer exchange of cancer cells.

In the standard buffer transfer process, there is very little control over the shear stress
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imparted in the cells which could cause cell lysis. Furthermore, the process consumes lots of
time, upwards of 45 minutes to get a viable batch of cells. Finally there is little control over
the electrical conductivity of the final buffer, which is very critical for downstream cDEP
analysis. In addition to the above, the process requires expensive equipment like a bio-safety
hood for safely handling the cancer cells and a centrifuge for separating the cells from the

growth solution.

1.4 Objective

The objective of the current work is to design a novel passive microfluidic device capable
of leveraging the inertial and fluid forces in the channel to transfer cells from the biological

buffer to the cDEP buffer for downstream cDEP analysis.

In addition to buffer exchange, the device should also be capable of
e minimizing diffusion in the channel so as to maintain significant control over electrical
conductivity at the outlet, which is critical for cDEP analysis,

« maintaining a sufficiently low value of shear stress so that the cells don’t undergo lysis

during the buffer transfer process, and
o supporting high throughput and reducing the time taken for buffer transfer signifi-

cantly, compared to current manual techniques.

The design, computational fluid dynamic (CFD) modeling, and fabrication of the device are

discussed in detail in the subsequent chapters.



Chapter 2

Design of the Buffer Exchange Device

2.1 3D Model and Dimensions

The three dimensional model of the buffer exchange device was designed in SolidWorks 2019.
The proposed buffer exchange device has three sections, namely, the inlet region, the main
channel, and the side channel. This is a two layered device in which the first layer consists of
the inlet section and the main channel and the second layer consists of the side channels, as
shown in Figure 2.1a. There are two inlets, one for the cell solution and one for the buffer.
The buffer solution flows at either 10 times or 30 times the velocity of the cell solution.
When the two solutions reach the main channel, the high velocity buffer solution pushes the
low velocity cell solution out through the side channel, as shown in Figure 2.1b. Since the
overlap gap, shown in Figure 2.1c, between the main and side channel is less than the cell
diameter, the cells get filtered out of the cell solution and are transferred into the buffer
solution and remain the main channel, thus bringing about buffer exchange. Figure 2.1d

shows the alignment between the main channel and the side channels.

The 2D design with dimensions is shown in Figure 2.2 for a buffer exchange device with 4
side channels and 45° wall angle. The height of the channels were designed to be 50 ym. The
width of the inlet channels was 450 ym and they were designed such that they converged
at a 30° angle at the main channel inlet. The length and width of the main channel were

designed to be 4000 pm (4mm) and 300 pm respectively.
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Figure 2.1: Design of the buffer exchange device. (a) The two layers of the device. (b) Fluid
flow path in the assembled device. (c¢) Cross sectional view of main and side channel overlap.
(d) Side view of the device showing main and side channel alignment
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The side channel is aligned perpendicular to the main channel in such a way that the side
channel overlaps the main channel by 5 pm. Figure 2.3 shows the positioning of the side
channel and its overlap with the main channel. The width of each side channel was designed
to be 650 pm and the spacing between the channels was 150 pm. The design of the device was
inspired from a similar microfluidic lab-on-a-chip device used for cell separation applications

[49] (for details of the device refer to Figure 3.10).

= e

(8]

Figure 2.2: Top View with dimensions (in mm) for device with 4 side channels. Channel
height: 50 um

10x Phosphate Buffered Saline (PBS) with a conductivity of 1.1 S/m, which acts as a bi-
ological buffer, and de-ionized (DI) water with conductivity value 6 * 107% S/m are made
to flow through those inlets at controlled flowrates of either 3 nl./min or 1.5 pL/min. The
flowrates were chosen based on existing data for a high throughput cDEP device, which is
assumed to be used downstream of the buffer exchange device [60]. The inlet channels join

at the main channel of the device, where the cross-sectional width reduces to 300 pm.

The converging inlet flows, the reduction in the cross section of the channel, and a difference

in the flowrate values between the two inlet fluids create a pinching effect in which the DI
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Figure 2.3: Opening between the main and side channels

water pushes the PBS through the side channel. Since the cell diameter is about 20 pm [68],
which is four times the width of the opening between the main channel and the side channels,
cells get filtered from the PBS and remain suspended in the DI water in the main channel,
thus effecting buffer exchange. To prevent cells from clogging the 5 pm wide opening, the

walls of the channels are inclined as shown in Figure 2.1c.

The reduction in cross section at the inlet-main channel interface also accelerates the flow
along the main channel, causing the DI water and the cells to flow towards the main channel
outlet. Circular outlets are designed downstream of both the main channel and the side
channels, as shown in Figure 2.4, where 30-gauge PTFE tubing of specified length is attached

to both outlets.

The cells, now suspended in DI water, are collected downstream from the main channel

outlet for further analysis, such as cDEP experiments.
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10X PBS Inlet

DI Water

Inlet Qutlet

Main channel
Outlet

Figure 2.4: Circular Inlets and Outlets for connecting PTFE tubes

2.2 Design Parameters

To find the optimal design for reducing the main channel outlet conductivity and increasing
the throughput, four different parameters were considered, namely: number of side channels,
total flowrate through the device, flowrate ratio between the two inlets, and side wall angle.
Four different configurations based on the number of side channels per device were designed.
The different configurations are shown in the Figure 2.5. Figure 2.5a shows a device with
one side channel aligned with the main channel as discussed above. Figure 2.5b, Figure 2.5¢,
Figure 2.5d show the devices with two, three and four side channels respectively. For all
the device configurations, irrespective of the number of side channels, a single circular outlet

was designed such that all the side channels converged at that outlet.

Three different side wall angles were also designed with the aim of exploring the effect on

fluid diffusion, electrical conductivity and overall flow. The three angles chosen, as shown

Side channels
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(c) (d)

Figure 2.5: The different side channel configurations for a device with 45° wall angle. (a)
single side channel. (b) two side channels. (c) three side channels. (d) four side channels

in Figure 2.6, were 45°, 54° and 90°.

The total flowrate of the fluid flowing through the channel, which determined the throughput
of the device, was maintained at either 1.5 pL./min or 3 pL./min. Since the two inlet channels
converge at the entrance of the main channel, the difference in flowrates between the DI water
and the 10x PBS cause the cells to experience shear stress. Two different flowrate ratios
between the inlets, 10:1 (DI Water:10x PBS) and 30:1 (DI Water:10x PBS), were chosen to
study the effect of flowrate difference on the fluid induced shear stress in the channel and

the outlet conductivity. A summary of the design parameters are given in Table 2.1.
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Top wall Top wall Top wall
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Figure 2.6: Channel Side wall angles

Table 2.1: A summary of design parameters and device configurations considered for analysis.

Variant Variant Variant Variant Total No.of

Parameter | 0 5 ) Vo
gﬁ‘;fnilli?device 1 2 3 4 4
'{:Ejinli‘ic;wrate r 3 ,
e 2
Side Wall 45 1 %0 5

Angle (Degrees)
Total number of possible device
configurations considered

48

2.3 Flow Reynolds Number

The Reynolds number represents the nature of the flow inside the channel and serves as an

indicator as to whether the flow is laminar or turbulent [57]. The Reynolds number is

Re — P0DOn (2.1)
L

Here, p represents the density of the fluid, v the velocity of flow through the channel and

1 the dynamic viscosity respectively. Dj represents the hydraulic diameter of the channel,

Side wall
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which for non circular cross sections is given by

Dh - F, (22)

where A represents the cross sectional area and P the perimeter of the cross section, respec-
tively. The hydraulic diameter of the main channel of the device with 45° side wall angle
was calculated to be 77.95 um (7.795 % 10~°m) based on the dimensions of the cross section
shown in Figure 2.7. The viscosity and pressure values were obtained from the literature

(refer section 3.1 and Table 3.1 for further details).

& 200 pm
'\\Q !
N SA 450 : 50 pm
300 pm

Figure 2.7: Main channel cross section dimensions for a device with 45° side wall angle

The total flowrate through the main channel was used to calculate the flow velocity. The

velocity was calculated using

) (2.3)

where () is the volume flow rate through the main channel, A is the cross sectional area and
v is the flow velocity in the channel. For a 3 uL/min (5% 107''m?/s) flowrate configuration,

the average velocity of the fluid through the main channel was found to be 0.004 m/s.

Using the above values for velocity, hydraulic diameter, density, and viscosity in Equation 2.1

gives Re = 0.054. In microchannels of about 250 ym diameter, the onset of turbulence starts
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at a Reynolds number of around 1800 [63]. From the above, it can be ascertained that the

flow in the device is completely laminar.



Chapter 3

CFD Modeling

3.1 Flow Modeling and Discretization

ANSYS 2020 R1 simulation software was used to perform CFD analysis on the buffer ex-
change device. The 3D design was imported into the ANSYS Fluent Meshing tool, which
was used to generate an unstructured grid in the fluid domain (for meshing details refer to
section 3.3). Figure 3.1 shows the mesh used to model the flow field in a straight walled

buffer exchange device with 4 side channels.

The mesh was exported into the Fluent software, in which a steady state pressure-based solver
was used to model the incompressible flow. Multiple chapters from the ANSYS Theory guide
[26] have been used as a reference to construct the computational model; details from this

manual are explained in this chapter.

The general mass conservation equation is given by

dp L
E%—V' (p¥) = S, (3.1)

where p denotes the density of the fluid, ¢’ represents the velocity of the flow and S, is a
term which denotes the mass added to the continuous phase by user defined sources or a

dispersed phase. Similarly, the momentum conservation equation is given by

15
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Figure 3.1: Unstructured mesh for the buffer exchange device with four side channels

o0, e _ . .
a(pv) +V - (p0) = =Np+V - (T)+ pg+ F, (3.2)

where Vp denotes the gradient of static pressure in the domain, 7 denotes the stress tensor
which accounts for the viscous forces, and pg and F' denote the gravitational body force and

external body force terms.

Assuming the fluid is incompressible and the system is operating in steady state, Equation 3.1
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and Equation 3.2 reduce to

and

V- (pi0) = =Vp+V - (F) +pj+ F. (3.4)

In integral form these equations are written as

7{/;17- dA =0 (3.5)

for the continuity equation and

fpﬁa-dffz—j{pf-d[f+j{?-dﬁ+/ﬁdv (3.6)
|4

for the momentum equation. Here dA represents a differential element of the face area
through which mass flux occurs and dV the differential element of the control volume. I
denotes the identity matrix. For an arbitrary control volume V', the scalar transport for a

variable ¢ is written as

/ aﬁ’dv+7{pgm7- dA = 7{F¢Vg0-d14f+/ S,dV, (3.7)
v Ot v

where I', is the diffusion coefficient of ¢, Vy is the spatial gradient of ¢, and S, is the source
term. Equation 3.7 is applied to each cell in the domain and discretized using Equation 3.8,

giving
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Ntaces Nraces

a 5 — —
%V + > psrps A=) TuVer- Ap+5,V, (3.8)
] /

where Npyes is the number of faces enclosing the cell, ¢ is the value convected through face
f, psUy - A s represents the mass flux, /Tf is the face area vector, Vi represents the face

gradient, and V' is the cell volume.

A linearized form of Equation 3.8 is written as

apyp = Z AnpPrb + b, (39)
nb

where the subscript nb refers to the neighboring cells, and a, and a,,; are linearized coeffi-

cients.

The viscous laminar model was used in the simulations of flow through the buffer exchange
device, since flow Reynolds number was less than 1 (refer to section 2.3 for details). The 10x
PBS and DI water were modeled based on their properties including density [45], specific
heat [8] [71], thermal conductivity [20], viscosity [1] and electrical conductivity [56] (see

Table 3.1 for property values).

The species transport model predicts the local mass fraction of each species, Y;, by solving

0 -
a (pK) + V. (pi_J’Y;) =-V- Jl + RZ + Sz (310)

iteratively. This model was used to create a mixture template containing the two fluids.
Here R; is the net rate of production of the species through chemical reaction, S; is the rate
of creation through the dispersed phase and J; is the diffusive flux due to the concentration

gradient. Volume and mass weighted mixing laws were used to define the resulting diffusion
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Table 3.1: Properties of DI Water and 10x PBS

Properties DI-Water 10x PBS Units
Density 998.20 1005.30  kg/m3
Specific Heat 4182.00 4148.00  J/kg.k
Thermal Conductivity 0.58 0.60 W/mk
Viscosity 0.00577 0.00102  kg/ms
Molecular Weight 18.02 18.02 kg /mol
Electrical Conductivity 0.0006 1.10 S/m

between the interacting fluids.

Since the flow is laminar, the mass diffusivity was defined through a constant dilute approx-
imation or Fick’s Law [77], which is used to model the mass diffusion due to the presence of

a concentration gradient. Under this assumption, the diffusion flux is solved using

- T
J. = ~pD VY.~ Drivr- (3.11)

where D; ,,, and Dr; are the mass and thermal diffusion coefficients of species i, respectively.

It is assumed that there is no temperature difference between the two fluids, and that no heat
is generated because the flow velocity is low (refer to section 2.3 for details), which causes
the temperature distribution to be homogeneous throughout the domain. This reduces the

temperature gradient VT' term to zero, and Equation 3.11 becomes

J; = —pD; VY. (3.12)

To model the electrical conductivity of the fluids, the potential equation, written as

V.- (oVy) =0, (3.13)
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was used. Here, ¢ represents the electric potential and o represents the ionoc conductivity
in the fluid zone. Since there is no Joule heating, the sources term in the general form of

the equation reduces to zero, so it is not included in Equation 3.13.

A uniform velocity boundary condition was specified at both fluid inlets. Since the area
of the inlets was a constant, the velocity values were used as a representation of fluid
flowrate through each of the inlet channels. A pressure boundary condition was used for
the outlets, with the value of the gauge pressure determined to emulate the presence of
additional downstream components, namely the outlet tubing and the ¢cDEP device, with
reasonable accuracy. Figure 3.2 shows the complete lab-on-chip setup, including the compo-
nents downstream of the main and side outlets and the dimensions of the cDEP device and

the polytetrafluoroethylene (PTFE) tubing.

cDEP device
S
‘g‘@
0!
e
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&)
do”fé@ e
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L s
by,
&

Figure 3.2: The complete microfluidic lab-on-a-chip system containing the buffer exchange
device, cDEP device and the PTFE tubing

The pressure at the main channel outlet is the cumulative pressure drop in the cDEP device

and the PTFE tubing, which can be represented as
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PMain Outlet — APCDE‘P + A]:)Tubing- (314>

The pressure at the side channel outlet is only the pressure drop value across the tubing,

which is given by

PMain Outlet — APTubing' (3]‘5>

For determining the pressure drop across the 6in 30-gauge tubing, the Hagen-Poiseuille

equation [67], given as

B TD*AP

- 1
Q=g (3.16)

was used. Here () represents the flowrate through the tube, D the diameter, L the length
of the tube, AP the unknown pressure drop across the tube, and p the dynamic viscosity of

the fluid. Since the flowrate was known, Equation 3.16 was modified to be

128uLQ
 aD*

AP (3.17)

from which the pressure drop across the tube was determined.

The cDEP device was modeled as a rectangular channel, and the pressure drop was calculated

using the Dirichlet solution for fully developed flow through a rectangular duct, which is given

by [82]

o (20

192a <=~ tanh(inb/2a)
) [ 102 anh(t2)

b I ’
i=1,35,...

(3.18)
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where () is the flowrate, a and b represent the half width and half height of the channel,
AP is the pressure drop across the channel and L is the length of the channel considered.

Equation 3.18 was rearranged to give

3uLQ)
tanh( %)

1 - (17?52;) 221,3,5 B 4ba?

, (3.19)

which determines the pressure drop value. From existing data, it was observed that the
pressure drop across an actual cDEP chip is almost twice that of the analytical result owing
to the presence of micropillars inside the device. Thus the pressure drop across the cDEP

chip was taken to be twice the AP value obtained from Equation 3.19.

Using Equation 3.9, the z - momentum equation is discretized by setting ¢ = u, giving

apu = Z ppUnp + prA A+ 8. (3.20)
nb

If the pressure and mass fluxes are known, the velocity field can be obtained. However, since
the pressure field is not readily known, a coupled scheme was used for the pressure-velocity
coupling, which enabled solving for mass and momentum variables in the Navier-Stokes
equation simultaneously through fully implicit coupling of mass flux and pressure gradient
in the momentum equation. Although this method is computationally expensive, the results

have better accuracy compared to segregated pressure-based solution algorithms [26].

A Second-Order Upwind scheme was used for interpolating the cell center data to the faces
of the control volume. This method is more robust than first order schemes when working
with unstructured tetrahedral meshes for which the flow is not aligned with the grid. The

higher-order accuracy is achieved through the Taylor series expansion of the cell-centered
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solution about the centroid [5]. The face value (pf)sou is calculated using

(br)sou =+ Ve T, (3.21)

where ¢ and V¢ are the cell center value and the gradient in the upstream cell, respectively

and 7 is the displacement vector.

To evaluate the gradients of diffusive flux and velocity derivatives in higher order discretiza-
tion schemes, the Least-Squares Cell-Based method was used since it yields more accurate

results than the Green-Gauss Cell-Based method for unstructured grids.

For the implementation used in this work, the change in cell value between two adjacent

mesh cells ¢y and ¢; is given by

V(¢eo) - Ar; = (pei — Peo) - (3.22)

The gradient is computed as the product of a weight factor W and the difference vector

(pe1 — @eo). For a three-component system this is written as

((pcO)k = Z I/Vz% ' ((pm - (pCO) ’ (323>

=1
where k represents the x, y or the z component.
Finally, the Hybrid Initialization method was used to initialize the solution with the Laplace

equation being solved to determine the velocity and pressure fields. The Laplace equation

for velocity is written as
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Table 3.2: Summary of the computational setup

S.No Solver Schemes

Effect on the computational Setup

1 Steady State Solver Eliminates time dependent variables
2 Pressure based solver Models incompressible flow
3 Viscous Laminar Model Uses the' low Reyno.l ds Nun}ber .
assumption for solving Navier Stokes equation
Defines the mass diffusion and
4 ies T Model . . . .
Species Transport Mode flow physics between two interacting species
. . Models ionic conductivity
g Potential Equation between diffusing fluids
6 Coupled Scheme High accuracy pressure-velocity
coupling
. Interpolates the cell
7 Second order Upwind centered data to the faces of control volume
8 Least Square Cell Based Method Evaluates gra@ents (.)f dl.ffuswe
flux and velocity derivatives
lves Laplace E ion t
9 Hybrid Initialization Solves Laplace Equation to

initialize the velocity and pressure fields

Vi =0, (3.24)

where the gradient of the velocity potential ¢ is used to determine the velocity components.

The Laplace equation for pressure is given by

V2P =0, (3.25)

which is used to produce a smooth pressure field in the domain.

A summary of the solution methods and techniques used can be found in Table 3.2.
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3.2 Discrete Phase Modeling

For modeling particle motions inside the channel, Discrete Phase Modeling (DPM) was
used. This was done with the aim of comparing the computed particle trajectories with the

experimental results presented in the literature, as explained in subsection 3.4.2.

In this model the particles are assumed to be point masses such that their entire mass is
concentrated at their center of gravity. Spherical polystyrene (PS) particles of 2 um diameter
and ellipsoidal PS particles of 4 ym diameter were considered for modeling since they were

used in the literature [48]. The numerical model is explained below.

DPM is a Euler-Lagrange approach in which the fluid is treated as a continuum for solving
the Navier-Stokes equations, and forces acting on the particle are integrated to predict the

particle trajectory in the fluid.

The particle force balance in the Lagrangian frame is written as

my—— =My +m, + F, (3.26)

where m,, and u, denote the particle mass and particle velocity, @ is the fluid velocity, and
p and p, are density of the fluid and density of the particle, respectively. 7, is the particle

relaxation time written as

ppdy 24
Tr = )
18u CyRe

(3.27)

where £ denotes the viscosity, Cy; the coefficient of drag of the particle and d,, is the particle

diameter. Here Re is the relative Reynolds number, which is computed as
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d e
ezppwp u|
1

R (3.28)

In Equation 3.26, F' denotes the additional forces that act on the particle as described below.
The p/p, value approaches unity, which means that the density of the particle approaches
the fluid density. The fluid experiences an acceleration when flowing around the particle,
and the forces associated with this acceleration are represented as virtual mass and pressure

gradient forces. The virtual mass force is given by

L dii
Fop = 5mpﬁ <7z,,v7z— %) . (3.29)

The additional force arising due to the pressure gradient in the fluid is written as

Fre = m,L0va. (3.30)

Pp

Additionally, the particles experience a lift force due to shear [59], and the generalized form

of that force is given by

2KU1/2pdij
Ppdy (dypdiy)"*

Fsp =m, (i — iT,) (3.31)

where d;; is the deformation tensor and K takes the value 2.594 for small particles with
diameter in the range of a few microns [38]. The combination of forces in Equation 3.29,
Equation 3.30 and Equation 3.31 gives the cumulative additional force F acting on the

particle in Equation 3.26.

Inert PS particles were modelled with a density of 1053 kg/m? [62]. Different drag laws in
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the literature were used to model the drag coefficient C,; in Equation 3.27 based in the shape
of the particle. For the 2 um spherical particles, the Morsi Alexander drag law [43] was used

for which the drag coefficient is given by

a9 as
Cp = — + —=. 3.32
p=m Re i Re? (3:32)

Here, ai, as and a3 are constants over a varying Reynolds number range. Owing to the
difference in shape of the 4 ym particles, a non spherical drag law developed by Haider and

Levenspiel [19] was used, with the drag coefficient defined as

24
N Re sph

bgResph
b4 + Resph ’

Cp (1+b1Re2,) + (3.33)

The by, by, b3 and by values are determined by the shape factor ¢, which is written as

S
. 34
=g (3.34)

In Equation 3.34, S denotes the actual surface area of the particle and s denotes the surface
area of a sphere that has the same volume as the particle. It was observed from the literature
that was being used as a reference [48], that the disc shaped particles are an oblate spheroid.

The volume of the oblate spheroid was calculated as

V= g -7m-(b)%-c, (3.35)

where V' denotes the volume, b denotes the semi major axis and ¢ the semi minor axis. Knud

Thomsen’s formula was used to estimate the surface area S of the oblate spheroid as
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b2p 2bp D 1/p
S—4.7 (%) . (3.36)

Here p takes the value 1.6075. The value of p is determined such that surface area value has
the least relative error. The value of shape factor S for the 4 um particle was found to be

0.9144 .

3.2.1 A note on the DPM

Since the particles are considered as point masses in this model, the presence of a solid particle
boundary of a specified diameter is not taken into account in Fluent while calculating the
trajectories of the particles. This simplification causes the particles to enter orifices that are

smaller in size than the diameter of the particle itself.

In subsection 3.4.2, it is shown that DPM gives an accurate representation of particle posi-
tions. This accuracy can be attributed to the fact that, when the flowrate in the channel is
sufficiently high, the particles have enough momentum that most of them carry on past the
side channels. Since the flowrate through the device in subsection 3.4.2 is relatively high,
at about 25 pL/min (4.17 * 107'1%m3/s), the particles modelled via DPM possess enough
momentum to reach the outlet of the expanding section. The velocity in the channel is
calculated based on Equation 2.3, in which the A takes the value of the cross sectional area
of the above channel used for validation. The cross sectional area was calculated to be 75
m? (7.5 % 107" m?) and the resulting flow velocity was found to be 5.5 m/s. The mass of the
PS particles that is being modeled is 5.52 * 10~ **kg. The average momentum of the particle

in the channel is 3 % 107'% kgm//s.

However, in the proposed device, the maximum flowrate is maintained at only 3 pL/min.



3.3. GrRID INDEPENDENCE STUDY 29

Additionally, the cross sectional area of the channel is about 10 times larger that of the
device used in subsection 3.4.2. Both these factors cause the velocity inside the channel to
drop significantly. The average velocity of particles in the main channel is 0.004 m/s (refer
section 2.3 for details on velocity calculation). The diameter of the PS particles used in
the main channel of the buffer exchange device is 4 times that used in the above model,
and hence the particle mass increases by 64 times to 353.28 * 10713kg. Since the particles
are suspended in the fluid, their momentum also reduces significantly to 1.4 % 107'3 kgm/s,
which is a 21.X reduction in particle momentum as compared to the particles in the smaller
channel used in subsection 3.4.2. This reduction in particle momentum combined with the
fact that the particles are considered as point masses, causes the particles to exit through
the side channels in the model of the proposed device. In the simulations, not even a fraction
of the particles reach the main channel outlet since they don’t have the momentum to cross
the side channels. Hence, it was not possible to use DPM to calculate particle trajectories

in the proposed device.

3.3 Grid Independence Study

An unstructured grid was used to mesh the domain since it conforms well with the shape of
the boundary and thus is well suited for modeling complicated geometries [81]. Moreover,
an unstructured grid enables good control over local grid concentration. Even though a
structured grid is well ordered and is easy to generate, as it requires less computational
resources, the boundary representation is not accurate for non-rectangular geometries, and
this causes the grid to poorly resolve the viscous boundary layer on boundaries [73]. Since
the buffer exchange device has angled walls and curved inlets, an unstructured grid was

chosen over a structured grid. ANSYS meshing software was used to generate the grid, with
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the physics performance parameter set to "CFD” and the growth rate set at 1.2 to prevent
high aspect ratios. The mesh smoothing was set at medium to balance computational load

and mesh quality.

To verify that there are a sufficient number of mesh cells to accurately resolve the flow, a grid
independence study was carried out. The buffer exchange device design with 90° wall angle
and four side channels was chosen for this analysis. The outlet electrical conductivity value,
which is based on a diffusive quantity, was determined to be the most sensitive variable to grid
size. Also, since conductivity was one of the key parameters of interest, it was chosen to test
grid independence. The non-dimensional mesh length A, computed as the ratio of average
mesh element size to the hydraulic diameter of the main channel, was used to characterize a

given mesh size (refer to section 2.3 and Equation 2.2 for details on hydraulic diameter).
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Figure 3.3: Plot of outlet electrical conductivity vs inverse non-dimensional mesh length

From Figure 3.3, it could be observed that the outlet electrical conductivity value reaches
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grid independence at A™! ~ 12. This corresponds to about 28.28 million mesh cells in the
domain. To rule out anomalous results, the side channel flowrate was chosen as a second

variable to check grid independence.
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Figure 3.4: Plot of side channel flowrate vs inverse non-dimensional mesh length

By observing Figure 3.4, the side outlet flowrate shows similar grid convergence at \~! ~
12. From Figure 3.5, it can be seen that the percent difference in the electrical conductivity
is on the order of 107 between the mesh with highest resolution and one with the second
highest resolution. By combining the results from Figure 3.3, Figure 3.4 and Figure 3.5, it
can be ascertained that grid independence is achieved at a A™! & 12 or a mesh size of around

28.28 million mesh elements.

For the grid independent mesh, Figure 3.6 gives the quality distribution of elements. The
average quality is around 0.85 with a standard deviation of 0.094. Since a mesh quality
of 0.65 is considered acceptable, the current mesh quality of 0.85 is a very good mesh for

modeling the laminar flow in the channel.
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Figure 3.5: Plot of % difference in electrical conductivity from the mesh with highest reso-
lution vs inverse non-dimensional mesh length
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Figure 3.6: Mesh quality distribution for grid independent mesh

Similarly, the aspect ratio distribution is shown in Figure 3.7, where it could be observed
that the average value of the mesh aspect ratio was around 1.81 with a standard deviation
of 0.45, which is a very good aspect ratio. Furthermore, the average characteristic length

was observed to be 4.69 pym for an average element size of 7 pum.

From the above data, it is evident that the grid independent mesh is a robust, high quality
mesh. Hence, this mesh setup was used for performing simulations for all the configurations

and designs of the buffer exchange device.
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Figure 3.7: Mesh aspect ratio distribution for grid independent mesh

3.4 Computational Model Validation

3.4.1 Residual Convergence

The solution accuracy and residual convergence decide the robustness of the computational
model [27]. The number of iterations to be run was determined by the convergence of resid-
uals, while closeness of computational results to the existing experimental and analytical
results was used as an indication of correctness of the model used. The solution was consid-
ered as converged when it no longer changed significantly with additional iterations, overall
mass and momentum balance was achieved, and the residuals dropped at least by 4 orders

of magnitude [80] [79].

Figure 3.8 shows the variation of continuity residual values with iteration number. It is
observed that the residuals diminish to the order of 10™° within 100 iterations. Similarly,
the variation of velocity residuals with iteration number was also monitored. From Figure 3.9,

the velocity residuals drop to an order of magnitude of around 10~7 within 100 iterations.

One other critical criteria for convergence is the net mass imbalance, which is a representa-
tion of numerical error associated with the discretization of the continuity and momentum
equations [6]. To study the mass imbalance, the net inlet and outlet flowrate values were
computed from Fluent, and the difference in these results was found to be less than 0.1%.

From the above results, it was concluded that, for the grid independent mesh, the solution
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Figure 3.8: Convergence of continuity residuals with iterations

converges within 100 iterations.

3.4.2 Validation with Experimental Work Present in Literature

A microfluidic device with a similar design, known as a Tilted-wall Pinched Flow Fractiona-
tion device (t-pff-v), has been used for particle and cell separation and extraction [48]. The
device design and dimensions are shown in Figure 3.10. This device is used as a passive
cell separation tool, relying on microfluidic forces and particle interaction with the channel
as opposed to relying on external forces such as acoustic [35] or magnetic fields [51], which

could be harmful to the cells [61].

Passive size separation is achieved by the steric exclusion effect at the walls [3], and the
expanding/broadened segment of the device enhances the separation that originally occurs
in the main channel. The vertical focusing channels help in aligning the cells with the wall,

and the tilted side walls prevent cell agglomeration and clustering by enhancing horizontal
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Figure 3.9: Convergence of velocity residuals with iterations

separation [47].

For this experimental study, spherical and disk shaped polystyrene (PS) particles were used
as a representation of platelets and red blood cells (RBCs) [49]. The buffer flowrate was 30
times that of the particle-laden biofluid flowrate. The flow parameters, fluid properties and

particle dimensions used in the experiment are given in Table 3.3.

Table 3.3: Experimental parameters and properties used in the literature

Parameter /Property Value Units
Solution Flowrate 50 pL/hour
Buffer Flow Rate 1500 pL/hour
Fluid Density 1055.1 kg/m3
Dynamic Viscosity 0.001728 Ns/m
Fluid Temperature 298 k
Spherical PS Particle Diameter 2 pm

Disk Shaped PS Particle Diameter 4 pm
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Figure 3.10: t-pff-v lab on chip device for size based cell separation. Height of the device:
5.6 pm. Side walls tilted at 45°. Adopted from [48]

The computational setup explained in chapter 3 was used to model the flow in this device.
In addition, the particle motion was modelled using the Discreet Phase Model (DPM) in

Fluent as discussed in section 3.2.

An unstructured grid with 31 million elements was used to run the simulation. The DPM
model was used as a post processing step once the velocity field was resolved by Fluent.
The outlet of the broadened section, which was 300 pym in width, was divided into 31
equally spaced imaginary bins for every 10 pm and the percentage of the total particles
passing through each of the bins was noted. The percentage frequency of the particles
passing through the bins was plotted against their position in the outlet, which is shown in

Figure 3.11.

Good agreement is observed between the computational and experimental results with re-

gards to the particle position, frequency, and separation in the broadened section outlet.
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Figure 3.11: Comparison between particle positions in the broadened outlet section between
(a) Fluent DPM Result (b) Experimental result from [49]

3.4.3 Comparison with Analytical Data

The device used in subsection 3.4.2 was then scaled by 9X in size since the size of cancer
cells is around 20 pm [68], which is about 10 times the size of the particles considered in the
t-pff-v device in the literature. The numerical setup and meshing was based on chapter 3
and section 3.3 respectively. The values of molar concentration and electrical conductivity

at the broadened section outlet were observed.

The relation between electrical conductivity (EC) and total dissolved salts (TDS) in a solu-

tion is given by

TDS (%) — k x EC (“—S) : (3.37)

cm

where k is a coefficient whose value depends on the number of ions in the solution [56]. For
DI water, the value of k is approximately 0.5 [78]. However, its value increases to 0.65 for

salt solutions similar to the biological buffer [22].

The concentration data from Fluent, which is given in mol/L, was converted to mg/L to



38 CHAPTER 3. CFD MODELING

obtain the TDS value. The conversion is given by

mol buffer " molNaCl " 58.44 gNaCl " 1000mg ~ mgNaCl (3.39)
L solution mol buffer 1 molNaCl g L solution '

Once the outlet concentration values were converted to TDS, the EC values were calculated
for the salt solution based on Equation 3.37. The electrical conductivity for the salt solution

and DI water mixture at the broadened section outlet was calculated as

TDS
EC solution = 7 + EC deionized water . (3.39)
The calculated conductivity values at the broadened section outlet were compared with the

values of EC obtained directly from Fluent, and the % error between the two are shown in

Figure 3.12.
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0
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Figure 3.12: Comparison of the % error between the manual and numerical solution of EC

values at the outlet
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It was observed that the error between the two solutions was less than 0.17%.

From residual convergence and the literature-based experimental comparison, it was ascer-

tained that the computational model was robust.



Chapter 4

Results and Discussion

The effectiveness of the buffer exchange device was defined based on three parameters:

 the electrical conductivity at the main channel outlet,
o the shear stress generated in the device, and

o the flowrate exiting from the main channel, or the throughput of the system that is

delivered to the downstream cDEP system.

A parametric study was performed to analyse the effect of geometry, input flowrate and wall
angle on the device effectiveness. An ideal buffer exchange device would have the least shear
stress with maximum throughput and lowest electrical conductivity at the main channel
outlet. Simulations were run to identify the optimal design configuration for each of these

parameters.

The computational model was initialized in the local system through the Fluent Graphical
User Interface (GUI). However, since the number of mesh elements exceeded 28 million,
and discretizing the Navier-Stokes equation and solving for mass, momentum, diffusion, and
energy at every node was computationally intensive, the simulation was run on the BEAM
High Performance Cluster. The case and data files containing the computational model
information were generated locally and uploaded to the cluster. A journal code was written

to control the inlet and outlet boundary conditions (BCs) and the number of iterations, and

40
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to automate the data extraction from the simulation at specified intervals. The resulting

data was then imported into the local system and analyzed through the local GUI.

4.1 Shear Stress Analysis

Since the two inlet streams in the device have significantly different flowrates, a shear force
develops in the interface between the two fluids due to the abrupt change in the velocity
gradient [50] in the main channel. This shear force would be experienced by the cells in the
biological buffer (10x PBS). In addition to that, when the fluid enters any side channel, it
flows from the main channel, which is 300 pm wide, through the overlap gap, which is only
5 pm wide. Such a sudden contraction of flow while moving through this overlap gap causes
the shear stress to increase in the fluid [21], which is transmitted on to nearby cells. Finally,
any fluid flowing through a microchannel develops shear stress [87], the magnitude of which

is determined by the flowrate through the channel and the channel dimensions.

The cells experience the cumulative shear stress induced by all the above factors. Since cells
undergo lysis at high shear stress values [55], the system design and parameters were analysed
to determine the device with the least flow induced shear stress (FSS) in the channel with

the aim of preserving the cells for further downstream analysis using a cDEP device.

The overlap gap is located in the base of the main channel, hence the cumulative shear stress
is greater near the lower wall of the channel. Figure 4.1 shows the shear stress contour in
the inlet and main channel of the device for a system configuration with 10:1 flowrate ratio
and a 1.5 pL/min total flowrate. It can be observed that the maximum value of the shear

stress occurs at the overlap between the main channel and the side channels.

Figure 4.2 shows the plane where the shear stress in the channel was quantified. Typical



42 CHAPTER 4. REsuLTs AND DiscussioNn

contour-1
Wall Shear Stress

6.75e+00
6.07e+00
5.40e+00
4.72e+00
4.05e+00
3.37e+00

2.70e+00
202e+00

1.35e+00
6.75e-01

8.09e-05
[pascal ]

Figure 4.1: Shear stress contour in a plane adjacent to the lower wall of the device in the
inlet and main channel

cell trajectories through the main channel will be close to the side wall since the biological
buffer is pushed towards this wall by the cDEP buffer. Therefore, a plane 20 ym wide was
chosen as shown based on anticipated cell position in the channel. The plane of analysis is

4 mm long and is located 5 pm above the lower wall in the main channel.

The nodal values of shear stress were recorded from Fluent. MATLAB was used to generate a
3D surface plot of the variation of shear stress in the plane. Figure 4.3 shows the shear stress
distribution for a straight walled device with four side channels. The peak shear stress value
occurs at the areas of overlap between the main channel and the side channel. Moreover, it
was also observed that the magnitude of shear stress drops as the flow progresses through
the channel. This variation indicates that the maximum flowrate occurs through the first

side channel, and the pressure gradient and flowrate through the subsequent side channels
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Figure 4.2: The plane adjacent to the lower wall of the main channel, represented in the
figure by a red box, where the shear stress is measured

drops off.

The maximum shear stress value recorded in the plane of analysis, as shown in Figure 4.3,
was 14.8Pa, and this peak occurred at the initial overlapping point between the main channel
and the first side channel. The average shear stress at which a cancer cell undergoes lysis
after hours of prolonged exposure is 60 dyne/cm? or 6 Pa [55]. Cancer cells are capable of
withstanding high shear stress values of up to 3000 dyne/cm? or 300 Pa for short exposure
times [4]. In the proposed device the average residence time of the cells in the channel is
around 6 to 12 seconds. Furthermore, the cell is exposed to the maximum shear stress values
at the overlap of the first side channel for less than 0.4 seconds. Hence, there is little chance
of lysis in the device. The higher values of shear stress observed at the overlapping region
can be attributed to the steep difference in the velocity gradient when the fluid enters the

5 pm orifice.

In biological systems, cancer cells generally experience an average shear stress of 15 dyne/cm?
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Figure 4.3: Variation of Shear Stress in the plane of analysis in the main channel of the
device

or 1.5 Pa for a prolonged duration [13]. The area weighted average of the shear stress in the
channel was recorded for all the different device designs and flowrates. A shear stress index

7+ was defined as

= (4.1)

Tsys

where T represents the area averaged shear stress value in the device and 7,5 = 1.5 Pa is

taken as the average shear stress experienced by a cancer cell in a biological system.
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Simulations were run in Fluent for a straight walled channel to analyze the effect of different
side channel configurations and flowrates on the shear stress index.
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Figure 4.4: Variation of shear stress index with number of side channels for a flowrate ratio
of 10:1 between the DI water inlet and the 10xPBS inlet

Figure 4.4 shows the change in shear stress index for different side channel configurations
for two different total flowrates. For the higher flowrate value of 3 pL/min the shear stress
index is observed to be 2X greater than the 1.5 pL/min flowrate for every side channel
configuration of the device. This is inline with what was expected, since it is known that a

higher flowrate induces greater shear stress in the channel.

It is also observed that the value of shear stress index reduces with an increase in the number

of side channels.
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Figure 4.5: Flowrate values through the 1%¢ side channel for different device configurations :
flowrate ratio of 30:1 and total flowrate of 3 pL/min

Figure 4.5 shows the flowrate value through the 1% side channel of each of the devices
and Figure 4.6 shows the cumulative flowrate through all the side channels in the device.
Although the cumulative flowrate through all the side channels is greater for devices with
more side channels, it is observed that the flowrate in the first side channel reduces as the
number of side channel device increases. This is because the pressure difference between the
downstream side channels and the corresponding region in the main channel is less than the
first side channel. As the fluid flows through the channel, the pressure reduces and hence

less flow is pushed through the downstream side channels.

Figure 4.7 shows the flowrate in each of the side channels in a 4 side channel device. It can
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Figure 4.6: Cumulative Flowrate values through the side channels for different device con-
figurations : flowrate ratio of 30:1 and total flowrate of 3 uL/min

be seen that the flowrate through each side channel reduces as we move downstream of the
main channel. The higher flowrate in the first side channel corresponds to a higher shear
stress index. A similar trend is observed in Figure 4.8, where the flowrate ratio between the

two inlets was maintained as 30:1.

In both cases the shear stress index was lowest for the configuration in which the total
flowrate was maintained at 1.5 pL/min. Figure 4.9 shows the variation of shear stress index
with number of side channels per device for two different flowrate ratios. The lowest shear

stress index occurs for the device with four side channels and a 10:1 flowrate ratio.

Finally, to understand the effect of device wall angle on the shear stress index, a four side
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Figure 4.7: Flowrate values through each of the side channels for a 4 Side Channel device
configuration : flowrate ratio of 30:1 and total flowrate of 3 pL/min

channel configuration with 10:1 flowrate ratio between the inlets and a total flowrate of

1.5 pL/min with different wall angles was used.

From Figure 4.10 the lowest determined value of shear stress index, 7=0.225, corresponding
to a7 of 0.337 Pa or 3.37 dyne/cm?, was recorded in the straight walled device with four side
channels for a flowrate ratio of 10:1 between the inlets and a total flowrate of 1.5 pL/min.
There is a 40% difference in shear stress between the straight walled device and the 45°
angled wall configuration where the highest shear stress value was observed. This can be

attributed to that fact that, for devices with angles walls, the cross sectional area of the
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Figure 4.8: Variation of shear stress index with number of side channels for a flowrate ratio
of 30:1 between the 10xPBS inlet and the DI water inlet

channel reduces. Since the total flowrate remains the same, the stream wise velocity of the
flow increases inside the channel to compensate for the reduction in cross sectional area and
to conserve the flowrate [53], as shown in Figure 4.11. It is observed that the velocity in the
main channel increases by 33% in the device with 45° wall angle compared to the straight
walled configuration. This increase in velocity causes the shear stress to increase in the

channel.

From all the above observations, we can conclude that the configuration in which the cells
would experience the least amount of shear is a straight walled device with four side channels
with a total flow rate of 1.5 uL./min passing through the system and a flowrate ratio of 10:1

between the inlet channels.
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Figure 4.9: Variation of shear stress index with number of side channels for a total flowrate
of 1.5 pLi/min

4.2 Buffer Exchange Device Throughput

Since the cell diameter is 4x the size of the overlap between the main and the side channels,
the cells are expected to remain in the main channel and will be collected at the main
channel outlet. Thus the flowrate through the main channel decides throughput of the
buffer exchange device. Since the cDEP devices handles a maximum flowrate of 5 yL/min
[60], the buffer exchange device that is capable of achieving a throughput close to that value

is desirable.

A dimensionless throughput was defined as
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(4.2)

where Qp is the flowrate through the main channel and Qe = 5 pl/min is the target

flowrate though the downstream cDEP device [60].

Simulations were run in Fluent for a straight walled channel to analyze the effect of different

side channel configurations and flowrates on the throughput. Figure 4.12 shows the variation

of Q* for 10:1 flowrate ratio between the DI water inlet and the 10x PBS inlet. As expected,

it is observed that the throughput for the 3 uL/min flowrate configuration is approximately

twice that for the 1.5 uL/min flowrate for all the side channel designs. A similar trend is

observed in Figure 4.13 for the 30:1 flowrate ratio between the inlet channels.

It is also observed that the throughput is highest for the single side channel device configura-
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Figure 4.11: Variation of flow velocity in the main channel with side wall angle for a flowrate
ratio of 10:1 between the 10xPBS inlet and the DI water inlet and total flowrate of 1.5 yL/min

tion for every flowrate ratio and cumulative flowrate value. As the number of side channels
in the device increases, the cumulative volume flowrate of the fluid removed through them
increases. Since more flow is removed through the side channels, the overall main channel

flowrate reduces, causing a corresponding reduction in throughput ratio.

The effect of flowrate ratios on the throughput for different side channel configurations
can be seen in Figure 4.14. It is observed that the difference in result between the two
flowrate ratios is minor. The maximum difference in Q* is less than 2.4%. Hence, it could
be concluded that the flowrate ratio does not significantly affect the Q* values. However,
the flowrate of cells in the 10:1 configuration would be three times that of the 30:1 flowrate

ratio. This is because the flowrate of cells containing 10x PBS is 1/11 of the total flowrate of
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Figure 4.12: Variation of throughput ratio with number of side channels per device for 10:1
inlet flowrate ratio in a straight walled buffer exchange device

3 pL/min, which gives a value of 0.27 uL/min. In the case of the 30:1 configuration, the cells
flow at 1/31 of the total flowrate, which gives 0.09 pL/min. Thus the number of cells that
experience buffer transfer and are collected at the outlet for a given total flowrate would be

three times greater for the 10:1 flowrate ratio configuration.

Finally, the variation of throughput with wall angle was analyzed. From Figure 4.15 it can be
observed that the channel with the 45° wall angle has the highest dimensionless throughput
of 0.3, which translates to a main channel flowrate of 1.5 uL/min, followed by the device

with 54° angled walls. The straight walled channel has the least throughput, Q* = 0.27, or
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Figure 4.13: Variation of throughput ratio with number of side channels per device for 10tol
inlet flowrate ratio in a straight walled buffer exchange device

Qp=1.35 pL/min. From the above result, it can be observed that the channel wall angle
does not have much effect on the overall throughput of the device. However, an angled
wall channel would prevent clogging of cells and help the device to perform effective buffer

transfer [48].

Hence, it can be concluded that the single side channel device with a total flowrate of
3 pL/min, a flowrate ratio of 10:1, and a wall angle of 45° is the optimal configuration for

achieving the maximum throughput.
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Figure 4.14: Variation of throughput ratio with number of side channels/device for a cumu-
lative flowrate of 3 pL/min

4.3 Outlet Electrical Conductivity

The electrical conductivity of the cell medium plays a major role in running cDEP exper-
iments. Low conductivity buffers are required for cell characterization. However, cells get
stressed in low conductivity buffer over long exposure times and start resealing ions into the
buffer [58]. This causes a change in overall conductivity and can cause cDEP experiments to
fail. To control the outlet electrical conductivity of the buffer, the diffusion of the two inlet
fluids inside the device needs to be minimized. The desired value of outlet conductivity for

performing cDEP experiments is 0.01 S/m or less. Hence, a buffer exchange device capable
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Figure 4.15: Variation of throughput ratio with channel wall angle

of achieving a value less than this value is preferable.
An electrical conductivity ratio was defined as

Kp

K=
KReq

(4.3)

where K p represents the value of electrical conductivity at the main channel outlet and Kpeq
=0.01 S/m is the desired value of electrical conductivity. The optimal device would have K*

< L.

Simulations were run in Fluent for a straight walled channel in order to analyze the effect of

different side channel configurations and flowrates on the electrical conductivity ratio.
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Figure 4.16: Variation of conductivity ratio with number of side channels per device for 10:1
inlet flowrate ratio in a straight walled buffer exchange device

From Figure 4.16, it can be observed that the value of outlet electrical conductivity in all the
device configurations is very close to that of the inlet DI water. This value is significantly
lower than the desired K* value of 1, and hence the device is very effective at buffer transfer

of cells.

Figure 4.17 and Figure 4.18 shows the depth averaged contours of molar concentration of the
10X PBS, which represents the biological buffer initially containing cells, in the device with
a 1 side channel and a 4 side channel configuration, respectively. The diffusion of the 10X
PBS can be observed from the contours. Here, red colored regions represent the location in

the device where the concentration of 10X PBS is close to 100%. Since 10X PBS exclusively
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Figure 4.17: Contours of molar concentration of the 10X PBS in a single side channel device

flows through the bio buffer inlet, the concentration in the inlet channel is 100%. As the
10X PBS flows downstream and comes in contact with the DI water, there is observable, but
minimal, diffusion in the channel. The effect of diffusion can be observed from the transition
of the concentration contour in red to green, showing that the local concentration of 10X
PBS is not 100% in those regions. However, before the 10X PBS completely diffuses into
the DI water, it gets pushed out of the side channels due to the high values of the DI water
flowrate. This reduces the concentration of the 10X PBS significantly, close to 0%, in the
main channel. The absence of 10X PBS is represented as a dark blue color in the contour.
Since the cells remain in the main channel, they get transferred from a region of 100% 10X
PBS concentration to near 0% concentration (i.e., into the DI water). Hence, Figure 4.17

and Figure 4.18 also serve as a visual representation of buffer transfer in the device.

The low mixing in the device can be attributed to the low Reynolds number values of less
than 1 in the channel. At such a low Reynolds number, the flow remains completely laminar,
the flow streamlines remain parallel, and hence very low mixing of fluids occurs. There is

also low diffusion owing to the low residence time of the fluids in the device. Since the fluids
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Figure 4.18: Contours of molar concentration of the 10X PBS in a 4 side channel device

spend less than 12 seconds in the device, the time available for diffusion is small.

From Figure 4.16, it could also be observed that for both of the flowrate ratios, the 1 side
channel configuration has the lowest K* value, and K* keeps increasing as the number of side
channels per device increases. The maximum K* value, and hence the worst buffer exchange,
is observed in the 4 side channel configuration. As it can be observed from Figure 4.6,
the cumulative flowrate through the side channels keeps increasing as the number of side
channels per device increases. Consequently, the flow through the main channel reduces
with an increase in number of side channels per device. Hence, the highest flowrate value
is observed in the single side channel and the lowest flowrate occurs in the main channel of
the 4 side channel configuration. Since pressure drop and flow resistance across any channel
is based on the flowrate, a very high flow resistance is encountered in the main channel of
the single side channel configuration and the lowest values of flow resistance are found in
the main channel of the 4 side channel configuration. The high flow resistance in the single
side channel configuration induces a high back pressure in the main channel, which causes

the low velocity 10X PBS to be pushed out more effectively through the side channel in
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comparison with the other device configurations.

The difference in molar concentration between the single side channel and 4 side channel
configuration was analyzed in 5 different planes along the flow direction as shown in Fig-

ure 4.19.
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Figure 4.19: The planes along the channel where the concentration values are analysed for
single side channel and 4 side channel device configurations

The values of molar concentration were recorded from Fluent, and MATLAB was used to

generate surface plots.

From Figure 4.20 and Figure 4.21 it is observed that there is no noticeable difference in the
molar concentration values between the 15 and the 2" planes. The shape of the surface plot
depicts the variation of molar concentration values of 10X PBS in the device cross section.
Since the 10X PBS gets pushed towards the wall by high velocity DI water, its concentration
is highest near the corresponding side wall. The value of concentration rapidly drops off

with distance from side wall due to low diffusion in the device.

There is a very small but observable difference in the concentration profiles between the two
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Figure 4.20: Comparison of molar concentration at Plane 1 (Figure 4.19) between 1 side
channel and 4 side channel configurations

device configurations at plane 3, which is at the beginning of the main channel, as shown in
Figure 4.22. The difference is greatly amplified a short distance downstream in planes 4 and

5, as shown in Figure 4.23 and Figure 4.24.

As we move downstream through the main channel, the concentration values are signifi-
cantly lower in the single side channel configuration compared to the 4 side channel device.
Furthermore, the concentration of 10X PBS drops off faster in the 1 side channel device com-
pared to the 4 side channel configuration as we proceed downstream. This indicates that in
the single side channel configuration the 10X PBS is pushed through the side channel more
upstream than in the 4 side channel device, causing less diffusion to occur in the channel.
Since the overall outlet electrical conductivity value is dependent on the concentration of the
PBS medium, the single side channel with the lower downstream 10X PBS concentration
has a lower K* value. The variation of molar concentration between the two configurations

in the plane of overlap is shown in Figure 4.25.
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Figure 4.21: Comparison of molar concentration at Plane 2 (Figure 4.19) between 1 side
channel and 4 side channel configurations

As expected, the concentration profile is noticeably steeper in the single side channel config-
uration. This is further indication that the 10X PBS is pushed out through the side channels
more upstream in the single side channel configuration, which leads to lesser diffusion and
lower outlet electrical conductivity. The electrical conductivity values were compared at the

main channel outlet for single and 4 side channel configurations as shown in Figure 4.26.

It can be observed that the conductivity value at the outlet of 1 side channel is noticeably
lower than in the 4 side channel configuration. Moreover, it can also be observed that the
concentration is homogeneous at the outlet of the main channel for both of the configura-
tions. On top of being further proof of the effective buffer transfer capability of the device,
homogeneous distribution of the medium helps with preventing cell lysis and increases cell
viability. The absence of local concentration gradients is also essential for performing down-

stream cDEP analysis.

From Figure 4.16 it could be further observed that devices with a cumulative flowrate of

3 pL/min have a lower K* value for the same number of side channels and the same flowrate
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Figure 4.22: Comparison of molar concentration at Plane 3 (Figure 4.19) between 1 side
channel and 4 side channel configurations

ratio. The higher cumulative flowrate through the device leads to higher flowrate through the
main channel compared to the lower cumulative flowrate counterpart. This causes the flow
resistance to increase in the both the main channel and the side channels. But this increase
in flow resistance is not equal in the main and side channels. Since the cross sectional area
of the main channel is smaller compared to that of the side channels, the flow resistance
rises significantly in the main channel compared to the side channels for even a small rise in
flowrate. This increase in flow resistance in the 3 pL/min configuration pushes the 10X PBS
through the side channel more effectively, as discussed above. A similar trend is observed

for configurations with an inlet flowrate ratio of 30:1 as shown in Figure 4.27.

Here too it can be observed that the single side channel configuration has a lower value of
K* compared to devices with a greater number of side channels, and the 3 pL/min flowrate

configuration results in lower outlet conductivity.

The K* values were compared between the 10:1 and 30:1 flowrate ratio configurations for
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Figure 4.23: Comparison of molar concentration at Plane 4 (Figure 4.19) between 1 side
channel and 4 side channel configurations

devices with a total flowrate of 3 ul/min, as shown in Figure 4.28. It can be observed that
configurations with a 30:1 flowrate ratio have a slightly lower value of K* compared to 10:1
flowrate ratio configurations. This difference can be attributed to the high flowrate and high
momentum of DI water in the 30:1 configuration, which causes it to push the low momentum
10X PBS a bit more effectively through the side channel. Furthermore, in the 30:1 flowrate
ratio configuration, the overall flowrate of the 10X PBS is about 3 times lower than in the
10:1 configuration. This leads to a lower concentration of 10X PBS in the main channel and,

ultimately, a lower electrical conductivity.

Note that the difference in the K* value between the 10:1 and 30:1 flowrate ratio configu-
rations is less than 2%, while the flowrate of cells in the 10:1 configuration is about 3 times
that in the 30:1 configuration. Thus the 10:1 flowrate ratio configuration is likely preferred.
Finally, the impact of wall angle on the K* value was analysed for the single side channel

configuration with a total flowrate value of 3 pL/min and an inlet flowrate ratio of 10:1.



4.3. OurtLET ELECTRICAL CONDUCTIVITY 65

4 Side Channels

Concentration (kmol/mS)

1 Side Channel

0

Channel Height (m) ' ' Channel Width (m)

Figure 4.24: Comparison of molar concentration at Plane 5 (Figure 4.19) between 1 side
channel and 4 side channel configurations

It can be observed from Figure 4.29 that there is no significant variation in the K* values
caused by changes in side wall angle. However, there is an observable increase in the overall
conductivity value with increase in the wall angle. The device with 45° angled side walls has

a conductivity value that is 2% lower than in the straight walled channel.

Since the cross sectional area of the main channel is smaller for the angled side walled
configurations compared to the straight walled configurations, the velocity of the fluid in
the main channel increases in the angled configurations to conserve the flowrate. Moreover,
the reduction in cross sectional area leads to greater flow resistance in the main channel. As
discussed above, this increase in resistance results in the 10X PBS being pushed through the
side channel with increased effectiveness. Thus the concentration of the 10X PBS reduces
in the main channel, causing the outlet conductivity to be smaller in the angled side walled
configurations. It can be concluded that a single side channel device with 45° angled walls, a

3 pL/min cumulative flowrate, and an inlet flowrate ratio of 10:1 is the optimal configuration
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Figure 4.25: Comparison of molar concentration at the overlap plane between 1 side channel
and 4 side channel configurations

for maintaining low outlet conductivity.

4.4 Summary of Results

A detailed CFD study was performed with the buffer exchange device. The key input
variables for the study were the number of side channels per device, the total flowrate
through the device, the inlet flowrate ratio and the side wall angle. The results of this

parametric sweep helped identify the optimal device and flow configurations for

o minimizing fluid induced shear stress in the device,
o supporting high throughput for downstream cDEP analysis, and

« maintaining high control over electrical conductivity values at the outlet.



4.4. SUMMARY OF RESULTS 67

st

= in & ~a oo

Electrical Conductivity (S/m)

4
%10 4.7
463

46 <10

Width wise coordinate (m) 5
15 4.45 Lgth wise coordinate (m)

Figure 4.26: Comparison of electrical conductivity at the main channel outlet between 1 side
channel and 4 side channel configurations

The results of this study are summarized in Table 4.1. From the results of the parametric
study, it is ascertained that the single side channel with 45° side walls, a 10:1 inlet flowrate
ratio, and a total throughput of 3 yL/min is the optimal configuration for maintaining high
throughput, low outlet conductivity, and a sufficiently low value of shear stress in the device.
The angled side walls prevent the cells from clogging at the 5 um orifice between the main
channel and the side channels. These features make this configuration the most effective of

the considered configurations for buffer transfer of cells.
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Figure 4.27: Variation of conductivity ratio with number of side channels per device for 30:1
inlet flowrate ratio in a straight walled buffer exchange device
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Figure 4.28: Variation of conductivity ratio with number of side channels per device for
3 pL/min total flowrate in a straight walled buffer exchange device
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Figure 4.29: Variation of conductivity ratio with side wall angle for 3 uL/min total flowrate
and 10:1 flowrate ration in a single side channel configuration

Table 4.1: A summary of the parametric study: Optimal configurations identified for specific
objectives

Objective Optimal Configuration Result

Side Total Inlet Side
Channels Flowrate Flowrate Wall
/Device  (pL/min) Ratio Angle

Target Achieved
Value Value

Minimizing
shear 4 1.5 10:01 90° 1.5 0.34
stress (Pa)

Maximizing

throughput (pL/min) 1 3 10:01 45 - 1.5

Maintaining low

outlet conductivity (S/m) 3 10:01 45 0.01 0.000605




Chapter 5

Fabrication of the Buffer Exchange

Device

The are three distinct stages in the fabrication of the buffer exchange device:

« design of a two-dimensional (2D) photomask,
o development of silicon wafers with the inverse mold of the buffer exchange device, and

« physical fabrication using polydimethylsiloxane (PDMS).

The buffer exchange device was designed to consist of two layers. The top layer contains
the inlet and the main channels and the bottom layer contains the side channels, as shown
individually in Figure 5.1. The two layers are to be aligned on top of each other in such a
way that the side channel overlaps the main channel by approximately 5 pm. The details of

fabrication are discussed below.

5.1 Design of the 2D Photomask

Once the design of the device was finalized, the 3D model was split into two parts, with one
part containing the inlet and main channel (Figure 5.1a) and the other part containing the

side channels (Figure 5.1b). This was done for all of the side channel configurations. Then

70
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(a) (b)

Figure 5.1: The two layers of the device for a 4 side channel configuration: (a) inlet and
main channels and (b) side channels

the 3D models of the parts were converted to 2D CAD models in AutoCAD software. The
2D CAD model of the main channel and the side channels are shown in Figure 5.2. Once
the layers were fabricated, precision alignment is required to make sure that the side channel
layer overlaps the main channel layer by approximately 5 pm. Since the operation of the
device depends on effectively filtering the cells out of the PBS using the 5 um overlap, this

alignment process becomes very critical while fabricating the device.

(a) (b)
Figure 5.2: CAD model of the two layers of the device (a) main channel (b) side channels



72 CHAPTER 5. FABRICATION OF THE BUFFER EXCHANGE DEVICE

Since the size of the each layer is less than 10mm, a silicon wafer of 100mm diameter was cho-
sen as a substrate for making the chips. Based on this selection, a 10 in by 12 in transparency
photomask with 20k dots per inch (DPI) was designed. Since the smallest features in the
design of each individual layer was 50 um, a low resolution polyester photolithograpy mask
was chosen, since it is the least expensive option that can reproduce this scale of features
[28]. CAD/Art Services Inc.(Bandon, OR) was contracted to fabricate the mask through
precise laser cutting. Positive polarity of the mask was decided upon based on the use of the
Deep Reactive Ion Etching (DRIE) process for etching the wafer [34]. Eight pairs of layers

with varying numbers of side channels were printed on the mask, as shown in Figure 5.3.

Figure 5.3: 2D design transparency photomask with emulsion side up

5.2 Development of Silicon Wafer

The transparency mask was sent to the Chapel Hill Analytical and Nanofabrication Labora-

tory (CHANL) at UNC Chapel Hill. The Alcatel AMS 100 Deep Reactive lon Etcher in the
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Chapman Hall clean room was used for the DRIE process. In this process, the transparency
mask is first aligned with the silicon wafer substrate using precision mask alignment methods
[41]. The Bosch DRIE process is used to etch the wafer substrate. This process is also called
“time-multiplexed etching” as it comprises of two phases that alternate over and over again.
The first phase is the plasma etching phase where ions in a plasma are made to etch the
wafer in the vertical direction. Based in the polarity of the transparency mask, the plasma
etches the exposed silicon wafer. The design on the wafer is etched layer by layer. After
the initial etching, an inert passivation layer is coated on top of the etched layer to protect
the wafer substrate from further chemical etching. This is the second phase. When the
first phase is repeated again, the ions in the plasma collide with the base of the protective
coating and remove it, increasing the groove depth. However, the side walls coated with the
protective layer remain intact. This process is repeated many times over until the desired
channel depth is reached in the wafer [33]. In this process, inductively coupled plasma along
with fluorine gas was used as the etchant and silicon dioxide was used as wafer substrate.
Similar to the 2D photomask, 8 pairs of layers with varying numbers of side channels were

etched on each wafer, as shown in Figure 5.4.

Since PDMS was chosen for fabricating the device, the silicone wafers were silanized. Silaniza-
tion is a process of passivating the wafer to prevent the PDMS from bonding with the sub-
strate so that it can be removed from the wafer once cured [74]. Trichlorosilane (97% -
Aldrich Chemistry, St.Louis, MO) was used for silanizing the wafer. In this process the
wafer was placed in a desiccator along with 100 pL of trichlorosilane. Once a vacuum was
generated inside the chamber, the valve of the desiccator was closed and the wafer was left

undisturbed for 3 hours to let silane vapour coat its surface.

To prevent the PDMS from flowing out of the wafer, 1.5mm thick walls were designed

such that they encircled the circumference of the wafer. The walls were fabricated using
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Figure 5.4: Silicon wafer etched with the layers of the buffer exchange device through DRIE

polymethylmethacrylate (PMMA). Since PMMA is a thermoplastic [70], it can withstand
temperatures of 100 °C, the temperature required for curing PDMS. Furthermore, it can be
precisely machined to fit the circumference of the wafer through laser cutting [66]. Finally,
PDMS does not form a strong bond with PMMA under normal conditions, and hence the
cured PDMS could be easily removed from the wafer [32][69].

For cutting the PMMA slabs into the desired shape, the Universal Laser Systems (Scottsdale,
AZ) version 3.60 C'O, laser cutting machine at the Center for Engineered Health (CEH) at
Virginia Tech was used. The walls were then glued to the circumference of the silicon wafer
using 5 Minute Epoxy. A wafer with PMMA wall glued to its circumference is shown in

Figure 5.5.

Here the wall, wafer and the epoxy used to glue them together is clearly seen. The PDMS,

which would be added on to the wafer, would now stay within the bounds of the wafer
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circumference while curing.

PMMA wall

Epoxy
Wafer

Figure 5.5: PMMA wall glued to the circumference of the silicon wafer

5.3 Fabrication of buffer exchange device using PDMS

For fabricating the device from the silicon wafer, PDMS was chosen as the ideal material since
it is bio compatible [36], has high strength and durability [54], and can have miltiple layers
robustly bonded [12]. The most commonly available PDMS, SYLGARD 184 (Dow Corning,
Midland, MI) was used as the base PDMS along with Dow SYLGARD 184 SILICONE
CURING AGENT.

The PDMS and the curing agent were mixed well at a ratio of 10:1 (w/w). The mixture was
placed in a Thermo Scientific (Waltham, MA) Nalgene Vacuum Chamber for 20 minutes to
degass and remove any bubbles that formed when mixing the solutions. Then the PDMS
mixture was poured onto the silicone wafer in such a way as to minimize production of
bubbles. Since pouring the PDMS on a wafer inevitably leads to formation of small bubbles
both on the surface and inside the PDMS [29], the wafer with PDMS was left in the above
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vacuum chamber for 20 minutes, as shown in Figure 5.6.

Figure 5.6: Silicon wafer with 10:1 PDMS mixture placed in vacuum chamber for removing
small bubbles

Once the bubbles were removed, the wafer with PDMS mixture was carefully transferred to
a hot plate for curing, as shown in Figure 5.7. A temperature of 95°C was maintained for
1 hour so that the thermosetting curing agent actively formed chemical bonds [31], and the
PDMS was set into a flexible solid suitable for running tests. The side of the cured PDMS
in contact with the wafer was moulded with the same pattern on the wafer, which in this

case are the layers of the buffer exchange device.

The wafer was then removed from the hotplate and a scalpel was used to remove the cured
PDMS from the wafer, as shown in Figure 5.8. Care was taken to avoid scraping the substrate

or the epoxy glue.

The two layers of the buffer exchange device were cut out from the cured PDMS. The first
layer contains the inlet and main channels and the second layer contains the side channels.

Figure 5.9 shows the two layers and the scale of the device can be discerned from it.

For bonding the two PDMS layers, the surfaces were treated with plasma in the Harrick
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Figure 5.7: Silicon wafer with 10:1 PDMS placed on a hotplate for curing the mixture

Plasma Cleaner (Ithaca, NY) located at CEH, Virginia Tech. In this process, the two layers
of the device were placed inside the chamber with the surfaces to be bonded facing up. A
vacuum pressure of 200 mTorr was generated inside the chamber. Then the radio frequency
(RF) power was turned on at the highest setting. After a few seconds, a faint purple glow was
observed inside the chamber which indicated that the ionic plasma had started to generate
inside the chamber. At this point, the needle valve’s position was adjusted so as to allow

optimal air flow inside the chamber. This enhanced the generation of plasma and a bright

Figure 5.8: The cured PDMS mixture is removed from the silicon wafer using a scalpel
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Figure 5.9: The two layers of the buffer exchange device for a 4 side channel configuration
made from PDMS (a) first layer (b) second layer

purple light, as seen in Figure 5.10, was observed inside the chamber.

PLASMA CLEANER
PDC-001-HP

Figure 5.10: Surface treatment of PDMS by ionic plasma oxidation for bonding the two
layers of the device

The oxygen ions in the plasma bombard the surface of the PDMS and replace one of the
methyl (C'H3) groups in the monomer with an hydroxyl group (—OH) [9]. When two such
treated surfaces are then brought together, they form a strong covalent bond [23] that can
withstand pressures of up to 690 kPa or 100 Psi [75]. Since the bond strength is weaker
for exposure times of less than 1 minute [7], the layers were surface treated for a full 2
minutes. Once sufficient surface treatment was achieved, the pump and the plasma circuit

were switched off and the needle value orientation was adjusted to release the vacuum in the
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chamber until atmospheric pressure was reached. Finally, the surface treated PDMS layers
were removed from the plasma cleaner and care was taken to avoid touching the treated

surface.

The layer containing the inlet and main channels was placed on a standard glass slide with
the treated surface facing up. The slide was placed under a microscope with 5X magnification
and the focus was adjusted until the channel and its walls were clearly visible. Then, the
second layer containing the side channel was manually hovered a few millimeters over the
first layer with the treated surface facing down. For getting the two layers aligned such that
the overlap between the main and side channels were as close to 5 um as possible, the layers
were aligned visually under the microscope. Care was taken to get the desired alignment
the first time the two layers made contact to ensure strong bonding between PDMS layers,
since multiple attempts at bonding weakens the bond strength. The bonded surface was
left overnight to maximize the bond strength between the PDMS layers. Figure 5.11 shows
the two layers that have been bonded together for a 1 side channel device configuration.
Figure 5.12, Figure 5.13, Figure 5.14 and Figure 5.15 show the microscope images of the

bonded layers and the overlap between the main and the side channels for the other devices.

Figure 5.11: Bonded PDMS layers for 1 side channel configuration
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Figure 5.12: Microscope image of a 1 side channel configuration

The images were captured using the 5X and 20X magnifications in an incubated C'Oy con-
trolled Zeiss epifluorescent microscope (Oberkochen, Germany) at the CEH | Virginia Tech.
It could be observed that the overlap between the channels ranged from 2 pm to 13 pm.
The range of variation is the result of manual alignment of the layers under the microscope.
These values of overlap are acceptable for initial fabrication and testing since it is lower
than the average cancer cell diameter of 20 pm. Upon initial prototyping and evaluation,
for scaling up the fabrication of the device, precision alignment techniques, similar to mask
aligners, could be employed to achieve better accuracy and control of the overlap between
the two layers. The debris observed in the channels could be eliminated by fabricating the

device in a cleanroom environment.

Once the layers were bonded, the inlet and outlet holes were punched using a Rapid Core
(Ted Pella Inc, Redding, CA) 0.75mm hole puncher, as shown in Figure 5.16. Once the

holes were punched, the device was plasma bonded to a glass slide on one side, as shown in
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Figure 5.13: Microscope image of a 2 side channel configuration

Figure 5.17 to prevent the fluid from leaking out through the punched hole.

The setup was left undisturbed overnight to obtain maximum bond strength between the
PDMS and glass slide. This bonding is the final step in the fabrication of the PDMS buffer
exchange device, which can now be used for running tests and cell experiments. Testing and

evaluation is planned as a part of future work and is not within the scope of this thesis.



82

CHAPTER 5. FABRICATION OF THE BUFFER EXCHANGE DEVICE

i

I [EEKETT SAT
109:36 Lim m, Thm

“B.83 pm "4 um [ T3.08 pm
30031 ym

Figure 5.14: Microscope image of a 3 side channel configuration
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Figure 5.15: Microscope image of a 4 side channel configuration
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Figure 5.16: Inlet and outlet holes for connecting 30 gauge tubing punched with a 0.75 mm
biopsy punch

Figure 5.17: The device is plasma bonded with a 2inX3¢n 1mm thick microscope slide
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Conclusions and Future Work

A novel passive microfluidic device was designed for effective buffer transfer for cells. The
device leverages various microfluidic techniques and methods including inertial focusing,
pinched flow fractionation, cross flow filtration and hydrodynamic size based filtration.
Three-dimensional CAD modeling was used to design the device. Computational fluid dy-
namic modeling was used to analyse the velocity field and diffusion within the channel.
A parametric study was performed to determine the optimal channel configurations that

induced low shear stress, supported high throughput and maintained minimal diffusion.

The proposed design has multiple advantages over the standard manual technique of buffer
exchange. While the manual method for buffer transfer takes about 45 minutes to get viable
cells, the proposed device is capable of performing buffer transfer in 6 seconds and the viable

cells can be directly sent to the downstream analysis device using outlet tubing.

In the manual method, there is very little control over the shear forces imparted on the cells,
since the cells are isolated using a centrifuge. However, in the proposed device, the shear
stress value is controlled by varying the total flowrate through the device and the flowrate
ratio between the inlets. The maximum shear stress value in the proposed device is less
than the typical average shear stress experienced by cells in a biological system. Moreover,
the residence time of cells in such maximum shear stress areas in the channel is less than
0.4 seconds. This minimal exposure to shear stress helps in preventing cell lysis and greatly

increases the cell viability at the outlet.

84
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The electrical conductivity value of the buffer at the main channel outlet, where the cells are
collected for downstream cDEP analysis, is consistently maintained at or below the required
value. Since maintaining a low conductivity is critical for performing cDEP analysis on cells,
the proposed device is designed to precisely maintain the outlet conductivity. However, in
the manual method, the only way to reach the desired conductivity value is to add precise
quantities of the buffer to the centrifuged cells. Since even a small additional quantity
of buffer will irreversibly alter the conductivity, this process is delicate and can affect the
downstream cDEP experiment. In the proposed device, the value of the conductivity can be

precisely controlled by varying the inlet flowrate and flowrate ratio of the cell medium and

the buffer.

Finally, expensive laboratory equipment is needed for the manual process. In contrast, the
proposed device is developed from cost effective PDMS based fabrication methods. Its easy-
to-use design eliminates the need for expensive equipment and significantly reduces manual
efforts. While fabricating the device in the lab, the critical channel overlap of 5 ym was
achieved. This small gap helps to effectively filter the cells while allowing removal of the

biological buffer.

(a) (b)

Figure 6.1: Comparison of diffusion profiles between (a) the physical device and (b) the CFD
model
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Figure 6.1 shows a comparison between diffusion profiles in the physical device and in the
CFD model for the 1 side channel configuration. The experimental diffusion profile in
Figure 6.1a was obtained in preliminary testing at the Center for Engineered Health (CEH)
at Virginia Tech. It can be observed that the profile in the physical device matches the
CFD model well. This further proves the robust design methodology used in developing the

device.

From the above results and observations, it is concluded that the novel passive microfluidic
device proposed in this work is a significant improvement over current manual buffer transfer

methods.

6.1 Future Work

The following are suggested as additional steps to advancing this work.

e Conduct further testing with different configurations of the device to measure the

outlet conductivity at different flowrates.

o Conduct testing with polystyrene beads suspended in the 10X PBS solution to evaluate

the filtration and buffer transfer capabilities of the device.
o Experiment with cancer cells to evaluate effectiveness buffer transfer.
» Establish robust fabrication protocols for scaling up production of the device.

o Integrate the buffer transfer device with the downstream cDEP device for in-situ buffer

transfer, cell sorting and characterization experiments.

The results of this research will help in furthering the efforts in the domain of microfluidic

device development, cell manipulations and buffer transfer.
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