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The sensing of chemical gradients plays an important role in the guidance of cells
for tissue development, migration of cells in the immune system, and human disease. We
have developed a microfluidic transwell insert for generating concentration gradients in a
user-friendly and modular format that is compatible with conventional cell cultures. The
device is simply inserted into a standard 6-well plate were it hangs self-supported at a
distance of 250 pm above the cell culture surface. The core aspect of our design is the
delivery of small microflows through a track-etched membrane into the cell culture well.
The microfluidic transwell can deliver quantifiable, large-area gradients to a large
number of cells or tissue explants with extremely low fluid shear stress. Finite-element
modeling was used to describe porous membrane flow and molecular transport for
predicting gradients generated by the device. Transwell microfluidic gradients were
applied to a large population of neutrophil-like cells to demonstrate the direct observation
of chemotaxis. Additionally, the modular design and low fluid shear stress made it
possible to apply gradients to sensitive neuronal explant cultures. With a simplified
interfacing scheme and well-defined, quantifiable gradients, the microfluidic transwell

device has potential for broad applications to gradient sensing biology.
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Chapter 1: Introduction
1.1 INTRODUCTION

The sensing of chemical gradients plays an important role in the guidance of cells
for tissue development', migration of cells in the immune system’, and human disease”.
Gradients of morphogens guide the development of tissue and organ structure®,
chemokines recruit leukocytes and lymphocytes during the inflammatory response””, and
guidance factors direct axon path finding in the developing nervous system®®.
Pathological gradient sensing mechanisms are involved in cancer metastasis’,
autoimmune diseases'’, infections, implant rejection, and chronic inflammatory
diseases''. Modeling of receptor-ligand interactions, molecular transport, and cellular
mechanisms has elucidated many of the processes involved in gradient sensing™'*".
Continued efforts to further our understanding of gradient biology are important to the
development of drugs and therapeutic interventions. For example, stem cells naturally

migrate to the site of injury for regenerative stem cell therapy'*"’

, and engineered T-cells
are designed to target cancer for adoptive immunotherapy'®.

With the broad relevance of gradient sensing in biology, manipulation of the cell
microenvironment is a critical technique for in vitro research. Currently, there exist a
wide range of techniques available for conducting in vitro gradient assays, yet efforts to
improve the quantification of gradients and facilitate compatibility with cell culture
remain ongoing'’. For the generation of quantifiable gradients, microfluidic methods
have been most promising, however, cell culture compatibility has been a limitation to
wider acceptance. In this chapter, we will discuss mechanisms of gradient formation and
review commonly used conventional and microfluidic methods to apply gradients in

vitro. We will draw upon the best features and limitations of these techniques to define

ideal criteria for cell culture-friendly assays.
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1.2 MECHANISMS OF GRADIENT FORMATION

In order to compare methods for generating gradients, we must first understand
the basic principles and limitations of diffusive transport. The basic mechanism for
generating gradients is the physical transport of chemical species by diffusion. The
diffusive flux, movement of solutes from regions of high concentration to regions of low
concentration, and the change in concentration over time are described by Fick’s laws of
diffusion®. The diffusion coefficient of a species is related to the molecular weight
(MW) by

1

D~y €Y)
The diffusion length characterizes the amount of time required for a chemical to diffuse

across a distance:

LZ
= @

where D is the diffusion coefficient in units of m* s .t is the diffusion time, and L is the

t

diffusion length. Egs. (1) and (2) relate the effect of molecular weight on the spread of

concentration with time.

Principle of gradient generation between a source and sink

A linear concentration gradient is generated across a region at steady state when
the boundaries serve as a source and sink (fixed at concentrations of C = 0 and C =1).
However, the time required to reach steady state is dependent on the chemical species
and distance between boundaries as shown in Figure 1.1. For chemical species of higher
molecular weight, the diffusion coefficient is slower, which increases the time as
described by Eq. (1). For greater distances, the time increases proportionally to the

square of the length. The diffusion times calculated for simulations in Figure 1.1
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demonstrate that for large distances and slow diffusing species, the time for reaching

steady state becomes quite limiting for practical purposes.
Formation of gradients in vivo

Unsurprisingly, the formation of gradients in vivo is more complex than the
simple example of free diffusion described in Figure 1.1. Due to interactions with other
molecules in the extracellular matrix (ECM) or interstitial space, the effective diffusivity
would be lower than for dilute and free solutions*. Other mechanisms proposed to
regulate gradients include binding to cell surface or ECM factors such as heparin
sulfates®', depletion by endocytosis™, regulation of cell secretion by a gradient of mRNA
expression across tissue™, and elongation of gradients by subtle interstitial flow***. With
the diversity of gradients formed in vivo, assays must be flexible enough to generate

gradients for a wide range of molecular weights and distances in a quantifiable manner.

21



(a) (b)
1015 1.0
. 4
' fluorescein ) BSA
087 \ 0.87
C (=
§ $
o 067 ® 067
S s
[= [=
(1] o
e 047 e 047
8 6
(v o
0.2 0.2
0 T Y Y . 0 Y Y g
0 05 1 0 05 1
distance (mm) distance (mm)
(G U
fluorescein BSA
087 087
o $
g 067 .E 0.6 1 hour
047 c 047
8 :
0.2 0.2
0 T T T 0 Y *
0 1.25 25 0 1.25 25
distance (mm) distance (mm)
Figure 1.1: Generation of gradient via diffusive transport between a source and sink. In

each plot the left edge represents a boundary condition with an unlimited
source of the chemical species, C = 1, whereas the right boundary
represents an unlimited sink, C = 0. The transport of the chemical species
in the space between (initially at C = 0 for t = 0) is described by Fick’s
second law of diffusion for the change in concentration with time. Each
trace represents the concentration distribution at 2 min intervals from t = 0
to 1 h. (a) Fluorescein (D = 6.4x10'° m* s-') reaches steady state at 0.217
h. (b) Bovine serum albumin (BSA, D = 0.72x10"" m”* s-') reaches steady
state after 1.35 h. For a distance of 2.5 mm, (c) fluorescein reaches steady
state at 1.93 h, and (d) BSA at 12.1 h (not shown). The effects of
increasing molecular weight and thus the diffusion coefficient can be seen
comparing (a, ¢) fluorescein with (b, d) BSA. For larger distances between
the source and sink (c, d) require more time to steady state. For slowly
diffusing molecules and large distances, transport via only diffusion
requires large time scales to reach steady state.
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1.3 CONVENTIONAL IN VITRO GRADIENT ASSAYS

Conventional in vitro technique has relied primarily on 4 types of assays to apply

26,27

concentration gradients to cell and tissue cultures: porous membranes™ ', micropipette

28-32

assays™®?, chamber assays™°

, and gel assays’"*

. These approaches to in vitro gradient
stimulation have several key features and limitations that determine their preferred use.
The porous membrane assay (Figure 1.2(a)), also known as the Boyden chamber® and
by several brand names such as Transwell, is based on quantifying the migration of cells
through the pores of a thin membrane. (3-12 ym diameter pores, 10-20 pm thick
membranes)  Migration or chemotactic potential can be measured by counting the
amount of cells that traverse through the membrane. The gradient and cell migration is
difficult to visualize and occurs across a short distance, therefore the technique is best
used as an indirect screening tool for potential chemotaxis factors and cell types. Other
techniques must be used to make direct observations of cell migration or morphological
changes.

The micropipette assay (Figure 1.2(b)) is most often used to probe single-cell
responses™>. The gradient is generated by applying pulsatile pressure to a fine-drawn
glass pipette with an orifice of approximately 1 pm in diameter. Using a
micromanipulator, the micropipette is positioned at a close proximity to the target cell.
For example, gradients can be generated at precise distances and angles relative to a
growth cone in order to observe axon guidance. The complex, radial shape of
micropipette gradients have been quantified and mathematically modeled”. However,
the technique is limited to generating steep gradients across short distances (100-150 pym)
and is therefore best suited for observations of single-cell responses. Additionally, the

assay is preformed in an open bath that limits use for long-term experiments (assays with

Xenopus neurons are typically performed at room temperature for a few hours). Since
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cells are probed sequentially, the method could be susceptible to experimental bias and
subtle behaviors may go undiscovered.

We define chamber assays (Figure 1.2(c)) to include several different devices
based on generating a gradient across a narrow region separating two static fluid

compartrne,nts”’%3 ‘.

The first devices were machined from plastic or glass slides and
assembled with coverslips as demonstrated by Zigmond® and Dunn™. More recently pre-
assembled slides have been developed with pipette accessible compartments to facilitate
device operation and scalability®®. The basic principle of this design is to generate linear
gradients by the diffusion of factors across the narrow region separating fluid
compartments (10-70 ym tall, I mm long and arbitrarily wide); however the volume of
each solution is finite and therefore gradients achieve a pseudo-steady state condition for
several hours only. The main advantage of the chamber assay technique is the ability to
directly observe individual responses of cells using standard microscopy technique
(typically 50-100 cells). Direct viewing of cells in large numbers strengthens statistical
analysis and enables richer observations about cell behaviors and morphological changes.
However, challenges with maintaining cell cultures with small fluid volumes in the
enclosed chambers limit the assay for long-term experiments.

Gel assays (Figure 1.2(d)) refer to a wide range of experimental methods that rely
on restricted diffusion in a porous matrix of agarose or ECM proteins like collagen’*,
These techniques can accommodate different types of dissociated cells or tissue explants.
Chemoattractants or chemorepellants can be injected into the gel adjacent to a cell
population’’, opposing gradients can be established with combinations of factors®,
transfected cells can be cultured adjacent to target cells or tissue*, or beads can be loaded

2144

with factors to control release The flexibility of the method enables researchers to

tailor the conditions for their specific application; however, the consequence is that
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across different examples reported in the literature, the actual concentrations are difficult
to quantify. Additionally, the porous matrix of the gel decreases image contrast, making
direct visualization of individual cells and neurites impossible without staining®”*’.

A wide range of biological questions has been studied using these conventional
gradient assays. However, across these assays, there is a compromise between the
number of cells, length of gradients, quality of imaging, and ease-of-use. These

limitations and the desire to control the timing and shape of gradients, have motivated

development of new assays based on microfluidic technology.
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Figure 1.2: Conventional in vitro assays for gradient generation. (a) Cells migrate
through the porous of a suspended membrane from the upper well towards
the chemoattractant containing lower well. (b) A micropipette produces a
local gradient adjacent to the growth cone of a neuron to elicit a turning
response. (c) Cells migrate across a narrow region (10-70 pm) towards a
chemoattractant compartment in a pseudo-steady state gradient formed by
diffusion. (d) Cells embedded in a gel migrate through the porous matrix in
a response to a gradient eluted from a chemoattractant containing well.
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1.4 MICROFLUIDIC METHODS

Flow-based gradient generation

The effort to develop more sophisticated methods for generating gradients has
been largely focused on microfluidic techniques. Microfabrication and laminar flow at

small scales make possible precise spatial and temporal control for generating stable,

19,4546

quantifiable, and reproducible gradients The first flow-based devices used

microchannel networks to control mixing of titrations and produced gradients from

laminar streams*’ (Figure 1.3). A variety of mixing schemes have been explored to

48,49

produce gradients having arbitrary shapes Flow-based gradient devices have been

used to study a range of gradient sensing biology including chemotaxis™”',
differentiation, and cancer cell migration”; however fluid shear stress exerted on cells
has been a major limitation. Wang et al.”” demonstrated the integration of
microfabricated trenches as a solution to protect neurons from shear within the device.
Still, the designs are rather complex and additional concerns regarding culture within

microchannels limit their wider use>~’.

Flow-free gradient generation

Others have demonstrated control of gradients using diffusion of solutes in flow-
free conditions. Drawing inspiration from the chamber and gel assays described earlier,
these devices use microchannel restrictions or embedded gels to establish static fluids and
gradients by diffusion (Figure 1.4). Typically flows through adjacent microchannels are

used to intermittently exchange solutions for short-term gradients™ or maintain steady

59,60

state Variations of device geometry such as channel spacing, heights, and design

60-67

enable generation of gradients having different shapes Confinement of cells in

restrictive microchannels has also been demonstrated to enhance motility®®, localize

70,71

gradients relative to individual cells™", and study decision-making with bifurcating
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channels™".

Since gradient generation is based on diffusive mixing, flow-free devices
are generally simpler to operate, negate harmful shear flow, and many are pipette
accessible. However, slow time scales for gradient evolution limit dynamic control of

gradients, and the visualization of cells in gels is less than optimal.
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Figure 1.3: Flow-based microfluidic gradient generation. (a) On-chip titrations merge at
the entrance to a central cell culture channel with laminar flow. A stepwise
concentration profile is initially produced that mixes downstream to form a
smooth gradient. (b) Concentration profiles are shown for positions A, B,
and C. The amount of mixing at a given distance downstream is a function
of the diffusion time and controlled by the flow rate of the device.
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Figure 1.4: Flow-free microfluidic gradient generation. (a) Embedded gels or ECM can
be used to partition microchannels to generate a gradient by diffusion. Cells
are able to migrate through the porous matrix in the 3D space separating the
source and sink. (b) Other designs use high resistance channels. Restricted
flow and balanced pressures establish a flow-free state in which the gradient
forms by diffusion. Cells squeeze through the microchannels and migrate
towards the source of chemoattractant.

Microjets device

In the Folch lab, a microfluidic device having an open-surface was developed to
facilitate conventional cell culture™. The microjets device uses flow ejected through high
resistance microchannels at the cell culture surface of an open-bath. Flow entering the
bath moves up and away from the surface; therefore, fluid shear stress is minimized at the
cell culture surface. The low-shear and open-surface cell cultures are key features which
make the device well suited for studying axon guidance, for which the culture of primary
neurons is challenging”. However, fabrication of the devices in PDMS with exclusion-
molding technique is particularly challenging, devices are prone to clogging, and difficult
to operate for users not trained in microfluidic technique. While these issues could be
resolved using different fabrication methods and flow driving technique, a fundamental
problem is the inability to monitor the gradient during cell culture experiments. Since

flow is directed upwards into a large open bath, fluorescent tracers that accumulate make
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it impossible to image the gradient occurring just at the cell culture surface without using
confocal microscopy. Without knowing the condition of the gradient during the course of
a cell culture experiment, conflicting data or unexpected results pose a difficult problem
for data analysis. Nevertheless, the microjets device is uniquely specialized for the study
of large numbers of isolated, single neurons in low-shear gradients using conventional

cell culture technique.
Porous membrane-based microfluidic gradient generation

More recently, several devices have been demonstrated in which integrated
porous membranes deliver gradients to cell cultures while isolating microchannel

ﬂOWS76—82

Typically, thin porous filter membranes are used because they can be
integrated directly between layers of micromolded PDMS. Several groups have used
porous membranes to eliminate pressure imbalances in static fluid volumes for flow-free

generation of gradients’®”

. Maharbiz’s group first demonstrated that cells cultured on a
porous membrane could be stimulated with a sharp gradient through underlying flows in
a separate microchannel layer”’. The porous membrane served to isolate microfluidic and
cell culture compartments while protecting cells from shear stress. VanDersarl et al.”
demonstrated that flow-based gradient devices could be used in combination with porous
membranes to isolate flow and generate complex gradients (similar to those demonstrated
by Dertinger et al.”’). Morel et al.*' demonstrated rapid, dynamically tunable gradients
controlled by flow delivered to porous membranes. Kim et al.** studied activation of
Wnt/B-catenin signaling using diffusion- and convection-based transport in a membrane-
based device. Kawada et al.* demonstrated spatial and temporal control of stem cell

differentiation using membrane-based delivery of factors.

In these types of devices, cells have been cultured on a surface opposite the

76,78,79.81 77.80.,82

membrane or directly on the membrane Culture opposite the membrane has
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the advantage of improved optical clarity because the pores of the membrane are out of
focus, whereas cells cultured directly on the membrane further restrict flow through the
pores. Across reported devices, there exist a range of fabrication strategies for
integrating the porous membrane due to challenges with bonding PDMS and the porous
membranes. Additionally, there are various opinions regarding the ability to neglect flow
through the membrane and consider only diffusive transport (for contrasting opinions
compare Morel et al.*' and VanDersal et al.” with Kim et al.* and Kawada et al.®).
Regardless, porous membranes are a promising approach to interfacing microfluidic
flows with cell cultures; however, progress will require further efforts improve

fabrication techniques and characterization of membrane flows.
1.5 COMMERCIALIZED MICROFLUIDIC GRADIENT DEVICES

While microfluidic-based gradient generating methods have received much
attention from the engineering community, biologists to a large degree still favor the
conventional methods described earlier.  Partly, this may be due to lack of
standardization, difficulties with device operation, and device-to-device variability
inherent to PDMS-based prototyping. = However, there exist several commercialized
microfluidic gradient devices that have recently appeared on the market intended for
direct visualization of cell cultures and generation of quantifiable gradients. In order to
facilitate cell culture work, commercialized devices typically favor modular designs or
simplified interfacing. Here, we will review the products available, their approach to
user and cell culture friendliness, and ongoing limitations.

The Millicell p-Migration Kit (also known as the Ibidi u-Slide Chemotaxis
Assay) is a streamlined chamber assay based on flow-free gradient generation. The
device utilizes specially designed ports to facilitate loading of cells and solutions using

standard plastic pipette tips®’. Similarly, the Axis Axon Isolation Device enables neuron
p pip p y
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culture with open wells and compartmentalizing microfluidic flows***

. High resistance
microchannels of this design protect neurites from shear and enable gradient generation
in flow-free conditions. Similarly, the CellASIC platform uses high resistance
microchannels to minimize flow and generate gradients. A sophisticated platform
simplifies interfacing through specially designed manifolds to control microfluidic flow,

switching, and cell culture in custom well plates® .

However, the apparatus is quite
complex and the initial cost is high for adopting the technology. The Iuvo Chemotaxis
Assay is based on arrays of microchannels integrated in a familiar multi-well plate
format™. It operates similarly to chamber assays, but fluid loading is simplified by
surface tension-driven flow and the dispensing of precise volumes with pipettes. The
specially designed multi-well plates enable scalable, high-content screening through
integration with robotic fluid handling equipment. The Gradienttech CellDirector uses a
modular microfluidic design with vacuum-assisted sealing to assist with cell culture®**>®,
The CellDirector is available with flow- or gel-based designs. For the flow-based
version, gradients are limited in shape and area due to the limitations of shear flow;
otherwise cells migration is biased. The alternative flow-free design uses an embedded
gel, so direct visualization is hindered by poor image contrast.

Overall, the commercialized designs contribute to reliability of gradient assays
with robust product manufacturing that is typical of cell culture disposables. The u-
Migration Kit, Axon Isolation device, and Iuvo Chemotaxis Assay have the simplest
operation, yet flow-free operation yields time-dependent gradients. The CellAsic
platform and CellDirector devices utilize flow to generate steady state gradients, however
the operating apparatus is cumbersome and expensive. With the exception of the

CellDirector, none of the commercialized devices are modular to enable interfacing with

pre-existing cell cultures or tissue explants. Moreover, the large diversity between
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products makes clear that engineers and biologists alike have not yet converged on an

ideal solution to conduct chemotaxis assays.
1.6 CRITERIA FOR CELL CULTURE-FRIENDLY MICRODEVICES

For a microfluidic chemotaxis assay to achieve widespread adoption by non-

microfluidic laboratories, we believe five criteria must be satisfied:

1. A quantitative measure of the gradients must be obtainable.

2. The device must allow for assaying large numbers of cells or tissue.

3. Cells must be directly observed under the microscope while in the device.

4. Operation of the device must be user-friendly by the standards of biologists.

5. Setup, operation or imaging of the gradient must be compatible with

conventional cell culture techniques.

Most microfluidic methods naturally satisfy the first condition to achieve steady state or
pseudo-steady state gradients that are easily monitored and quantifiable with fluorescence
microscopy. Generally, designs are scalable to permit large numbers of cells for
statistical analysis. On the other hand, only a complex vacuum sealing design has been
demonstrated for applying gradients to intact tissue®. Materials are usually glass and
PDMS, so optical quality is high in all devices except those using gels. Across all of the
different types of microfluidic gradient devices, there is wide range of user-friendliness.
Devices requiring microvalves and many fluid inputs are the least simple to operate. Gel-
based devices and flow-free designs are the most straightforward to use. Closely related
to user-friendliness, but difficult to satisfy, is compatibility with conventional cell culture
technique. Compatible designs must use standard cell culture substrates that can be
coated, seeded with cells, and incubated in the same way as traditional cell culture

vessels. At this stage in the progression of microfluidic gradient designs, user-
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friendliness and compatibility with conventional cell culture technique remain the most

difficult challenges to address before wider acceptance can be achieved.
1.7 EXECUTIVE SUMMARY

The overarching goal of this dissertation was to develop a microfluidic gradient
device satisfying the criteria of cell culture-friendly design. We explore several strategies
for gradient generation and device modularity in Chapter 2 before settling on porous
membrane-based methods. In Chapter 3, we develop a fabrication technique for reliably
bonding porous membranes with PDMS devices for cell culture conditions. Finally, in
Chapter 4 we describe the development of a modular and porous membrane-based
microfluidic device that is compatible with conventional cell culture and standard 6-well
plates. We ultimately demonstrate stable, quantifiable gradients, finite element modeling
of porous membrane flows, and significant biological responses with cells and tissue

cultures.
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Chapter 2: Modular Microfluidic Design and Gradient Generation

2.1 INTRODUCTION

Well-characterized, stable, and reproducible generation of biochemical gradients
is critical for the in vitro study of gradient sensing biology. A large variety of
microfluidic devices offer this capability, yet there remain technical limitations and
practical differences between common designs and conventional cell culture techniques.
Despite the advantages of microfluidic technique, challenges with device operation and
cell culture has impeded their widespread adoption into biology-centered laboratories.
Limitations of interfacing with cell culture, shear stress from fluid flow, and difficulty
with long-term maintenance of cell cultures are primary sources of concern. The ongoing
challenge is to develop microfluidic platforms that provide a suitably benign and
physiologically relevant environment for cell culture in a user-friendly format.
Researchers have more recently utilized modularity, open-surface cell culture designs,
and porous membranes in an effort to make devices more accessible. In this chapter, we
present chronologically the development of several methods and devices for applying

gradients to cell cultures:

1. An automated microfluidic device for controlling perfusion and gradients
2. A method for modular interfacing devices with cell culture modules

3. A modular gradient device for low-shear cell culture

4. A modular device for automated focal stimulation

5. A open cell culture device using porous membranes to generate gradients
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2.2 A MULTI-PURPOSE MICROFLUIDIC PERFUSION SYSTEM WITH COMBINATORIAL
CHOICE OF INPUTS, MIXTURES, GRADIENT PATTERNS, AND FLOW RATES

This section is a brief summary of the paper:

Cooksey, Gregory A., Christopher G. Sip, and Albert Folch. “A Multi-purpose
Microfluidic Perfusion System with Combinatorial Choice of Inputs, Mixtures,
Gradient Patterns, and Flow Rates.” Lab on a Chip 9, no. 3 (2009): 417.

In this paper we report an integrated microfluidic device for the automated control
of perfusion for cell culture applications. On-chip elastomeric microvalves are used to
selectively open or close microchannels through pneumatic actuation as shown in
Figure 2.1(a-b)). Sets of microvalves are used to control perfusion conditions through
the selection of chemicals, mixtures, gradients, and flow rate. Driving of the pneumatic
valve pressure for the multiplexer, mixer, flow bypasses, and flow resistors
(Figure 2.1(c-d)) is accomplished by computer controlled LabView program and a rack
of solenoid switches. A multi-channel design enables the simultaneous rinsing of
virtually all of the dead volume within the device to eliminate cross-contamination
between sequentially perfused chemicals (Figure 2.2(e)). For demonstrative purposes,
colored dyes were used to simulate different chemicals as shown in Figure 2.2(f).

A critical element is the incorporation of 8-valve microfluidic multiplexer that is
used to encode the selection of one of 16 inlets or one of 64 possible combinations that
are delivered to a central flow chamber (Figure 2.3). In our design we have cut the
number of off-chip connections in half through the use of the multiplexer design.
Importantly, the multiplexer design offers increasing returns on scalability as the number
of inlets increases (e.g. for 32 inlets only 10 microvalves are required). For example, in a
seminal paper, Thorsen et al." demonstrated that only 20 pneumatic control channels are
required to specifically address 1024 flow channels. Additional microvalves are

integrated to control the flow patterns, mixing, and flow rates as shown in Figure 2.3.
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Figure 2.1: Overview of multi-purpose perfusion device design. (a-b) A cross-sectional

schematic depicts the operation of normally closed microvalves through
pneumatic operation. (c¢) A block diagram showing the major device
components with the number of pneumatic valve lines. A multiplexer
controls the selection of inlets through the activation of a subset of any 4
valves while the multi-rinse is controlled by an additional valve. Additional
valves control the operation of the mixer, bypasses, side flows through the
chamber, and the flow controller. (d) A schematic overview of the device
layout indicates the multiplexer (I), mixer (II), chamber (III), and flow
controller (IV). (e) The selection of an inlet requires 4 valves to be open
simultaneously. The design of the multi-rinse channel network enables
complete removal of solutions without dead volume. (f) A photograph of
the device loaded with colored dyes and operated with all the inlets open
and flowing through the central chamber. The 18-gauge needles that serve
as off-chip connections to the valve and fluid inputs are shown.

43



a 16 Inlets b
» ABCDEFGHIJKLMNOP ABCDEFGHIJKLMNOP
o) .V,M| III ” oV, >-tun-ahurbunlen anbesk
> V,o V2°
T oV, HH I — — — - — — T eV,
S ST TR T T T — — — = V0 — Ve
OV, ST — =T T — OV, ST — =T — T —
0 HH — R — T — e V0 V,e
0V, ¥t =i =t =i — = i =i 0\, = = i e — e = =
b =i —H= = e = e e V0 V,e
V= {V,.V,, Vi Vi, Ve Ve, Vyov;} V= {01 1001 01}
C ABCDEFGHIJKLMNOP d  ABCDEFGHIJKLMNOP
oV, o bk b oV, >tun-ahurbunken anbesk
V,® V,e
oV, oV,
- ¥ V.o - ¥ V.o
OV, H— — —HE— — — — —HE—— N oV,
Ve Ve
eV, eV,
V@ VA
V={011001 11} V={011011 11}
Figure 2.2: Operation of the multiplexer for selection of individual inlets. (a) Each pair

Figure 2.3:

of valves (e.g. V1 and V2) controls selection for half of the individual
inlets. (b) The inlet M is selected by the operation of the valve combination
V2-V3-V6-V8 or {01 10 01 01}. Any combination of valve pairs set to
zero (e.g. {01 00 01 01} or {01 O1 00 10}) will result in all inlets being
closed. When a pair of valves are both open, inlet combinations can be
selected such as for (c) 2 inlets with the sequence {01 10 01 11} or (d) 4

inlets with the sequence {01 10 11 11}.
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Control of gradient flow patterns in the central chamber. (a) A gradient
generated with the side valves and the flow resistor deactivated at a flow
rate of 44 uL min™. (b) With all elements of the flow resistor activated, the
flow is reduced to 4 pL min™' resulting in more diffusive mixing between
inlets. (c) Operation of side valves can be used to redirect streams within
the central chamber.
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The perfusion system described in the paper offers great opportunities for
spatiotemporally modulating the biochemical microenvironment of cells in culture (e.g.
gradients over a large population of cells) and for analyzing cell behavior in well-defined
conditions (medium compositions, flow shear, etc.). We have demonstrated several
microfluidic tools integrated into a single perfusion system that have wide applicability in
the automation of multi-parameter cell culture experiments. Combinatorial mixing
strategies could benefit high-throughput studies needed in toxicology or drug
development, where real-time assays of competition or synergy between multiple
compounds could be easily automated. The switchable, discrete flow resistor design
provides a robust method to control fluid flow (and thus, the shear forces exerted over the
cells) over a wide range of flow rates using only a small number of channels. Last but
not least, we have demonstrated complex, dynamic gradients not achievable before by
combining inlets, controlling mixing, and regulating flow rate using variable flow

resistances in the flow path.

2.3 MODULAR MICROFLUIDIC SYSTEMS USING REVERSIBLY ATTACHED PDMS FLUID
CONTROL MODULES

This section is a brief summary of the paper:

Skafte-Pedersen, Peder, Christopher G. Sip, Albert Folch, and Martin Dufva. “Modular
Microfluidic Systems Using Reversibly Attached PDMS Fluid Control Modules.”
Journal of Micromechanics and Microengineering 23, no. 5 (May 1, 2013):
055011. doi:10.1088/0960-1317/23/5/055011.

PDMS soft lithography with integrated elastomeric valves is the most prevalent
approach for implementing fluid automation in microfluidic devices. These systems
facilitate multiplexed flow control and throughput through means of large-scale
integration'. However, a consequence of such integration is reduced flexibility in
designs, materials, and increased cost per device. For cell culture applications special

considerations for substrate preparation, cell seeding, and long-term maintenance
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complicate the matter such that biologists still favor alternative materials such as
polystyrene®. An alternative is the use of modularity to separate the fluid automation and
cell culture components of a system. In this paper, we describe a method for fabricating
PDMS modules with integrated valves and self-aligning O-rings that enable reversible
coupling to poly(methyl methacrylate) (PMMA) devices. To interface the modules, 4
screws are simply hand tightened in a clamping apparatus. The apparatus is portable to
facilitate cell culture for which transfer of samples between workstations such as laminar
flow hoods, incubators and microscopes is routine. Furthermore, PMMA modules can

be interchanged to provide flexibility for experimental design and facilitate cell culture.
2.3.1 A self-aligning modular system for fluid automation

For designs in which the fluid handling can be isolated from the cell culture
components, modularity can improve experimental throughput and practical use.
However, in order to create modular systems it is important to be able to interface the
different components in an easy and reliable manner. To address this issue, we present a
modular system featuring a universal soft lithography-based PDMS fluidic control
module that feeds an externally attached hard passive polymeric chip (Figure 2.4(a-b)).
The system is based on a reversible sealing between the PDMS fluid control module and
the passive chip using self-aligning PDMS O-ring features (Figure 2.4(c)).

To demonstrate the concept, we have fabricated a PDMS fluid control module
featuring pneumatically actuated valves leading to 32 central chip connections. The
fabrication involves multi-layer soft lithography to embed elastomeric membranes and O-
ring features in a double-sided molding process as described in Figure 2.5. By
tightening four screws, the 32 fluidic chip-to-control module interconnections can be
readily formed as shown in the schematic in Figure 2.6. Modularity enables interfacing

of the PDMS control module with different cell culture modules as shown in Figure 2.7.
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Finally, we demonstrate that control of microfluidic perfusion and gradient generation

can be accomplished with the modular strategy (Figure 2.8).

(b)

Passive chip =——*
Control layer —___

Membrane

Fluidic layer ————
Bottom clamp ==

Figure 2.4:

(a) Top clamp
e Passive chip

Fluid control module

Bottom clamp

20 mm

Overview of the modular microfluidic system. (a) An exploded perspective
showing arrangement of the top clamp, passive PMMA chip, PDMS fluid
control module, and bottom clamp. (b) A cross-sectional schematic shows
the arrangement of layers for the assembled apparatus. Elastomeric
microvalves are integrated into the PDMS fluid control module using multi-
layer soft-lithography.  Off-chip connections to fluid reservoirs and
pneumatic inputs are made through standard needles press-fitted into the
PDMS module. Self-aligning O-ring features embedded in the PDMS
surface accomplish fluid connections to the PMMA module. Fluidic
channel depth directly under the O-rings is increased to avoid pinching off
channels upon compression. (¢) A close-up image of two O-ring structures
shows the O-ring on the topside of the fluid control module and through-
hole leading to fluidic channels in the fluid control module.
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Soft-lithography fabrication of the PDMS control module. (a-b) Standard
replica molding is used to produce the fluidic layer. (c-e) Control layers are
produced using double sided injection molding. Fibers are manually placed
at the location of O-ring features to produce through holes after de-molding.
(f-h) The device is assembled using oxygen plasma to bond a spin-coated
PDMS membrane and the fluid layer. Valves are actuated to prevent
sticking of the membrane to the valve seats after plasma bonding.
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Figure 2.6: PDMS fluid control module layout. On the left an overview of the entire

device with the locations of inlet, outlets, and valve control ports on the
periphery. Flow channels are in shown in blue and valve control channels
are shown in red. Flow to the chip is controlled by (a) 8 valve pairs for
bottom inlets, (b) one valve pair for side inlets, and (c) and (d) single valves
for controlling outlet direction. During assembly the PMMA chip is placed
in the area designated by the dotted green box and interconnections are
made with the fluid channels by the 32 O-ring features (blue circles).
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Figure 2.7: Examples of different designs for cell culture modules. (a) An array of
individual channels and (b-c) different chamber designs.
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Figure 2.8: Demonstration of automated fluid handling in a PMMA chip used colored
dyes. A PDMS flow control module (not shown) controls directionality
and choice of inputs through integrated microvalves. Symbols on the
periphery of each panel represent the state of valves controlling flow
through the entrance or exit microchannels. (a) Flow enters from the
bottom in an alternating configuration. (b) A uniform exposure. (c-e¢) A
series of alternating wash steps. (f) A heterogeneous flow pattern.
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2.3.2 Summary and assessment of the method

Microfluidics is developing to be a rich alternative to conventional high content
screening methods predominantly used for drug discovery because it offers enhanced
flow control, control of stimulus applied to cells, and benefits from automation,
integration, and scaling’. With growing interest in using thermoset materials for
microfluidic cell culture devices>™’, a modular strategy for microfluidic automation is
beneficial to device development. Designs such as ours presented here, offer the
capability to study a large number of cell culture conditions through automation of
perfusion and generation of gradients. The modular format enables interfacing of
different modules and portability to facilitate cell culture. This could be useful for
studies that require a large number of cell culture conditions for screening applications6.
For example, one can envision extending this design to interface with arrays of
individually addressable cell culture channels similar to the format developed by Beebe et
al.”®.  Many designs utilize manual or robotic fluid handling to interface with arrayed

microchannels for high content screening®'?.

One could argue that manual pipetting is
sufficient for testing a reasonable number of conditions such as with a 96-well plate;
however, if control of variable timing is desired, a degree of automation is necessary. To
study their effects on cell differentiation, the sequence, timing, and concentrations of
factors could be varied more easily using a system of automated fluid handling like ours.

Future studies could benefit from our modular design to achieve flexible and cheap

automation for arrayed cell cultures and microfluidic high content screening.
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2.4 A MODULAR CELL CULTURE DEVICE FOR GENERATING ARRAYS OF GRADIENTS
USING STACKED MICROFLUIDIC FLOWS

The content of this section has been published in the following paper:

Sip, Christopher G., Nirveek Bhattacharjee, and Albert Folch. “A Modular Cell Culture
Device for Generating Arrays of Gradients Using Stacked Microfluidic Flows.”
Biomicrofluidics 5, no. 2 (June 2011)

In this paper, we describe a modular microfluidic gradient generator that can be
reversibly sealed onto pre-existing cell cultures. The device utilizes a vacuum sealing
strategy for reversible application to pre-established cell cultures. The device features
extremely low shear forces, tunable large-area gradients, and simple interfacing with
cultures. We apply this device to an existing culture of breast cancer cells to demonstrate
the negligible effect of its shear flow on migratory behavior. Lastly, we extend the
stacked-flow design to demonstrate a scalable architecture with a device for generating an
array of combinatorial gradients.

An effective solution to produce modular microfluidic devices has been to

13,14 15-18

implement reversible sealing techniques such as clamping or vacuum sealing
which simplify integration of cell cultures with “add-on” microfluidic devices. None of
the previously presented devices has an architecture that is amenable to combinatorial
testing of gradients, which would be beneficial in screening for subtle or bimodal cell
behaviors. For our device, gradient generation is based on the principle of stacked
laminar flows to produce stable gradients of diffusible molecules over a 4 mm” area for
long-term with negligible shear forces (~6x10~ dyn/cm®) (see Figure 2.9). We integrate
a vacuum sealing feature for reversible application of the device to pre-established cell
cultures, so cells do not need to be introduced into the device through a dedicated inlet.
We demonstrate the long-term stability and dynamic tunability of gradients produced

using the stacked-flow device. We also show that the application of this device to pre-

existing cultures of breast cancer cells is straightforward. Furthermore, our microfluidic
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architecture is designed for generating arrays of combinatorial gradients, which we

demonstrate as a proof of concept.
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Figure 2.9: The stacked flow device and gradient simulation. (a) A photograph of the
device with connections for the pair of inlets, outlets, and the vacuum-
sealing network inserted. (b) An isometric 3D finite-element model of the
flows through the stacked flow device. A 2D cross-sectional model is
shown for the cross section along the line A-A’ in (c). A 2D model is
shown here with a representative gradient generated from diffusive mixing
of the stacked laminar flows. The model shown here is solved with
fluorescein as the diffusing species (MW: 332.31 and D ~ 6.4x10° cm?*/s)
delivered via the bottom inlet. The shear stress predicted for 10 um above
the surface is ~6x107 dyn/cm’, two orders of magnitude below the
threshold for inducing neutrophil migration bias (~0.7 dyn/cm?)".

2.4.1 Methods and results

Fabrication of the stacked flow device

SU-8 2000 series photoresists were obtained from MicroChem (Newton, MA).
Dow Corning Sylgard 184 PDMS was purchased from KR Anderson, Inc. (Kent, WA).
Fluorosilane [(Tridecafluoro-1, 1, 2, 2, tetrahydrooctyl)-1 trichlorosilane] was obtained
from United Chemical Technologies Inc. (Horsham, PA). Orange-G dye, fluorescein
sodium salt, bovine serum albumin (BSA), poly-D-lysine, and Collagen type IV were
purchased from Sigma-Aldrich (St. Louis, MO). RPMI 1640 medium was obtained from

Invitrogen (Carlsbad, CA). MDA-MB-231 breast cancer cells were obtained from
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American Type Cell Culture Collection (Manassas, VA). Polyester liner sheets
(Scotchpacktm 9744 Release Liner) were generously donated by 3M (St. Paul, MN). 3-
aminopropyltriemethoxysilane (APTES) and 3-Glycidyloxypropyl-trimethoxysilane
(GPTMS) were purchased from Sigma-Aldrich.

Fabrication of the vacuum sealing stacked-flow device follows the principles of
soft-lithography and the layer-by-layer assembly scheme outlined in Figure 2.10 (a-h).
Fabrication of the device begins with the preparation of a set of three multilayer SU-8
patterned master molds using two-step photolithography. Each device is assembled from
replicas of these molds produced in poly(dimethylsiloxane) (PDMS). The top flow layer
is defined by casting a thick replica with PDMS several millimeters thick. The bottom
flow and vacuum sealing layers were each produced by “exclusion molding” PDMS
between the masters and a polyester liner sheet by applying force with a clamp'®. The
tallest SU-8 features exclude PDMS completely from the liner sheets thereby resulting in
perforated and patterned membranes. Inlets, outlets, and vacuum ports are cored into the
top flow layer using a biopsy punch (Harris Uni-core, Ted-Pella, Redding, CA). Each
layer is aligned and bonded in two subsequent plasma oxidation steps to complete the
device.

To produce arrays of stacked-flow gradient generators, we used a similar
fabrication scheme with a few exceptions. Instead of vacuum sealing, this particular
device was produced with enclosed channels for the purpose of demonstrating the 3-D
microfluidic plumbing and the generation of multiple combinatorial gradients. For this
device, the layers were bonded using a room temperature chemical bonding technique

2021 " To functionalize the PDMS surfaces with

involving amino-epoxy reactive chemistry
either amino- or epoxy- reactive groups, plasma oxidized layers were immersed for 20

min in solutions of either 1% APTES in water or 1% GPTMS in ethanol respectively.
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Complementary pairs of treated PDMS layers were then rinsed with distilled water, air
dried, and brought into conformal contact to achieve bonding after several hours at room
temperature. This method enables careful alignment and construction of large multilayer
devices because the bonding is not instantaneous like with pure oxidative plasma bonding

technique.

Stacked flow device operation

The vacuum sealing feature of the device enables the straightforward preparation
of substrates and cell seeding as shown in Figure 2.10(i). The device contains a
rectangular open chamber 300 ym-deep and 4 mm® in area that interfaces directly with
cell culture substrates through vacuum sealing as shown in Figure 2.10(j). By reversible
application of the device, we can introduce soluble gradients at any time point to pre-
established cell cultures given a flat substrate suitable for sealing. During operation of
the device, as shown in Figure 2.10(k), two stacked-flows are generated in the square
cell culture chamber with each flow serving as a source or a sink for a soluble factor. A
concentration gradient is formed simply by diffusion between the laminar streams as they
flow through the chamber and towards the outlets. This produces a steady-state and
large-area concentration gradient at the cell substrate surface. In essence, the gradient
generator’s primary feature is the reliance on the slow diffusive broadening (in the
direction orthogonal to the surface) of the concentration boundary formed by the two
adjacent streams. Incidentally, diffusive broadening is a significant limiting factor for

typical laminar flow based designs of the style demonstrated by Dertinger et al.”
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Figure 2.10: Schematic illustration of fabrication process and operation of the vacuum-

sealing stacked-flow gradient device. (a) For the top flow layer a thick
replica mold is cast by curing PDMS over a multi-layer SU-8 patterned
mold. [(b)—(c)] The bottom flow and vacuum layers are exclusion-molded
by clamping PDMS between a patterned wafer and a polyester liner. The
tallest SU-8 features exclude PDMS completely from the layer resulting in a
perforated and patterned membrane. (d) Inlets are bored in the top flow
layer for fluidic access. [(e)-(f)] The liners are removed from the molds to
expose the top side of the PDMS membranes. [(g)—(h)] Layer-by-layer
bonding is achieved with two plasma oxidation steps. (i) Substrates are
prepared on glass for cell seeding and culture prior to application of the
device. (j) Integrated vacuum sealing channels enable the wet application
of the device to an established cell culture. (k) Stacked-flow is delivered to
generate a gradient at the cell culture surface. (1) A 3-D isometric schematic
shows the structure of the device with a simulated gradient for fluorescein
(MW: 332.31 and diffusivity D ~ 6.4%10-6 cm2/s) superimposed at the cell
culture surface.
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Finite-element modeling of stacked flows

We used finite-element modeling (FEM) software (COMSOL Multiphysics 3.3,
COMSOL Inc., Burlington, MA) in order to predict the microfluidic behavior of the
stacked-flow device. The device was modeled in 2-D as an infinite slit using previously
described methods™. The driving pressure of the model has to be reduced by a factor to
compensate for the lower fluidic resistance of the infinite slit. Using experimental data
gathered for gradient shape, the scaling factor can be estimated in order provide an
appropriate driving pressure for the model. The model provides knowledge of the fluid

flow and the shear forces at the surface in the cell culture chamber.

Surface gradient detection

In order to quantify the gradients generated by the device we utilized an epi-
fluorescence surface imaging technique to collect intensity data from an approximately
~4.9 um optical slice*. Concentrated solutions of 45 mM Orange-G were introduced into
the device in both flow channels with one channel containing 1 mM fluorescein. The
fluorescein source channel was configured at either the top or bottom flow levels to
generate directionally different gradients. Data was collected at various driving

pressures while equilibration times and stability was evaluated with time-lapse imaging.

Cell culture and time-lapse imaging

Cell culture medium was prepared from fresh RPMI 1640 supplemented with 2.05
mM L-glutamate, 1% penicillin-streptomycin, and 25 mM HEPES buffer. Cell culture
substrates were prepared from clean glass slides coated with poly-D-lysine at 10 pg/ml
for 1 hour at 37°C, rinsed thoroughly with PBS, and then coated with Collagen type IV at
2 pg/ml overnight at 37°C. MDA-MB-231 breast cancer cells were dissociated in cell
dissociation buffer then plated at ~70,000 cells/slide in 300 xL on the substrates. Seeded

substrates were cultured for 24 hours in a 37°C and 5% CO2 controlled incubator before
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application of the vacuum sealing device. In preparation for applying to cell cultures, the
device was vacuum sealed to a blank substrate and primed by flowing 2% BSA solution
through the channels for several hours then replaced with medium containing 0.1% BSA
and de-bubbled. The device is then released from its loading substrate and allowed to
form a droplet of medium at the open surface of the cell culture chamber. Next, the
device is carefully lowered onto the cell culture substrate while the droplet ensures that
no air bubbles remain trapped within the chamber or contact with the cells. It is critical
to allow flow through the device at a low driving pressure (0.2 psi) to prevent
depressurization of the cell culture compartment when the vacuum channels seal against
the substrate. The vacuum sealing operation is conducted under wet conditions thereby
maintaining the supportive environment for the cells. Phase-contrast images were
collected every 5 minutes over the course of 12 hours to track migration of the cells.
Metamorph (Molecular Devices, Inc., Sunnyvale, CA) was used to threshold, segment
and register the centroid of the cells in all the frames and MATLAB (Mathworks, Natick,
MA) was used to analyze the data and track the trajectories of the centroids. The tracking
algorithm started with the centroids registered in the last frame and worked recursively
backwards to identify the nearest centroid in the previous frame, which belonged to a cell
with similar attributes (area, and perimeter). This ensured that we analyzed only the

cells, which remained in the frame for the entire 12-hour window.
2.4.2 Results and discussion

FEM predicts wide-area gradients and low shear forces at the surface

The 2-D simulation shown in Figure 2.11(a-b) predicts fluid transport and
diffusive mixing for the stacked flows. The model is solved with fluorescein as the

diffusing species (MW: 33231 and diffusivity D ~ 6.4x10° cm’/s) delivered via the
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bottom inlet. In practice, the device is operated near driving pressures at which the
stacked-flows evolve into a homogenous or fully mixed solution when they pass through
the outlet of the gradient chamber; therefore the driving pressures for the model were
chosen to mimic this condition. Using this guideline, simulations were produced to
predict the fluid shear stresses for gradients generated with different diffusing species at a
distance of 10 xm above the cell culture surface. With fluorescein, the model predicts
shear stresses of ~6x107 dyn/cm® for 70% of the chamber length. At already two orders
of magnitude below the reported threshold for inducing migration bias (~0.7 dyn/cm?),
the device is expected to be suitable for sensitive chemotaxis experiments'’. In practice,
for most proteins which diffuse slowly (e.g. the diffusivity of albumin is D ~ 6.4x107
cm’/s), the gradient is generated at very small flow rates, so the shear stresses involved

are another order of magnitude smaller.

Large-area surface gradients can be dynamically tuned

Surface-level gradients were quantified using an imaging technique for adapting
regular epi-fluorescence microscopy to collect surface-level intensity**. We can limit the
penetration length of the excitation light into our sample by flowing a mixture of non-
fluorescent and fluorescent dyes, Orange-G and fluorescein respectively. The dyes are
chosen because Orange-G absorbs strongly at the excitation wavelength (490 nm) and
weakly at the emission wavelength of fluorescein (540 nm). In combination, the
fluorescein dye competes with the Orange-G in solution for a finite amount of excitation
energy. At a concentration of 45 mM for Orange G with a 0.6 NA objective, the
characteristic penetration length is approximately 4.9 ym (for which the excitation light
intensity is 1/e times the incident intensity of the excitation light)”. Since the intensity of
the excitation light decays exponentially the farther it penetrates the solution, 95% of the

collected emission light (1-1/¢’) is from within ~15 um of the surface of the device as
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shown in the example of Figure 2.11(c). Using this technique, we characterized the
stacked-flow gradients at different driving pressures and orientations of the source and
sinks using fluorescein and Orange G as shown in Figure 2.11(d). We found the surface
gradients produced to be stable over 24 hours and reach equilibrium quickly (less than 5
min). Across the width, the gradients were highly uniform as demonstrated by the
overlapping profiles of the intensity plots in each panel of Figure 2.11(d). Furthermore,
the gradients are dynamically tunable with the shape responding to the applied driving
pressure as a result of the competing nature of the convection and inter-diffusion of the
laminar flows. Additional flexibility in the gradient profiles can be achieved by
independently controlling the driving pressures applied at the inlets to modify the

gradient slope as shown in Figure 2.12.
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Figure 2.11: Finite-element modeling and fluorescence characterization of surface
gradients. (a) A 2D model of the stacked-flow device is shown here with a
representative gradient simulated with COMSOL using fluorescein as the
diffusing species (D = 6.4x10"° m* s™) (b) The simulate shear stress at a
distance of 10 um above the cell culture surface is ~6x10~ dyne cm?, 2
orders of magnitude below the reported threshold for inducing a bias in
neutrophil migration'®. (c) A typical surface-level fluorescence micrograph
of the device highlights the gradient area (box) and the locations of the
intensity profile analysis (dotted lines). (d) In each of the six panels a
fluorescence micrograph of the surface gradient area is superimposed with
four corresponding intensity profiles (taken across the dashed horizontal
white lines) in order to demonstrate lateral uniformity. The gradient can be
dynamically tuned by the driving pressure, AP, and the direction of the
gradient is dependent on the inlet configuration.
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Figure 2.12:

Finite-element modeling of surface gradients generated using stacked flows
demonstrates dynamic tunability. Each of the series of plots were generated
using fluorescein as the diffusing species (MW: 332.31 and D ~ 6.4x10-6
cm2/s). Driving pressures are unadjusted values from the 2-D simulation.
In all simulations shown here the inlets were configured as C1 =1, C2 = 0.
(a) A plot of surface concentration profiles generated for different driving
pressures applied equally to each inlet. See Fig.2d for comparison to
experimentally acquired results. (b) A plot of surface concentration profiles
generated with driving pressures applied differentially to each inlet. Notice
that differential driving pressures enables further flexibility in the maximum
concentration range imposed across the surface. (c) Cross-sectional plots
are shown with a thermal map of the concentration profile throughout the
microchannel for various pressure configurations.

Vacuum sealing operation and stacked-flow is benign to cell culture preparations

A prevailing drawback of other gradient generator devices is the required

adaptation of cell culture protocols for enclosed microchannel designs.

Optimizing

culture conditions is increasingly difficult for sensitive cell types such as primary cultures

which has led to the popularity of open-access designs

%27 However, a salient feature of
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our device is the reversible sealing design that foregoes the adaptation of cell culture
protocols. Importantly, the design enables the temporary application of the device and
continued culture after gradient application. After removing the device to continue cell
culture, we found that rinsing the substrate with fresh culture medium was adequate to
remove the cells damaged beneath the sealing surface of the device. We think that these
cells are either crushed or sheared away by the vacuum-sealing action, and therefore can
be easily detached from the surface. Replenishing the cell culture with fresh medium
removes any harmful factors that can potentially be released from the damaged or dead
cells. Likewise, during application of the device, the continuous flow of fresh medium
negates the possible effects of the damaged cells around the edge of the chamber
boundary. The vacuum sealing operation was tested for pre-established cultures of
MDA-MB-231 breast cancer cells. We chose this cell type in order to quantify the
effects of shear flow on the random migration behavior. Cells were plated at low density
on collagen-coated glass slides 24 hours prior to application of the device. We show in
Figure 2.13 that the application of the device does not interfere with the random
migratory (chemokinesis) behavior of the cells over long-term application for 12 h.
Additionally, the application of stacked-flow did not introduce migratory bias for these
cells because it exerts negligible shear forces. Importantly, what we demonstrate is that
our stacked-flow microchannel design is benign to cell culture preparations through the

careful consideration of fluid flows and interfacing methods.
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Figure 2.13: Vacuum sealing of the stacked-flow device to an established culture of
MDA-MB-231 breast cancer cells. A phase-contrast micrograph of the
device is shown on the left at low magnification to display the geometry of
the device in relation to the cell culture. During application of the device
the vacuum channels apply suction to the substrate in order to actively seal
the open surface of the device against the substrate. After sealing, the cell
culture is compartmentalized into the microfluidic channel. Our method of
reversible sealing is notably benign with evidence of healthy breast cancer
cells in the device for 12 hours as shown in the inset (enhanced). The lower
right inset shows the trajectories of 26 cells, over 12 hours, with their initial
positions collapsed onto the origin. It clearly shows that the flow through
the chamber does not introduce any migrational bias in the cells. Phase-
contrast images were collected every 5 minutes over the course of 12 hours
to track migration of the cells. The resulting movie is shown at 7 fps with
140 total frames.

Scalable architecture enables arrays of multiple gradients

To demonstrate the scalable architecture of our design, we fabricated devices with
2x2 and 4x4 arrays of stacked-flow gradient generators. In the 2x2 array design shown in
Figure 2.14(a), blue and yellow dyes were introduced to visualize flow. One can

imagine assays where the dyes represent different chemical titrations of the same
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molecule, producing different gradient combinations at each element of the array. Across
the diagonal of the array, equal concentrations would flow into the chambers to serve as
controls for baseline concentrations; meanwhile, different concentrations intersect to
produce complementary pairs of stacked-flow gradients. To further demonstrate
scalability, we extended this design to produce a 4x4 array device as shown in
Figure 2.14(b). To highlight the 3-D microfluidic architecture, blue and yellow dyes
were introduced at the row and column inlets, respectively. Careful design of the
microchannel network with binary branching was used to ensure that each fluidic path
from any inlet to the outlets is equivalent. These proof-of-concept devices show that our
platform can be adapted for assaying of a wide range of gradients simultaneously. This
feature would have particular utility when biologically relevant concentrations of a
chemical cue are unknown; with high-throughput screening of gradients we could

pinpoint the critical concentrations that elicit a response from cells.
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Figure 2.14: The scalable stacked-flow architecture enables arrays of gradient generators
for high-throughput screening. (a) A 2x2 array of gradient generators is
shown with yellow and blue dye representing different concentrations of a
gradient molecule. Across the diaganol of the array, these elements serve as
controls for different baseline concentrations (yellow and blue), whereas the
remaining elements are complementary pairs of gradients (green). (b) A
wide-field image of a 4x4 array device highlights the inherent scalability of
the microchannel architecture. To visualize the overlapping flow, blue and
yellow dyes are introduced into the row and column inlets (top and bottom
layers) respectively. At each gradient chamber the top and bottom flows
combine to produce a green solution at the outlets. In the inset on the right,
a single gradient generator is shown to highlight the architecture of the
individual elements.

2.4.3 Summary and assessment of the method

We have demonstrated a low-shear gradient generator design with vacuum sealing
for straightforward interfacing with cell cultures. The modular nature of our device can
allow for more advanced preparation of substrates and cell cultures such as patterning or
long-term cell culture because it does not interfere with standard protocols. The device
sealing is reversible which allows for handling of the cell cultures after exposure to the
gradient. We have demonstrated quantifiable gradients that are highly stable over 24
hours and impart low fluid shear stress, which are critical for analysis of cell responses.
With the scalability of the stacked-flow design, we can generate arrays of gradients from
few inputs that are amenable to high-throughput screening. Further development of the

arrayed devices to incorporate vacuum sealing could allow for such experiments. We

65



believe that the design principles demonstrated here are important to microfluidic
community interested in the development of user-friendly devices. However, the device
is not without limitations: for vacuum-sealing portability is reduced and shear forces
applied at the moment of application are poorly defined. The requirement of an active
source of vacuum limits portability; an important concern when sterility must be
maintained and transport is required between laminar flow hoods and microscopy
stations. In our experiments, the application of the device onto the pre-existing cell
culture substrate was a source of user error. It was necessary to finely tune the vacuum
pressure and flow through the device in order to prevent a negative pressure from being
abruptly applied to the cells when the device made contact with the cell culture substrate.
While featuring low shear stresses and large-area gradients, the stacked flow principle is
fundamentally limited for live monitoring of the gradient status due to overlapping flows
in the z-direction for standard fluorescence. Without surface-level or confocal imaging
technique, it is impossible to know the exact state of the gradient over the course of a cell
culture experiment. Overall, the method offers stable, well-characterized gradients, yet
its requirement for a vacuum source and non-traditional image modalities limits its

practical use.
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2.5 AN OPEN-SURFACE MICRO-DISPENSER VALVE FOR THE LOCAL STIMULATION OF
CONVENTIONAL TISSUE CULTURES

The content of this section has been published in the conference proceeding:

Sip, C. G., and A. Folch. “An Open-surface Micro-dispenser Valve for the Local
Stimulation of Conventional Tissue Cultures.” MicroTAS 2010. Proceedings of
the 14th International Conference on Miniaturized Systems for Chemistry and
Life Sciences. Groningen, The Netherlands (2010).

This paper reports a novel microdevice for locally delivering biochemical stimuli
to conventional, non-microfluidic cell cultures. The device is lowered by hand onto a cell
culture surface where it is self-supported. A “micro-dispenser” valve mechanism
controls the release of stimuli by the occlusion of micro-apertures. Flow released from
the apertures generates concentration gradients similar to those generated by the
micropipette assay. Surface gradient profiles were characterized by collecting surface-
level fluorescence. A principle feature of our platform is that by positioning our
microvalve directly beneath the point of stimulation we have low dead volume, rapid
response time, and efficiently utilized device real estate in a manner well suited for
multiplexing and high-throughput applications.

While microfluidic systems are often touted as having higher throughput with
parallelization, there are significant challenges to interfacing with biological samples
such as cells and tissue slices. Cell culture protocols that are based on static culture
conditions do not translate immediately to enclosed systems with microfluidic conduits,
flows, and small volumes. Therefore, microfluidic systems that offer straightforward
integration with conventional tissue culture technique have an important advantage. A
few designs satisfy this criteria: a microfluidic add-on allows for standard integration
with electrophysiology chambers®; the “microjets” device simplifies cell seeding for

microfluidic chemotaxis assays™>*’; the axon isolation device simplifies neuron

culture®™; and the “microfluidic probe” separates the cell culture substrate from the
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microfluidic device entirely™*

. The design presented here shares similar fundamentals
as the “microfluidic probe” (modularity, flow through apertures); however it utilizes a

new type of microvalve to enable temporal control of the delivered biochemical stimuli.

2.5.1. Micro-dispenser device design for controlled stimulation

The device consists of a flat surface (parallel to the cell culture surface) that
features apertures, each of which directs flow from embedded microchannels. A “micro-
dispenser” valve controls the release of fluid through apertures and into the fluidic
environment external to the device. An isometric schematic is shown Figure 2.15
highlighting the multi-layer architecture of the device. A brightfield micrograph of a 2x2
array micro-dispenser device loaded with dyes for visualization is shown in
Figure 2.16(a). A bolus of “stimulant” is delivered to the external environment of the
device by actuation of the valve pads directly beneath the surface aperture (75-100 um
diam.). The operation of the micro-dispenser valves (see schematic in Figure 2.16(b))
provides spatial and temporal control over stimulation that distinguishes it from other
devices lacking microvalves®™”**’. During stimulation, the valve pad is relaxed allowing
flow from the embedded microchannels through the apertures and into the external
medium. A pressure differential drives the stimulating solution through the apertures. To
stop stimulation the device can be operated to purge the local environment. The pressure
differential is reversed in order to redirect flow from the external environment back
through the aperture and through the microchannels to a waste outlet. To seal the surface
aperture, the valve control channel is pressurized in order to deform the valve membrane
against the inner surface. The balance of pressures and pulsing frequency are used to
control the temporal evolution of the stimulant bolus and effectively limit the stimulation

diameter. The device can be operated cyclically to deliver pulses of stimuli, or adjacent
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apertures can be configured to continuously perfuse and aspirate, generating a steady-

state jet of stimuli similar in performance to the “microfluidic probe” device

3435

For cell culture applications, we developed an inverted version of our device for

positioning of the aperture surface 200 xm above a conventional cell culture substrate. In

practice, the device is lowered by hand onto the cell culture surface where it is self-

supported by microfabricated features. For tissue culture applications, we developed an

upright version of our device that allows for a tissue slice preparation to be placed in

direct contact.
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Figure 2.15: Micro-dispenser device design.

device with a 2x2 array of stimulation apertures.
A flow channel layer, elastomeric membrane,

schematic of the device.

(a) A brightfield microscope image of a
(b) An isometric

valve control layer, and apertures are arranged in a multilayer architecture.
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Figure 2.16: The principle of operation for the micro-dispenser stimulation device. (a) A
color brightfield micrograph showing stimulation channels loaded with red
and blue dyes, and valves with yellow dye. The 2x2 array of apertures are
selectively sealed or unsealed by the actuation of the wvalves and
deformation of the membrane in the reagion of the valve pad. In this image,
the valve in the top left position is relaxed and pressure driving flow
through the blue flow channel causes a bolus to be released radially into the
external medium. (b) The sequence of operation for stimulation, purging,
and sealing is shown in side and overview schematics. During stimulation,
the valve is relaxed and flow through the channel escapes through the
aperture. During purging, the pressure differential is greater towards the
outlet, so flow reverses direction to clear the stimulus from the external
environment. During sealing, the valve channel is pressurized greater than
the driving channel and the valve membrane occludes the aperture.

control channel

overview

2.5.2. Methods and Results

Fabrication

Our fabrication method uses plasma bonding assembly of 3 layers of
polydimethylsiloxane (PDMS), made from SU-8 patterned masters with standard replica
molding, spin-casting, and exclusion molding processes™. The characteristic feature of
the micro-dispenser valve mechanism is an integrated elastomeric membrane coupled to
open-surface apertures (75 pm diam.). As shown in Figure 2.17, the layer-by-layer
composition of the upright and inverted configurations of the device is similar. Each
device consists of 3 monolithic layers: the valve layer (I), the flow layer (II), and the

aperture layer (III). The valve layer is replica molded as a slab several millimeters thick
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from 75 pm tall features. The flow layer and membrane are formed simultaneously by
directly spin-casting a 3:1 mixture of PDMS to hexane at 3000 rpm over 35 pym tall
features. The valve layer is produced by exclusion molding PDMS pre-polymer against
200 um tall features™. Each layer is sequentially bonded using plasma oxidation starting
with layer I. To configure a device as upright or inverted, the punching of inlets is either

done in the valve layer or in additional inlet/outlet slabs of PDMS.
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Figure 2.17: Multilayer soft-lithography fabrication of the micro-dispenser. Fabrication
and operation of (a) upright and (b) inverted versions of the micro-dispenser
device. The valve layer (I) is cast as a PDMS replica several mm thick.
The flow layer (II) and membrane (m) is produced simultaneously by spin-
coating liquid PDMS directly over the SU-8 features on the master mold.
The aperture layer (III) is fabricated using exclusion molding technique™.
The inlets and outlets are either cored into additional slabs of PDMS or into
the valve layer for the upright or the inverted versions of the device.

Micro-dispenser valve sealing pressure

The micro-dispenser device flows were controlled by switching pressure states
applied to the inlets, outlets, and valve control channels. The operation of the device was

automated by controlling a rack of miniature solenoid switches with a custom LabView
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program. Valve sequences were scripted to toggle the state of individual valves or
driving pressures with 100 ms resolution. In order to determine reliable operating
parameters for the device, several designs were fabricated with varying membrane
thickness and separation gap between the valve and the sealing surface of the aperture.
The separation gap is controlled by the thickness of the SU-8 layer for the master mold to
generate the flow layer (II) (see Figure 2.17). The membrane thickness is controlled by
the PDMS spin-coating parameters. A survey of sealing pressures was measured for a
series of devices made with different parameters as shown in Figure 2.18. Generally, the
thicker membrane (3000 RPM) and the taller the SU-8 features required more sealing
pressure. For further experiments, the device was fabricated with 35 ym tall features for
the flow layer and using a membrane spin-coated at 3000 RPM. These features produced

robust valves as a result of the thicker membrane and lower required sealing pressures.

(a) (6)

Sealing pressure (psi)
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Device parameters

Figure 2.18: Sealing pressures for varying device parameters of the micro-dispenser
device. (a) The membrane thickness as defined by the spin-coating speed
and the thickness of the SU-8 layer for the flow channels were varied to
determine the required pressures to seal the apertures. (b) An image of
irregular deformation that occurs at high sealing pressures.
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Surface-fluorescence characterization

For the inverted device, the surface gradient profile of the stimulated area was
characterized by delivering a mixture of fluorescein (M.W. 376.27, 490/540 nm) and
Orange G, a non-fluorescent dye that absorbs strongly at 490 nm and weakly at the 540
nm, to collect surface-level fluorescence using an inverted epi-fluorescence microscope*.
Using this technique we were able to image an approximately 5 ym thick optical slice
and characterize the profiles of the stimulated region for a variety of parameters and
operation modes (pulsing, jets, frequencies, and pressures).

Shown in Figure 2.19 is a series of surface-level epi-fluorescence micrographs
(~5 um optical slice) of a fluorescein solution delivered to an external surface separated
by 200 um from the aperture of the device. The surface area of the simulated region can
be dynamically tuned as shown by the fluorescence profiles given for several driving
pressures in Figure 2.19(a). Representative of this data, in Figure 2.19(b) a plot of the
cross-sectional profiles is shown corresponding to a 1 second stimulant pulse delivered in
2 second intervals for various driving pressures. Cross-sectional profiles were measured
horizontally for 880 pwm across the fluorescence images and through the center of the
aperture. In Figure 2.19(c) the micro-dispenser was operated in “jetting” mode with

adjacent apertures flowing or aspirating to demonstrate a steady state gradient.
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Figure 2.19: Surface-level fluorescence characterization of micro-dispenser stimulation.
(a) In the first panel a brightfield image corresponds to the scale and
position of the device for the following surface-fluorescence micrographs
taken with different driving pressures after delivering a 1 sec stimulus. (b)
A plot of the cross-sectional profiles characteristic of the driving pressures
in (a). (c) An example of the gradients possible while operating the device
in “jetting” mode using constant delivery and aspiration from adjacent
apertures to generate a steady state gradient.

2.5.3. Summary and assessment of the method

A 2x2 array of micro-dispenser apertures was demonstrated, but the valve design
is scalable and could, in principle, be used for larger arrays of stimulation sites. The
valve design offers flexibility spatial and temporal control of stimulation that could be
controlled by on-chip multiplexing to increase the density of apertures'””. The micro-
dispenser device was designed to interface with existing cell cultures or tissue slices in
order to simplify culture conditions. In order to fabricate devices for stimulation in larger
arrays, we required more reliable methods of fabricating the apertures layer. The
following section details a fabrication method for integrating layers made of SU-8 to

address this issue.
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2.6 IRREVERSIBLE BONDING OF SU-8 MICROSTRUCTURES ONTO PDMS DEVICES
The content of this section has been published in the conference proceeding:

Sip, C. G., and A. Folch. “Irreversible Integration Of SU-8 Microstructures Into PDMS
Devices.” In MicroTAS 2010. Proceedings of the 14th International Conference
on Miniaturized Systems for Chemistry and Life Sciences. Groningen, The
Netherlands.

In an effort to increase the density and shrink the diameter of apertures for the
micro-dispenser device, a method of integrating SU-8 microstructures with PDMS was
developed. The method begins with the treatment of silicon wafer substrates to render
the central region non-adherent for SU-8. Standard SU-8 processing is followed to
produce photo-patterned and dry releasable SU-8 components after the solvent
development step. The integration of SU-8 microstructures into PDMS devices is
achieved by chemical bonding through an amine—epoxide silane coupling reaction as
previously described®. Here, we have demonstrated hybrid PDMS/SU-8 devices that
withstand pressures of 15 psi after 48 hours in water immersion.

SU-8 is a commonly used epoxy-based negative photoresist that capable of
producing high aspect ratio microstructures with thicknesses on the order of nanometers
to 1 mm. Its characteristics of high optical transparency, chemical resistance, and
biocompatibility make it attractive for integration into microfluidic devices. Typically,
releasing of cross-linked SU-8 structures after development is done by either degradation

4043 " The sacrificial

of a sacrificial layer or dry release from a non-adherent substrate
layer technique has limitations with the etching rate and increased surface roughness,
while the dry release methods suffer from lower substrate wettability as described in
Cheng et al.”. In general, a surface for dry SU-8 release must be a compromise between
an adhesion high enough for spin-coating and an adhesion low enough to be peeled off

after exposure and post-bake processing”. Typically when spin-coating SU-8 on a non-

adhesive surface such as polystyrene or PDMS, the mismatched surface energy results in
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de-wetting during when the solvent is evaporating in the pre-baking step. As a result the
spin-coated SU-8 layer is highly uneven. In the method presented here, we avoid the
negative aspects of an anti-adhesion layer by partitioning our substrate into adherent and
non-adherent regions. The method enables dry release and standard spin-coating without
the drawbacks of low surface wettability. The releasable SU-8 microstructures can be
readily integrated with PDMS using a chemical bonding strategy to fabricate multilayer
microfluidic devices. Overall, this process has a higher yield of useful polymer layers in
comparison to PDMS based exclusion molding™, and suffers only from the constraints of
standard SU-8 processing and the normal sources of defect that occur during spin-coat

processing (e.g. dust particles).
2.6.1. Methods and results

SU-8 dry release method

The method begins with the partial treatment of a silicon substrate with a
fluorinated trichlorosilane to render the central region non-adherent for SU-8. As shown
in Figure 2.20(a), a portion of the wafer surface near the edge remains adherent towards
SU-8 in order to prevent reflow of spin-coated polymer during the solvent evaporation
step. With this technique, standard processing is followed to produce SU-8 components
that can be released from the substrate after development. The substrates can be reused

in contrast to methods that make use of a sacrificial layer for SU-8 release***!

. Typically,
a fully non-adherent substrate would suffer from severe reflow due to low surface
wettability. In our method reflow is avoided by excluding the outer region of the wafer
from the surface modification; limitations appear at thinner spin-coatings (< 12.5 ym)

due to contamination of the surface with particulates and air bubbles that can nucleate

pockets of reflow. Traditionally, integration of PDMS with other materials has been

76



difficult; however, an amine—epoxide silane coupling reaction has been recently
demonstrated for integrating PDMS and various plastic materials®. Our technique
provides the framework for the layer-by-layer fabrication of microdevices in which 3-D
microchannels, or large arrays of interconnections or apertures are typically limited by

PDMS only designs.
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Figure 2.20: SU-8 dry release substrate treatment and method. (a) Substrate pre-
treatment for SU-8 release and multi-layer fabrication of hybrid SU-
8/PDMS devices. (b) Integration of an SU-8 layer as a replacement for the
exclusion molded layer of a stacked flow device. (c) Integration of an SU-8
layer for high-density apertures in a version of the micro-dispenser device.

Fabrication and pressure testing of PDMS-SU-8 hybrid devices

A bare 4” silicon wafer is first vapor treated with (Tridecafluoro-1,1,2,2-
Tetrahydrooctyl)-1Trichlorosilane (United Chem. Tech.) to render the surface
hydrophobic and non-adherent for SU-8. Next, a 3” diameter PDMS slab is pressed
against the center of the wafer to mask the central region. After O, plasma treatment, the
hydrophobic silane modification remains only in the masked area and the outer 0.5 edge
returns to a native hydrophilic Si/SiO, surface as depicted in Figure 2.20(a). Shown in
Figure 2.20(b) is a cross-sectional schematic of a version of the stacked flow device

used for pressure testing. Shown in Figure 2.20(c) is a cross-sectional schematic of the
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fabrication process for a version of the micro-dispenser device®™ in which the surface
apertures were fabricated from a released SU-8 layer to improve the density and shrink
the diameter. PDMS layers were prepared from SU-8 patterned masters with replica
molding, spin-casting, and exclusion molding as described in the previously. Next, each
PDMS layer was plasma oxidized and modified using a condensation reaction of 5% 3-
aminopropyltriethoxysilane (APTES) (Sigma) in water solution at 80°C. After solvent
development of a releasable SU-8 layer, the structure can be removed by gently initiating
delamination with a sharp razor before or after bonding to PDMS layers as preferred.
Layer-by-layer construction of devices is then accomplished by room temperature
bonding with conformal contact between APTES-modified PDMS layers and epoxy
groups inherent to the SU-8 structures.

Releasable SU-8 layers were reliably produced in the range of 12.5-200 um with
the success of thinner layers limited by the contamination of our substrates by dust
particles or air bubbles trapped in the photoresist. Pressure testing of a hybrid
PDMS/SU-8 stacked flow device demonstrated burst pressures greater than 15 psi after
48 hours of water immersion. In Figure 2.21(a), the stacked flow device is shown at a
pressure of 15 psi with dye loaded for visualization. Figure 2.21(b) shows a micro-
dispenser device that combines PDMS-based microvalves with a SU-8 layer containing
98 surface apertures (50 um diam.). The microvalves exploit the elastomeric properties of

the PDMS to seal the SU-8 apertures from the underlying flow channels
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Figure 2.21: Hybrid PDMS/SU-8 devices with high-resolution and large arrays of
apertures. (a) A stacked flow device used for pressure testing (shown here
at 15 psi after 48 hours of water immersion. (b) A micro-dispenser device
designed with higher-density of surface apertures and smaller diameter (50
um) for application to cultured brain tissue slices.

2.6.2 Summary and assessment of the method

In comparison to other methods for SU-8 release, this strategy employs a simple
substrate modification to enable dry release using chemicals and processes commonly
found in microfabrication labs. SU-8 is a desirable material for fabricating devices with
thin layers of small apertures because the photolithography process can be exploited to
produce features with finer resolution and higher fidelity than produced by typical PDMS
methods such as exclusion molding®™. The examples shown here were designed to
increase the density of apertures for the micro-dispenser device to enable stimulation
across larger areas. Overall, this process can make possible more complex 3-D
microfluidic devices by relaxing traditional design constraints imposed by PDMS

fabrication.
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2.7 A MICROFLUIDIC PLATFORM FOR GENERATION OF SHARP GRADIENTS IN OPEN-
ACCESS CULTURE

Cate, David M., Christopher G. Sip, and Albert Folch. “A Microfluidic Platform for
Generation of Sharp Gradients in Open-access Culture.” Biomicrofluidics 4, no. 4
(2010): 044105. doi:10.1063/1.3490784.

This paper reports a microfluidic device for delivering gradients of soluble
molecules to cells in an open reservoir without exposing the cells to flow. The cells are
cultured on a polyethylene terephthalate (PET) track-etched membrane through which
underlying flows delivery a concentration gradient. At the time of this work, existing
methods for fabricating PDMS/PET devices were lacking. In order to achieve reliable
sealing and leak-free device operation, a fabrication strategy was developed that does not
require adhesives to bond the PET membrane and PDMS layers. Micromolded features
in the PDMS layers seal the PET membrane within the device after assembly with
standard oxygen plasma bonding. Surface gradients were characterized with epi-
fluorescence microscopy; image analysis verified that sharp gradients (~33 uym wide)
could be reproducibly generated. We show that heterogeneous laminar flow patterns of
fluorescent live-cell stains applied beneath the membrane reach cells cultured on the
other side; fluorescent profile scans show that the extent of reagent diffusion between
adjacent flows is 10-20 ym indicating flow is restricted by the membrane. The device is
improves upon preceding works*®, because the cell culture surface is readily accessible.
With an open well, cells are accessible to physical manipulation (e.g., pipette access), the
medium is in direct contact with the incubator atmosphere (i.e., no special protocols for
ensuring proper equilibration of gas concentrations are required). Additionally, the
membrane ensures that cells are not subjected to flow-induced shear forces that is a
common limitation of flow-based microfluidic designs.

There are several microfluidic designs that rely on restriction of flow by isolating

264748

cells Designs with high-resistance microchannels have been developed that
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significantly reduce shear stress on cells during gradient generation without

compromising gradient stability”****>! In

some of these designs, fluidic channels of
only a few microns in height and width restrict flow such that diffusion is the dominant
mode of transport in regions adjacent to cells. Integrating a semipermeable barrier, such
as a hydrogel™ or high-resistance membrane™**°, between the cell chamber area and the
fluid channels has also been explored for producing gradients of negligible flow.
Hydrogels can be selectively formed inside a microfluidic device through gelation of a
precursor liquid, however image contrast of cells is reduced. Incorporating commercially
available polymer membranes into devices for gradient generation has also been
investigated”’”®. The advantages that prefabricated membranes have over hydrogels are
that (a) they can be made thin (10-20 xm), responding quickly to fast-changing gradients
or to gradients of small, rapidly diffusing molecules, and that (b) their surface chemistry
and rigidity are more amenable for bonding and integration into devices. Additionally,
track-etched membranes area available in transparent material with well-defined pore
size, pore sizes, and porosity. With pores sizes of 0.4-1.0 ym these membranes are
typically used as cell culture supports for assessing endothelial transport. We describe

here a fabrication technique for the incorporation of transparent PET track-etched

membrane in devices and demonstrate stimulating cells with sharp, shear-free gradients.
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2.7.1. Methods and results

The goal of this study was to develop a microfluidic gradient generating platform
capable of exposing cells to fast-changing gradients under shear-free conditions. To
avoid shear stress, we cultured the cells on a transparent PET track-etched membrane and
heterogeneous laminar flow patterns were applied below the membrane. The membrane
inhibits potentially cell-damaging shear stress while permitting transport through high
resistance pores. Restriction of flow through the membrane does not favor lateral
diffusion of streams, because pores are of high aspect ratio and aligned orthogonal to the
surface of the membrane. The device consists of a very simple gradient generator
interfaced with an open well; the design is amenable for straightforward cell culture,
preconditioning, or experimental treatment of cells using conventional cell culture
technique. A simple gradient design was demonstrated; however this approach is

scalable to a variety of gradient shapes.
Adhesive-free fabrication of PDMS devices with integrated membranes

The device is comprised of 4 micromolded PDMS layers, a top layer, two middle
layers, and a bottom layer. A large opening in the uppermost layer constitutes a well for
plating cells on the track-etched membrane (pore diameter of 0.4 ym) that is positioned
below and is sandwiched between the middle PDMS layers. Microchannels located in
the bottom layer deliver fluid from the device’s inlets to the main reservoir where
molecules freely diffuse through the membrane to cells on the other side. The fabrication
of the device is shown schematically in Figure 2.22. The PDMS layers (layers I-1V) are
made using standard replica molding or exclusion-molding technique to produce thin
layers.™ The two middle layers (layers II and III) sandwich the membrane to prevent
leakage between the cell culture well and underlying microchannels. A micromolded

recess in layer II helps to position and align the membrane. The bonding the “lid”, layer
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III, seals the perimeter of the membrane. Additional measures were not required to

fortify the seal around the membrane using adhesive agents.

Characterization of laminar flow stability and gradient shape

We first characterized the stability of a gradient formed by a Y-configuration of
two fluid streams at the bottom channel (Figure 2.23). The extent of surface-level
mixing at the gradient interface over a 4 h time course was quantified using gradient of
fluorescein dye in homogenous solution of the non-fluorescent dye Orange G**. This
method of measuring surface-level concentration profiles at the bottom of the fluid
channel (surface closest to objective) allowed us to predict what the diffusion profile of
the gradient looked like directly beneath the cells, assuming little mixing occurs within

the membrane due to the geometry of the track-etched pores.
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Figure 2.23: Gradient stability analysis using surface-fluorescence microscopy. (a) A
cross-sectional schematic showing the configuration of our device and
imaging method. The excitation light is attenuated by the addition of a non-
fluorescent dye, Orange G. Emission light from fluorescein is collected
from approximately 3.5 pm to gain a surface-fluorescence image at the base
of the microchannels®’. (b) A photograph showing the configuration of
laminar streams flowing beneath the membrane. Surface-fluorescence
images at t = 0 and t = 240 min demonstrate stability in the location of the
gradient. (e) Fluorescence intensity profiles of the surface fluorescence
gradient show a gradient with of (Xgp.10= 33 um).
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Application of a sharp gradients to cells using live-cell florescent stains

Live-cell fluorescent dyes Cell Tracker Green (CMFDA) and Cell Tracker Orange
(CMRA) were used in laminar flows to demonstrate a gradient of uptake in the cell-
permeable dyes. Cell Tracker dyes are non-fluorescent until they enter cells after which
they react with intracellular esterases to produce fluorescent and cell impermeable
products. By pressurizing both inlets equally, we attempted to create two symmetric, but
distinct fluorescent regions beneath the membrane, eliciting a sharp gradient in the center
of the channel parallel to the direction of flow (Figure 2.24(a)). For the experiment,
fibroblasts suspended in phenol red-free media were plated on the membrane in the open
well of the device. Cells were allowed 3-4 h to attach and spread (Figure 2.24(b)). Cell
Tracker gradients were applied for 30 min to the cells via the underlying microfluidic
channels. Figure 2.24(c) shows the result of staining cells with a gradient of Cell
Tracker Green. Fluorescence intensity profile scans along the numbered lines
demonstrate that the underlying gradient region containing Green Cell Tracker was
delivered across the membrane to attached cells; no fluorescence attributable to green
tracer was observed above the background in the unlabeled region (Figure 2.24(d)). The
complementary pattern was for the Cell Tracker Orange gradient (Figure 2.24(e)). An
overlay of the two images highlights a narrow band of yellow colored (inset of
Figure 2.24(e)) representing the sharp gradients of both fluorescent dyes. The observed
diffusion distance, or gradient width, corresponds to 10—20 gm, approximately 1-2 cell
diameters. This experiment demonstrates that sharp gradients can be precisely delivered
onto cultured cells across a membrane boundary.

The width of the uptake gradient (10-20 ym) agrees well with our experiments
with fluorescein (Xy, ,, = 33 um), which is a faster-diffusing molecule than Orange or

Green Cell Tracker (the media, the device, and the inlet pressurization were the same in
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both experiments). These results can be partially explained by considering that
fluorescein (376 Da) is smaller than either Orange (550 Da) or Green (464 Da) Cell
Tracker and should diffuse further in the same amount of time. In addition, when
fibroblasts are seeded and spread, they flatten and should partially or completely block
membrane pores, limiting or eliminating fluorescent probe diffusion. To validate this
model, the diffusion distance of a single Green Cell Tracker molecule was estimated
using &, the free-diffusion distance (6 = (2Dt)V/ 2), where D is the diffusion coefficient
of the Green Cell Tracker’”® (D = 3.4x10™ cm® s™') and ¢ equals 30 min (duration of the
flow applied). From the equation, the diffusion distance of a single molecule is
approximately 110 ym, well above the width observed in the cell staining gradient (10—
20 um). This can be explained by the fact that the pores of the track-etched membrane
are vertical to the direction of the gradient and inhibit lateral diffusion through the
membrane. Therefore the observed cell staining gradient width is a result of the mixing
in the laminar flows before transport through the pores. Additionally, this result suggests
that the fibroblast cell layer seals the pores and limits lateral diffusion of reagents in the

cell culture bath over time.
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Figure 2.24: Staining of fluorescent gradients in an open cell culture device. (a) A cross-
sectional schematic of the device with an accessible open well for cell
culture and underlying microfluidic channels. Microchannels were used to
deliver a opposing gradients of orange Cell Tracker (oCT) and green Cell
Tracker (gCT) (b) A phase-contrast microscopy image of fibroblasts
cultured on the surface of a track-etched PET membrane in the well. (c) A
epi-fluorescence image of fibroblasts showing the staining with gCT after
30 min. (d) Fluorescence intensity profiles taken from the corresponding
locations in (¢). (e) A composite image showing the uptake of both oCT
and gCT dye delivered by laminar flow beneath the cells cultured on the
membrane. The insert is an enlargement of the narrow region between
streams in which diffusive mixing produces a sharp 10-20 pm gradient
between complimentary dyes.
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2.7.2 Summary and assessment of the method

In summary, we have demonstrated that our device is capable of delivering stable
gradients with steep interfaces to the basal surface of cultured cells. The device design
also facilitates conventional cell culture through an accessible open well. Lastly, we have
demonstrated the successful uptake of live-cell fluorescent dyes by cells cultured atop a
membrane interface. Although in these experiments we used a two-channel system for
gradient generation, more complex arrays can be easily integrated, including 3D
networks capable of delivering multiple signaling factors simultaneously. At the time of
publication, this work demonstrated the first example of an open-access microfluidic

device utilizing a track-etched membrane for delivery of gradients.
2.8 SUMMARY

2.8.1 Microfluidic automation: from integrated systems to modular design

Microfluidic large scale integration describes the use of monolithic PDMS
fabrication to generate devices with a high-density of elastomeric microvalves for high-

throughput and combinatorial assays'®

. While this approach (demonstrated in Section
2.2) has received much attention by the microfluidics community, its complexity of
fabrication and operation has led to an alternative school of thought in which designs are
more inspired by multi-well plate methods that are familiar to biologists*'*'**. These

863 compatibility with existing tools’,

designs have the advantage of a standardized format
and simplified operation with manual’ or automated pipetting'®. However, these designs
lack the precise spatial and temporal control possible with microvalves such as
demonstrated by the multi-purpose perfusion device” (Section 2.2) and our micro-
dispenser device® (Section 2.5).

A significant disadvantage of fully integrated systems is the complexity of device

apparatus and micro-to-macro connectivity as shown in Figure 2.25. Typical devices
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like these are cumbersome when they must travel between laminar flow hoods,
incubators, and microscopy stations for cell culture studies. To address this problem we
developed a modular PDMS microvalve controller® (Section 2.4) in order to separate the
cell culture and fluid handling components. Additionally, we were able to demonstrate
interfacing between PDMS and other hard thermoset materials that are more commonly
found in cell culture vessels. Further work could extend the modular platform to
interface microvalve controllers with cell culture microchannels that are configured in
standardized arrays as demonstrated by Beebe et al."'. Further work ongoing in the Folch
lab, aims to merge the multi-well plate format with automated microvalve systems for

facilitating portability and user operation.

reagent reservoirs

Figure 2.25: Micro-to-macro interfacing of integrated microfluidic devices. (a) While
the microfluidic device is compact, the off-chip apparatus includes many
interconnections between tubing, reservoirs, and valve controllers (not
shown). (b) A close-up of the device showing the connectivity of the valve
control lines and perfusion inlets.

2.8.2 Interfacing microfluidics with cell cultures

The vacuum-sealing stacked flow device (Section 2.6) demonstrated how
modularity could facilitate conventional cell culture technique. The stack flow principle

also exerts minimal shear stress making it well suited for unbiased studies of chemotaxis.
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The membrane-based device (Section 2.7) facilitated cell culture with an open well and
reduced shear stress by isolating cells from microfluidic flow. In comparison to the
stacked-flow device, the membrane-based device is simpler to operate because the
vacuum source is eliminated. However, by integrating the cell culture, the membrane-
based device loses modularity. The image-contrast is also reduced because cells are

grown on the membrane as shown in Figure 2.26.

Figure 2.26: Image contrast of cells grown on a track-etched membrane. (a) A large-
area and (b) close-up view of the cell culture taken with phase-contrast
imaging. The individual pores are visible and contribute to poor contrast.

2.8.3 Conclusions

In this chapter, we explored several microfluidic designs to generate gradients for
cell culture. Modular and membrane-based methods were investigated to reduce shear
stress and facilitate conventional cell culture technique. In the following chapter, the
development of a robust silane coupling method will be described for integrating porous
membranes with PDMS. The devices described here were attempts to solve the technical
limitations inherent to microfluidic devices and interfacing with cell cultures.

Ultimately, the insight gained from these endeavors led to the development of the device
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described Chapter 4 in which we combine modular microfluidics with porous

membranes-based gradient generation.
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Chapter 3: Stable chemical bonding of porous membranes and PDMS
devices for long-term cell culture

3.1 INTRODUCTION

The integration of commercially available track-etched membranes in
microfluidic devices has experienced growing interest because these materials offer well-
defined nano- or micro-pore structures in a monolithic material>. Poly (ethylene
terephthalate) (PET) track-etched membranes are available in a transparent format that is
especially useful for microscopy and live-cell observation. A variety of cell-based
devices have been designed to spatially control delivery of reagents to cells, e.g., to apply
gradients for chemotaxis®, control differentiation™®, or compartmentalize cell co-
cultures”®. Across these studies a variety of techniques have been reported for integrating
track-etched membranes with microfluidic layers. Techniques include sandwiching
between plasma bonded PDMS layers**™'!, using adhesives'*"*, PDMS gluing®"*'®, SiO,
sputtering™'’, and silane coupling”'®.

Silane coupling is an attractive technique because the process uses commercially
available reagents, works well with polymers whose surfaces can be hydroxylated, is
uniformly applied to surfaces (thus tends to be feature-independent), and is compatible
with familiar oxygen plasma-bonding steps. In contrast to the sandwiching technique**
", silane coupling permits open-surface devices through bonding of only one side of a
membrane. Furthermore, PDMS gluing and the use of adhesives pose limitations on
feature-size due to problems with leakage or contamination of high-resolution structures.
Si0, sputtering relies on expensive and specialized equipment that limits its widespread
use. Silane coupling has an extensive history for the coupling of dissimilar materials'
and several groups have reported on methods using (3-Aminopropyl)triethoxysilane

(APTES) modification of plastics to achieve bonding with PDMS* . Similarly, Lee and
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Ram demonstrated the enhanced stability of plastic-PDMS bonding using thick layers of
dipodal silane”. The Zahn group first reported the modification of porous polymer
membranes with APTES for integration with PDMS device layers'. Encouraged by
these reports, we evaluated bonding methods for the fabrication of cell culture devices
incorporating porous membranes. We found that while APTES modification yields
immediate bond formation and stability when stored in water, rapid bond degradation
occurs when immersed in a common cell culture medium. This failure in cell culture
medium can be explained by the salt cations having a catalytic effect on the dissociation
of Si-O bonds within the silane interface™.

To find a solution, we tested a variety of silane preparations for their ability to
bond PET track-etched membranes and PDMS. We tested formulations of a variety of
trialkoxysilanes and dipodal silanes to determine a combination of organofunctional
group, cross-link density, solvent, and catalyst for effective bond stability in cell culture
medium. From this testing we have found a robust silane modification process and
applied this method to demonstrate unique functionality of integrated track-etched

membranes and PDMS devices for cell culture.
3.2 MATERIALS AND METHODS
3.2.1 Materials

The silanes bis[3-(trimethoxysilyl)propylJamine (bis-amino silane), bis[3-
(triethoxysilyl)propyl] tetrasulfide (bis-sulfur silane), 1,2-Bis(trimethoxysilyl)ethane (bis-
ethane), (3-Aminopropyl)triethoxysilane (APTES), (3-Glycidyloxypropyl)-
trimethoxysilane (epoxy silane), and tetrabutyl titanate (TBT) and diisopropylamine were

purchased from Sigma-Aldrich (St. Louis, MO). Transparent PET track-etched

membranes with 0.4 ym pore diameter and 2 x 10° pores cm™ in either 13 mm or 25 mm
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diameters were purchased from AR Brown-US (Pittsburgh, PA). DMEM cell culture
medium (11995), fetal bovine serum (10082), penicillin-streptomycin (10378016),
Hank’s balanced salt solution (HBSS, 14025), and calcein AM (C3100MP) were
obtained from Life Technologies (Grand Island, NY). Matrigel (356234) was purchased

from BD Biosciences (San Jose, CA).
3.2.2 Silane treatment of PET track-etched membranes

We assayed various silane formulations in order to determine their effectiveness
for bonding PET membranes with PDMS. In general, membranes were secured by their
edge using a PDMS block and positioned upright when treated with oxygen plasma for
60 sec at 60 W, 670 mTorr, and 40 kHz (Zepto plasma system, Diener Electronic,
Germany). After plasma oxidation membranes were then submerged in prepared silane
mixtures for 20 min at 80 °C on a hotplate. After treatment with silane, the membranes
were rinsed with copious IPA and cured for 30 min at 70 °C in a convection oven.
Membranes were then immersed in 70% ethanol for 30 min to render the surface
hydrophilic. PDMS slabs were treated with oxygen plasma then bonded to membranes
by conformal contact. Bonded pieces were then allowed to cure for 1 hour at 70 °C. A
generalized reaction scheme for the optimal bonding strategy with 2% bis-amino silane
and 1 % water in IPA is shown in Figure 3.1. To evaluate bond stability, bonded PDMS-
PET samples were prepared in quadruplicate for each silane formulation and submerged
in DMEM at 37 °C. Delamination was observed by gently lifting the membrane out of

the DMEM after 1 day and 2 weeks.
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Schematic of the idealized surface modification reaction between PET
(a) An oxidized PET membrane is a
substrate for the condensation of bis-amino silane at elevated temperature.
(b) After the condensation reaction, residual unbound silane is rinsed and
the substrate is cured in order to further cross-link the silane layer. (c) The
modified membrane is submerged in a 70% ethanol in water solution to
hydrate the surface and expose hydroxyl groups.
bonds readily to the wetted membrane. Complete bonding occurs when the

surface is dried and baked.

3.2.3 X-ray photoelectron spectroscopy analysis

Samples of untreated,
degraded silane-modified membranes were analyzed with XPS (Kratos Axis Ultra DLD,
Kratos Analytical Inc., NY) to determine the average elemental compositions. 3 spots of
700 x 300 ym” area per sample were analyzed with survey scans to quantify the C 1s and
O Is peaks at a resolution of 1 eV. Detailed scans were used for analysis of the N 1s and
Si 2p spectra at a resolution of 0.3 eV. Samples were analyzed at an angle of 0° with

respect to the normal of the surface.

oxygen plasma treated, freshly silane-modified, and
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Photoelectrons were detected from a depth of



approximately 10 nm. Silane modification of membranes with 2% bis-amino, 1% water,
in IPA or 2% APTES in water was done as previously described. For freshly prepared
samples, membranes were modified with silane, dried, and then analyzed with XPS. For
degraded silane-modified samples, membranes were modified then submerged in water,

HBSS, or DMEM for 18.5 hours before rinsing, drying, and analysis with XPS.

3.2.4 Fabrication of open-surface PDMS-PET membrane device

For proof-of-concept we designed a simple open-surface PDMS-PET membrane
device for the basal-side stimulation of cell cultures as shown in Figure 3.4(a-b). In order
to achieve high quality imaging of cells, the device was fabricated using 400 ym thick
PDMS replicas that were micromolded from SU-8 patterned silicon masters by exclusion
molding technique”. The PDMS replicas were plasma-bonded to cover glass-bottom 55
mm dishes (#60-30-1-N, In Vitro Scientific, Sunnyvale, CA) for a self-contained cell
culture format. Plasma-oxidized track-etched PET membranes were treated with 2% bis-
amino silane in 1% water and IPA as previously described. After treatment, curing, and
soaking in 70% ethanol and water solution, the silane-modified membranes were brought
into conformal contact with the device consisting of the PDMS replica and 55 mm dish.
Bonding while the membranes are slightly wetted with 70% ethanol solution enhances
wrinkle-free assembly. After drying with an air gun, the assembly was baked for 30 min
at 70 °C to complete the bonding. Vias were produced by removing the membrane with
dissection tweezers at the location of the inlets and outlets of the underlying
microchannels. Finally, inlet and outlet ports were plasma bonded to complete the device

assembly.
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3.2.5 C2C12 cell culture and calcein AM stimulation

Assembled PDMS-PET membrane devices were coated with a 1:50 dilution of
Matrigel for 30 min at 37 °C. C2CI12 myoblasts (American Type Culture Collection,
Manassas, VA) were uniformly seeded onto the coated devices and maintained in DMEM
with 20% fetal bovine serum and 1% penicillin-streptomycin until they achieved
confluence after approximately 1 week in culture. “Serum starvation” (changing the
serum conditions to 2% horse serum) induced myotube differentiation over the course of
an additional week of culture®. Calcein AM was prepared in Hank’s Balanced Salt
Solution at 0.5 M concentration and loaded into cells through the microchannels for 15

min before imaging.
3.3 RESULTS AND DISCUSSION

3.3.1 Evaluation of different silanes treatment for bond stability in DMEM at 37 °C

In order to determine an effective strategy for bonding PET membranes with
PDMS we assayed different formulations of 2% silane while varying the following
parameters of the silane formulations: (1) trialkoxysilanes or dipodal silanes, (2) catalyst,
(3) organofunctional group, and (4) reaction solvent. For the first set of silane
formulations shown in Table 3.1, we tested formulations using APTES and the dipodal
silane bis[3-(trimethoxysilyl)propyl]Jamine (referred to herein as bis-amino silane) with
polar protic solvents and different catalysts. For treatments 1-3 we used 100% water as
choice of solvent and catalyst to compare the classic APTES and amine-epoxy methods
with the bis-amino silane. None of the formulations with 100% water as a solvent
produced stable bonds in DMEM after 2 weeks. In addition, the bis-amino formulation
for treatment 2 was unstable and rapidly polymerized. The instability can be explained by
the difference in number of alkoxysilane groups per molecule of silane. Compared to

APTES, the bis-amino silane has twice the number of reactive groups and a flexible
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C;H,-NH-C,H, chain that promotes crosslinking. While hydrolysis of the alkoxysilane to
Si-OH must occur before the condensation of a silane molecule on the PET surface, too
many hydrolyzed Si-OH groups can result in polymerization or precipitation for a dipodal
silane. Similarly, too much water present can inhibit the growth of the silane layer by
hydrolysing the C-O-Si bonds before the silane molecules and the substrate can generate
a stable layer. Therefore, we assayed solution stability for the bis-amino silane and
APTES in different concentrations of water and isopropyl alcohol (IPA). We found that
solutions of 2% bis-amino silane were stable in IPA with up to 1% water. Greater
concentrations resulted in bulk gelation or precipitation. 2% APTES solutions were stable
at all concentrations of water and IPA tested.

For treatments 4-9 we compared 1% water, 0.5% titanate catalyst (TBT), and no
catalyst with either 2% APTES or 2% bis-amino silane. None of the APTES treated
samples remained bonded after 1 day of immersion in DMEM at 37 °C. For the bis-
amino formulations there was partial bonding of the samples for the TBT catalyzed or un-
catalyzed formulations after 2 weeks. Full bonding was realized after 2 weeks in DMEM
for treatment S with 2% bis-amino silane in 1% water and IPA. Interestingly, treatment
10 also realized full bonding through an amine-epoxy bonding mechanism in which the
PET membrane was treated with a solution 2% APTES and 0.5% TBT in IPA and the
PDMS sample that was treated with 2% epoxy-silane and 0.5% TBT in IPA. Upon
comparison to treatment 3 in which 100% water was used in order to replicate amine-
epoxy bonding as reported in the literature, the result of treatment 10 suggests that the
amount and type of catalyst used is critical for the silane modification process. While
100% water-based silane treatments may work well for PDMS or glass substrates, the
lower concentration of hydroxyl groups on an oxidized PET surface could limit the

condensation and surface coverage of the silane layer. The amine-epoxy method was not
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improved by the addition of bis-amino silane to promote cross-linking, as demonstrated

by the bond failure at 2 weeks for treatment 11.

Table 3.1:  Comparison of APTES and bis-amino silane in polar aprotic solvent

No. Solvent Silane Catalyst Bond DINEBA ?:‘iﬁ
1 water APTES 100% water 2 0 -
2 water bis-amino 100% water 2 0 -
3 water APTESorepoxy 100% water 2 0 -
4 IPA APTES 1% water 2 0 -
5 IPA bis-amino 1% water 2 2 2
6 IPA APTES 0.5% TBT 2 0 -
7 IPA bis-amino 0.5% TBT 2 2 1
8 IPA APTES none 2 0 -
9 IPA bis-amino none 2 2 1
10 IPA  APTESorepoxy 0.5% TBT 2 2 2
11 IPA l;ﬁ;g’;‘;";gg 0.5%TBT 2 2 0

2: bonded, 1: partial bond failure, 0: total bond failure

A second set of silane formulations was assayed as shown in Table 3.2 in order to
determine if other dipodal silanes could yield stable bonding in the same manner as bis-
amino silane. We examined two different dipodal silanes in a variety of reaction
conditions meant to determine the influence of catalyst and solution pH. To account for
catalytic effects of the amine group the solution was made basic with the addition of 1%
diisopropylamine (amine). Surprisingly for treatments 12-21 we found delamination
after 1 day in DMEM in all samples except for treatment 20. In some cases there was no
bonding even before immersion in DMEM which points to poor condensation or solution
reactivity of these silane formulations. These results suggest that the C;H,-NH-C,H,

organofunctional group of the bis-amino silane is essential to promote condensation of
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the silane at the PET surface. Similar findings were reported by Howarter and
Youngblood using anhydrous deposition of APTES and other silanes to determine the
influence of the amine group; they determined that the amine group must be integral to
the silane molecule for the surface reaction to occur”’. We also tested APTES or bis-
amino silane with anhydrous reaction conditions as shown in Table 3.3. None of the
treatments demonstrated complete bonding after 1 day of immersion in DMEM.
Comparing treatments 7 and 9 of Table 1 with their complementary treatments 23 and 25
of Table 2 suggests that a non-polar solvent limits the condensation of the silanes onto
the PET surface.

Table 3.2: Comparison of other dipodal silane bonding

No. Solvent  Silane Catalyst Bond DII\ZE;VI ?:Iiﬁ
12 IPA  bis-ethane 1% water 2 0 -
13 IPA  bis-sulpho 1% water 0 0 -
14 IPA  bis-ethane 0.5% TBT 2 0 -
15 IPA  bis-sulpho 0.5% TBT 2 0 -
16 IPA  bis-ethane 1% amine 2 0 -
17 IPA  bis-sulpho 1% amine 2 0 -
18 IPA  bis-ethane 1% amine, 1 % water 0 0 -
19 IPA  bis-sulpho 1% amine, 1 % water 2 0 -
20 IPA  bis-ethane 1% amine 0.5% TBT 2 1 1
21 IPA  bis-sulpho 1% amine, 0.5% TBT 1 0 -

2: bonded, 1: partial bond failure, 0: total bond failure
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Table 3.3:  Comparison of APTES and bis-amino silane bonding with anhydrous

solvent
No. Solvent Silane Catalyst Bond Dlhﬁiy ?ziiﬁ
22  toluene APTES none 2 0 -
23 toluene bis-amino none 2 1 0
24 toluene @ APTES 0.5% TBT 2 0 -
25 toluene bis-amino 0.5% TBT 2 0 -

2: bonded, 1: partial bond failure, 0: total bond failure

3.3.2 XPS analysis of surface composition of silane modified PET and degradation of
silane layer

The chemical composition of the untreated, oxygen plasma treated, and
silane modified PET membranes were determined using XPS analysis (Fig. 2a). The
atomic concentration of the untreated PET samples was measured to be 75.4% C and
24.4% O with negligible Si or N content. The oxygen plasma treatment resulted in an
increase to 30.3% O with 2% N and 0.5% Si. The slight presence of Si can be attributed
to PDMS contamination from within the plasma oven chamber. Notably, samples treated
with bis-amino silane resulted in greater than 2 fold increase in the concentrations of
silicon and nitrogen when compared to the APTES treatment (Fig. 2a). The effects of
different aqueous solutions on the degradation of silane treatments was analysed by
measuring the chemical composition with XPS after 18.5 h of immersion at 37 °C. The
results in Fig. 2b show that while APTES loses silicon and nitrogen after exposure to
DMEM, bis-amino silane treated samples remain relatively unchanged. Example XPS
spectra and full elemental composition data is included in supplemental materials Figure

3.3 and Table 3.4 and Table 3.5
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(a)

Comparison of the nitrogen and silicon atomic concentration derived from
XPS analysis of untreated PET track-etched membranes, oxygen plasma

treated (PET-ox), APTES treated, and bis-amino treated samples.

(b)

Comparison of nitrogen and silicon atomic concentration of oxygen plasma
treated, APTES, and bis-amino silane treated membranes after degradation
by immersion in water, HBSS, or DMEM for 18.5 hours.
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Figure 3.3: Example XPS survey spectra for PET track-etched membranes.

(a)

untreated, (b) oxygen plasma treated, (c) APTES treated, and (d) bis-amino
silane treated PET track-etched membranes.

Table 3.4: Elemental composition for freshly silane treated samples
% At. Conc. PET PET-ox APTES  Bis-amino
Cls 75.2 67.3 71.1 59.0
Ols 244 303 234 26.7
Nls 0.2 2.0 31 52
Si2p 0.1 0.5 24 9.2
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Table 3.5: Elemental composition for freshly silane treated samples

PET-ox APTES Bis-amino
water HBSS DMEM water HBSS DMEM Water HBSS DMEM
Cls 73.0 749 743 714 694 744 624 567 61.7
Ols 237 232 239 230 248 230 238 251 26.3

% At. Conc.

N s 1.8 1.8 1.8 3.6 1.9 1.8 5.7 6.3 4.7
Si2p 1.6 0.1 0.1 1.9 3.8 0.7 7.1 10.0 7.2
S2p 0 0 0 0 0 0 1.0 0.0 0
Cl2p 0 0 0 0 0 0 0 1.9 0

3.3.3 Demonstration of long-term culture and basal-side stimulation of
differentiated myotubes

The optimal treatment of PET membranes with 2% bis-amino silane in 1% water
and IPA was used to fabricate an open-surface device for long-term cell culture. We used
a simple microfluidic design for the basal-side stimulation of cell cultures as shown in
Fig. 3. C2C12 cells were seeded at low density onto the PET membrane surface and
allowed to propagate to confluence for 1 week. The cells were differentiated into
mytotubes by culturing in differentiating medium for an additional week. To demonstrate
stable bonding and operation of the track-etched pores, we operated the device by loading
a calcein-AM solution into the microfluidic channel. Cells grown above the

microchannels were locally stained as shown in Fig. 3.4(c-e).
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Figure 3.4:
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An open-surface basal-side stimulation device using track-etched
membranes. (a) An isometric schematic of the open-surface basal-side
stimulation device. The device is integrated into a cover-glass bottom 55
mm dish. (b) A track-etched PET membrane comprises the cell culture
substrate and seals the underlying PDMS microchannels. (c¢) A phase
contrast image of differentiated C2C12 myotubes grown on the surface of
the device after 2 weeks in culture. (d) A fluorescent image showing the
targeted basal-side delivery of calcein-AM to a region of the cell layer. (e)
A close-up view shows individual myotubes and the diffusive broadening
near the edge of the microchannel

3.3.4 Rapid delamination is predicted for devices with a porous surface in contact
with medium

In our testing we have investigated bonding to open-surface devices in which one

surface of the porous membrane is entirely exposed to the surrounding medium during

immersion. Initially we were surprised to find that the existing methods using APTE

SIS,ZS

or amine-epoxy bonding® resulted in rapid delamination after immersion in DMEM for 1

day at 37 °C (see Table 1). In order to explain the difference between our results and

those reported in the literature we must consider the effect of our open-surface geometry

on the delamination rate.
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A porous membrane has a much higher perimeter available for hydrolytic attack
when only one side is sealed with PDMS. Each individual pore presents an interface at
which the surrounding medium can begin hydrolysis of the interfacial silane layer. For
example, a membrane sandwiched between two PDMS slabs of 4 mm in radius has a
perimeter of 25.1 mm (Fig. 4a). For a membrane bonded on only one side in an open-

surface configuration (Fig. 4b) the effective perimeter can be expressed by
P = eAgn2r + m2R @Y

where ¢ is the porosity, Ayis the area of the membrane, r is the radius of a single
pore, and R is the radius of the slab. For a porosity of 2x10° pores m™ and a pore
diameter of 0.4 um the effective perimeter is approximately 1.28 m due to the large
contribution of the exposed pores. This amounts to a nearly 50-fold difference in the
perimeter available for hydrolytic degradation. Now, if we also account for the increase

in the pore size as a result of delamination, Eq. (1) becomes
P =¢gAyn2(r + 4) + n(d — 24) (2)

where A is the delamination radius for a given unit of time as shown in Fig. 4(c-
d). Similarly, we can describe the area of delamination as a function of time for a

sandwiched sample configuration using the expression
A(t) = Ap-m[R — 1 (D)]? (3)

where r(t) is the delamination radius as a function of time. For the open-surface
configuration we must account for the area of delamination contributed by each

individual pore with the expression

Aopen(t) = eAgn[r + 1 ()]* — eAomr?® + A(t) (4)
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Therefore the area of delamination for each condition is expressed by a quadratic
function of r(t). Comparing the coefficients for r(t)? for the open-surface and

sandwiched configuration we have
€A T VS. T (5)

The product of €4, is the total number of pores for the surface area of the bonded
sample; therefore the rate of delamination depends heavily on the porosity of the
membrane used in our sample. For a comparison between the delamination of open-
surface and sandwiched samples see Fig. 4e. This analysis predicts a rate of delamination
that is €4, = 1.0 X 10° times faster for an open-surface sample compared to a
sandwiched sample. This rapid degradation at first appears to be a fundamental
limitation of the method, however, individual bonds can re-associate under equilibrium.
In theory, the strength of a silane interfacial layer is due to the number of bonds and the
continual reorganization of the bonds to minimize the stress at the interface between the
two substrates'’. However, with the contamination of this interface by cations from the
medium, the equilibrium process could be disrupted to favour hydrolysis of the layer.
The cation induced hydrolysis can explain the difference in stability of sandwiched and
open-surface samples bonded using APTES. Our solution is to employ a dipodal silane
in which the individual silane molecule has 6 alkoxysilane functional groups available for
bonding. Studies have shown that dipodal silanes are more effective anti-corrosion
treatments for metals exposed to harsh salt solutions®. According to a leading
manufacturer of silanes, Gelest, Inc., the use of a dipodal silane can theoretically improve
bond strength by 100,000 times at equilibrium since the number of bonds increases from
3 to 6 per silane molecule*. By considering the theoretical bond strength of the dipodal
silanes it is possible to reconcile the difference in the predicted rate of delamination and

the improved bond strength we have observed with our silane modification method.
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Figure 3.5: Rapid delamination is predicted membranes bonded with an open-surface.
(a) Schematic of a sandwiched configuration in which both side of the
membrane are bonded to PDMS slabs. The perimeter available to
hydrolytic attack is determined by the radius of the sample. (b) Schematic
of an open-surface configuration in which the membrane is bonded to only
one side of a PDMS slab. Samples were tested with the open-surface
configuration in order to determine an effective silane bonding strategy. (c)
A schematic of the surface of the membrane depicts the pore radius and
perimeter available to hydrolytic attack. Each individual pore contributes to
the total perimeter available to attack. (d) The effective perimeter in contact
with the medium grows as the radius increases during delamination. (e)
Plotting the theoretical area of delamination for an arbitrary growth rate as
described in eq. 5 predicts that the open-surface configuration would decay
1.0 X 10° times faster than a closed configuration under the same
conditions.

3.4 CONCLUSIONS

We initially observed rapid delamination of open-surface devices fabricated using
APTES bonding methods when immersed in DMEM. Our theoretical analysis of the rate
of delamination offers an explanation to the mechanism of degradation. Following the
assay of a variety of formulations, we determined that the 2% bis-amino silane in 1%
water and IPA offered the most straightforward method for producing stably bonded
open-surface devices. Using XPS analysis we confirmed changes in the elemental
composition for silane-treated membranes and found that bis-amino silane results in
greater and more stable introduction of silicon and nitrogen than APTES. We
demonstrated the long-term bond stability of this silane treatment with operation of a

simple device for the basal-side stimulation of differentiated C2C12
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Chapter 4: Microfluidic Transwell Inserts

4.1 INTRODUCTION

The generation of well-characterized, stable, and quantifiable biochemical
gradients is important for in vitro studies of gradient sensing biology. A variety of
microfluidic devices offer these capabilities'™, but there remain practical limitations in
implementation of these devices to conventional cell culture techniques impeding their
adoption by the biological community. One of the important limitations is that most
existing microfluidic platforms do not provide simple methods for interfacing with cell
cultures. In typical designs, proteins and cells are injected into tiny microchannels
requiring special technique for substrate preparation and cell culture. For sensitive cell
types, such as primary neurons, long-term culture within microchannels can be
challenging due to the shear stress created by microfluidic flow conditions. To address
these issues we have developed a modular microfluidic gradient device, which we refer to
as a ‘microfluidic transwell insert’, that interfaces with standardized 6-well plates, which
are routinely employed in cell cultures. This device allows for the generation of long-
term stable gradients over large areas while exerting extremely low fluid shear stress.
These characteristics make the platform well suited for gradient application to a variety
of sensitive cell cultures and enable application to tissue explants which are impractical
to culture within microchannels.

In this chapter, we will describe the methods developed for fabrication of devices,
design considerations, finite-element modeling (FEM), and characterization of devices
using fluorescence microscopy. We will also demonstrate application of the microfluidic
transwell insert to study chemotaxis of neutrophil cells and outgrowth of embryonic

retinal explants.
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4.1.1 Microfluidic transwell inserts

The goal of this work was to develop a user-friendly microfluidic concentration
gradient generator that can be used with conventional cell culture technique. Our
approach is based on controlling fluid communication between the device and cell culture
through track-etched membranes. The track-etched membrane serves to
compartmentalize flow, minimize shear stress, and enable modular application of the
device to standard 6-well plates. The microfluidic transwell insert is designed for
generating large-area gradients and straightforward application to cells cultured
independently of the device using conventional technique.

The microfluidic transwell insert has several key design aspects: (1) The insert
device is applied by simply placing it into the well of a 6-well plate where it is self-
supported at a short distance (approximately 250 ym) above the cell culture surface. The
device is untethered from the substrate; therefore, timing and orientation of the gradient is
controlled by its manual placement inside the well. (2) Solutions of biomolecular factors
are delivered to selected areas of a track-etched membrane via microchannels. Fluid
communication between the device and the cell culture well is controlled through the
high resistance membrane to generate gradients across and above the cell culture surface.
(3) Flow within the device maintains an unlimited source and sink for soluble factors and
long-term, stable gradient generation. (4) Cells or tissue explants can be cultured on
standard glass-bottom 6-well plates. (5) The device materials, poly(dimethylsiloxane)
(PDMS) and polyethylene terephthalate (PET), are transparent which permits real-time
observations of cell morphology and migration during the course of the gradient
application. (6) The track-etched PET membrane shields cells from exposure to shear

stress because of its high fluidic resistance.
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A 3D rendering in Figure 4.1 depicts the application of the microfluidic transwell
insert to a standard glass-bottom 6-well plate. Additional 3D views of the device are
shown in Figure 4.2. Top views and cross-sectional schematics in Figure 4.3 show the
device inserted in a standard glass-bottom 6-well and a simulated concentration gradient.
A critical feature is that when the device is inserted it maintains open sidewalls;
compressive and shear forces are averted through passive application to pre-existing cell
cultures. The untethered design and the modular interface simplify integration with cell
cultures and conventional protocols. The photographs in Figure 4.4 show the device

filled with dye solutions to visualize the microchannel architecture and gradient.
4.1.2 Track-etched membranes

A key component of our device is an integrated track-etched membrane that
restricts flow from the device to the cell culture. This type of porous membrane is
manufactured in thin sheets of material by a process known as track-etching. First,
particle tracks are defined in a film using irradiation or bombardment with nuclear
particles and then pores are chemically etched into the material along the damaged zone".
The pore shape, size, and porosity of membranes can be controlled through the irradiation
conditions, material properties, and chemical etching process. Track-etched membranes
are commercially available in polycarbonate and polyethylene terephthalate (PET). The
unique properties of the track-etching method enable the production of thin membranes,
typically 5-20 um thick, with well-defined porosity from 1x10° to 6x10° pores cm™ and
cylindrical pores in the range of 15 nm to 12 pm in diameter. For cell culture
applications, track-etched membranes are commonly available in pore sizes of 0.4, 1, 3,
8, and 10 ym diameters in optically transparent PET for live cell imaging. In this work,
we will utilize transparent PET membranes of 1.0 ym pore diameter as an integral

component of our microfluidic transwell device.
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microfluidic transwell inserts

glass-bottom 6-well plate

Figure 4.1: 3D rendering of the microfluidic transwell insert and 6-well plate assembly.
The modular device can be placed into a standard cover-glass bottom 6-well
plate to interface with pre-existing cell or tissue cultures.
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(a)

Figure 4.2:

Transwell support  (b) membrane surface

3D rendering of the microfluidic transwell insert and cross-sectional views.
(a) Top and (b) bottom isometric views. Inlet and outlet ports are accessible
from the top of the device. The embedded microfluidic channels (shown in
red, blue, and green) deliver flows to 2 portions of the membrane surface.

inlets
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Transwell support (b)
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Figure 4.3:

Top and cross-sectional views of the microfluidic transwell insert. (a) A top
view of the device as it rests self-supported in a 6-well. The well can be
seeded with cells or tissue explants before inserting the device. A cross-
sectional view taken along the dotted line is shown in (b). The ‘external
fluid space’ is defined by the fluid between the device surfaces and the well
plate. An enlarged view of the gradient generating region is shown in (c).
Soluble factors delivered by the inlets flow along the membrane through the
microchannels. A portion of the flow passes through the membrane (green
line) and into the ‘external fluid space’. The gradient is generated in this
fluid space between the membrane and the cover-glass cell culture surface.
The device hangs self-supported, so that the membrane surface is 250 pm
above the cell culture surface. Adjacent channels loaded at relative
concentrations of C; = 0 and C, = 1 establish a concentration gradient above
the cell culture surface (shown as a color map).
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Figure 4.4: Photographs of a microfluidic transwell insert loaded with colored dyes.
Yellow and blue dyes are used here to visualize the microfluidic network
and gradient delivery. (a) The device is self-contained within a 6-well plate.
Inlet tubing runs in through a slit in the lid of the well plate. (b) A close-up
view shows the routing of inlets and outlets to the device. The outlet drains
into the inter-well space of the well plate.

4.2 FABRICATION OF MICROFLUIDIC TRANSWELL DEVICES
4.2.1 Multilayer soft-lithography

Fabrication of transwell microfluidic inserts was accomplished using multilayer
soft-lithography of PDMS replicas’, oxygen plasma for PDMS-PDMS bonding, and
silane coupling for PDMS bonding to membranes. The device was assembled from 4
parts including an injection-molded plastic support, embedded PDMS replica, a thin
PDMS layer, and a track-etched membrane (Figure 4.5). For fabrication of master
molds, silicon wafers were spin-coated with SU-8 2000 series photoresists (Microchem
Co., Newton, MA) and photopatterned using multilayer photolithography. For the master
mold to the embedded layer shown in Figure 4.5(b), a 75 um thick layer was spin-coated
using SU-8 2075 at 3000 rpm to define the inlet and outlet channels. After post-exposure
baking of the first layer, a second layer of 100 xm was spin-coated using SU-8 2075 at

2125 rpm to pattern the low-resistance channel that feeds flow to the membrane and to a
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common outlet. The master of the thin PDMS replica layer (Figure 4.5(c)) was designed
to produce a perforated PDMS layer through exclusion-molding technique’. The features
for the molding of the gradient delivery channels were patterned with a 200 ym thick
layer of SU-8 (produced by spin-coating SU-8 2075 at 2125 rpm and pre-baking twice).
Next, an additional 200 xm thick layer was spin-coated to pattern the vias and boundary
features (see Figure 4.7(b)). After photopatterning, post-exposure baking, and
development of the SU-8, masters were hard baked at 150 °C on a hotplate. Masters
were then treated using several drops of a fluorinated-trichlorosilane (#448931, Sigma,

St. Louis, MO) in a desiccator under house vacuum.

(a) Transwell support (b) embedded PDMS replica

(d) membrane
~ D
Figure 4.5: Multilayer soft-lithography and plasma bonding assembly of devices. (a) A
transwell insert plastic support. (b) A microchannel featured PDMS replica
is embedded in the plastic transwell support. (c¢) A thin PDMS layer is
produced using exclusion molding technique. (d) A track-etched membrane
is modified using a bis-amino silane method to render it reactive with

oxygen plasma treated PDMS for hydrolytically stable bonding of the
complete device.
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4.2.2 Embedding of PDMS into plastic supports

The top microchannel layer of the microfluidic transwell insert was replica
molded to embed the PDMS into a plastic support (Figure 4.6(a)). The plastic supports
from Transwell-brand inserts were harvested by removing the track-etched membrane.
The supports were oxygen plasma treated, then the inside surface is coated with a 1%
APTES, 1% vinyl silane, 5% water, 93% methanol solution using a cotton swab and
allowed to air dry in a chemical fume hood. We found that without the vinyl/APTES
silane treatment, PDMS of the embedded layer cured within the plastic support could be
easily detached under mild force such as punching holes for inlets. Spacers of 34 mm
outer diameter and 18 mm inner diameter were made by laser cutting a stack consisting
of a .06” thick acrylic sheet and an adhesive backed 10 mil thick acrylic film. Spacers
were fixed onto the SU-8 photopatterned master to provide a pedestal for the plastic
support during molding. As a result of the spacer, the featured surface of the embedded
PDMS extends past the plastic support and nests into the 20 mm diameter miniature well
of the cover-glass bottom 6-well (Figure 4.6(b)). The silane-modified supports were
lightly dipped in uncured PDMS, placed on the spacers, and baked at 80 °C on a hotplate
to secure in place on the master mold. After curing and cooling to room temperature,
uncured PDMS (7:1) was poured onto the master to fill the support. Room temperature
curing is critical to prevent deformation of the flatness of the molded surface from heat
shrinkage. The layer is left to cure for 48 hours at room temperature on a level surface.
After curing, the device is carefully removed from the mold by prying it free with a
straight edge razor blade and lubrication with 70% ethanol and water solution. Inlets and
outlets are cored into the embedded PDMS using a 0.75 mm diameter biopsy punch
(27708798, Sigma-Aldrich, St. Louis, MO). 70% ethanol and water is injected into the

inlets and outlets to rinse away any remaining PDMS debris.
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Figure 4.6: Embedding of microchannel layer in plastic supports. (a) Plastic transwell
supports modified with a coating of vinyl/APTES silane are placed on
spacers to embed a thick micromolded PDMS layer. (b) After curing for 48
hours at room temperature, the layer is removed from the wafer. The
‘molded features’ extend an additional 1.8 mm beyond the edge of the
Transwell support in order to define a 250 um separation distance between
the final device and the cover-glass of the 6-well plate.

4.2.3 Exclusion molding of thin PDMS layers

The thin PDMS layer was produced with 400 ym tall vias and 200 pgm tall
microchannel features using exclusion-molding technique (Figure 4.7). The master mold
was placed on 4 sheets of polyester film on a 4” diameter, %" thick steel disc. Uncured
PDMS (7:1) was mixed, degassed, then poured onto the master, and degassed again to
remove any residual air bubbles from the features. A sheet of polyester film was placed
onto the uncured PDMS taking care to prevent trapping of air. Using a straight edge
razor blade, the surface of the film was smoothened against the SU-8 features of the
master. Next, 4 additional sheets of polyester film and a 4 diameter, 1/8” thick acrylic
disc were stacked on top of the mold to add compliance to the stack. Finally, another
steel disc was placed on top and the assembly was compressed using a no-twist C-clamp
(#5046A18, McMaster-Carr, Santa Fe Springs, CA). The mold was allowed to cure

overnight at room temperature before baking for 1 hour in a convection oven at 70 °C.
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Room temperature curing was used because PDMS cured at elevated temperatures
shrinks after cooling causing problems with registration of layers. Upon disassembly of
the molding apparatus, the PDMS layers were cut out from the master using a sharp blade
and placed onto a clean sheet of polyester film in preparation for plasma bonding. Care
must be taken to ensure air bubbles and dust do not deform the flatness of the PDMS

layer when applied to the film, so this step was done in a clean room.

Figure 4.7: Exclusion molding of thin PDMS layers. (a) Photograph of the SU-8
photopatterned silicon wafer. (b) Enlarged view of a single mold. The
circular boundary perforates the layer to assist de-molding. (c) The
complete exclusion molding assembly. The large weigh boat catches the
uncured PDMS that is displaced during clamping.

4.2.4 Plasma bonding assembly and silane coupling of membranes

Transparent PET track-etched membranes with 1.0 ym pore size and 1.6x10"
pores m” (BD Bioscience, #353102) were activated with oxygen plasma using 60 W,
670 mtorr, 60 sec, and 40 kHz RF from a Zepto plasma system (Diener Electronic
GmBH, Ebhausen, Germany). Oxygen plasma treated membranes were treated in a
solution of 2% bis-amino silane, 1% water, and 97% IPA solution at 80 °C on a hotplate
as described in Chapter 3. After treatment, the silane modified membranes were cured
for 30 min in a convection oven at 70 °C, then soaked in 70% ethanol in water solution
for 30 min while the PDMS layers of the device were assembled. The PDMS layers were

assembled using oxygen plasma to bond the exclusion and embedded layers (Figure
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4.5(b-c)). After curing for 5 min at 80 °C, the devices were allowed to cool then
activated with oxygen plasma once again and bonded to the silane modified membranes
while wetted with a small amount of 70% ethanol in water solution to facilitate
positioning and optimal contact with the PDMS. The surface of the membranes were
dried using a compressed N, air gun, and then the devices were placed in a convection
oven to cure at 70 °C. After curing, the excess membrane around the perimeter of the

PDMS was removed using dissection tweezers to complete the devices.
4.3 DESIGN OF MEMBRANE MICRO-FLOWS

4.3.1 Hydraulic-electric circuit analogy

The design of microfluidic transwell insert was conceptualized using the
hydraulic-electrical circuit analogy based on the similarities of the Hagen-Poiseuille’s
law for the flow of fluid and Ohm’s law for the flow of current. For generating wide
concentration gradients with the microfluidic transwell insert we desired a microfluidic
circuit in which the flow delivered through the track-etched membrane was uniform
along the length of the delivery microchannels. In the ideal scenario, shown in Figure
4.8(a), each pore of the track-etched membrane can be considered to have equal flow, so
that multiplying by the number of pores gives the total membrane flow:

I;m = I,pA €y

where Ip is the flow through an individual pore, /m is the total membrane flow, g is the
porosity of the membrane, and A is the area of the membrane. For uniform membrane
flow the delivery channel must be designed to have significantly less hydraulic resistance
than the membrane such that the pressure applied to each pore is equivalent. We can

evaluate this situation by calculating the hydraulic resistances of our device. The
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hydraulic resistance of the track-etched membrane can be calculated from the equivalent
resistance of the individual pores in parallel:

1 1 1 1
= —+ —++ — (2)
Rmem Rl RZ Rn

Knowing that individual pores of the track-etched membrane are largely homogenous in

diameter and length due to the track-etching process, we assume

Rpore = Rl = RZ = Rn (3)
Simplifying Eq. (2) and (3) we can define the resistance of the membrane:

1 n

Rmem Rpore

_ Rpore
Appore

(4)

Rmem

The resistance of an individual pore is calculated from the resistance of a circular pipe:

8uL
Rpore = W (5)

where the p is the viscosity, L the thickness of the membrane, and R the radius of the
pore. Given the 1.0 pm pore diameter and 12 ym thickness of a BD falcon brand track-

etched membrane used for the devices, we calculate the resistance of a single pore as:

P 8uL  8-1x107%-12x107°
pore — gR4 T m(500%x107°)*

kg @

= 4.89x10" 7

mts
For the microfluidic transwell insert, the area of the membrane that receives flow from
one inlet is 8 mm long and 350 xm wide with circular ends. The nominal membrane area

is 2.896 x 10° m’. Solving Eqs. (4) and (5) using the area of the membrane and the

orosity, 1.6x10'° pores m?, we calculate the resistance of the membrane for one inlet as:
p y p
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 Rpore _ 4.89x10%7
Appore  2.896X1076 - 1.6x1010

Rmem

(8)
= 1.06x1013 XL
m=s
For the delivery microchannel we use the equation for the hydraulic resistance of a

rectangular microchannel®:

R 12ulL
a= h {192\ woo 1
wh? (1= () Ziass tan h () ®)
Calculating Eq. (9) for w =350 ym, h =200 ym, and L = 8 mm, we determine that
kg
R; = 3.44 x1010 E (10)

Comparing the results of Egs. (8) and (10) shows that resistance of the membrane is 3
orders of magnitude greater than the resistance of the membrane. By this design, the

pressure along the length of the delivery channel, P,,,, is insensitive to the flow lost

through the membrane and uniform. Therefore, we can simplify our hydraulic circuit
model by ignoring the pressure drop in the low resistance delivery channel. The diagram
in Figure 4.8(b) shows how the hydraulic circuit is simplified by this situation. The
actual microfluidic transwell insert shown in Figure 4.2 has 2 inlet and delivery
channels, so we can model the flow by combining 2 circuits in parallel as shown in
Figure 4.9. Following a similar logic for the negligible resistance of the delivery channel
compared to the membrane, we have designed a connection between the 2 inlets that is
low resistance. This ensures that the membrane area supplied by each inlet is at the same
pressure and simplifies the fluid routing with a common outlet.

While having the resistance of the delivery channels much higher than the

membrane is desirable for uniform flow delivery, we also require non-trivial resistance at
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the outlet to drive enough flow through the membrane. The pressure at the membrane

can be defined using the conservation of energy according to Kirchhoff’s laws:

P — . Rout (OS)Rmem
mem A p o+ (0.5R,0m (11)

For our design, we have an outlet microchannel with dimensions w = 100 ym, h =75 ym,

and L = 6 mm. Solving Eq. (9) we calculate the outlet resistance to be:

kg
Ryt = 1.71 XlOlZE (12)

Using the analogy to Ohm’s law, we can rearrange Eq. (11) to solve:

Pmem RO'UI

Lo = =1
mer (O'S)Rmem i RO'LLT,' + (O'S)Rmem

_, 1.71 x 1012 5
~ 7" 171 %1012 + 0.53%x1013 (13)

Imem = Ilin - 0.24
The hydraulic circuit model described here predicts that 24% of the flow applied by the
syringe pump will escape through the membrane.
We can extend the analysis further to describe the membrane with Darcy’s law:

 kAPrem

Imem - ,uL (14)

where for one delivery channel, [,,,.,, is the flow, y is viscosity, A is area of membrane, L
is thickness of the membrane, P, is the pressure drop, and k is the permeability

parameter of the membrane. Rearranging Eq. (14) using Ohm’s law we define k as:

Lnem — R — &

Prem mem - kA

o (15)
RmemA
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Simplifying Eq. (15) further using Eqs. (7) and (8), the permeability parameter can be
described as a function of the porosity and pore radius as follows:

_ mpR*
k=—3 (16)

Solving with the 1.0 ym pore diameter and porosity of 1.6x10" pores m?, we can
calculate the permeability parameter, k = 3.927x10"'° m*>. This parameter is important for
modeling the bulk properties of the track-etched membranes since it describes hydraulic
conductivity independent of the area and thickness of the membranes used. In the
following section, we will utilize this parameter in FEM simulations to predict the full 3D

flow and molecular transport of the microfluidic transwell devices.

(a) P (b) Pmem
[ in ‘/ ] out [in R in out
low R microchannel ” @ VA g[ AA%
l l l l l l l Rmem
I, (membrane flows) N

Figure 4.8: Hydraulic circuit for microfluidic transwell flows depicting the flow
network for one inlet. Syringe pump driven flow is indicated by 7;,. Flow
entering the circuit at the inlet can either pass through the membrane or
through the outlet of the device. (a) The membrane can be modeled as a
series of parallel conduits that connect to ground in parallel with the
resistance of the outlet microchannels. (b) The low resistance microchannel
supplying flow across the membrane is 3 orders of magnitude lower in
resistance compared to the membrane; therefore it is negligible and each
pore can be treated as the same pressure. This simplifies the model to a
single high resistance path in parallel with the outlet resistor.
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(a) Independent channels (b) Common outlet

Figure 4.9:

I

mem, 1 = Imem,Z

Hydraulic circuit for a microfluidic transwell device with 2 inlets and a
common outlet. (a) Independent hydraulic networks. (b) Each network can
be connected via a low resistance bridge to establish the same pressure at
each portion of the membrane and ensure that equal flow is delivered.
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4.4 FINITE-ELEMENT MODELING OF DEVICES

The finite-element modeling software, COMSOL Multiphysics, was used to
predict and analyze 3D models of the microfluidic transwell insert. Using this approach
time dependent and steady state models were solved to describe the fluid velocity and
molecular transport controlling the generation of microfluidic transwell gradients.
Importantly, models were used to study the effects of device geometry, flow rates, and
diffusivity on the ultimate gradient shape and time dependence. Simulations were
computed on a MacBook Pro with a 2.3 GHz Intel Core 15 processor, 16 GB RAM, and a

solid-state drive.

4.4.1 3D finite-element model and method

The Free and Porous Media Flow physics module was used to simultaneously
solve for the free flow in both the microchannels and 6-well, and porous flow in the
track-etched membrane for the microfluidic transwell devices. The Free and Porous
Media Flow module approximates the physics at the interface between the free flow and
porous regimes using the Navier-Stokes and Brinkman equations in a single domain
model as described by Bars and Worster’. The velocity field and pressure gradient are
treated as continuous across the transition from free flow to porous flow. It is possible to
couple the free flow interface to a separate Darcy’s law interface using a multi-domain
Stokes-Darcy model’, but the relatively small dimension of the track-etched membrane
(12 pm) compared to the surrounding fluid channels demands attention to the transitional
flows that are approximated by the Brinkman equations. The simulated region includes
the device microchannel network and the 20 mm diameter-external fluid space of the 6-

well plate surrounding as depicted in Figure 4.10.
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Figure 4.10: Contextual diagram of the simulated region and FEM geometry. (a) The
model represents the fluid flow of the device microchannel network and the
external fluid space between the membrane and the cell culture surface of
the 6-well plate. (b) The boundary conditions for the simulation assume
defined inlet flows /,, with normalized concentrations of C; = 1 and C, = 0.
The edge of the fluid space and the outlets microchannels are set to P, = 0
and open for convective flux of the transported species. Walls are defined
with a no slip condition. Separating the gradient channels and the fluid
space is a 12 um thin domain of the same area that defines the track-etched
membrane flows using the permeability parameter, & = 3.927x10"'° m”.

Global parameters used in the model were density p = 1x103kg m~3, dynamic
viscosity ¢ = 1x1073Pa s, and membrane permeability k = 3.927x1071® m?. In
general, to solve 3D flow problems it is important to minimize the complexity of the
model or else utilize powerful computing resources in terms of memory or computation
time. Ideally, the model can be solved using one of the direct solvers in COMSOL to be
computationally efficient; however, the mesh must be optimized. For the geometry of the
microfluidic transwell, there are features at small dimensions (e.g. the track-etched
membrane thickness) and large dimensions (e.g. the external fluid space) that add to the
difficulty in discretizing the model. In addition, the sharp corners present at the
intersections of the membrane with the external fluid space are difficult to resolve with
course meshes. FEM problems with multi-scale geometries will suffer from a large

number of mesh elements when using automatic meshing in COMSOL. A solution is to
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define mesh control entities in the geometry for improving transitions from fine to course
mesh sizes and reducing the overall model complexity and ultimate solving time
(Figure 4.11). With this mesh we solved the velocity field using the PARDISO direct
solver with 211,210 mesh elements and 932,967 degrees of freedom in approximately
58 min. To test for possible mesh dependence and compare solution times, we solved
using the iterative solver, GMRES with Geometric Multigrid, for 411,016 mesh elements
and 3,208,929 degrees of freedom in approximately 4 hours. Results produced by the
iterative and direct solvers did not differ in their overall flow profiles.

The results in (Figure 4.12(a-b)) describe the velocity field at a distance of 5 ym
from the cell culture surface. Importantly, the flow velocities near the cell culture surface
are low (~0-7pymmin') in comparison to the delivery microchannel
(~0-8.5%10° ym min~"). Characteristically, the flow decelerates as it moves further from
the delivery channels into the larger space of the well. The center of the device forms a
stagnation point due to the opposing flows (depicted as streamlines). Since the gradient
delivery microchannel is of significantly lower resistance than the outlet and the
membrane, the pressure is uniform within the membrane domain (Figure 4.12(c)).

The flow shown in Figure 4.13(a-b) originates from the membrane via the
delivery channels. A pseudo-stagnation point is also formed along the cell culture
surface beneath the edge of the delivery microchannels. Adjacent to this region, the
majority of flow directly originating from the membrane impinges on the surface and
curls away from the center of the device. The regions of relatively high convection are
an unlimited source or sink due to convective transport of soluble factors from the
delivery channels and the membrane. In contrast, the region between the 2 delivery

channels receives significantly less flow.
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The Transport of Diluted Species physics module for Fick’s law was used to
model the concentration profile resulting from the convection and diffusion. The velocity
field obtained with either of the previously described methods was coupled to the
convection physics. The concentration gradient generated at distance of 5 ym above the
surface is shown in Figure 4.13(a-b). A cross-sectional plot of the concentration in the
y-z plane is shown in Figure 4.13(c). The plot demonstrates that the concentration is
uniform in the z-direction between the membrane and cell culture surface, an important

characteristic for imaging gradients through the bulk fluid.

(a) Geometry and mesh control (b) Complete free mesh (c) Steady state solution

Figure 4.11: Representative FEM geometry, meshing, and steady state solution for
microfluidic transwell inserts. (a) The geometry is shown with additional
mesh control entities to guide changes in mesh element size. The mesh
controls reduce the total number of elements required to achieve suitable
mesh quality. (b) Elements size grows from small to large as required by
the gradients in the velocity field. Larger gradients in the velocity field and
smaller elements are required near the no slip conditions of the walls and
especially within the microchannels and membrane domains. (c) An
example of the steady state concentration profile achieved by solving the

flow and transport physics for a flow rate of 50 uL hr™' and 6.4x10"" m* s,
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Figure 4.12: Steady-state simulation of flow in the microfluidic transwell device. The
model results are for an inlet flow rate Ij, = 50 uL hr' using the Navier-
Stokes and Brinkman equations. (b) A color map of the velocity field
U [um min™'] is shown at a distance of 5 pm above the cell culture surface.
Black streamlines indicate the direction of flow as it emerges from the
membrane via the delivery channels (white). (b) An enlarged view of the
gradient generating region of the device. The center of the device forms a
stagnation point. (c) A top view of the model predicts uniform pressure,
P = 45 Pa, within the delivery channel (shown here as red) and a pressure
drop to P = 0 along the outlet microchannel (shown as a color map). (d) A
cross-sectional view of the velocity profile across the center of the device
(at x = 0) in the y-z plane. Black streamlines designate the instantaneous
direction of flow that emerges from the membrane. At the center of the
gradient opposing flows generate a stagnation point.
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Figure 4.13: Enlarged cross-sectional profile for the steady-state flow velocity generated
in the external fluid space. The model results are for an inlet flow rate Ii, =
50 uL hr' using the Navier-Stokes and Brinkman equations. (a) A color
map of the velocity field is shown with arrows designating the direction and
magnitude of the flow velocity. (b) Uniformly distributed streamlines
emerge from the membrane (green line). At a given point along the
streamline, the tangent to the curve is the instantaneous flow direction while
the density indicates the magnitude of the flow.
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(a) Surface concentration (b) Surface concentration and flow trajectory

cell culture surface gradient center

Figure 4.14: Steady-state simulation of surface concentration for a microfluidic transwell
gradient. (a) A color map of the concentration profile produced when
inputs are C; = 0 and C, = 1. The diffusing species modeled is fluorescein
(6.4 x 10" m? s). (b) An enlarged view of the gradient region between
the negative and positive sources. Arrows represent the relative flow
velocity and direction. (c) A cross-sectional view of the concentration
gradient across the center of the device (at x = 0) in the y-z plane. The
gradient is uniform in the z-direction.

4.4.2 Time dependent simulations of concentration gradient development

The effect of having a region of higher convection adjacent to a region of low
convection (relative to the diffusion coefficient) is that the gradient is generated primarily
by diffusive transport. The scenario presented by the microfluidic transwell device is an
approximation of a linear gradient generated between a source and sink boundary
conditions, because the flow ejected from the membrane curls away from the surface as
shown in Figure 4.13. We studied the time-dependence of the evolving concentration

profile by running simulations of the Transport of Diluted Species physics module with
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time stepping against the steady-state solution for the flow. A series of concentration
profiles in Figure 4.15(a) show the evolution of the surface gradient with time. In
Figure 4.15(b) a series cross-sectional slices show the evolution of the gradient along the
y-z plane. The traces in Figure 4.15(c) characterize the gradient shape in 2 min intervals

from 0-4 hours and the final steady state solution.
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Figure 4.15: Time dependence of microfluidic transwell gradients. (a) A time series is
shown for the surface gradient of a microfluidic transwell device flowing at
50 pL hr' with fluorescein, D = 6.4 x 10" m* s'. (b) A time series of
cross-sectional slices of the concentration gradient in the y-z plane. (c)
Surface concentration profiles across the width of the gradient in 2 min
intervals from t = 0-4 hours and steady state.
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4.4.3 Parametric study of flow rate and diffusivity sensitivity

A series of models were simulated to investigate the sensitivity of the device for
flow rates and diffusion coefficients. The steady state flow was solved using the Free
and Porous Media Flow module with the direct solver as previously described using a
parametric sweep across flow rates of I, = 10, 20, and 50 uL hr' then solved for
convection and diffusion using diffusion coefficients for fluorescein, an intermediate
molecule, and BSA (D =64 x 10" m?*s",32 x 10" m?*s™, and 7.2 x 10" m*s™). The
results shown in Figure 4.16 demonstrate that there is a preferred range of flow rates for
a given diffusing species to produce a linear gradient shape. As convective forces begin
override diffusion, as is the case for slow diffusers like BSA and higher flow rates, the
gradient profile becomes more parabolic. Similarly, for fast diffusers like fluorescein, at
low flow rates diffusive mixing will flatten the gradient and raise the minimum and lower
the maximum concentrations seen at the surface (Figure 4.16(b)). Flow rates of
50 uL hr'' produce similar gradient shapes for the range of diffusing species tested. In
order to conceptualize the molecular transport within the external fluid space, we can
examine the ratio of advection to diffusion with the dimensionless local Péclet number
for different diffusing species as shown in Figure 4.17. From this analysis, it is
demonstrated that convection is the primary mode of transport at the boundaries of the
delivery channel and regions extending to the periphery of the device, whereas diffusion

is mainly responsible for the generation of the gradient.
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Figure 4.16: Convection and diffusivity dependence of microfluidic transwell gradients.

(a) A series of concentration profiles for steady-state gradients for different
diffusing species. (b) A series of concentration profiles for steady-state
gradients generated for fluorescein at different flow rates.
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Figure 4.17: Local Peclét number analysis of simulated microfluidic transwell gradients.

The local Peclét number is plotted across gradients at the (a) cell culture
surface (z = 5 pm) and (b) the center of the fluid space (z = 125 pm) for
different diffusing species at 50 uL hr'.
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4.4.4 Shear stress at the cell culture surface

For cell culture studies, it is important to consider the effects of fluid shear stress
on cell migration and cell viability. The shear stress imparted at the surface of the
microfluidic transwell is described by the equation:

ou
T= :“E (16)

where u is the dynamic viscosity, and du/dz is the change in the horizontal
component of the velocity vector with respect to the z-axis. Due to the dominant viscous
forces at low Reynolds numbers and the no-slip condition the velocity changes sharply
near the walls of the microchannels. The effect of different flow rates on the chemotactic
migration of neutrophils was reported by Walker et al.'’. They reported a migration bias
in the direction of flow for neutrophils exposed to 687 mPa or greater shear stress. For
the laminar flow gradient device used in their analysis, the flow rates required to generate
shear stress below this threshold limited the overall gradient size and the amount of space

in which to analyze responsive cells'""

. For neurons the shear stress sensitivity is much
higher; Wu et al."” used optically actuated particles to create rotational fluid shear stress
adjacent to the growth cones of axons in culture and found that as little as 1.2 mPa was
required to elicit turning in the direction of shear stress. Furthermore, Wang et al”* found
that fluid shear stress of only 7.2 mPa was enough to cause retraction of axon outgrowth.
Low fluid shear stress is essential then not only for unbiased chemotaxis results, but also
studies with sensitive cell types such as neurons. We simulated the shear stress at the
surface for the microfluidic transwell using the results of the flow velocity predicted for
50 uL hr' as shown in Figure 4.18. We found the shear stress at the cell culture surface
to reach a maximum at 2.2x10” mPa; 4-5 orders of magnitude lower than the threshold

for neutrophil migration bias and 2-3 orders of magnitude lower than the shear stress to

induce growth cone turning. Importantly, the minimal shear stress is accomplished
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without compromising the effective gradient area. In contrast, a typical approach to

reducing shear stress is to limit overall flow rate and the effective gradient area for

laminar flow mixing devices such as the type developed by Jeon et al."'
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Figure 4.18: Fluid shear stress at the cell culture surface for microfluidic transwell

gradients. (a) A color map of the fluid shear stress at the cell culture
surface. Maximal shear stresses occur beneath the delivery channels as
flows impinge on the surface after entering the fluid space through the
membrane. (b) A plot of the fluid shear stress across the gradient and its
comparison to the shear stresses reported for neutrophil migration bias and
induced growth cone turning'®'>. Local minima are the results of pseudo-
stagnation points adjacent to the delivery channels and the central
stagnation point. The maximum shear stress exerted by the microfluidic
transwell at 50 pL hr™' is 2.2x10” mPa.

4.5 OPERATION OF DEVICES

For the operation of microfluidic transwell devices, they were first treated with

oxygen plasma for 1 min using the same conditions for bonding. Immediately after

plasma activation, devices were flushed with a few mL of water using a syringe and blunt

22g dispensing needle to connect to the inlets and outlets. For cell culture, devices were

then immersed in water in a 6-well plate and UV treated for at least 2 hours to sterilize.

Flow and solutions were supplied to the devices using a Fusion Touch 100 syringe pump
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(Chemyx Inc., Stafford, TX) and 3 mL syringes with luer lock fittings, blunt dispensing
needles, and thin bore Tygon tubing (Cole Parmer, Vernon Hills, IL) as shown in
Figure 4.19. In order to connect to the device, first the top of the device is submerged
under liquid and de-bubbled by manually rinsing with a spare syringe. Then syringes are
installed in the syringe pump and primed so that liquid is dispensed from the inlet
needles. With a flow rate of 50 uL hr' applied, the inlets are submerged into the liquid
and then fitted into the device to ensure no air bubbles are trapped. For use with cell
culture mediums special care must be paid to the filling of the syringes to prevent bubbles
from accumulating. Drawing fluid into the syringe using the plunger will cause a large
amount of bubbles from being trapped in the barrel. To prevent this, syringes are loaded
by pipetting solution into the barrel and then the plunger is replaced. Air that is trapped
at the plunger is dislodged by tapping the edge of the barrel. Fluid is primed to the edge
of the luer and a sterile 0.2 ym syringe filter is fitted to maintain sterility. The loaded
syringes are stored with the filter side upward in a 4 °C fridge for several hours or
overnight. After refrigeration, air bubbles are drawn to the tip of the syringe and easily
dispensed when priming the needles and tubing. Neglecting this step with cell culture
mediums will generally result in bubbles nucleating in the tubing or syringe over the

course of an experiment.
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microfluidic transwell

L syringe pump 6-well plate j

Figure 4.19: Experimental setup for device operation, cell culture, and microscopy.
The device is fed through two 3 mL syringes, 22g dispensing needles, and
small bore Tygon tubing. The apparatus is simple enough to be transported
between cell culture hoods and microscopy stations. A primed and
connected device can be stored in a fridge until needed or additionally UV
treated to maintain sterility between successive experiments.

4.6 CHARACTERIZATION OF DIFFUSIBLE GRADIENTS

Images were collected using a Nikon TE-Eclipse model inverted microscope
equipped with automated objectives, fluorescence filter turrets, translational stage, and z-
positioner (Nikon Instruments, Melville, NY). Images were acquired with a 12-bit
cooled CCD camera (ORCA-ER, Hamamatsu, Japan). Nikon Elements-AR software was
used to control acquisition and peripheral devices. A Perfect Focus System (PFS)
module enables rapid, automated focusing through the detection of the fluid-cover glass
interface of 6-well plates. Large surface area (20 mm diameter), phase-contrast and
fluorescence images were stitched from large arrays of overlapping fields of view. An
important feature, the PFS enables rapid acquisition of a large number of images in
combination with the translational stage to generate time-lapse image sets. For on-stage
incubation and imaging of cells, a Live-Cell stage insert (Pathology Devices) was used

with CO,, and temperature control.
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4.6.1 Orange-G for characterization of surface-level gradients

Surface-level gradients were quantified using an imaging technique for adapting
regular epi-fluorescence microscopy to collect surface-level intensity'*. We can limit the
penetration length of the excitation light into our sample by flowing a mixture of non-
fluorescent and fluorescent dyes, Orange-G and fluorescein, respectively. The dyes are
chosen because Orange-G absorbs strongly at the excitation wavelength (490 nm) and
weakly at the emission wavelength of fluorescein (540 nm). In combination, the dyes
compete for a finite amount of excitation energy. With a concentration of 40 mM for
Orange-G the characteristic penetration length is approximately ~4.9 wm (for which the
excitation light intensity is 1/e times the incident intensity of the excitation light)". Since
the intensity of the excitation light decays exponentially as it penetrates the solution, 95%
of the collected emission light is from within ~15 pm of the surface of the well plate.
Using this technique, we characterized the stability and uniformity of the device by
imaging over a large area of approximately 25 mm square area as shown in Figure 4.20.
Gradients evolved to steady state at around 1 hour and demonstrated long-term stability
(here shown at 19 hours after continuous imaging and driving flow of 50 xL hr'). A
comparison of the fluorescence intensity profiles taken across the gradient for every
2 min during evolution of the gradient shows strong similarity between the results of the
time dependent FEM simulations (Figure 4.20(c-d)). In other instances, devices
operated for up to 65 hours showed similar stable gradient profiles after placing on the
microscope stage and collecting surface-level fluorescence images. A feature of the
modular design, the gradients can be altered rapidly by repositioning the device or
removing the device altogether. In Figure 4.21 the device was repositioned at different

angles by simply rotating the device relative to the original position in the 6-well plate.
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Figure 4.20: Characterization of the microfluidic transwell gradients using surface-

fluorescence. (a) A large area bright-field image shows the area of interest
and position of the delivery channels for the positive and negative gradient
solutions that flow into the fluid space between the device and the well-
plate surface. (b) A time series showing the evolution of the surface
gradient for the region of interest shown in (a). Att=0 min, the device was
inserted into the well while flowing at a rate of 50 pL hr'' (c¢) Fluorescence
intensity profiles were plotted along the y-axis in the position indicated in
(a) for 2 hours in 2 min increments. (d) The COMSOL simulation predicts
a similar behavior for the evolution of the gradient profile with time.
Vertical dotted lines indicate the position of the midpoint of the delivery
channels with respect to the y-axis.
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Figure 4.21: Demonstration of tunable gradients through rotation of the device. The
series of surface-fluorescence images were taken at different rotational
positions after allowing 30 min for the gradient to evolve using fluorescein
and Orange G solutions.

4.6.2 Diffusible Tracers for Epi-Fluorescence Live-Monitoring

The surface-level fluorescence technique described previously was used as a
general method for characterizing different device designs and operating parameters;
however, it is not suitable for cell culture applications because the Orange G dye is
cytotoxic at the concentrations used. An important feature for this device then is the
ability to monitor the state of the gradient without the use of surface-level fluorescence or
confocal microscopy. Since the concentration is uniform in z-direction of the device (see
Figure 4.14(c) and Figure 4.15(b)) and the delivery microchannels are at the edges of
the gradient space, the emission light collected from regular epi-fluorescence is linearly
related to the surface concentration in the gradient region. Therefore, regular epi-
fluorescence microscopy was used with fluorescently conjugated tracers to observe the
development and steady state profiles for gradients generated with diffusing species of

different molecular weights (Figure 4.22).
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Figure 4.22: Live-monitoring of microfluidic transwell gradients using fluorescent
tracers. (a) A large-area stitched epi-fluorescence image taken after 24
hours with 5 pM 10 kDa dextran-Cy5 in the lower channel and the device
operated with Q = 50 pl hr''. (b) The fluorescence intensity profile of the
gradient reaches steady state at approximately 90 min. (c) The gradient
profile is plotted in five 2 mm increments along the length of the § mm
delivery channel to demonstrate lateral uniformity. Similarly, the gradients
generated for a BSA—Alexa488 conjugate show (d) steady state gradients,
(e) evolution in 90 min, and (f) lateral uniformity.
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4.7 APPLICATIONS OF MICROFLUIDIC TRANSWELL INSERTS TO CELL AND TISSUE
CULTURES

The modular design of the microfluidic transwell insert affords broad applicability
to cell and tissue cultures that can be prepared and maintained in conventional 6-well
plates. Biological samples can be prepared using conventional technique before
interfacing with the device to apply chemical gradients. The clear optical properties of
the PDMS and PET materials used in the device allow for phase-contrast microscopy and
imaging of individual cells. To demonstrate the low shear and large-area gradients we
sought to observe unbiased chemotaxis by tracking the migration of a large population of
cells. Additionally, we demonstrate application to neuronal tissue explants that are
sensitive to shear stress and typically impossible to culture in an enclosed microchannel

due to their large size (0.5-1 mm diameter).

4.7.1 HL-60 cell culture and device preparation

We used the promyelocytic leukemia HL-60 cell line which can be differentiated

to a neutrophil-like phenotype'®"

. HL-60s were obtained from American Type Culture
Collection (Manassas, VA). Cells were grown and sub-cultured using RPMI 1640 with
L-glutamine, 25 mM HEPES, and phenol red which was supplemented with 10% heat-
inactivated fetal bovine serum and 1% antibiotic-antimycotic. Cells were propagated at
initial concentrations of 0.1-0.2x10° cells mL™" and passaged every 3-4 days before they
reached 1x10° cells mL"'. For differentiation, cells were passaged into fresh medium
with 1.3% dimethyl sulfoxide at 0.1-0.2x10° cells mL" and cultured for 4-7 days during
which cells adopt a granular and irregular morphology. For chemotaxis assays, Gey’s
medium was prepared using the formulation in Table 4.1. Glass-bottom 6-well plates

were treated with 1 g mL" human fibronectin (FC010, Millipore, Billerica, MA) for

15 min at room temperature. Wells were rinsed once with PBS solution then blocked for
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15 min with 1% endotoxin-free BSA (Rockland Immunochemicals, Gilbertsville, PA).
We observed that neglecting the blocking step with the 1% BSA solution or using higher
concentrations of fibronectin resulted in over-adherent cells that could not sufficiently
migrate. After blocking, the solution was aspirated and 200 xL of 20 nM fMLP in Gey’s
medium (F3506, Sigma-Aldrich, St. Louis, MO) was added to the well. 200 uL of cell
suspension was dispensed into the well with the fMLP solution and allowed 15 min for
cells to activate and attach to the surface. After attachment, the well was rinsed with
3-4 mL of fresh Gey’s medium by gently rocking the plate and gentle aspiration.
Remaining cells were covered with 2 mL of 0.2% BSA in Gey’s medium in preparation
for interfacing with the microfluidic transwell insert. The BSA facilitates cell motility by
competing with the attachment of the cells to the coated surface.

Devices were operated as described earlier with 0.2% BSA in Gey’s medium and
driving flow at 50 xL hr'. For the gradient source syringe, 100 nM fMLP was used with
1 ug mL"' of 3 kDa Dextran-Alexa488 to monitor the gradient. Typically, during
preparation of substrates, the devices were setup and characterized using epi-fluorescence
in a spare well-plate. When the cells were ready, the devices were transported to the cell

culture hood and applied to the HL-60s in the sterile environment before imaging.

o e —— Mol. Wt. Molarity Conc. Conc. No. .Of Osmolarity
(g/mol) (mM) (g/L) (mg/L) particles  (mOsm/L)
KCl 74.551 6 0.447306 447.31 2 12
MgCl, 95.21 1 0.09521 95.21 3 3
HEPES 238.3 20 4,766  4766.00 1 20
Na,HPO, 141.96 1 0.14196 141.96 3 3
NacCl 58.442 138 8.064996 8065.00 2 276
D-Glucose 180.16 5 0.9008 900.80 1 5
CaCl, 110.983 1 0.110983 110.98 3 3

Table 4.1:  Formulation for Gey’s medium used in HL-60 chemotaxis assays.
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4.7.2 Tracking of neutrophil migration and chemotaxis

Time-lapse images of HL-60s underneath microfluidic transwell gradients were
collected at 30 second intervals using a Nikon TE-Eclipse as described earlier.
Automated large-area image stitching was used to generate a composite image of 24
fields of view with 15% overlap using the 10X objective for phase-contrast and epi-
fluorescence (Figure 4.23(a)). Automated shading correction was enabled in the NIS-
Elements software to correct for non-uniform illumination of both phase-contrast and
fluorescence images. 12-bit tiff images were collected with a bin of 2 that were sufficient
to resolve single cells as shown in Figure 4.23(b). Time-lapse image series of 1.5 hours
in length were collected for experiments applying gradients of 100 nM fMLP and
controls with either uniform 100 nM fMLP or no fMLP. The fluorescence images were
used to verify the development of the fMLP gradient and equivalent flow conditions for

the controls in which a tracer was still used (Figure 4.24).

Figure 4.23: Large-area image stitching for time-lapse tracking of HL-60 migration
during chemotaxis experiments. (a) A large-area stitched image was
acquired every 25 seconds by capturing the composite of 24 individual
fields of view using the motorized translation stage. (b) The cells are
visible in phase-contrast for a single field of view captured using the 10X
objective. High contrast, large-area imaging, and sufficient time resolution
is essential for the automated tracking of individual migrating cells.
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(b) 3kDa Dextran-Alexa488 tracer
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Figure 4.24: Monitoring of the 100 nM fMLP gradient with a fluorescent tracer during
time-lapse of HL-60 chemotaxis. (a) A reference image showing the
detected cells for a field of view spanning the length of the gradient and a
time series of fluorescence images monitoring the 3 kDa Dextran-Alexa488
tracer. (b) The fluorescence intensity profiles corresponding to the time
sequence demonstrate the evolution of the gradient.

Image processing and automated tracking of cells

Image processing and automated tracking of cell migration was accomplished in
the FIJI package of Image J. First, the phase-contrast tiff images were processed using
edge detection to enhance local regions of sharp changes in intensity as shown in
Figure 4.25(a-b). Next, images were despeckled to remove small diameter regions of
high-intensity that result from background noise (Figure 4.25(c)). Finally, a Gaussian
filter is used to smooth the images and fill in the low intensity “hole” from the center of
the cell bodies. The final result, shown in Figure 4.25(d), is a dark image with intensity

maxima located roughly where the cell center was located in the original images.
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Figure 4.25: Image processing setup for automated identification of cell bodies with
Image J. (a) A cropped view of an original phase-contrast image taken at
10X. (b) The edge detected image enhances sharp changes in contrast. (c)
The despeckle filter is applied to remove small diameter and high intensity
noise from the background. (d) A 4 pixel diameter Gaussian filter is
applied to smooth the image and enhance identification of the cell bodies
from high intensity regions. Scale bar is 100 um.

TrackMate automated tracking of cell migration

The processed images were assembled as a stack of tiffs and analyzed using the
TrackMate plugin developed for Image J based on the algorithm described in

Jagaman et al."®. The algorithm using a mathematical framework referred to as the Linear
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Assignment Problem (LAP). TrackMate first identifies spots in each image of the stack
based on the estimated diameter of the cells (20 ym) and a threshold value for the
minimum intensity. The Otsu method was applied using the built-in plugin to determine
the optimal value for the threshold fed into TrackMate. For the full large-area stitched
image, it took approximately 1-1.5 hours for spot detection in a stack of 200 images.
Next, the plugin solves the LAP by linking spots between frames based on several
parameters for the entire image sequence (Figure 4.26). We used a frame-to-frame max
linking distance of 20 ym, and a gap-closing distance of 50 ym for a maximum duration
of 5 frames. Gap-closing enables linking spots between frames when the cell drops out
of detection for a few frames. An example sequence of the TrackMate tracking for

crowded cells is shown in Figure 4.27.

Figure 4.26: TrackMate plugin generated tracks for HL-60 cells and a 100 nM fMLP
gradient. The color of the tracks represents increasing total displacement
from blue to red in color.
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Figure 4.27: A TrackMate sequence showing the tracking of cells in crowded regions.
The sequence of filtered (left) and phase-contrast (right) images is shown in
5 min intervals with the trace of the target cell shown in red for the last 50
frames. Detected spots are red circles. The TrackMate plugin loses
detection for the red trace at frames t = 10, 15, and 25 min, however the gap
closing capability resolves the trace by connecting segments even when
cells pass through crowded areas. The scale bar is 50 um.

Statistical analysis of chemotaxis parameters

After generating tracks, the plugin can output the data to an Excel file with the
spot locations for each track generated. This file was then fed through a custom
MATLAB code to sort and reformat the data so that the coordinates are sorted by frame
for each track. The sorted data was then loaded into another freely available Image J
plugin, the Chemotaxis and Migration Tool (Ibidi GmbH, Germany). Using the plugin,
the full traces were filtered to remove non-migratory cells by applying a threshold of at
least 10 ym in total displacement. The cumulative trajectory plots for the gradient data

and the controls are shown in Figure 4.28. From a total of 282 cells observed in the
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gradient, 208 migrated in the direction of the higher concentration of fMLP or 74% of
cells. In comparison, an even distribution was seen for uniform fMLP and no fMLP with
51% and 50% of cells moving in direction of the negative y-axis (implying no directed
response). We applied the Rayleigh statistical test for a circular distribution of points and
found a low p-value (p < 0.001) indicating an irregular distribution. Controls did not
have significant p-values (Table 4.2). We applied further statistical analysis of various
chemotaxis parameters as described by Zengel et al.”” for the measure of forward
migration index (FMI), directedness, velocity, and total displacement of cells for each
condition. The FMI for the x- or y-axis is calculated from the ratio of the vector
component of that axis for the final displacement divided by the total accumulated cell
path. The directedness is calculated from the ratio of the vector displacement to the total
accumulated cell path. An unpaired Student-t test was applied between each condition as
shown in Figure 4.29. The mean FMI, directionality, and total displacement for the 100
nM fMLP gradient group were statistically significant (p < 0.0001). The mean velocity
of the gradient and uniform group were statistically significant (p < 0.0001)
demonstrating that fMLP stimulates motility even in the absence of a gradient. The FMI,
directionality, and total displacement were not statistically significant between the two
controls indicating that cells exposed to uniform fMLP tended to meander even though

there overall migration speed and accumulated distance was greater.
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Figure 4.28: Trajectory plots for 100 nM fMLP gradient and controls showing the

cumulative traces of each individual cell tracked. (a) The red traces
designate cells which migrated down (towards higher fMLP for the
gradient) and black for cells which migrated upwards. The cumulative
traces for controls with (b) uniform 100 nM fMLP and (c) no fMLP show
even distribution of cells migrating in either direction.

" Total number Number of cells p-value
Condition . . . .
of cells migrated in y-axis (Rayleigh test)
gradient +|- n=282 +74/-208 p =2.36x10 -28
uniform +|+ n=379 +184/-195 p=0.69
neutral -l- n=127 +64/-63 p =0.54
Table 4.2:  Results of chemotaxis and control experiments with the Rayleigh test for a

circular distribution.
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Figure 4.29: Statistical analysis of chemotaxis for HL-60 migration experiments. (a) The

forward migration index measures effectiveness of migration in a particular
direction for the y-axis or x-axis. (b) The directionality is a measure of the
straightness of the cells trajectory relative to the final position. (c) The
average velocity. (d) The vector displacement. (e) A schematic of a single
trajectory showing the vector and cumulated displacement on the left and
different directedness ratios on the middle and right. Whiskers indicate the
95% confidence intervals and (*) indicates p < 0.0001.
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4.7.3 Application to Retinal Explant Tissue Cultures

Retinal explants were harvested from timed pregnant mice supplied by Charles
River Laboratories. Pregnant mice were dissected in accordance with a protocol
approved by the University of Washington Animal Care and Use Committee. The eyes
of the E15 pups were enucleated while immersed in artificial cerebral spinal fluid
(ACSF) while bubbled with 5% CO,, 95% O,. The retinal pigment epithelium, the lens,
and the vitreous humor were extracted to reveal the intact retina tissue. Retinas were
fragmented into quadrants and plated onto glass-bottom 6-wells that were coated with 25
ug/ml poly-d-lysine and 12.5 pg/ml laminin overnight at 4 °C. Medium used for retinal
culture (Neurobasal, 2% B27, 1% N2,2 mM GlutaMAX, 1% antibiotic-antimycotic) was
supplemented with 0.4% methylcellulose. Methylcellulose increases the viscosity of the
medium and assists in maintaining attachment of the explants. For normal cultures as
shown in Figure 4.30, the addition growth factors, 50 ng mL"' brain-derived neurotrophic
factor (BDNF) and 10 ng mL™" cilliary neurotrophic factor (CNTF), were added to

medium as described by Barres et al.*

Figure 4.30: E15 mouse retinal explants after 40 h cultured with BDNF and CNTF
growth factors. Large-area stitched images are shown after edge detection
to enhance neurite contrast. The scale bar is 250 pm.
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In a preliminary study, we applied the microfluidic transwell device to an E15
embryonic mouse retinal explant cultured using conventional methods but without the
addition of growth factors. The explant was cultured in a glass-bottom 6-well plate using
standard culture protocol for 3 days in vitro before the device was applied to generate a
gradient of 50 ng/ml BDNF and 10 ng/ml CNTF for the duration of 12 h as shown in
Figure 4.31. Large-area stitched images where taken with a time-lapse to observe the
resulting neuronal outgrowth. Since the microfluidic transwell is modular by design, we
tested the effect of disrupting the outgrowth by removing the device, agitating the
surrounding medium, and applying a new gradient of 20 M Sp-8-Br-cAMP (Santa Cruz
Biotechnology, CA) (Figure 4.32). Sp-8-Br-cAMP is a cell membrane permeable cyclic
adenosine monophosphate (cCAMP) analog”. We chose cAMP because it is a key
mediator of growth cone responses to a number of extracellular guidance molecules and

previously implicated in micropipette-based studies with single neurons'**.

Figure 4.31: Application of a microfluidic transwell gradient of BDNF and CNTF growth
factors to a retinal explant cultured 3 days in vitro.  (Left) large area
stitched images were collected over the course of a 12 h time-lapse. (Right)
An enlarged view with an edge detection filter applied to enhance contrast.
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Figure 4.32: Repositioning of the microfluidic transwell and application of a new
gradient using a cAMP analog. The device was removed and outgrowth
was disrupted by agitating the medium. The device was then reapplied with
a gradient of 20 uM. (Left) Large-area stitched images were collected over
the course of a 12 h time-lapse. (Right) An enlarged view with an edge
detection filter applied to enhance contrast.

Automated analysis of axon directionality

Analysis of axon outgrowth directionality was performed using the Image J
plugin ‘Directionality’, developed by Jean-Yves Tinevez and demonstrated by Woolley
et al.”. A selection of 681x1224 pixels was cropped from the final time point of the
BDNF/CNTF and cAMP gradients, flipped horizontally, and analyzed using the plugin
(Figure 4.33). The plugin uses Fourier spectrum analysis to calculate the preferred
orientation of structures in the image®. It then generates a histogram for the amount of
structures in a given direction with the positive x-axis designated as an angle of 0°.
From the manual, it states that images with completely isotropic content are expected to
give a flat histogram, whereas images in which there is a preferred orientation are
expected to give a histogram with a peak at that orientation. The plugin generated

statistics for the highest peak for each area analyzed (Table 4.3).
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In Table 4.3 the ‘direction’ designates the angle of the center of the Gaussian
function fitted to the peak for the histogram (Figure 4.33(c)). The ‘dispersion’ is the
standard deviation of the fitted Gaussian. The ‘amount’ is the sum of the histogram data
from the center plus and minus a standard deviation divided by the total sum of the
histogram, which is a measure of the relative frequency of objects at the peak angle. The
‘goodness’ reports the quality of fit for the data, with ‘1’ being best fit and ‘0O’ being
worst fit. The Directionality plugin calculated a peak direction angle of 0 = -3.99° for
the horizontally applied growth factor gradient and 0 = 42.1° for the gradient of cAMP
applied at 45°. This image analysis technique could be useful for analyzing large data

sets of convoluted neurite outgrowth in a computationally efficient and automated

manner.
Condition Direction Dispersion Amount Goodness
BDNF/CNTF at 0° -3.99 1.26 0.17 0.51
CAMP at 45° 42.1 1.05 0.09 0.44

Table 4.3:  Results for Fourier spectrum analysis of retinal explant outgrowth.
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Figure 4.33: Fourier spectrum analysis of neuronal outgrowth for gradients of growth
factors applied at 0° and cAMP at 45°. The images analyzed for the (a)
BDNF/CNTF gradient and (b) cAMP analog were flipped horizontally. (c)

The histogram generated by the plugin shows a distinct peak for the growth
factor gradient near at 0° and cAMP at 42°.
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4.8 SUMMARY AND FUTURE WORK

In this chapter, we have described the development of a cell culture-friendly
gradient generating device. The novel design strategy of the microfluidic transwell
device satisfies 5 important criteria for gradient generator design: (1) quantifiable
gradients, (2) large numbers of cells or tissue, (3) direct observation of cells, (4) user-
friendly operation, and (5) compatibility with conventional cell culture technique. Finite-
element modeling was used to predict porous membrane flows and resulting gradients.
The device was used to analyze the chemotaxis of HL-60 cells using direct visualization
and automated image analysis. Our results demonstrate a significant chemotaxis
response for HL-60 cells towards a gradient of 100 nM fMLP. Furthermore, the low-
shear exerted by the porous membrane flows enables the device to interface directly with
neuronal tissue explants. In a preliminary experiment, we demonstrated application of
the device to an existing retinal explant culture and demonstrated outgrowth indicative of
a gradient response. Future studies could explore application of the microfluidic
transwell for different cell types and gradient sensing biology without necessarily
changing the overall design because it interfaces simply with standard cell culture 6-well
plates. This characteristic makes the microfluidic transwell suitable for translation and
dissemination to non-microfluidic oriented laboratories. Ultimately, our contributions to
the development of microfluidic technology and in vitro gradient assay technique are

important to the further study of gradient sensing biology.
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