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ABSTRACT

Interleukin-1 (IL-1) is a multifunctional cytokine produced primarily by activated
monocytes/macrophages and by a variety of other cell types. IL-1 plays an integral role in the
immuno-inflammatory response of the body to a variety of stimuli including infection, trauma
and other bodily injuries. Once IL-1 is released from the synthesizing cell, it acts as a hormone,
initializing a variety of responses in different cells and tissues. These responses are believed to
be crucial to survival and are termed acute-phase responses. NF-κB is a family of dimeric
transcription factors that control the expression of hundreds of genes which regulate cellular
stress responses, cell division, apoptosis, and inflammation. NF-κB dwells in the cytoplasm of
the cell until activation in response to a wide range of extracellular stimuli including signaling
molecules such as cytokines. NF-κB regulates transcription and gene expression through
nucleocytoplasmic transport. Most previous studies on NF-κB activation have been performed
using bulk assays to look at populations of cells. Determining cell variance at a single-cell level
is crucial in understanding the full mechanisms of drug response. The goal of this study is to
analyze the effects of variant concentrations of IL-1β on the activation of NF-κB in individual
cells through use of a microfluidic gradient generator.
The gradient generator was adopted from Jeon et al and used principles of diffusive
mixing and splitting of flows in order create a solute concentration gradient. A soft lithography
procedure was used. Briefly, the design was printed on a transparency using a high resolution
printer. A master of the design is then created using an SU-8 photoresist and UV light to imprint
the design on a silicon wafer. The master is then used to create a Polydimethylsiloxane (PDMS)
mold of the design which can be irreversibly attached to a glass slide through oxidation in order
to close off the microfluidic channels.
FITC-conjugated β-Casein (a protein with similar molecular weight to IL-1β) was used in
order to verify the gradient generated by the design. The concentration gradient was analyzed by

measuring fluorescent intensity of images taken under a UV light microscope and found to agree
with microfluidic simulations run on COMSOL. A procedure for culturing cells in a microfluidic
device was then adapted from Jeon that is explained in detail in Chapter 3.
Two main trends were revealed; firstly, as IL-1β concentration decreased, the percent of
cells activated also decreased. Secondly, as IL-1β concentration decreased, the activation time of
the responding cells increased. Cells were observed to act in a single-cell manner; in which
multiple cells subjected to the same concentration would not all respond in the same fashion. No
major activation threshold was observed but two minor thresholds were; the first at 0.02 ng/mL
IL-1β where activation levels drop from 20% to around 5%. The second around 1 ng/mL, in
which all greater concentrations show nearly complete activation of all cells exposed.
Of the cells that activated, the activation times were recorded and analyzed as
well. In general, a decrease in IL-1β concentration caused cells to take longer to activate.
Concentrations greater than 5 ng/mL responded on average in 30 minutes with a significant
amount of variation. Between 5 ng/mL and 0.1 ng/mL, activation time increased as IL-1β
concentration decreased in a linear fashion when concentration was plotted on a base-10 log
scale. Below 0.1 ng/mL, the trend disappears and an average activation time of around 95
minutes is observed that no longer depended on concentration. This is interesting because fewer
and fewer cells are activating in this concentration range but activation time follows no trend and
remains partially stochastic with times ranging from 80 to 105 minutes.
The previous results were all observed with a continuous flow and stimulation of
the cells. Experiments were also run by only exposing the cells to the IL-1β for 10 minutes and
then replacing the flow with a buffer. These studies yielded interesting results; the fraction of
activated cells reported the same trends and values as those that were continuously stimulated.
The activation times, however, were delayed between 10 and 20 minutes but otherwise followed
the same trend as the continuous stimulation. These results suggest that a brief exposure to an
external stimulant is all it takes for the cascade of intercellular events to take place and cause
NF-κB translocation.
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CHAPTER 1. INTRODUCTION
Interleukin-1 (IL-1) is a multifunctional cytokine produced primarily by activated
monocytes/macrophages and by a variety of other cell types (John P. Cogswell, 1994). IL-1
plays an integral role in the immuno-inflammatory response of the body to a variety of stimuli
including infection, trauma and other bodily injuries. Once IL-1 is released from the synthesizing
cell, it acts as a hormone, initializing a variety of responses in different cells and tissues. These
responses are believed to be crucial to survival and are known as acute-phase responses.
NF-κB is a family of dimeric transcription factors that control the expression of hundreds
of genes which regulate cellular stress responses, cell division, apoptosis, and inflammation.
NF-κB resides in the cytoplasm of the cell until activation in response to a wide range of
extracellular stimuli including signaling molecules such as cytokines (Ray & Kennard, 1993).
Upon activation, NF-κB travels into the nucleus of the cell and regulates transcription and gene
expression within.
Microfluidics is a relatively new and emerging scientific field that began its prominence
in the early 1990’s. The field has a variety of advantages that include high performance, design
flexibility, reagent economy, miniaturization, and automation. By decreasing the dimensions of
the devices, space, time, and the amount of analyte decreases which in turn lowers cost, energy,
and materials used.
Most previous studies on NF-κB activation have been performed using bulk assays to
look at populations of cells. It is not clear if population data fully reflects how individual cells
react to a certain stimulant. Determining cell variance at a single-cell level is crucial in
understanding the full mechanisms of our biological systems and can have potential implications
in drug response.
The goal of this study is to analyze the effects of variant concentrations of IL-1β on the
activation dynamics of NF-κB in individual cells through use of a microfluidic gradient
generator as originally described by Jeon et al. (Li Jeon, 2000).
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CHAPTER 2. LITERATURE REVIEW
2.1. Interleukin 1 (IL-1)
IL-1 is the term for two polypeptides that affect nearly every tissue and organ system in
the body with large roles in inflammatory, metabolic, physiologic, hematopoietic, and
immunologic processes (Dinarello, 1991). They are classified as cytokines due to their
heterogeneous effects and are produced primarily by activated monocytes/macrophages as well
as by a variety of other cell types (Cogswell, et al., 1994). The IL-1 polypeptides are translated
as 31-kDa precursors (pro-IL-1) and are cleaved by proteases into active 17 kDa forms, α and β
(Giri, Lomedic, & Mizel, 1985). Although these two forms are distinct gene products, they
recognize the same cell surface receptors and exert the same biological effects (Dinarello, 1991).
Evidence shows that the transcription and translation of the two forms of IL-1 are distinct and
dissociated processes (Dinarello, 1991). Once IL-1 is released from the synthesizing cell, it acts
as a hormone, initializing a variety of responses in different cells and tissues. It induces the
production of acute phase proteins, prostaglandins, proteolytic enzymes, and other cytokines (IL6 and TNF-α) that mediate acute and chronic inflammatory changes. Its overproduction in a
variety of chronic inflammatory diseases seems to be correlated with disease progression,
making IL-1 a good target for intervention (Cogswell, et al., 1994).
2.1.1. Gene Structure
The sources of IL-1 include blood monocytes, tissue macrophages, blood neutrophils,
central nervous system microglia, astrocytes, endothelial cells, smooth muscle cells, fibroblasts,
synovial lining cells, dermal dentritic cells, keratinocytes, intestinal, gingival, and cervical
epithelium, blood T lymphocytes, blood B lymphocytes, lymph node cells, natural killer cells,
maternal placental cells, and newborn blood cells (Dinarello, 1991).
There are two major forms of Interleukin-1 (IL-1) that are initially synthesized as 31 kDa
precursors (pro-IL-1) and possess different isoelectric points. The form that has a pI of 5.0 is
deemed IL-1α and the form that has a pI of 7.0 is termed IL-1β. Pro-IL-1 is comprised of
approximately 270 amino acids and yields the two extracellular IL-1 cytokines of approximately
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17 kDa (Larrick & Kunkel, 1988). Data suggests that the intracellular to extracellular IL-1 ratio is
about 5:1 (Auron, et al., 1987).

Figure 2.1: IL-1 role in bacteria artherogenesis (Hoge & Amar, 2006) (Used under fair use
guidelines, 2011.)

2.1.2. Immunoinflammatory Response
Evidence shows that macrophage-derived cytokines play a crucial role as signal
transmitters during an inflammatory reaction. IL-1 belongs to a group of cytokines with
overlapping biologic properties. These are tumor necrosis factor (TNF) and IL-6. These
cytokines share the ability to stimulate T and B lymphocytes, augment cell proliferation, and to
initiate or suppress gene expression for several proteins.
In a healthy individual, there are insignificant amounts of mRNA coding for IL-1. This
changes when the body responds to infection, a dramatic increase of IL-1 production occurs in
response to microbial toxins, inflammatory agents, products of lymphocytes, complement, and
clotting components. IL-1β transcription is observed within 15 minutes of an induced toxin. Peak
accumulation of IL-1β mRNA occurs at 3 to 4 hours, is sustained for 6 to 8 hours, and then
decreases rapidly (Dinarello, 1991). These findings suggest that IL-1β is mainly effective as an
immediate response to toxins/disease.
The production and regulation of these signals are crucial to the normal cell-to-cell
communication that occurs during the initiation, maintenance, and resolution of specific foci of
3

inflammation (Larrick & Kunkel, 1988). When these signals are altered and do not function
correctly, severe consequences are seen both during exaggerated or diminished production of the
cytokines. Exaggerated production will lead to a hyperimmune response and diminished
production will lead to a hypoimmune response, both can have devastating effects. A list of
mechanisms involved in the immune response of IL-1 can be found in Table 2.1.
IL-1 has been shown to communicate directly with endothelial cells, which have large
roles in both immune responses and inflammatory processes. It induces a procoagulant stage by
suppressing endothelial cells expression of thrombomodulin and in turn transforms them from
anticoagulant participants to procoagulant participants. IL-1 also draws circulating inflammatory
cells such as neutrophils, lymphocytes, and monocytes towards these endothelial cells.
Adherence of these inflammatory cells to the endothelial cells is a critical step in the formation
of an inflammatory infiltrate at a site of tissue injury (Larrick & Kunkel, 1988).
Table 2.1: List of IL-1 Mechanisms (Larrick & Kunkel, 1988) (Used under
fair use guidelines, 2011.)
 Triggering of fever through temperature regulation


Initiates proteolysis in skeletal muscle to release free amino acids for
gluconeogenesis and the synthesis of new proteins.



Releases insulin and glucagon to influence body energy metabolism.



Causes leukocytosis and can influence neutrophil metabolism.



Stimulation of astroglial proliferation and the production of collagenase by
fibroblasts.

2.1.2. Metabolic Effects
Elevation of body temperature is one of the most primitive responses to infection. Fever
is known to be mediated by prostaglandins generated in the anterior hypothalamus. IL-1α and IL1β have both been shown to cause fever. The function of an elevated temperature is not well
understood but it is known that various immunological processes are expedited at higher
temperatures. It has been shown that the firing rates of thermosensitive units are altered
following IL-1 administration in brain cells. The activity of the warm-sensitive neurons is
4

depressed and that of the cold-sensitive neurons augmented (Blatteis, 1985). These IL-1 induced
changes occur regardless of the route of injection. The fever is caused by the suppression of heat
loss due to the inhibition of warm sensors and the facilitation of heat production by excitation of
cold sensors.
2.1.3. Effects on Central Nervous System
Studies

show

that

IL-1β

can

directly

stimulate

pituitary

cells

to

release

adrenocorticotropic hormone, luteinizing hormone, growth hormone and thyroid-stimulating
hormone (Larrick & Kunkel, 1988). This provides evidence for a feedback circuit between the
immunoinflammatory system and the neuroendocrine system. IL-1 has also been shown to play a
role in hematopoiesis. It is a potent colony-stimulating factor for bone marrow cells and
stimulates fibroblasts to release granulocyte-macrophage colony-stimulating factor.
Another effect of IL-1 on the central nervous system is its role in sleep function.
Intracerebral injections of macrophage derived from IL-1 result in an enhancement of slow wave
sleep (Stefan Bodmer, 1985). Slow wave sleep is often termed as deep sleep and consists of
stages 3 and 4 of non-rapid eye movement sleep. It has the highest arousal threshold and studies
have shown that mental performance is somewhat impaired for up to thirty minutes after a
subject is awoken from this type of sleep. Kruegar et al saw an increase in control values of slow
wave sleep of about 45% to 75% following intraventricular IL-1 administration in rabbits (James
M. Kruegar, 1985).
2.1.4. Regulation of IL-1
IL-1 is released by binding of immune complexes and phagocytosis by mononuclear
phagocytes. Several second-messenger pathways appear to be operative in mononuclear
phagocytes (Larrick & Kunkel, 1988). Initiation of the inflammatory response is accompanied by
changes in the metabolism of arachidonate acid by mononuclear phagocytic cells. Prostaglandin
E2 is produced coincidently with IL-1 which suggests that this arachidonate metabolite may
serve as a regulatory molecule. Research has shown that a rapid rise in release of IL-1 is
followed by a linear increase in PGE2. A plateau in IL-1 occurs when elevated levels of PGE2 are
found in the macrophage supernatant (Larrick & Kunkel, 1988).
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2.1.5. IL-1 Receptors
IL-1 receptors, termed IL-1R, were found to recognize IL-1 but no other cytokines. There
are relatively few receptors (200/cell) and they do not distinguish between IL-1α and IL-1β. The
signal transduction of IL-1 once it is received by the cell is not very clear. Mizel has formulated
a series of events that follow the triggering of IL-1 to either surface receptor. Those events are
IL-1 binding, activation of GTP-binding protein, increased GTPase activity, activation of
adenylate cyclase, synthesis of cAMP, protein kinase A activation, and binding of transcriptional
factors to NF-κB (Dinarello, 1991).

Figure 2.2: Actions of IL-1 and TNF (McColl, 2004) (Used under fair use guidelines, 2011.)

2.2. NF-κB
NF-κB (Nuclear Factor kappa-light-chain-enhancer of activated B cells) is a protein
complex that controls the transcription of DNA. It is found in almost all mammalian cell types
and responds to different external stimuli including cytokines, free radicals, ultraviolet
irradiation, oxidized LDL, and bacterial or viral antigens. NF-κB plays a crucial role in
regulating the immune response to infection due to kappa light chains being critical components
of immunoglobulins and in regulating hematopoiesis. Problems with regulation of NF-κB have
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been linked to cancer, inflammatory and autoimmune diseases, septic shock, viral infection, and
improper immune development (BC Albensi, 2000) (MK, JM, BJ, MS, & D, 2003).

2.2.1. Family Gene Structure
The larger NF-κB family of proteins is composed of two subfamilies: the NF-κB proteins
and the Rel proteins (Gilmore, 2006). The whole family of proteins shares a DNAbinding/dimerization domain called the Rel homology domain. The Rel subfamily includes cRel, RelB, and RelA (Gilmore, 2006). The Rel proteins contain C-terminal transactivation
domains which are not conserved across species. The NF-κB subfamily includes p10 and p100
and is distinguished by their long C-terminal domains that contain multiple copies of ankyrin
repeats, which act to inhibit these proteins (Gilmore, 2006).
The members of the NF-κB subfamily are generally not activators of transcription unless
they are in dimers with members of the Rel subfamily. All NF-κB family proteins can form
homodimers or heterodimers in vivo, with the exception of RelB, which can only forms
heterodimers in vivo (Gilmore, 2006). The variety of combinations the proteins can form allows
NF-κB to regulate a wide range of genes and processes. A general schematic of NF-κB activation
and pathways can be found in Figure 2.3.

7

Figure 2.3: General NF-κB Activation Pathway (NF-KappaB Family Pathway, 2008)(Used under
fair use guidelines, 2011.)
2.2.2. Activation Pathways
IκB functions as the inhibitor of NF-κB and regulates its activity tightly. As with NF-κB,
there are several IκB proteins (IκBα, IκBβ, IκBγ, IκBε) that have different affinities for certain
dimers (Gilmore, 2006). In a resting state, NF-κB resides in the cytoplasm in an inactive form
that is bound to IκB. There are three pathways to the activation of NF-κB, two of which being
more prominent than the third. These two pathways are deemed canonical and non-canonical,
also known as classical and alternative as can be seen in Figure 2.4. The commonality between
these two pathways is the activation of IκB kinase (IKK) complex. The activation of NF-κB
dimers is the result of IKK-mediated, phosphorylation induced degradation of the IκB inhibitor,
which enables the NF-κB dimers to enter the nucleus and activate specific target gene
expression. Usually, activation of NF-κB is transient and cyclical, meaning that it will enter and
leave the nuclease in a cyclic fashion on 30-60 minute intervals (Gilmore, 2006). These cycles
are believed to be due to repeated degradation and re-synthesis of IκB which causes the
consequent activation and inactivation of NF-κB (Hoffman, Natoli, & Ghosh, 2006).
8

Figure 2.4: NF-κB Signal Transduction Pathways (Gilmore, 2006) (Used under fair use
guidelines, 2011.)
In the canonical (or classical) NF-κB pathway, NF-κB dimers such as p50/RelA are
maintained in the cytoplasm by interaction with an independent IκB molecule (often IκBa). In
many cases, the binding of a ligand to a cell surface receptor (e.g., tumor necrosis factor-receptor
(TNF-R) or a Toll-like receptor) recruits adaptors (e.g., TRAFs and RIP) to the cytoplasmic
domain of the receptor. In turn, these adaptors often recruit an IKK complex (containing the a
and b catalytic subunits and two molecules of the regulatory scaffold NF-κB essential modulator
(NEMO) directly onto the cytoplasmic adaptors (e.g., by virtue of the K63-ubiquitinbinding
activity of NEMO). This clustering of molecules at the receptor activates the IKK complex. IKK
then phosphorylates IkB at two serine residues, which leads to its K48 ubiquitination and
degradation by the proteasome. NF-kB then enters the nucleus to turn on target genes. The autoregulatory aspect of the canonical pathway, wherein NF-kB activates expression of the IkBa
gene that leads to resequestration of the complex in the cytoplasm by the newly synthesized IkB
protein is not shown (Gilmore, 2006).
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The non-canonical (or alternative) pathway is largely for activation of p100/RelB
complexes during B-and T-cell organ development. This pathway differs from the canonical
pathway in that only certain receptor signals (e.g., Lymphotoxin B (LTb), B-cell activating factor
(BAFF), CD40) activate this pathway and because it proceeds through an IKK complex that
contains two IKKa subunits (but not NEMO). In the noncanonical pathway, receptor binding
leads to activation of the NF-kB-inducing kinase NIK, which phosphorylates and activates an
IKKa complex, which in turn phosphorylates two serine residues adjacent to the ankyrin repeat
C-terminal IkB domain of p100, leading to its partial proteolysis and liberation of the p52/RelB
complex. Other distinct NF-kB pathways no doubt exist. For example, in Pathway 3, p50 (or
p52) homodimers enter the nucleus, where they become transcriptional activators by virtue of
interaction with the IkB-like co-activator Bcl-3 (or IkBz). How Pathway 3 is regulated is not
known. In all three pathways, various post-translational modifications (e.g., phosphorylation,
acetylation and prolyl isomerization) of the NF-kB subunits can modulate their transcriptional
activity (Gilmore, 2006).
2.2.3. NF-κB and the Immune Response
The discovery and characterization of the nuclear factor-kappa B (NF-κB) family of
transcription factors resulted from studies in two major areas of research: immunology and
cancer biology (Hayden, West, & Ghosh, 2006). Many processes involved in the immediate
immune response of the body are mediated by NF-κB in response to cytokines and other soluble
factors.
Lymphocytes are characterized by a high rate of apoptosis, consequently, antiapoptotic
properties of NF-κB play a key role in lymphoiesis. It is suggested that in the absence of NEMOdependent NF-κB signaling, B and T cells would fail to develop. It has also been shown that loss
of both the canonical NF-κB family members p50 and RelA, or both RelA and c-Rel, halts
development early in lymphopoiesis. To activate an appropriate immune response, the host must
first recognize the presence of pathogens. This discrimination between self and non-self is an
absolute requirement for the initiation of the effector functions, such as the secretion of cytokines
and antimicrobial peptides, carried out by the cells of the innate immune system (Hayden, West,
& Ghosh, 2006). When a threat is sensed, ligand binding to toll-like receptors (TLR) occurs
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which induces the activation of canonical IKKβ-dependent complexes, degradation of IκBα and
IκBβ, and liberation of NF-κB complexes.
NF-κB is also linked with the inflammatory response of the body when fighting an
infection. As well as regulating the survival of leukocytes, NF-κB regulates inflammation in a
few other ways. NF-κB is responsible for the transcription of the genes encoding many
proinflammatory cytokines and chemokines (Hayden, West, & Ghosh, 2006). NF-κB also
controls the expression of adhesion molecules that recruit leukocytes and allow them to leave the
circulation and enter the site of infection (Tak & Firestein, 2001). The pathway from pathogen
recognition to proinflammatory cytokine production demonstrates a particular reliance on NFκB. The immediate targets of NF-κB-dependent proinflammatory cytokines tend to be receptors
that, in turn, activate NF-κB (Hayden, West, & Ghosh, 2006).
Studies in knockout mice have shown distinct functions for different members of the NFκB family. It has been shown that mice without RelA suffer from decreased ability to recruit
leukocytes to sites of infection which leads to embryonic lethality. Mice without RelB are
immunodeficient but otherwise develop normally to adulthood (Tak & Firestein, 2001). RelB
plays a role in the development and differentiation of dendritic cells; a mutation in RelB impairs
antigen presentation.
NF-κB is highly activated at sites of inflammation in diverse diseases such as rheumatoid
arthrisis, atherosclerosis, multiple sclerosis, and many others (Tak & Firestein, 2001). For
example, in rheumatoid arthritis, NF-κB is overexpressed in the inflamed synovium, where its
activity may enhance recruitment of inflammatory cells and production of proinflammatory
mediators.
2.2.3. NF-κB and Hematopoiesis
Almost all the cells in the body die and are renewed at a rapid pace. NF-κB regulates
genes that balance the forces of cell proliferation and cell death to keep order in the body. NF-κB
has been associated in the development and homeostasis of B and T-cells and is likely also
involved in the development of natural killer cells, dendritic cells, macrophages and other
immune related cells (Hayden, West, & Ghosh, 2006). A diagram representing NF-κB’s role in
the homeostasis of these important immune cells can be found in Figure 2.5.
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Figure 2.5: Schematic of NF-κB in hematopoiesis. Red arrows indicate stages in which NF-κB
activation is thought to contribute negatively and green arrows indicate a positive funcitno in the
development of the indicated lineages. Curved arrows indicate examples in which NF-κB
contributes to the survival of the mature cell population, either in the resting state or during
immune response. Gray arrows indicate developmental events for which NF-κB plays no role or
for which the role of NF-κB has not been clearly demonstrated. (Hayden, West, & Ghosh, 2006)
(Used under fair use guidelines, 2011.)

2.2.4. NF-κB and IL-1β
NF-κB can be activated by exposure of cells to lipopolysaccharides or inflammatory
cytokines such as TNF or IL-1, growth factors, lymphokines, oxidant-free radicals, inhaled
particles, viral infection or expression of certain viral or bacterial gene products, UV irradiation,
B or T-cell activation, and by other physiological and non-physiological stimuli (NF-KappaB
Family Pathway, 2008). The most potent NF-κB activators are the proinflammatory cytokines
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IL-1 and TNF, which cause rapid phosphorylation of IκBs at two sites within their N-terminal
regulatory domain.
It has been previously discussed that cytokines such as IL-1β can cause activation of NFκB and subsequent gene expression. Cogswell et al suggest that NF-κB also regulates IL-1β
transcription through a consensus NF-κB binding site and a nonconsensus CRE-like site
(Cogswell, et al., 1994). This suggests a type of feedback loop present between these two
proteins that regulates a variety of processes including inflammation in response to infection.
Greten et al showed through knockout mice that NF-κB is a negative regulator of IL-1β secretion
by neutrophils and macrophages (Greten, et al., 2007).
2.3. Microfluidics
Microfluidics is a relatively new and emerging scientific field that began its prominence
in the early 1990’s. It encompasses all fluid flows on the micro scale (characteristic dimensions
in the order of microns). All the same laws and physical effects involved in fluidics at the macroscale can be applied in the micro-scale but a specific redistribution of dominating effects occurs
as can be seen in Table 2.2. One example is the increased importance of surface effects at the
micro scale. The increase of the surface area in relation to the fluid volume causes a domination
of mass, momentum, and energy flux over storage and generation terms (Colin, 2010). This
causes an increased emphasis the boundary conditions will have on a microflow, making
characteristics such as boundary material roughness and hydrophobicity vital to consider.
There are many dimensionless numbers that play a large role in the governing equations
of fluidics and microfluidics. Many of these numbers that are relevant to our work are dependent
on the characteristic length of the system. A list of dimensionless numbers and their variance due
to a decrease in length can be found in Table 2.3. The most recognized dimensionless value is
Reynolds number which gives a ratio of the inertial to viscous forces associated with a flow. In
microfluidics, Reynolds numbers tend to be low, almost always causing laminar flows. Laminar
flows are easy to model but significantly reduce the efficiency of heat transfer and mixing due to
the lack of turbulence (Colin, 2010). The Bond number compares the effects of surface tension
and gravity. On the micro scale, surface tension effects dominate gravity effects as discussed
previously.
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Table 2.2: Scaling Law of Typical Physical Quantities (Berthier & Silberzan, 2009) (Used under
fair use guidelines, 2011.)
Quantity
Scaling with
Distance
Area
Volume
Mass
Time
Velocity
Acceleration
Gravitational force
Hydrostatic pressure
Pressure drop along a channel (with constant length & flow rate)
Pressure drop along a channel (with constant length & velocity)
Pressure drop along a channel (with scaled length & constant velocity)
Pressure force
Capillary force
Centrifugal force
Electrostatic force
Van der Waals force
Marangoni stress (spatial graient of surface tension)
Diffusion time
Stokes drag force
Volume flow rate (with constant velocity)
Mass flow rate (with constant velocity)
Inertial force (with constant velocity)
Viscous force (with constant velocity)

14

Table 2.3: Scaling of non-dimensional numbers (Colin, 2010) (Used under fair use guidelines,
2011.)
Dimensionless number
Definition
Equation Scaling with
Reynolds number
Knudsen number
Peclet number

2.3.1.Governing Equations
The continuity equation for an incompressible flow can be seen in Equation 2.1 below
(2.1)
where v is the velocity vector of the flow. For a Newtonian fluid with viscosity, μ, the NavierStokes momentum equations becomes

(2.2)
Each part of the equation pertains to a different characteristic of the flow as can be seen in
Equation 2.2. When the inertia effects are negligible compared to the viscous effects (so that the
Reynolds number, Re, is small: Re << 1), the flow is “creeping” and the convective acceleration
term can be deemed negligible. The resulting equation is known as Stokes flow at steady state
and can be seen in Equation 2.3 below.
(2.3)
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Stokes flow is one of the most simplified forms of the Navier-Stokes equation. When running a
microfluidic experiment, flow is driven by external forces in the form of pumps and pressure is
assumed to be consistent throughout the microfluidic chip.
2.3.2. Mixing
Due to the dominant viscous effects in microfluidics, turbulence is not possible. Thus, the
main transport phenomena in microfluidic mixing are molecular diffusion, advection, and Taylor
dispersion (Nguyen, 2008). Molecular diffusion is caused by random motion of molecules and is
characterized by the diffusion coefficient. Advection is the transport phenomena caused by fluid
motion in which a simple Eularian velocity can lead to a chaotic distribution of the mixed
species; this can occur in both laminar and turbulent flows. Taylor dispersion is advection caused
by a velocity gradient. Axial dispersion occurs due to advection and inter-diffusion of fluid
layers with different velocities (Nguyen, 2008).

Figure 2.6: Effect of a micromixer on a chemical reaction with two products. (a) Fast mixing
with chaotic advection; (b) Slow mixing with molecular diffusion (Nguyen, 2008) (Used under
fair use guidelines, 2011.)
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There are two manners to theoretically describe transport phenomena that depend on the
length scale of the flow. Continuum model can describe most transport phenomena in
microfluidic mixing with a length scale ranging from micrometers to centimeters (Nguyen,
2008). Molecular models involve transport phenomena on the length scale of 1 nm. The use of
continuum model can be verified using the Knudsen number as seen in Equation 2.4.
(2.4)
The Knudsen number describes the ratio between mean free path and the characteristic length of
a device. If Kn < 10-3 than the fluid can be modeled as a continuum, meaning the fluid properties
are defined continuously throughout space. The Navier-Stokes equations shown previously are
derived from this model. Conservation of species, or solutes, in a fluid leads to the diffusionconvection equation below,
(2.5)
which says that the change of concentration of a species as a function of time is dependent on the
molecular diffusion of the species (first term) and the convection/advection of the species
(second term).
Reynolds number is the ratio between advective transport and momentum transport as
can be seen below.
(2.6)
Where u is the mean velocity in the flow direction and Lch is the characteristic length of the
considered channel. In most cases, the hydraulic diameter of the channel is taken as the
characteristic length. Another important dimensionless number is the Peclet number. Peclet
number is the ratio between advective mass transport and diffusive mass transport as can be seen
below.
(2.7)
For diffusion coefficients ranging from 10-5 m2/s to 10-7 cm2/s, the Peclet number for typical
values are 100 < Pe < 10,000. This means that in almost all microfluidic applications, advective
mass transport dominates over diffusive transport.
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The Langevin equation describes the time evolution of the position of a Brownian
particle as a function of friction on the particle, β, and random force of the liquid molecules, F(t).
(2.8)
From this basic equation, a formula for the diffusion coefficient of a small particle can be
derived
(2.9)
where kB is Boltzmann’s constant, T is absolute temperature, μ is the viscosity of the
surrounding liquid, and r is the radius of the particle.
Taylor dispersion is an effective mechanism for mixing of a solute in a distributed
velocity field, such as pressure-driven flow in a microchannel (Nguyen, 2008). This improved
mixing is a result of the coupling of molecular diffusion in the perpendicular to the flow as well
as the transverse distribution of the flow velocity. Taylor dispersion is an effective method of
diffusing particles in the axial direction of the flow as seen in figure 2.7.

Figure 2.7: Particle diffusion in microchannel. (a) with a uniform velocity field; (b) with a
parabolic velocity field (Nguyen, 2008) (Used under fair use guidelines, 2011.)
Chaotic advection refers to the phenomenon where a simple Eulerian velocity field leads
to a chaotic response in the distribution of a Langrangian marker, such as a tracing particle
(Nguyen, 2008). Chaotic advection can be created in a laminar flow with time-dependent
disturbances. Under chaotic advection, the particles diverge exponentially and enhance mixing
between the solvent and solute flows (Nguyen, 2008).
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Mixing based on molecular diffusion alone is the simplest method for microfluidic
mixing. Based on Fick’s law, a large interfacial area, a large gradient, and a large diffusion
coefficient can lead to a high diffusive flux. The best way to improve diffusive mixing in
microfluidics is through the use of optimized geometric designs. One method to achieve
diffusive mixing is through parallel lamination. Parallel lamination increases the interfacial area
and decreases the striation thickness by splitting the solute and solvent each into n sub-streams
and rejoining them later in a single stream (Nguyen, 2008). The two streams can be combined in
either a Y-shape or a T-shape.
In order to analytically model parallel lamination, a simple case is taken where the two
combined streams have the same viscosity and velocity. The analytical derivation gives an
expression for dimensionless concentration, c, as seen below in Equation 2.10.
∑

(

√

)

(2.10)

Pe is the Peclet number, x is the distance parallel to flow, y is the distance perpendicular to flow,
and α is the mass fraction of the solvent. It can be seen that a large Peclet number requires a long
mixing length in the x-direction because convection is dominant over molecular diffusion,
requiring a longer time for the solute to diffuse in the transversal direction across the mixing
channel. Mixing can be improved by minimizing the Peclet number by using a low flow velocity
or by decreasing the channel width.
Fast mixing is achieved in parallel lamination by decreasing the mixing path and
increasing the contact surface between the solvent and solute. The most common method for
shortening the striation thickness is splitting the solute and solvent into multiple streams and
rejoining them through parallel lamination as can be seen in figure 2.8. When performing
dimensionless analysis, we find that the channel length required for efficient mixing is
proportional to the Peclet number, which is very high and not practical on the micro scale.
Improved mixing can be achieved through the use of vortices in the flow. Groisman and
Steinberg have shown that a channel with repeated circular turns can induce viscoelastic
instability as seen in figure 2.9.
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Figure 2.8: Dispersion effect in parallel lamination. (a) Y-mixer; (b) hydrodynamic focusing
(Nguyen, 2008) (Used under fair use guidelines, 2011.)

Figure 2.9: Micromixers based on viscoelastic instability. (a) with repeated turns; (b) with a
sudden contraction (Nguyen, 2008) (Used under fair use guidelines, 2011.)
2.4. Microfluidic Techniques
The merger of physics, engineering, and biological disciplines has allowed for the
development of a number of novel techniques that can be used to study biological activities on
very small scales. Miniaturized instrumentation and reactors have attracted great interest of
recent. The first reported use of a microchip was in 1979, when a gas chromotograph air analyzer
was fabricated on a silicon wafer (Minteer, 2006). It was not until a few years later, when flow
injection analysis was performed on a chip, that microchips gained attention. The advantages of
these types of systems are high performance, design flexibility, reagent economy,
miniaturization, and automation. By decreasing the dimensions of devices, space, time, and the
amount of analyte decrease. These micro scale devices are lower in cost, consume less energy
and material, and can be used as minimally invasive biological techniques.
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The word lithography comes from the Greek words to write on stone and refers to
a process invented in 1796 by Aloys Senefelder (Minteer, 2006). Senefelder found that stone
when properly inked and treated with chemicals could be used to transfer a carved image onto
paper. Photolithography uses epoxy resins that when illuminated by specific wavelengths of light
cross-link to form insoluble microstructures. Even more specific is soft lithography, in which a
patterned elastomer is used as a stamp, mold, or mask to generate micropatterns and
microstructures instead of using a rigid photomask. The major advantage of soft lithography is
its short turnaround time; it is possible to go from design to production of replicated structures in
less than 24 hours (Minteer, 2006). The method is low in cost but has limited reproducibility and
in turn is mostly used in research settings. Polydimethylsiloxane (PDMS) is often used in soft
lithography. In this method, high-aspect-ratio microfluidics can be fabricated using SU-8, a
chemically amplified negative photoresist with high transparency. The high transparency allows
light to penetrate through thick layers of photoresist, thus creating near vertical sidewall profiles
(2 to 500 μm off the substrate) (Minteer, 2006). PDMS is poured onto the SU-8 mold, cured,
removed, and then bonded onto a flat substrate to create microchannels. There is an unlimited
variety of microfluidic devices that can be created with this method serving a plethora of
purposes. One application is the ability to make a biochemical gradient based upon the controlled
diffusive mixing of laminar flow fluids by repeated splitting, mixing, and recombination of fluid
streams within the network of channels (Rhoads, Nadkarni, Song, Voeltz, BodenSchatz, & Guan,
2005).
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2.4.1. Soft Lithography Procedure
1. Materials
1.1 Equipment
1.1.1 CAD Software
1.1.2 High resolution printer
1.1.3 Ultraviolet (UV) flood exposure machine
1.1.4 Photoresist Spinner
1.1.5 Oven and hot plate
1.1.6 Plasma Cleaner
1.1.7 Vacuum
1.2 Supplies
1.2.1 Silicon (Si) wafer
1.2.2 SU-8 photoresist
1.2.3 SU-8 photoresist developer
1.2.4 Isopropyl alcohol
1.2.5 PDMS
1.2.6 Glass slides
1.2.7 Hydrogen pyroxide, ammonium hydroxide
2. Methods
2.1 Mask Fabrication
Computer aided design (CAD) programs (Macromedia Freehand) are generally used to
design masks for the microfluidic devices. These designs are then printed on
transparencies using a high resolution printer (5080 dpi).
2.2 Application of SU-8 Photoresist
SU-8 2025 photoresist is spun onto a silicon wafer using a photoresist spinner at a speed
corresponding to the desired thickness. The wafer is then soft baked on a hot plate for a
set period of time, see Figure 2.10.
2.3 Exposure
The transparency photomask is clamped between the silicon wafer coated with the
photoresist and a blank glass plate with a heavy plate on top to verify good contact
between the mask and wafer for 1:1 contact lithography. The wafer and photoresist are
then exposed to a UV light at a designated wavelength for a designated period of time,
see Figure 2.11.
2.4 Post Exposure Bake
After exposure, the wafer is put back on the hot plate for a period of time (see Figure
2.11) to crosslink selectively the exposed portions of the photoresist.
2.5 Development
SU-8 developer is poured into a container and the wafer is submerged into the developer.
The container can be shaken to speed up the process of removing all the unexposed SU-8.
Once it is all removed, the master is removed, rinsed with isopropyl alcohol, and then
blown dry with nitrogen.
2.6 PDMS Molding
A PDMS oligomer and crosslinking prepolymer of PDMS agent is mixed in a ratio of
10:1.1. The mixture is then placed in a vacuum to remove gas. The PDMS mixture is then
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poured onto the master and cured for 1 hour at 65°C. After cooling, PDMS can be
carefully peeled off the mold. Inlet and outlet holes are punched into the PDMS.
2.7 Creation of microfluidic channels
In the final step, the PDMS film is bonded to a treated glass slide (Glass slides were
cleaned in a basic solution (H2O: 27% NH4OH: 30% H2O2=5: 1: 1, volumetric ratio) at
75 °C for 3 h and blown dry with air) by oxidizing the PDMS and slide in a plasma
cleaner. Once removed from the plasma cleaner, the PDMS is pressed onto the glass slide
and allowed to bond. The device is then placed in the oven at 65°C to seal the bond.

Figure 2.10: Spin Speed vs Thickness (Microchem, 2010) (Used under fair use guidelines, 2011.)
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(a)

(b)

(c)

Figure 2.11: Fabrication charts. (a) Soft bake times; (b) Exposure intensities; (c) Post exposure
bake times (Microchem, 2010) (Used under fair use guidelines, 2011.)
24

Figure 2.12: Fabrication Process (Rhoads, Nadkarni, Song, Voeltz, BodenSchatz, & Guan, 2005)
(Used under fair use guidelines, 2011.)
2.4.2. Gradient Generation
In the past, creating consistent and well-defined gradients in order to study occurrences at
the biological scale has been a substantial obstacle. In particular, cell biology poses challenges
due to high sensitivity to small concentration differences in their suspended solution. Previous
techniques of creating gradients in solution using a pipet tip or a reservoir in a gel cannot provide
the required spatial control needed (Jeon, Dertinger, Chiu, Choi, Stroock, & Whitesides, 2000).
Other methods of creating gradients such as photochemical activation of self-assembled
monolayers and depletion of protein inside microfluidic channels by adsorption have their
benefits but also have significant downfalls. Pyramidal networks offer quantifiable gradients that
make possible the quantitative study of cellular responses under a variety of spatially and
temporally tailored chemical gradients (Rhoads, Nadkarni, Song, Voeltz, BodenSchatz, & Guan,
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2005). The ability to generate consistent gradients of proteins and other biological molecules by
simple experimental procedures will offer a broadly useful capability in biology and chemistry.
As can be seen in figure 2.13, the microfluidic network is an array of microchannels in a
pyramid-like structure. This design serially splits and recombines two fluids of different
concentrations to give a continuous linear concentration gradient, and a useful means of
arranging these mixing microchannels in a serpentine pattern to conserve space and maximize
diffusive mixing (Rhoads, Nadkarni, Song, Voeltz, BodenSchatz, & Guan, 2005). The total
length of the serpentine channels to provide 100% diffusive mixing is as follows.

L=Q*

(2.11)

L = Mixing Length (mm), Q = Flow Rate (mm/s), W = Channel Width (mm),
D = Diffusion Constant (solute in solution)

This equation is derived from the equation for percent mixing, which can be seen below.

(

∫ |

|

∫ |

|

)

(2.12)

Figure 2.13: Example of pyramidal design (Dertinger, Chiu, Jeon, & Whitesides, 2001) (Used
under fair use guidelines, 2011.)
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The analysis of the splitting of fluid flow can be understood by making an analogy with an
equivalent electronic circuit seen in figure 2.14. The approximate resistance of horizontal
channels can be estimated as negligible in comparison with the vertical channels due to their
significantly shorter lengths. Effectively, the splitting at each T-intersection is as follows.

Left: (B-V)/(B+1)

Right: (V+1)/(B+1)

Figure 2.14: Equivalent electrical circuit (Jeon, Dertinger, Chiu, Choi, Stroock, & Whitesides,
2000) (Used under fair use guidelines, 2011.)

For example, at the branch point denoted O in Error! Reference source not found., (B =
, V =0), the relative volume of the flow to the left is 4/5 ([4 - 0]/[4 + 1]) and to the right is 1/5 ([0
+ 1]/[4 + 1]), whereas at branch point C (B = 5, V = 2), the ratio of splitting is identical (1/2 to
right and 1/2 to left), which reflects the left-right symmetry of the design (Jeon, Dertinger, Chiu,
Choi, Stroock, & Whitesides, 2000). With this splitting and mixing design, after several levels, a
linear gradient can be generated in a broad outlet channel.
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CHAPTER 3. EXPERIMENTAL DESIGN
3.1. Gradient Generation
The methods and designs of Jeon et al discussed in section 2.4.2 were modified in order
to achieve the desired solute gradient. The desired gradient will have a linear profile between two
designated solute concentrations. In most cases, the gradient will start from a chosen protein
concentration and decrease to a solution that has a negligible concentration of the protein. In
order to achieve this, a two-inlet, five-layer microfluidic device was designed as can be seen in
figure 3.1. The same principles of splitting and mixing the adjacent flows are utilized in order to
generate the linear concentration gradient in the broad channel. A serpentine channel design was
also employed in order to achieve efficient mixing of the parallel flows while conserving overall
size of the design in order to fit it on a microchip.

Z=0

Z=7.5

mm
Figure 3.1: Design Layout

The dimensions of the channels in the design above were set and calculated in order to
provide a linear concentration gradient of the desired protein (IL-1β) in the broad channel. As
you can see from equation 2.11, in order to calculate the necessary length of the mixing
channels, the diffusion coefficient of the protein must be known. Diffusion coefficients for small
protein/cytokines such as IL-1β are not readily available in literature. However, it is known that
IL-1β has a molecular weight of 17 kDa. The diffusion coefficient of a small molecule such as a
protein is calculated according to equation 2.9 and is proportional to the hydrodynamic radius of
the molecule. Through a literature search, the molecular weight and hydrodynamic radii of low
weight proteins were found and a linear fit was applied to the results as can be seen in Figure 3.2.
The fit had an R2 value of 0.9751 and thus is believed to be a reliable relationship. The
28

hydrodynamic radius of IL-1β was estimated from this linear trend (r = 2.173 nm) in order to

Hydrodynamic Radius (nm)

calculate its diffusion coefficient (which was found to be 9.8237e-11 m2/s).
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Figure 3.2: Protein hydrodynamic radius as a function of molecular weight (Malvern , 2011)
A list of relevant non-dimensional numbers and their values in our device can be found in
Table 3.1. The Reynolds number is well below the turbulence threshold of approximately 2000
and thus indicates that our flow is completely laminar. The Peclet number indicates that
advection indeed dominates over diffusion in our flow but is in the lower range of values as
discussed earlier and thus allows a significant amount of diffusion to occur. The Knudsen
number is well below 10-3 and verifies that we can use continuum mechanics to characterize our
flow.
The serpentine channels were set to a standard 90 μm and 60 μm depth; all other design
features were adjusted accordingly. The lengths of the serpentine mixing channels were designed
in accordance with equation 2.11 to provide 100% mixing before the flows are split. Taking into
consideration the health and attachment of the cells in the broad channel, a gentle flow of 0.1
μL/min (0.17 mm/s) was used. The previously calculated diffusion coefficient of IL-1β was used
to determine a channel length of 14.23 mm is sufficient to provide complete diffusive mixing.
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Table 3.1: Non-Dimensional Values of flow
Dimensionless Number
Reynolds Number

Equation

Value

0.0277

Peclet Number

282.7

Knudsen Number

7.77e-5

3.2. Design Modifications
Once the microfluidic design was created and fabricated, tests to verify the accuracy and
efficiency of producing the desired solute gradient needed to be run. The first obstacle that was
encountered was formation of air bubbles in the fluidic channels that were not able to be flushed
out. The formation of these bubbles was believed to be two fold. Firstly, it is well documented
that PDMS is a hydrophobic polymer with a wetting angle around 120° (MIT). Secondly, the
bubbles would form in the area where the small channels combined into the broad channel. A
combination of the hydrophobicity of PDMS and the decreased flow rate caused by the
combining of the channels caused bubble formation that could not easily be removed by flushing
the device with a high velocity flow.
Two solutions were devised, one to address the change in flow velocity and the other to
address the hydrophobic nature of the PDMS. As previously discussed, the same plasma
treatment that is used to bond the PDMS to a glass slide can significantly decrease the
hydrophobicity of the PDMS. The study showed that about a 5 minute plasma treatment of the
PDMS can decrease the wetting angle of the PDMS from around 120° to about 20°, significantly
increasing the hydrophilicity of the PDMS for up to 6 hours as can be seen in Figure 3.3 (Tan,
Nguyen, Chua, & Kang, 2010). The phenomenon was applied to solve the bubble formation
problem; the device was always used within 2 hours of plasma treatment. The second solution
addressed the decreasing flow speed in the broad channel (where the bubbles would form). A
pressure controlled valve was utilized using multilayer fabrication techniques. The valve was
placed across the broad channel and worked to block off half of the channel, which resulted in an
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increased flow velocity and effectively eliminated bubble formation. A combination of these two
solutions was utilized to address and resolve bubble formation in the broad channel of the device.

Figure 3.3: PDMS wetting contact angle change as a function of time of air exposure (Tan, Nguyen, Chua,
& Kang, 2010) (Used under fair use guidelines, 2011.)

The hydrophobicity of PDMS surface causes strong adsorption of proteins (Huang, Wu,
Kim, & Zare, 2005). This was seen in our design when the downstream concentrations of the
protein were significantly lower than the initial concentrations put into the system. There are
many different ways to try to minimize nonspecific protein adsorption on PDMS. Current
methods to reduce protein binding include polymer grafting, biopassivation using an antibodyneutrayidin-dextrane coating, lipid bilayer formation on a plasma-oxidized PDMS surface, and
coating with poly(vinyl alcohol) (Huang, Wu, Kim, & Zare, 2005). A much simpler and effective
method was used. The channels were preconditioned by flowing bovine serum albumin (BSA) at
100 μg/mL in PBS for 1 hour prior to running the experiment. This was done in order to fully
adsorb the channel walls with BSA leaving minimal locations for the fluorescent Casein/IL-1 to
bind. This yielded nearly 100% retention of protein concentration, measured through
31

fluorescence intensity, between the input and the output of the device, results can be seen in
Chapter 4.
3.3. Experimental Procedure
Materials
1.
2.
3.
4.
5.
6.

Syringe Pump
Syringes
Polyethelyn tubes
Inverted light microscope
Incubator
GFP labeled NF-κB cells

Experiment Procedure
1. The PDMS channels are sealed to glass slides after oxidative bonding and baked at 65°C for 60
minutes.
2. Directly after removing the devices from the oven, while they are still hydrophilic from the
oxidation, the microfludic channels are flushed with phosphate buffer saline (PBS) at 2.5 μL/min
in order to remove all the air inside the channels.
3. Fibronectin (bovine, 50 μg/mL) is then pumped through the channels at 2.5 μL/min to promote
cell adhesion.
4. The device is incubated at 37° C for 60 minutes to allow for proper adsorption of the fibronectin.
5. The device is then removed from the incubator and excess fibronectin is flushed out of the
channels with cell culture media.
6. 40 μL of CHO-GFP cells (approximately 107 cells mL-1) are loaded into the punched outlet hole
and allowed to flow into the broad chamber due to the difference of heights of the fluids
(Bernouli’s principal).
7. Once the appropriate cell density is reached, the device is incubated at 37°C for 30 minutes to
allow the cells to begin to adhere. the whole device is submerged in culture media. This.
8. After the 30 minute incubation, a micropipette with the tip cut off is fitted into the punched outlet
hole and filled with culture media. This allows the media to perfuse into the device and provide
the cells proper nourishment during incubation.
9. The microfluidic device is then incubated at 37° C for 24 hours to promote cell adhesion and
health.
10. After 24 hours, bovine serum albumin (BSA, 100 μL/mL) is pumped at 0.05 μL/min for 60
minutes through the network of channels in order to minimize adsorption of IL-1β.
11. A desired concentration of IL-1β in PBS is flowed through one of the inlets while PBS (no IL-1β)
is flowed through the other inlet to generate the desired gradient in the broad channel.
12. Cellular activation is measured with fluorescence microscopy tracking the translocation of GFP
tagged NF-κB from the cytosol of the cells into the nucleus.
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CHAPTER 4. DESIGN VERIFICATION
4.1. Preliminary Results
In order for the solute gradient to be characterized, the assumption was made that
fluorescent intensity of the FITC-tagged β-Casein was directly proportional to the concentration
of the protein in the mixture. This was verified by measuring the fluorescent intensity of known
concentrations of the tagged protein and plotting the results as can be seen below.
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Figure 4.1: Fluorescent intensity as a function of FITC-tagged-β-Casein concentration

Q capture pro software was used with an exposure time of 473 ms. 100% protein corresponded
to 10 μg/mL. As you can see from the plot, there is indeed a linear relationship between
concentration of the protein and the fluorescent intensity with an R2 value nearly 0.99.
Although it was deemed to be unlikely, there were concerns that the fluorescent intensity
varied with the velocity of the flow. Testing this notion was as simple as flowing the same
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concentration of tagged protein at different velocities and measuring the fluorescent intensity; the
corresponding plot can be seen below.
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Figure 4.2: Fluorescence intensity as a function of flow rate
The figure shows that there is no trend between flow rate and fluorescent intensity as the
intensity remains relatively constant regardless of flow rate. But, more importantly, what can be
seen from this graph is that there is a certain amount of variance associated caused by a
seemingly stochastic nature of fluorescence imaging. Multiple intensity values were taken along
a fluidic channel with constant flow rate and constant concentration and you can see the variance
in these samples between the low and high points. This is believed to be due to minor variations
in the fluorescent bulb intensity and needs to be considered when analyzing fluorescent intensity
data.
4.2. COMSOL Simulation
COMSOL Multiphysics is a finite element analysis, solver, and simulation software with
packages for various physics and engineering applications, especially coupled phenomena, or
multiphysics. COMSOL provides a very simple, reliable, and efficient way to model real world
processes that are coupled. For example, any sort of electricity is going to have a thermal
component associated with it; with COMSOL, these two physics can be modeled simultaneously.
In the case of this research, COMSOL was used to verify the gradient generation of the
microfluidic design. Autodesk AutoCAD Mechanical was used to duplicate the design created in
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Macromedia Freehand with one main difference; the serpentine design of the vertical channels
was not transferred over to the COMSOL simulation. The main reason for the serpentine design
was to conserve space on the microfluidic chip and it is not believed that they change the
dynamics of the system in any other way. Once the AutoCAD design is imported into
COMSOL, the model parameters can be set.
The fluid dynamics of the system were modeled using Navier-Stokes with the continuity
assumption as discussed previously. Phosphate buffer saline (PBS) was simplified in the model
as water due to their similarity in viscosity and taken to be at 20°C. All the microfluidic channel
walls were assumed to have no slip conditions associated with them which is the case in most
mathematical modeling of fluid flow. Pressure was assumed to be atmospheric both at the inlets
and the outlet and consequently throughout the system. This is believed to be a relatively good
assumption because flow is not pressure driven and although there may be pressure variances
throughout the channels, they can be taken as negligible. Inlet velocities were set as 0.3086 mm/s
which correspond to 0.1 μL/min.
Diffusion was modeled throughout the flow using the mathematical settings mentioned
previously with equation 2.5 as the main governing equation. The diffusion coefficient of the
solute was calculated as seen in in equation 2.7 and is assumed to provide isotropic diffusion.
The concentrations in the two inlets were set as 1 and 0 mol/m3. This was done in order to
provide simulation results as fractions or percentages of the solute compared to the initial
concentration. Result variance was minimal when the initial concentrations were set with
realistic values, proving this assumption to be a good one. The model was assumed to be steady
state and this is believed to hold true once the experiment has been running for a few minutes. A
very fine mesh was used.
The simulation was run with the parameters described above and results were compiled
and analyzed. Firstly, a graphical representation of the concentration of solute in the broad
channel where all the flows are recombined can be seen in the figure below.
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(a)

(b)
Figure 4.3: COMSOL concentration simulation. (a) Concentration of solute in the broad channel;

(b) First combination
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In these figure, the upper inlet was set to have a concentration of 1 mol/m3 and the lower inlet
had no solute. As you can see from the figure, the concentration goes from blue (low
concentration) to red (high concentration) as you travel across the channel. An interesting
phenomenon can also be seen from this figure; the gradient does not seem to be linear at the ends
of the channel. This is believed to be due to the fact that the speed of the flow is greater in the
outside mixing/splitting channels due to how the flow is split and recombined as described by
Figure 2.14. The figure below shows the velocity of the flow in the gradient generating channels.

Figure 4.4: Velocity of Flow

The COMSOL simulation was then compared with actual results using fluorescence microscopy
with FITC-conjugated β-Casein. The results can be seen in the figure below.
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Figure 4.5: Comparison of COMSOL and actual concentration profiles
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As you can see, the actual results are in black and the COMSOL simulation results are in
red. Qualitatively, it can be seen that the two plots match very well. At each end of the channel,
the change in concentration levels out; this, as discussed earlier, is due to the increased velocity
of flow in the outer channels. The only major variance between the two results is at the left hand
side of the channel where the actual results show lower concentrations than they should. We
believe this is due to protein adsorption to the outside walls of the channel, which was
minimized, but not completely eliminated. The ability of our design to generate a linear gradient
has now been verified visually, qualitatively, and quantitatively through use of fluorescence
microscopy and finite element simulator COMSOL.
Now that we have seen the similarities in the actual data to the simulated data, we wanted
to verify some of the assumptions we’ve made. Our first assumption is that the β-Casein was a
good estimator for IL-1β due to their similarity in molecular weight and in turn hydrodynamic
radius. The plot below shows a comparison of the gradients generated using the calculated
diffusion constants for each of these solutes.
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Figure 4.6: Comparison of β-Casein and IL-1β COMSOL concentration profiles
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The IL-1β and β-casein gradients are virtually identical. This proves that the small difference in
diffusion coefficient has little to no effect on the gradient produced by the solute and verifies that
our assumption is a good one.
The broad channel was designed to be relatively long in order to analyze a large quantity
of cells that are seeded in the channel. There were concerns that due to the length of the channel,
the concentration gradient that we had towards the end would be different than that at the
beginning of the channel. Using COMSOL, we compared the concentration gradients at the
beginning and end of the channel to address this concern.
1
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Figure 4.7: Comparison of upstream (z=0) and downstream (z=7.5mm) COMSOL concentration
profiles, see figure 3.1.
The graph shows that a significant amount of diffusion takes place between the start and end of
the broad channel. Because of this, it was important to note the exact location of our experiment
trials in order to accurately portray the concentration profile.
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CHAPTER 5. IL-1β GRADIENT RESULTS
As discussed earlier, IL-1β is a cytokine involved in the immunoinflammatory response
of mammalian cells and causes activation of NF-κB within most cell types. NF-κB works by
translocating from the cytoplasm of the cell into the nucleus in order to cause gene transcription.
Chinese Hamster Ovary (CHO) cells were used that had been modified by conjugating the NFκB proteins with green fluorescent protein (GFP) in order to track their movement within the
cell. Through fluorescence microscopy, the activation of a cell can be detected visually as can be
seen in Figure 5.1. Imaging software, ImageJ, was used to analyze fluorescence images and
determine the activation state of the cells. Activation was characterized in an analog fashion,
with a particular cell either being classified as active or non-active. In order to quantify the state
of the cell, local brightness maxima were utilized. If the maximum occurred within the nucleus,
the cell was considered stimulated or active. If the maximum was located in the cytoplasm of the
cell, the cell was considered to be non-activated.
In previous research analyzing NF-κB activation and nucleocytoplasmic translocation, a
population of cells was subjected to a constant stimulant concentration (TNF-α in most cases)
and activation times and percentages were reported. This was done for a variety of
concentrations of different magnitudes to measure the cellular responses. This research is novel
in that the cell populations were exposed to concentration gradients of the stimulant, IL-1β, that
were generated as discussed previously. In this case, we were able to able to culture cells in the
microfluidic chamber and expose them to varying concentrations simultaneously and report how
these minor changes in concentration affected the NF-κB activation of the cells. Concentrations
of IL-1β from 10 ng/mL to .0001 ng/mL were analyzed to understand the full spectrum of
cellular activation.
Three concentration gradients were created in order to analyze the full range of concentrations
that effect NF-κB activation in CHO cell: maximums of 10 ng/mL, 1 ng/mL, and 0.1 ng/mL.
Three trials of continuous stimulation were performed at each of the concentrations as well as
one trial of an abbreviated stimulation. Figures 5.2-5.5 present the percent of activated cells as a
function of concentration.
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(a)

(b)
Figure 5.1: (a) Inactivated Cell; (b) Activated Cells
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Figure 5.2: Percent of Activated Cells as a function of IL-1β Concentration
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Figure 5.3: Percent of Activated Cells as a function of IL-1β Concentration
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Figure 5.4: Percent of Activated Cells as a function of IL-1β Concentration
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Figure 5.5: Percent of Activated Cells as a function of IL-1β Concentration
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0.1

The cellular response to the IL-1β stimulation was characterized in two forms; the time it
took for the cells to activation and the percentage of cells that activated. Small populations of
cells were analyzed by dividing the three concentration gradients into ten sections. For example,
activation percentages corresponding to IL-1β concentrations between 5 ng/mL and 6 ng/mL
were reported as 5.5 ng/mL. Concentrations above 1 ng/mL caused between 96 and 100% of the
cells to activate. Disregarding exceptions for cells that are potentially unhealthy, it can be
concluded that concentrations of IL-1β 1 ng/mL and above can cause full activation in a
population of cells with little variation.
Below 1 ng/mL, the fraction of cellular activation decreased with decreased IL-1β
concentration. Concentration at 0.95 ng/mL caused an activation of 90% of cells with this value
linearly decreasing with only 40% of cells being activated at 0.15 ng/mL. The trend continues
until 0.05 ng/mL, which caused 20% activation of cells. Concentrations between 0.05 and 0.02
yielded a stochastic response from the cells. In this range, the trend levels out and the
concentration no longer has a significant effect on the fraction of activated cells. Below 0.02
ng/mL, the percentage of activated cells declines significantly to approximately 5%. This 5%
value can most likely be associated with outside environmental factors stimulating the cells and
causing them to activate. It is believed that 0.02 ng/mL of IL-1β is the threshold for CHO cells
with concentration levels lower than this causing insignificant activation of NF-κB translocation.
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Figure 5.6: Activation Time as a function of IL-1β Concentration
120

Activation Time (min)

100

80

60

40

20

Continuous Stimulation

10 min stimulation
0

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

Concentration IL-1B (ng/mL)

Figure 5.7: Activation Time as a function of IL-1β Concentration
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Figure 5.8: Activation Time as a function of IL-1β Concentration
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Figure 5.9: Activation Time as a function of IL-1β Concentration
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The other method of characterizing the cellular response to varying concentrations of IL1β is by analyzing the time it takes for cells to activate in response to varying concentrations.
Shown in the figures above are effects of IL-1β concentration on the time it took for the cell to
activate. Each point corresponds to an individual cell in which the concentration applied is
known based on the location of the cell in the chamber and the time of activation is determined
as described previously. We see different activation time trends in different concentration ranges.
Firstly, it can be seen that all concentrations of IL-1β above 5 ng/mL cause an activation time
around 30 minutes. There is a significant amount of variance from cell to cell with activation
times ranging from 20 to 40 minutes. On average, 30 minutes is the shortest amount of time a
population of cells will activate even with concentrations as high as 100 ng/mL.
Between the concentrations of 5 ng/mL and 0.1 ng/mL a linear trend is observed between IL-1β
concentration and activation time of cells. The activation times vary from 30 minutes to over 95
minutes between these concentrations and follow a very distinct linear trend with an R2 value of
0.924. Although there is a distinct trend, it needs to be noted that there still is variance from cell
to cell. Cells exposed to the same concentration can have activation time variance up to 50%.
When IL-1β concentrations below 0.1 ng/mL are observed, the stochastic nature of the
cells is magnified. Changes in concentration of IL-1β applied to the cells no longer have effects
on the activation time of the cells. Activation times between 80 and 105 minutes are seen all
throughout the range of concentrations with no apparent trend. This is verified by an R2 value of
0.037.
We used an abbreviated stimulation time in order to better understand the effects of IL-1β
on the activation and subsequent translocation of NF-κB in CHO cells. The findings previously
discussed were of experiments in which the cells were being subjected to the varying IL-1β
doses for the entire time period. In turn, IL-1β was flown through the gradient generator for a
period of ten minutes. Afterwards, a buffer solution replaced the stimulant in order to keep the
cells under constant flow to mimic our previous experiments. By stimulating the cells for only 10
minutes we were able to determine if continuous stimulation was really necessary to provide
proper activation of the cells or if an initial stimulation was enough to start the inner workings of
the cell and cause activation. The results can be found in the figures above. What we see is that
there was no significant difference in terms of percentage of cells activated between the
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continuous stimulation trials and the brief stimulation trial. With respect to cellular activation
time, the cells that were briefly stimulated activated between 10-20 minutes later on average.
Previous studies looking at TNF-α stimulation of 3T3 mouse fibroblast cells showed that
NF-κB was transported from the cytoplasm to the nucleus and back out again in characteristic
oscillations (Tay, Hughey, Lee, Lipniacki, Quake, & Covert, 2010). In contrast, our experiments
showed the NF-κB to enter the nucleus from the cytoplasm and remain there indefinitely. This
causes us to conclude that NF-κB dynamics vary based on the type of cell studied.
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CHAPTER 6. CONCLUSIONS
There were two main parts to this study. Firstly, the design and verification of a
microfluidic device that could create an accurate and highly specific solute gradient based on the
work of Whitesides’ research group. Secondly, to use this device in analyzing how small
variations in IL-1β concentration effect the activation and subsequent nucleocytoplasmic
translocation of NF-κB.
First off, it was verified that fluorescent intensity, as measured through image analysis,
was directly proportional to the concentration of the FITC-tagged β-Casein. Knowing this, the
accuracy of the protein concentration gradient could be measured through image analysis of
fluorescent photos. Subsequently, the protein concentration gradient generated by the device was
compared to COMSOL simulations as seen in Figure 4.5. There is a high degree of agreement
between the two curves with a maximum error less than 5%. Next, it was verified that the
substitute protein (β-Casein) formed a nearly identical gradient as the main protein, IL-1β. This
was planned for and expected due to their similarities in molecular weight and diffusion
coefficient. Lastly, through COMSOL simulation, it was shown that at the low flow rates used to
maintain cell viability, a significant amount of diffusion occurred in the broad channel in which
the gradient was formed. This meant that the concentration gradient formed changed slightly in
shape at different locations in the channel as seen in Figure 4.7.
With the designed microfluidic device generating accurate and repeatable concentration
gradients, the substitute protein, β-Casein, was replaced with the biologically active IL-1β to
determine its effects in causing NF-κB activation in CHO cells. Two main trends were revealed;
firstly, as IL-1β concentration decreased the percent of cells activated also decreased. Secondly,
as IL-1β concentration decreased, the activation time of the responding cells increased. As seen
previously by Tay et al, the cells responded independently to the stimulant. Instead of seeing a
threshold concentration in which cellular activation would drop from near 100% to near 0%
levels, a gradual decrease in fraction of activated cells is observed. There seems to be two minor
thresholds; the first at 0.02 ng/mL IL-1β where activation levels drop from 20% to around 5%.
The second around 1 ng/mL, in which all concentrations above this show nearly complete
activation of all cells exposed.
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Activation times of the cells observed equally interesting trends. Although a significant
amount of variation occurs, concentrations above 5 ng/mL IL-1β had cells activate after 30
minutes of exposure on average. Between 5 ng/mL and 0.1 ng/mL, activation time increased as
IL-1β concentration decreased in a linear fashion when concentration was plotted on a base-10
log scale. Below 0.1 ng/mL, the trend levels out once again with an average activation time of
around 95 minutes that did not change with concentration. This is interesting because fewer and
fewer cells are activating in this concentration range but activation time follows no trend and
becomes partially stochastic with times ranging from 80 to 105 minutes.
The previous results were all observed with a continuous flow and stimulation of the
cells. Experiments were also run by only exposing the cells to the IL-1β for 10 minutes and then
replacing the flow with a buffer. These studies yielded interesting results; the fraction of
activated cells reported the same trends and values as those that were continuously stimulated.
The activation times, however, were delayed between 10 and 20 minutes but otherwise followed
the same trend as the continuous stimulation. These results suggest that a brief exposure to an
external stimulant is all it takes for the cascade of intercellular events to take place and cause
NF-κB translocation.
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