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Abstract

As the fight against cancers, neuroinflammatory diseases, and other chronic illnesses
progresses, bioanalytical technologies and techniques must also advance to provide researchers
with a greater depth of information so they may better understand what factors are at play at the
cellular level. In recent years, researchers have begun to turn toward the rapidly growing field of
microfluidics. Microfluidic technologies have proven to be invaluable in a wide variety of
bioanalytical applications in areas such as point-of-care diagnostics, in vitro cellular analysis,
and especially single-cell analysis.

The chapters of this dissertation will present and discuss results and progress on 3
microfluidic-based projects. Chapter 2 reports improvements made on the single-cell analysis
(SCA) system developed by the Culbertson group that were enabled by low-cost electronics and
3D printing technology. Additionally, results of the measurement of intracellular nitric oxide
(NO), an inflammatory biomarker, in single cells using a model cell line (Jurkat, T-lymphocytes)
under inflammatory, native, and inhibitory conditions are reported. Chapter 3 incorporates the
improvements described in Chapter 2 and demonstrates the capabilities of the SCA system for
applications in studying the effects of anti-inflammatory therapeutics for the treatment of
neurodegenerative pathologies. An analytical strategy, similar to that developed in Chapter 2, is
used to measure intracellular NO levels in the recently discovered immortalized SIM-A9
microglia cell line. Additionally, Chapter 3 presents an interesting in-depth statistical analysis on
the distributions of NO levels in microglia under inflammatory, native, and inhibitory conditions,
which highlights the potential depth of information made available by performing analyses with
single-cell resolution. Finally, Chapter 4 will focus on efforts toward developing a solid-state

actuation modality using a dielectric elastomer. The ultimate goal for the dielectric elastomer



actuator technology will be to perform 2 functions in microfluidic systems: the application of
precise mechanical stress on cells to study potentially interesting mechanotransduction

phenomena and to serve as the basis for a novel non-pneumatic valve.
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Chapter 1 - Introduction

1.1 Analytical separations

Analytical separation techniques are ubiquitous in almost all laboratory settings. The
ability to reliably separate, identify and isolate components within a mixture is critical in
research labs conducting organic synthesis, proteomic and genomic assays, environmental
studies as well as in industrial settings for quality control. In these fields, separations are either
used in a preparative manner, as a means of purification for end use (e.g. pharmaceuticals,
manufacturing materials, fuels), or in an analytical manner as a tool to determine the composition
of a sample mixture. The concepts discussed in this chapter and beyond will focus on the latter.
Within analytical separations two prominent categories will be discussed: chromatography which
separates species based on distribution equilibria between two phases, and electrophoresis which
separates species using an externally applied electrical potential.®

Chromatographic techniques come in a variety of formats such as gas chromatography
(GC) and high- and ultra- performance liquid chromatography (HPLC and UPLC). In general,
chromatographic separations are carried out by first dissolving the sample in the mobile phase
(typically a liquid solvent) and then loading the sample at the head of a column that is either
coated or packed with a stationary phase. The sample is then pushed through the column, carried
via the mobile phase, and components within the mixture are separated based on differences in
their distribution equilibria between the stationary and mobile phases. Analytes that interact
more strongly with the stationary phase will be retained on the column longer and will, therefore,
elute later than analytes with weaker stationary phase interactions. Depending on the nature of

the sample and the goal of the separation there are several types of analyte-stationary phase



interactions available including adsorption, absorption, affinity, ion-exchange, immunoaffinity,
size exclusion among others. While chromatographic techniques are widely used as an industry
standard, there are still several drawbacks to consider. Separations using these methods are
costly in terms of both time (tens of minutes per sample) and money due to high consumption
rates of expensive, high-purity solvents. Additionally, if a successful separation cannot be
achieved by changing the readily adjustable parameters (mobile phase composition, temperature,
flow rate) then another column must be purchased which can cost hundreds or even a few
thousand dollars.

In contrast, capillary electrophoresis (CE) is a powerful alternative to chromatography as
it is generally less expensive and is capable of high-efficiency separations on a faster time scale
(on the order of seconds per sample). CE separations begin by loading a small sample plug (0.1-
10 nL), dissolved in a buffer solution, that is loaded into a small inner diameter capillary (i.d.
~20-100 pm and 25-50 cm in length) filled with the same buffer solution.® An electric field is
then applied across the capillary causing dissolved species to separate based on their mobility
within the electric field. CE is well-suited for the separation and quantitation of biomolecules
such as proteins, peptides, amino acids and DNA. More recently, electrophoresis has been
adopted as the preferred mode of separation used in the field of microfluidics for the separation
and analysis of biomolecules.” The term microfluidic device or “lab-on-a-chip” refers to small-
scale devices that consist of networks of microscale fluidic channels. While traditional CE can be
used to separate nanoliter-scale sample volumes, microchip electrophoresis (LCE) can be used to
analyze the contents within a single mammalian cell (picoliter-scale). The following sections will
describe the principles of relevant transport phenomena in capillaries and microchannels.

Subsequent sections will provide comprehensive background information for electrophoresis,



separation principles, microfluidics, techniques for nitric oxide measurement and finally an

overview of emerging technologies that are being used in the microfluidics laboratory.

1.2 Fluid transport in capillaries and microfluidic devices

Fluid flow in capillaries and microchannels is driven in one of two ways, either pressure
induced flow or electroosmotic flow. In both cases it is important to consider whether the flow
can be described as turbulent or laminar. To quantitively characterize the flow, a parameter
called the Reynolds number (Re) can be used and is calculated using Equation 1.1:

_ pud

R, ,

(1.1)

where p is the fluid density, u is the linear velocity of the fluid, d is the characteristic dimension
of the channel (channel diameter for a circular cross-section), and # is the viscosity of the fluid.
The Reynolds number is a dimensionless quantity that gives the ratio of inertial forces to viscous
forces. At high Reynolds numbers (Re > 2000) inertial forces dominate and flow is considered
turbulent resulting in chaotic flow patterns. In microfluidic channels, Re typically is <<1 i,
meaning that viscous forces dominate and flow is considered laminar, resulting in parallel flow
patterns with only diffusional lateral mixing. While laminar flow is observed for both pressure
induced flow and electroosmotic flow within microchannels, each has a distinct flow profile

shape caused by the underlying transport phenomena.

1.2.1 Pressure induced flow
For pressure induced flow to occur within a circular tube or capillary, a pressure
differential must be applied across the two ends (Ap). The shape of the flow profile is determined

by the magnitudes of the linear velocities (ur) across the capillary cross section. To determine the



magnitude of ur, there are two forces acting upon the fluid that must be considered: the force
from the applied pressure (Fp) and the frictional drag force at the capillary wall (Fq). Assuming
Fp is exerted in the positive direction, the magnitudes of these forces are given by Equations 1.2

and 1.3 respectively:

F, = Apmr§ (1.2)

du,
Fy = —2nryln ( dlj‘ )0 (1.3)

where ro is the capillary radius, L is the length of the capillary, # is the fluid viscosity, and

(d:rr) is the shear rate at the capillary wall. When the fluid has reached a constant velocity,
0

Equations 1.2 and 1.3 are equal and may be combined to solve for shear rate:

(dur> _ Apr, (L.4)
dr /, 2Ln '

By treating the fluid layers within the capillary as a series of concentric cylinders with radius r,
integrating Equation 1.4 gives the relationship between ur and distance r from the capillary

center:

Apr?
U, = — ALy + const. (1.5)

The constant can be solved for by considering the boundary condition at r = ro, where u,=0:

Aprg
4Ln

-~ const. = (1.6)



Finally, by substituting the solved constant value into Equation 1.5 and simplifying the
expression, the linear velocity (ur) of a fluid travelling through a circular capillary at a distance r
from the center, as a result of a constant applied Ap can be described using Equation 1.7:

Ap

= 477—L(r02 —1?) (1.7)

u

This relationship shows that the velocity is dependent upon the distance from the capillary wall
with the maximum flow velocity at the center of the capillary (r = 0), and the profile of the

magnitude of linear velocities is parabolic (Figure 1.1).

Figure 1.1 A profile of the velocities generated by pressure induced flow. The size of the red

arrows indicates the magnitude of the velocity vector.

Parabolic flow is observed in all chromatographic separation methods that use pressure driven
fluid handling (e.g. HPLC, UPLC and GC). This type of flow results in decreased separation

resolution due to band broadening compared to electrophoretic separations.®

1.2.2 Electroosmotic flow

Fluid transport in capillaries and microchannels can also be achieved through a
phenomenon called electroosmotic flow (EOF). EOF originates at the surface of a fused silica
capillary or a glass microchannel. These surfaces are comprised of ionizable silanol groups (Si-

OH) that acquire a net negative charge when in contact with an aqueous solution at pH > 4.8



Cations within the aqueous solution are attracted to the negative surface charge and form an
electric double layer (EDL). The EDL is comprised of a series of layers parallel to the channel
surface shown in Figure 1.2. The innermost layer, called the compact layer, is made of immobile
cations adsorbed to the surface, i.e. not solvated, and the plane that bisects the center of charge is
called the inner Helmholtz plane (IHP).> The next layer out consists of solvated immobile
cations, and the plane that cuts through its center of charge is called the outer Helmholtz plane
(OHP). Between bulk fluid and the Helmholtz planes is a region of solvated mobile cations,
called the diffuse layer, that effectively neutralizes the remaining excess surface charge. The
surface charge potential () as a function of distance (r) from the capillary wall is plotted in the
lower portion of Figure 1.2. The electrostatic potential across the diffuse layer is referred to as

the zeta potential ({).

:C Potential (y)
Figure 1.2 (Top) A diagram showing the planar flow profile generated by electroosmotic flow. (Bottom)
A diagram showing the electric double layer, IHP, OHP and the change in electrostatic potential (y) as a

function of the distance from the capillary wall (r).



Upon application of a high electric field across the ends of the capillary, cations in the
diffuse layer migrate en masse toward the cathode, and viscous forces pull the adjacent bulk fluid
along with them. The velocity of the bulk fluid resulting from EOF (ueo) depends on the
permittivity of the solution (g), the electrostatic potential across the diffuse layer () can be
calculated using the Smoluchowski equation:

¢
Ueo = _?E = UeoE (1.8)

Where ¢ is the permittivity of the solution, {is the zeta potential, 1 is the viscosity of the fluid, £
is the applied electric field strength (in VV/cm), and peo is the electroosmotic mobility. For
negatively charged surfaces ( is negative. However, in electrophoretic separations the positive
direction is designated to be toward the negative electrode (cathode), and the negative sign in
Equation 1.8 ensures Ueo is positive. Much like pressure induced fluid flow, ueo is zero at the
channel surface, however, ue, does not depend upon the distance from the capillary wall beyond
the OHP and remains constant across the bulk fluid which gives rise to the planar flow profile
shown in Figure 1.2. As a result, band broadening is significantly reduced in electrophoretic

separations as compared to chromatographic separations.

1.3 Electrophoretic separations

Electrophoresis is a method that separates soluble species based on differences in their
migration velocities when subjected to a large direct current electric field. The use of
electrophoretic separations for biological applications began with its inception in the 1930s by
Swedish chemist Arne Tiselius who used it for the separation of serum proteins.® Since then, a

method called gel electrophoresis has emerged as the standard method of separation and



quantitation of large biomolecules such as proteins and nucleic acids (DNA and RNA). In gel
electrophoresis a porous semisolid gel is immersed in an aqueous separation buffer and the
sample is applied to one end of the gel. A dc electric field is then applied across the gel for a
defined period of time during which sample components migrate at a speed based on their size
and charge. The efficiency of an electrophoretic separation is directly proportional to the
magnitude of the applied field strength. However, at high enough field strengths the frictional
drag of the ionic species carrying the current begins to generate heat (Joule heating) at a rate that
exceeds the system’s capacity to dissipate that heat. Joule heating can result in excessive band
broadening and in some cases can cause the separation buffer to boil. This limits the applied
voltages for gel electrophoresis to approximately 500 V. In both capillary and microchip
electrophoresis (CE and puCE), however, heat is dissipated much more efficiently due to the
increased surface area to volume ratio of capillaries and microchannels. The upper limit on
voltage in these systems can be as high as 30,000 V allowing for substantially increased
separation efficiencies as well as shorter separation times. The relationship between field
strength and separation efficiency as well as the adverse effects of temperature on separations
will be discussed in more detail in Section 1.4.

The overall velocity of a charged species in an electrophoretic separation (u), assuming
the presence of electroosmotic flow, is the sum of the electroosmotic (Ueo) and electrophoretic
velocities (Uep):

U= Ugp + Uy (1.9)
The magnitude of the electrophoretic velocity of a charged species is governed by the electrical
force exerted on the ion (F¢) and the frictional drag force from the separation buffer or medium

(Fv)?®



F, = qE (1.10)

E, = —6mnru,, (1.11)
Where q is the charge of the ion, E is the applied electric field, n is the viscosity of the separation
buffer and r is the radius of the ion. Once the ion has reached a steady velocity the magnitudes of
the forces are equal giving Equation 1.12, which can be rearranged to solve for uep giving

Equation 1.13.

qE = 6mnru,, (1.12)
qE
Uep = FT]T = ‘LlepE (113)

Where pep is the electrophoretic mobility of the ion. By using Equation 1.8 in the previous
section and Equation 1.12, Equation 1.9 can be rewritten as:

U = oo + pepE (1.14)
Because Lo, E, and n are the same for all species in a given electrophoretic separation, the
differences in velocity that allow for separation are determined by the charge (q) and the
effective, or hydrated, ionic radius (r). Furthermore, when electroosmotic flow is present, peo iS
usually greater than pep Which means both negatively and positively charged ions as well as
neutral species (i.e. pep = 0) migrate toward the cathode. Given those factors, the order in which
separated species would be detected toward the cathode would be highly mobile cations followed
by slower cations, then all neutral species, then less mobile anions followed by more highly

mobile anions.



1.4 Describing analytical separations

While the principles behind electrophoretic and chromatographic separations are vastly
different the metrics used to describe the quality and efficiency of separations are similar. When
evaluating the efficiency of a separation it is useful to first consider the ideal chromatographic
peak shape. As a species travels through a separation medium a number of sources contribute to
the random movement of molecules within a band that results in a Gaussian distribution of
concentration.® Terms used to describe a Gaussian distribution, like standard deviation (o), are
also used to characterize separated peaks. For example, the baseline width of a peak is defined as
approximately 4o, as shown in Figure 1.3. Integrating over the range of 4 accounts for 95% of
the peak area. When discussing factors that contribute to band broadening, like diffusion, the
peak variance (c?) is used as the metric for the breadth of a peak. An example is given in the
Einstein-Smoluchowski equation that describes the how diffusion increases 62 over time.

02 = 2Dt (1.15)

Where D is the diffusion coefficient and t is time.

However, considering diffusion alone does not provide a complete picture of the factors that
contribute to band broadening in a separation. The following sections will first define useful
terms like plate height and plate number that describe the efficiency of a separation in terms of
the sources of band broadening. Then the various physical phenomena that drive band
broadening and how they might be mitigated will be discussed. In the final section, the quantity
used to define whether or not a separation is successful (resolution) and how it is calculated will

be discussed.
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Signal (a.u.)

ml Time (S) 'm2
Figure 1.3 An example electropherogram showing two well resolved components with
migration times of tm1 and tmo. The graphical method for determining peak width by
drawing tangent lines at the interior inflection points of peak 1. Assuming a gaussian peak

shape, the width can be expressed as 46, where o is the standard deviation of the peak.

1.4.1 Plate height and plate number

The term “plate” came from early separation scientists likening chromatographic columns
to distillation columns comprised of a series of narrow plates at which the solute experienced
discrete equilibrium events between the mobile and stationary phases.® The height equivalent to a
theoretical plate would then be the length of column over which a single discrete equilibrium
event occurred. While the theory behind the terminology has since been replaced, the terms plate
height (H) and plate number (N) remain in use. For a separation, the efficiency is directly
proportional to the number of plates and inversely proportional to the plate height. The

relationship between H and N for a given column length (L) by Equation 1.16:

11



(1.16)

Z| =

Over the years, separation scientists have attempted to quantify the relationship between
band broadening (increased plate height) and the multitude of complex physical phenomena that
occur in a separation. While no theoretical equation has been proposed that is capable of
accounting for every factor, the van Deemter equation was developed and is widely used as a

tool to describe in general how a variety of factors contribute to H:
B
H=A+—+Cu (1.17)

Where u is the linear velocity of the mobile phase. The van Deemter equation breaks down

sources of band broadening into three terms: A is the multipath term and is nominally
independent of flow rate, 5 is the longitudinal diffusion term and decreases as flow rate

increases, and Cu is the mass transfer term that increases as flow rate increases. Both the A and
Cuterms arise from the solid stationary phase in a chromatographic column and therefore do not
apply when describing electrophoretic separations. This implies that under ideal conditions H
depends solely on diffusion which is given in the Einstein-Smoluchowski equation. The
Einstein-Smoluchowski equation can be written in terms of peak velocity (u) and separation
length (lsep) by substituting in t = lsep/u.

2Dl
u

0% = 2Dt = (1.18)

Plate height is a measure of variance per unit length and, therefore, may be written in terms of

diffusion by dividing Equation 1.18 by lsep:

12



The expression for N can then be written as:

_ Bep _ Ulsep (1.20)
o? 2D

As discussed in Section 1.3, the velocity of a species in an electrophoretic separation is the
product of its overall mobility («) and the electric field strength(E). Therefore, N can be written

in terms of electrophoretic parameters as shown in Equation 1.21:

.UElsep _ .UVlsep
2D  2DL

N = (1.21)

Where L is the total length the electric field is applied across (i.e. total capillary length or
microchannel length). In capillary or microchip electrophoresis (CE or uCE) it is common for lsep
to be shorter than L because detection can be done at practically any position along the length of
the capillary or microchannel. This means that separation efficiency may be increased by
detecting further down the length of the capillary or microchannel. Alternatively, separation
times may be reduced by detecting closer to the point of sample injection. This offers a clear
advantage to CE and pCE over chromatographic techniques, because the lsep for chromatography
can only be altered by changing out the column. Without increasing lsep or altering the separation
buffer, the upper limit for separation efficiency in electrophoretic separations is generally
dictated by the applied voltage because both ¢ and D are values intrinsic to the species being
separated and the separation buffer used. CE and uCE separations regularly yield plate counts
between 100,000 and 200,000 as compared to those in HPLC which typically range from 5,000

to 20,000.° However, this is not the complete story as CE is not selective but HPLC is. Without

13



measured values for ¢ and D, plate number can also be calculated using the migration time (tm)

and the peak width (w) using Equation 1.22:

2 2

N = 16(t—m) = 16(t—m> (1.22)

w 4o

Where the peak width (w or 40) is measured at the baseline graphically by drawing tangent lines
at the interior inflection points of the peak, as shown in Figure 1.3. The baseline width is the

distance between where each tangent line intersects the baseline.

1.4.2 Factors contributing to band broadening

Diffusion limited band broadening discussed in the previous section represents the ideal
case for an electrophoretic separation. However, it is not uncommon for a host of other
instrumental and physical factors to contribute to band broadening. Assuming each band
broadening factor is independent from one another, each contribute to an increase in peak
variance additively and are summarized in Equation 1.23.°

Obot = Ogipr + 0hj + 0der + Ofouie + 0leo + Ohir + 025 + 02aisp + 0f1ow  (1.23)

The sources of broadening in Equation 1.23 (listed in order) are diffusion, injection plug length,
detection window length, Joule heating, channel geometry, mass transfer, adsorption,
electrodispersion, and incidental parabolic flow.

Diffusion is an unavoidable source of band broadening in separations because of the
concentration gradient generated upon injection of the sample plug. As described in Equation

1.15, the variance due to diffusion (agiff) is proportional to the diffusion coefficient (D) of the

species being separated. The Stokes-Einstein equation defines the diffusion coefficient in terms

of the thermal energy and the frictional forces due to the surrounding solution.®
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D= (1.24)

- ennr

Where K is the Boltzmann constant, T is the temperature in Kelvin, and the denominator is the
friction coefficient where 7 is the viscosity of the fluid and r is the effective radius of the moving
particle.

The contribution of the injection plug length and the detection window length to band
broadening are unavoidable but minimal in most cases. Because a sample plug is always going to
have a finite starting length (linj) and, therefore, have a concentration profile. The variance of the

injection plug profile is described by Equation 1.25 assuming an impulse (top hat) profile.

12

ok = ;_’;1 (1.25)
This source of band broadening is apparently mostly in rapid separations with short separation
distances and can be minimized by ensuring that li,j < 5% of the distance from injection to
detection. For laser induced fluorescence (LIF) detection schemes, the detection window size is
either determined by the laser spot size or the size of the detection aperture (pinhole). If the laser

spot is smaller than the pinhole, then the gaussian intensity profile of the laser spot determines

a2, and is defined by Equation 1.26:

2
02, = et (1.26)

16

If, however, the laser spot is larger than the pinhole, then the variance is best described using the
top hat profile and can also be calculated using Equation 1.25 substituting in leet. o7, can be
considered negligible if the effective aperture is sufficiently small (< 20 pm).>

As mentioned previously, Joule heating arises due to the frictional drag forces acting on
the moving ions that carry the current through the separation medium. The rate at which this

phenomenon generates heat (Jg) is given in Equation 1.27:°
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(1.27)

Where i is the current, « is the electrical conductivity of the buffer solution (Q*-cm™), and A is
the cross-sectional area of the channel. Joule heating becomes problematic when the heat
produced cannot be dissipated at a sufficient rate to prevent the generation of a temperature
gradient. The rate of heat dissipation in capillaries and microchannels depends upon factors
including the thermal conductivities of the solution, the channel or capillary material and
surrounding air as well as the surface areas of the material interfaces. The presence of a
temperature gradient leads to a viscosity gradient which can change the flow profile from flat to
parabolic because the electroosmotic velocity is dependent upon the solution viscosity. In
microchannels, the high specific surface area allows for effective heat dissipation despite the
relatively low thermal conductivity of commonly used microchip materials such as poly
(dimethyl siloxane) (PDMS) or glass. Excessive Joule heating can also be avoided by using less
conductive buffers such as borate.

Channel geometry contributes to band broadening when turns are incorporated into the
separation channel. This is usually done to increase the length of a separation without
substantially increasing the footprint of a microfluidic device. Because the microfluidic device
designs discussed in future chapters do not use turns in the separation channel, this source of
band broadening is not relevant. Similarly, the contribution of mass transfer phenomena to band
broadening does not apply to the separations that will be discussed because it only pertains to
separation techniques that use a stationary phase (e.g. capillary electrochromatography).

Electrostatic interactions between the analytes and the capillary or channel wall are

another example of an unavoidable source of band broadening. The high specific surface area of
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microchannels is beneficial when it comes to heat dissipation but results in an increased
likelihood that adsorption events occur.® The degree to which these adsorption phenomena
affect the separation efficiency depends on the nature of the species being separated as well as
the material of the channel or capillary wall. As mentioned in discussing electroosmosis, the
surface of glass capillaries or microchannels consists of silanol groups that can become
negatively charged under sufficiently basic conditions. The negative surface charge can cause
cationic analytes to adsorb to the surface. Elastomeric materials like PDMS are a commonly used
material for microfluidic devices and can potentially adsorb larger biomolecules (e.g. proteins
and peptides) via hydrophobic interactions. These adsorption events can be described in a similar
manner to stationary phase interactions in chromatography. The contribution of adsorption to

band broadening is given in Equation 1.28:1°

,  Kugl rzk’+2 108
%ads =1+ kN2\ 4D " Kk, (1.28)

Where k& is the capacity factor which is defined as: k' = —trt_t"
0

tr is the retention or migration time of the peak, to is the retention time for an unretained
molecule, ueo is the electroosmotic velocity, | is the length of the separation channel, r is the
radius of the channel, D is the diffusion coefficient of the solute and kq is the first order
desorption rate constant. g2, can be reduced in glass microchannels by using buffers at an
extremely high pH or low pH or with a high ionic strength. These approaches to minimizing o2,
are generally impractical because biomolecules can undergo structural changes at extreme pHs,
and Joule heating is more likely to become problematic as buffer conductivity increases.
Furthermore, modifying buffer pH and ionic strength does little to improve band broadening in

PDMS-based microchannels. Alternatively, channel surfaces can be modified either permanently

17



through covalent attachment or temporarily through buffer additives such as surfactants or
proteins (e.g. bovine serum albumin) that form a dynamic coating.*

Electrodispersion occurs when there is a substantial difference in conductivity between
the sample plug and the surrounding separation buffer or when the analyte ion mobility is
significantly different to that of the buffer ion. This causes the sample plug to experience a
higher or lower local electric field depending on which solution is more conductive or which ion
is more mobile. If the sample is less conductive than the buffer, then the local electric field will
be higher, causing ions within the sample to migrate more rapidly and concentrate at the front of
the sample region. If the sample is more conductive than the buffer, then analyte ions will
concentrate toward the rear of the sample plug. Both of these scenarios result in asymmetric peak
shapes and can negatively impact the separation efficiency. Electrodispersion can be effectively
mitigated by preparing the sample in the separation buffer solution or by matching the
conductivity of the buffer to the sample solution. Because electrodispersion causes ions to
concentrate at one end of the sample plug, thus counteracting longitudinal diffusion, its
contribution to peak variance is not considered to be additive. (Note: The inclusion of 62 in
Equation 1.23 is illustrative and does not reflect its true contribution to total peak variance.)

The final potential contribution to band broadening is the presence of incidental parabolic
flow. Parabolic flow can arise from various sources including a viscosity gradient generated
because of Joule heating or a difference in reservoir height resulting in a hydrostatic pressure
differential. Joule heating can be minimized or prevented as described above. A difference in
hydrostatic pressure due to different reservoir heights can be mitigated by maintaining the buffer

reservoirs at the same height.
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1.4.3 Resolution

Resolution (Rs) is a quantitative metric used to assess whether or not a separation is
successful. Rs is a unitless quantity that reflects how well two adjacent peaks have been
separated. Using the example electropherogram in Figure 1.3, the resolution between
components 1 and 2 with migration times tm; and tm2 and peak widths of wi and w: is calculated
using Equation 1.29:
At _ (tmz = tm1) _ 2(tmz2 — tm1)

witw,  w +w, (1.29)
2

R, =
s
Wavg

Components are said to be baseline resolved at a resolution of 1.5 or greater, however higher

values are desirable when performing quantitative measurements.

1.5 Microfluidics

Microfluidics is a growing field of research in the scientific community that is
continually gaining traction. Microfluidics can be defined as the design, fabrication,
functionalization, or application of small-scale devices consisting of channels or channel
networks with at least one feature dimension being in the microscale (i.e. <1 mm). Other terms
for microfluidic devices include microfluidic chips, lab-on-a-chip (LOC) devices, micro total
analysis systems (UTAS), and other similar terms. Research in the field of microfluidics is highly
interdisciplinary and focuses on the prototyping of novel instrumentation for a broad range of
applications. The first reported microfluidic device, developed by S.C. Terry et al. in 1979, was

a miniaturized gas chromatograph system that was fabricated by etching microchannels into a
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silicon wafer.'? Since then, microfluidic devices have become increasingly sophisticated and
have been developed for applications in biological analyses, environmental science, organic
chemistry, and others.3* Key aspects of microfluidic technology that contribute to its growth in
popularity include small laboratory footprints, low rates of reagent consumption, rapid analysis
times, and lower overall operating and fabrication costs. The purpose of this chapter will be to
provide a base understanding of the fabrication, functionality, and application of microfluidic
devices. The following sections will first discuss microscale fabrication techniques and
technologies, which will lead into commonly used fluid manipulation strategies and will finish

with a brief overview of biological applications enabled by microfluidic technology.

1.5.1 Microscale fabrication

Several classes of microscale fabrication techniques have been developed and applied to
the field of microfluidics. Early microfluidic devices were fabricated using microscale
fabrication technologies developed for early silicon-based sensors and transducers.? Methods
such as injection molding and hot embossing use temperature and pressure to shape
thermoplastics into microfluidic devices.®® There are also so-called “direct write” methods such
as micromilling and 3D printing (specifically fused deposition modeling) that use a computer
numerical control (CNC) system to move a tool head to cut away material or hot extruder to
deposit layers of plastic in order to form the desired structures.'®” While injection molding and
hot embossing have the advantages of high-throughput and low-cost production, they have the
disadvantages of prohibitively high startup costs, require large machinery, and an incompatibility
with rapid prototyping. Conversely, micromilling and 3D printing have relatively low startup

costs, smaller footprint, and are well-suited for rapid prototyping, however they are primarily
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limited in feature resolution capibilities.™ (Note: Despite 3D printing’s current limitations for
microscale fabrication, it still plays a role in the microfluidic research lab and will be discussed
in later sections.)

Perhaps the most popular fabrication strategy for microfluidics is polydimethylsiloxane (PDMS)
casting.’® PDMS casting has a relatively low startup cost and is capable of high fidelity feature
replication of microstructures down to 1 pm or smaller.’> *® As a material, PDMS also offers
advantages, including optical transparency, biocompatibility, tunable elasticity, compatibility
with multilayer fabrication, among others. This fabrication method is limited, however, primarily
due to difficulties with scaling up production. Despite this issue, a number of commercially
available PDMS casted devices have been developed because the advantages of using PDMS as
a material outweighed the challenges in production scaling.?

The process of PDMS casting begins with the fabrication of a master mold that contains
all the channels and features that will be replicated in the PDMS. The most common method for
master mold fabrication is by photolithographic patterning onto silicon wafers. Photolithographic
molds are made using either positive- or negative-tone photoresists. A photoresist is a light
sensitive polymer that when exposed to UV light, either becomes cross-linked (negative-tone) or
breaks down (positive-tone). The design is transferred to the photoresist by exposing it to intense
UV light through a photomask that blocks or allows the transmission of the light in the desired
pattern. Following exposure, the wafer is placed into a bath of developer (photoresist-specific
solvent) that removes any unwanted photoresist, leaving the desired pattern as positive features
on the silicon wafer. Once a master mold is made, it can be used repeatedly to make many

PDMS devices. The general process is illustrated in Figure 1.4.
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Figure 1.4 A generalized workflow for the process steps of photolithographic

micropatterning.

The positive features on the silicon wafer master mold can then be transferred into PDMS
using soft lithography. The general process for PDMS-based soft lithography is shown in Figure
1.5. PDMS is sold as a 2-part kit consisting of liquid elastomer base and curing agent. The 2
parts are mixed at a 10:1 ratio by weight (elastomer base to curing agent), degassed, and poured
over the desired features to be replicated. The cast is then cured after 90 min at 80 °C or 48 hours
at room temperature. Once fully cured, the device is carefully peeled, and fluid reservoirs can be
punched out using a disposable biopsy punch. The positive features on the master mold are cast
as recesses in the PDMS device. Fluidic channels are completed by sealing the device reversibly
or irreversibly to a glass slide or other substrate. Reversible sealing of PDMS to substrates, such
as glass, is achieved via conformal bonding, and the reversibility of this type of bonding can be
attributed to the low surface energy of PDMS.?! Permanent bonding of PDMS to substrates
requires surface activation via oxygen plasma treatment, however, this type of bonding is only

necessary for applications requiring the application of high fluidic pressure.
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Figure 1.5 A generalized workflow for the process steps for the fabrication of a 1-layer

PDMS-based microfluidic device using soft lithography.

Beyond 1-layer microfluidic devices, PDMS casting is uniquely amenable to multilayer
device fabrication. The process and potential applications of multilayer soft lithography were
detailed in a publication by the Quake group the year 2000.2? Quake et al. demonstrated the
capabilities of multilayer soft lithography by fabricating a device with 7 patterned layers. More
importantly, they showed how multilayer fabrication enabled them to integrate vital functional
components for fluidic systems such as valves and pumps. The bonding between layers within a
multilayer device is achieved by mixing the 2 parts at ratios such that the lower layer has an
excess of elastomer base and the upper layer has an excess of curing agent. The mixtures are
poured over their respective master molds and partially cured separately, then the upper layer can
be peeled off and layered on top of the lower layer. Both layers are then placed back into the
curing oven where the complementary composition of each layer causes them to bind

irreversibly. The process for a 2-layer device is illustrated in Figure 1.6.
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Figure 1.6 A scheme illustrating the process of multilayer microfluidic device fabrication.
The device design shown and the details of each step pertain specifically to the fabrication

of the single cell analysis device reported by the Culbertson research group.*

1.5.2 Fluid Manipulation
Fluid manipulation is considered anything that generates or controls fluid flow in a
channel or fluidic manifold. Because electroosmotic flow was discussed in previous sections, this
section will focus on pressure- or actuation-based fluid manipulation. Approaches to fluid
manipulation can be generally classified as either passive or active. One commonly used passive
method to generate fluid flow is a hydrostatic pressure differential that is generated when fluid
reservoirs are filled to different heights. The difference in fluid height results in a siphon effect.

While this method is by far the simplest, the flow generated is relatively slow and difficult to
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reproduce. Active fluid manipulation, however, can be achieved either by using a piece of
peripheral equipment (e.g. syringe or peristaltic pump), or through on-board components such as
integrated valves and pumps. While peripheral equipment is generally simpler to implement,
their larger footprint, higher cost, and difficulty with real-time flow adjustments make them less
attractive options when compared to integrated fluid control strategies. The most widely used
integrated valving technique was first described by the Quake group in 2000.2? The so-called
“Quake valve” is a 2-layer design shown in Figure 1.7A. The upper layer functions as the
control and is connected to an external compressed air source that can be turned on or off using
an electronically controlled solenoid valve. The fluidic channels in the lower layer are cast using
a photoresist that results in a rounded channel profile. When the valve is actuated, the control
layer inflates and presses downward on the fluidic channel, and the rounded channels allow for
the valve to close completely. Beyond functioning as a valve, the Quake group demonstrated an
integrated peristaltic pump comprised of 3 Quake valves in series. As the valves close, the fluid
underneath is displaced laterally along the length of the channel. Unidirectional flow, via
peristalsis, can be generated by actuating each of the 3 valves using a series of square waves that
are 120° out of phase from one another. A diagram of this type of integrated peristaltic pump is
shown in Figure 1.7B.

Integrated pumping is a powerful capability that minimizes overall device footprint, cost,
and allows for precise flow control. However, flow rates generated by a single pump are limited,
and the flow is pulsatile. Higher flow rates and smoother flow can be achieved by connecting
multiple sets of pumps in parallel. A layout of this style of manifold is shown in Figure 1.7B.
The Culbertson group has reported a single-cell analysis device that features a set of these

integrated pumps.* The pumps provide a means of transporting suspended cells toward an
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electrophoretic separation channel. The pumping flow rate of the multiplexed pumps was
assessed at varying actuation pressures and frequencies and compared to a single pumping unit.
The flow rates generated by the multiplex pumps were 2.2-3x higher than the single pumps. The
optimal actuation frequency was found to be around 100 Hz. Higher actuation frequencies
resulted in partial valve closure and lower frequencies caused the flow to be more pulsatile. The

device design reported serves as the basis for the microfluidic device discussed in later chapters.
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Figure 1.7 (A) A 3D drawing illustrating the actuation of a Quake-style valve both opened
(top) and closed (bottom). Green arrows on the closed valve indicate the direction of fluid
displacement. (B) Diagrams illustrating single (left) and multiplexed (right) integrated
peristaltic pumps. The numbered circles represent the input ports for compressed air. The
diagram of the multiplexed peristaltic pumps is based on designs reported by the Culberson

group.b 34

1.5.3 Microfluidics and single-cell analysis
Traditional cellular analysis has allowed for significant advances in the diagnosis, study,

and treatment of chronic illnesses including cancers and neurodegenerative diseases. However,
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results yielded from traditional “bulk cell analysis” only give population averaged information
and are incapable of providing deeper information about the distribution of the a cell population.
There is a high degree of heterogeneity within cellular populations, both healthy and diseased,
that is obscured in population averaged data. For example, sub-populations within a tumor can
possess genetic differences that impart characteristics such as chemotherapeutic resistance as
well as increased invasiveness and are undetectable with bulk cell methods. Similarly, cells can
exhibit non-genetic heterogeneity that arises from variations in protein expression levels and can
result in vastly different cellular responses to extracellular stimuli within a population.? In both
cases, these variabilities can make chronic illnesses difficult to diagnose, study, and treat
effectively.

The field of microfluidics has played a pivotal role in enabling chronic illnesses to be
studied at the single-cell level. Several aspects of microfluidic devices make them especially
well-suited for single cell analysis applications. Cells and microfluidic channels are similar in
scale (microns) which allows for precise and gentle manipulation of cells and minimal dilution of
intracellular contents upon lysis. Additionally, microfluidic devices are commonly fabricated
using materials that are biocompatible and translucent which enables easy observation of cells
under a microscope during analysis. Microfluidic devices are frequently designed to perform
multiple functions in a single device. For example, the single cell analysis device reported by the
Culbertson group (referenced in section 1.5.3) is capable of transporting and lysing cells as well
as separating and quantifying intracellular analytes all in a matter of seconds. In bulk cell
analysis several minutes transpire between lysis and quantitation due to centrifugation and
sample loading steps. This may result in a less accurate picture due to continuing enzymatic

reactions or degradation of analytes with short half-lives. For instance, some enzymatic signaling
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reactions occur on time scales that can cause analyte concentrations to change significantly in
under 1 second.?®

Standard techniques, like flow cytometry, have some commonalities with microfluidic
single cell analysis in that they measure at the single-cell level. In flow cytometry, cells are
treated with a fluorescent reporter that undergoes some change in fluorescence upon reacting
with an enzyme or biomolecule of interest. Cells are then loaded into the flow cytometer where
they flow single file through a fluorescence detection system. Flow cytometers are often
equipped with multiple excitation sources and emission detectors allowing for multiple
fluorescent reporters with different excitation and emission spectra to be quantified
simultaneously. However, flow cytometry is limited in terms of the number of analytes that can
be quantified simultaneously within a cell. This method is also unable to distinguish between
fluorescence caused by the desired reporter-analyte interaction and reporter-interferent
interactions. The Culbertson group’s microfluidic single cell analysis device has the added
advantage of incorporating automated electrokinetic lysis and electrophoretic separation of
intracellular contents. By incorporating a mode of separation into the cellular analysis technique,
multiple cellular parameters can be measured simultaneously without additional wavelengths of
excitation and detection, and interfering species can be identified and accounted for due to their
characteristic electrophoretic migration time.

1.6 Measuring nitric oxide

The projects described Chapters 2 and 3 demonstrate the application of microfluidic
single-cell analysis for the measurement of an inflammatory biomarker nitric oxide. Nitric oxide
(NO) is a fundamental intercellular signaling molecule that is associated with the control and

regulation of many major cellular functions including immune response,? anti-inflammatory
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response, and neurotransmission.?” Increased levels of NO can lead to nitrosative stress states in
cells that can cause damage to DNA or disrupt certain enzymatic activities.?® The effects of
nitrosative stress have been linked to several chronic illnesses including neurodegenerative and
cardiovascular diseases as well as a number of different cancers.?” NO exists in vivo as a
dissolved free radical gas, with an unpaired electron on the nitrogen. It is produced in cells by a
family of nitric oxide synthase enzymes (NOS): endothelial nitric oxide synthase (eNOS),
neuronal nitric oxide synthase (nNOS), and induced nitric oxide synthase (iNOS). Upon reaction
with the superoxide anion (O.~), NO forms the highly reactive species peroxynitrite (ONOQO").
Peroxynitrite can cause substantial damage to biological systems through nitration, nitrosylation,
and the oxidation of proteins, DNA, and lipids. The ability to monitor the production of NO may
aid in the understanding of its role in the progression of these diseases. However, NO has a
relatively short half-life (3-6 s),?” and therefore analysis must be performed rapidly to obtain
accurate measurements. Recently, advances in nanoelectrode techniques for the electrochemical
detection of intracellular NO, and other RNOS, have been applied to the measurement of single
cells.” However, these techniques are limited in throughput and are most useful in studying
individual cells rather than larger cell populations. Rapid and sensitive measurement of
intracellular NO may be achieved using DAF-FM DA (4-amino-5-methylamino-2°,7’-
difluorofluorescein diacetate). DAF-FM DA is a non-fluorescent, membrane permeant molecule
that may passively diffuse across cell membranes. Upon entry into the cell, it is deacylated by
intracellular esterases, forming a membrane impermeant species, DAF-FM. It then reacts further
with NO to form a highly fluorescent benzotriazole derivative reporter (DAF-FM T). To account
for differences in loading efficiency, esterase activity, and cell volume an internal standard 6-

carboxyfluorescein diacetate (6-CFDA) can be added, as it is structurally similar to DAF-FM DA
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and is also deacylated by esterase enzymes to form 6-carboxyfluorescein (6-CF) within the
cells.?® The reaction scheme for both DAF-FM DA and 6-CFDA are shown in Figure 1.8. DAF-
FM T and 6-CF can be quantified in single cells using the microfluidic single-cell analysis
device mentioned in the previous section. This analytical strategy is capable of achieving high-
throughput single-cell measurements of intracellular NO. Application of this strategy for the
analysis of NO levels in T lymphocytes and microglia is demonstrated and discussed in Chapters

2 and 3 respectively.
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Figure 1.8 Reaction scheme for the loading of 6-CFDA (top) and DAF-FM DA (bottom)
into cells; Both fluorescent probes are modified by intracellular esterases, DAF-FM

reacts further with NO to form the strongly fluorescent DAF-FM T derivative.
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1.7 DIY technologies in the research laboratory

1.7.1 3D printing

The emergence of 3D printing technology has greatly increased the turnover rate and
lowered the expense of prototyping compared to traditional machining and fabrication methods,
allowing for rapid designing and testing of custom-built parts. 3D printers are used to make
objects ranging from simple custom-built housing and fittings - to parts that require higher
precision such as optical components and adapters.? 3D printing is part of a rapidly growing
DIY community that is centered around the culture of sharing ideas and collaborative problem
solving. As a result, a number of useful resources are readily available online including extensive
tutorial videos for all levels of 3D printing experience and websites, such as Thingiverse.com,
where users can share their 3D designs and other members of the community may download
them for free. The largest expense in 3D printing is the initial investment in the printer itself.
However, a number of “economical” options are available, costing ~$250 USD for a low-end
printer, ~$500 USD for a mid-range printer, and $1,000+ USD for higher quality. The versatility
and low-cost of this technology make 3D printers a powerful tool in the microfluidics research
lab.

3D printing technology comes in a number of varieties, but the 2 most popular formats
are fused deposition modeling (FDM) and stereolithographic printing (SLA). Both formats of 3D
printing fabricate parts in a layer-by-layer fashion. 3D objects are first designed in a 3D
modeling software environment such as AutoCAD or Fusion 360. The 3D object files are then
imported into a “slicing” software that converts the 3D object into a machine code that can be
understood by the 3D printer. In SLA printers, a printing surface is lowered into a UV curable

liquid resin containing vat with a transparent plastic film bottom. A UV light source from
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underneath cures the resin in the desired pattern using either a laser guided by 2 mirrors, or an
array of UV LED pixels. It is worth noting that in recent years, there have been more user-
friendly SLA printers that have come on to the market which will likely result in their increased
use in the research lab. While this style of printing is capable of producing high-resolution
features (tens of microns), the liquid resins used are toxic and printers are more difficult to
maintain compared to their FDM counterparts. FDM printers (alluded to in Section 1.5.1) work
by using a CNC controlled heated extrusion nozzle to deposit thin lines of thermoplastic onto a
heated print surface. The nozzle follows paths computed in the slicing software to construct each
layer of the printed object. FDM printers can produce objects with resolutions of ~10+ microns
in the XY direction and 100-300 microns in the Z direction. FDM is the most popular format
among 3D printing hobbyists because it is more user friendly, lower maintenance, does not use
toxic liquid resin, and tends to be less expensive overall. The most commonly used material for
FDM 3D printing is polylactic acid (PLA) as it is biodegradable, prints at or below 220°C and
does not require a heated print bed. PLA filament can be purchased for $23/kg and is one of the
most inexpensive material choices available, and printed items often cost less than $1 to print.
Other materials for 3D printers are also available when different properties such as increased

structural stability or chemical resistance are required.

1.7.2 Low-cost open-source electronics

The development of microfluidic devices often requires a set of specialized electronic
components for device control and monitoring functionality as well as a custom graphical user
interface (GUI). Companies like National Instruments (NI) have produced tools that meet these

requirements such as GUI development software (LabVIEW) and accompanying
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microcontrollers (NI-DAQ devices). While these NI products are useful in prototyping, they can
be prohibitively expensive and can effectively negate the low-cost aspect of microfluidics. In
recent years, open-source microcontroller boards, such as Arduino (Figure 1.9), have become
powerful, simple, and inexpensive alternative. Open-source microcontrollers are also a part of
the DI'Y community, and as such, benefit from a large online support community that makes it
relatively easy for hobbyists and scientists to rapidly program and integrate electronic devices
into their setups. There is also a wide selection of auxiliary components, or “breakout boards”,
that enable a broader range of functionality for these microcontrollers, including temperature
sensing, gas sensing (CO., Oz, VOCs), magnetometers, accelerometers, pH probes, among many
other analog and digital I/O functionalities. Arduino microcontrollers have begun to find their

place in the research lab due to their low-cost and high versatility.33

Figure 1.9 A photograph of an Arduino UNO R3 microcontroller board.

Photograph: “Arduino Uno-R3” from SparkFun Electronics [CC BY 2.0

(https://creativecommons.org/licenses/by/2.0/legalcode)]
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The proliferation of low-cost open-source microcontrollers and accompanying
accessories largely began with the Arduino. An Arduino microcontroller is a printed circuit
board (PCB) that is centered around a microprocessor chip and comes assembled with all the
necessary components (resistors, diodes, voltage regulators, etc.) and is ready to use out of the
box. Programmed instructions for the Arduino can be written in the Arduino integrated
development environment (IDE) and transferred to the on-board flash memory via a USB cable.
Components such as break out boards and other low-power electronics can then be connected to
the 1/0 ports via standard female headers. Because the designs for the original Arduino board are
open-source, other companies can manufacture less expensive versions or add their own built in

features as desired, making Arduino-style boards costing as little as $5 USD.

1.7 Conclusion

Thus far, a general overview of the underlying concepts and recent trends for
microfluidic biological analysis have been discussed. Microfluidics is a relatively young and
rapidly growing area of research that has proven to be incomparable in terms of potential for
bioanalytical applications in a variety of settings, such as point-of-care diagnostics, in vitro
cellular analysis, and single-cell analysis. The following chapters will present and discuss results
and progress on 3 microfluidic-based projects. Chapter 2 reports improvements made on the
single-cell analysis (SCA) system developed by the Culbertson group. The improvements made
to the SCA system were enabled by low-cost electronics and 3D printing technology. The system
is then applied to the analysis of an inflammatory biomarker (nitric oxide, NO) within a model
cell line (Jurkat, T-lymphocytes) under inflammatory, native, and inhibitory conditions. Chapter

3 incorporates all improvements reported in Chapter 2 and demonstrates the potential of the SCA
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system for applications in studying the effects of anti-inflammatory therapeutics for the treatment
of neurodegenerative pathologies, such as Alzheimer’s disease, Parkinson’s disease, chronic
traumatic encephalopathy, among others. An analytical strategy, similar to that developed in
Chapter 2, is used to measure NO levels in a recently discovered immortalized cell line (SIM-
A9, microglia). Microglia are directly related to the pathologies of interest and studying their
behavior in response to pharmacological agents can provide valuable information for the
development of more effective therapeutics. Additionally, Chapter 3 presents an interesting in-
depth statistical analysis on the distributions of NO levels under inflammatory, native, and
inhibitory conditions, which highlights the potential depth of information made available by
performing analyses with single-cell resolution. Finally, Chapter 4 focuses on efforts toward
replacing bulky pneumatic-based actuation with solid-state actuation using dielectric actuators.
The ultimate goals of the project are to use dielectric actuators for 2 functions within
microfluidic devices: to apply precise mechanical stress on cells to study mechanotransduction

phenomena, and to serve as the basis for a novel non-pneumatic valve.
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Chapter 2 - Improvements on fabrication and operation of a single-
cell analysis device for the measurement of nitric oxide production
in T lymphocytes

2.1 Introduction

Integrated microfluidic devices have become very versatile tools for biological and
biomedical investigations.®*** Devices capable of single-cell analysis (SCA), in particular, have
proven useful in the study of the etiology of several chronic illnesses including cardiovascular
disease®, neurodegenerative diseases,?® and cancers.>® The SCA devices presented in these
studies address key challenges in the analysis of diseases, such as heterogeneity within the
affected cell populations and the tendency of enzyme activities to change on relatively short time
scales.

Microchip electrophoresis coupled with laser induced fluorescence detection (UCE-LIF)
is among the more powerful modes of SCA due to the combination of automated cell handling
enabled by microfluidics, the speed of electrophoretic separations, and the sensitivity of LIF
detection. There are several current analysis methods that use fluorescent probes to measure the
activity of enzymes such as kinases*®#! proteases,*? nitric oxide synthases, and oxidases,?8-2% 43-44
Some of these probes directly measure enzyme activity using fluorescently labeled peptide
probes while others measure the products of enzyme activity (i.e. nitric oxide and superoxide)
using reactive fluorescent moieties. These methodologies are readily adaptable to uCE-LIF
device.

For several years, our research group has been developing an automated high-throughput

single cell uCE-LIF device or single-cell analysis (SCA) device. Previous reports using the SCA
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device demonstrated the measurement of NO production in an immortalized T lymphocyte cell
line (Jurkat) using a diaminofluorescein based probe (4-amino-5methylamino-2°,7’-
difluorofluorescein diacetate) or DAF-FM DA.? Cells were transported from the sample
reservoir to the separation channel using a syringe pump in withdrawal mode to pull the fluid.
Once the cells entered the separation channel, the high voltage applied for the separation caused
the cells to rapidly lyse and the intracellular contents to be injected and separated via
electrophoresis. LIF detection was positioned downstream of the lysis intersection where
fluorescent analytes in the lysate were detected. Unfortunately, the report did not demonstrate
any pharmacological perturbation of the cells to demonstrate the potential of this device for
measuring changes in NO production. Since that report, there have been two additional
functional components integrated into the SCA device. First, an integrated peristaltic pump was
developed to enable on-board fluid control for automatic cell transport from the sample reservoir
to the separation channel replacing the external syringe pump.! However, the report focused
primarily on the functionality of the integrated pumps and did not demonstrate the device’s
application to a relevant cellular analysis. Additionally, the automatic transport of cells into the
lysis intersection is stochastic and uncontrolled, and it is common for two or more cells to enter
the lysis intersection in quick succession resulting in electropherogram overlap when multiple
analytes are being quantified. The cell density of the sample can be decreased to minimize this
possibility; however, this comes at the cost of decreased throughput. While species can, in some
cases, be identified with reasonable confidence using their relative migration times, this becomes
increasingly difficult as more analytes are added to an analysis. In separations, species can be
more confidently identified by their absolute migration times. To that end, the second

functionality developed was an integrated optical fiber bridge which enabled fluorescence
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detection at two locations simultaneously without additional bulky optics.® LIF detection spots
were placed in the sample channel just before the lysis intersection to detect intact cells and
downstream of the lysis intersection to detect separated fluorescent analytes. Detection at these
locations allows for the measurement of injection time and separation time which are necessary
to calculate or confirm the absolute migration time of separated species. Unlike the report of the
integrated pumps, the optical fiber bridge report did demonstrate the application of the device for
a relevant cellular analysis, however only preliminary data was reported. The goal of the work
presented in this chapter is to combine the added functionalities of the SCA device with a
demonstration of its use for a relevant cellular analysis. The SCA device with integrated pumps
and optical fiber bridge is used to measure changes in NO production in single Jurkat cells using
the DAF-FM fluorescent NO probe and 6-carboxyfluorescein diacetate (6-CFDA) as an internal

standard. Additionally, improvements in the optical fiber bridge detection setup are reported.

2.2 Materials and methods

2.2.1 Reagents and materials

T-lymphocyte cells (Jurkat, Clone E6-1, ATCC TIB-152), RPMI-1640 medium (ATCC
30-2001) and Dulbecco’s phosphate buffered saline (D-PBS, 1x, ATCC 30-2200) were
purchased from American Type Culture Collection (Manassas, VA). Sodium borate, lyophilized
bovine serum albumin (BSA), Tween-20, Xylenes (Certified ACS), and acetonitrile (HPLC
grade) were all obtained from Fisher Scientific (Pittsburgh, PA). Sodium dodecyl sulfate,
anhydrous dimethyl sulfoxide, 99.9% (DMSO), and lipopolysaccharides (LPS) from Escherichia
coli line 0111:B4 were purchased from SigmaAldrich (St. Louis, MO). 4-Amino-5-
methylamino-2',7'-difluorofluorescein diacetate (DAF-FM DA) was purchased from Invitrogen,

(Waltham, MA), in 50 pg packs. 6-Carboxyfluorescein diacetate, single isomer (6-CFDA) and
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probenecid sodium salt were purchased from Biotium Inc. (Fremont, CA). The iNOS inhibitor,
1400W dihydrochloride, was purchased from Tocris (Minneapolis, MN). Negative tone
photoresist SU-8 2010 was purchased from MicroChem Corp. (Newton, MA). The SU-8
developer, 2-(1-methoxy) propyl acetate (99%), was obtained from Acros (Morris Plains, NJ).
AZ P4620 positive tone photoresist and AZ 400K developer (1:4) were obtained from AZ
Electronic Materials (Branchburg, NJ). Silicon wafers (100 mm diameter, single-side polished,
mechanical grade or better) were purchased from Silicon, Inc. (Boise, ID). Chrome coated
silicon wafers (100 mm diameter, single-side polished, test grade) were purchased from WRS
Materials (San Jose, CA). (1,1,1,3,3,3-Hexamethyldisilazane (98%) (HMDS)) was purchased
from Gelest (Morrisville, PA). Sylgard 184 PDMS prepolymer and curing agent were purchased
from Dow Corning (Corning Inc., Corning, NY). Ultrapure water was generated from a
Barnstead E-pure system (Dubuque, 1A). Multimode optical fiber (0.22 NA, core @105 pum) and

refractive index matching gel (G608N3) was obtained from Thorlabs Inc. (Newton, NJ).

2.2.2 Tissue culture

Cells were cultured in RPMI 1640 medium containing 10% (v/v) fetal bovine serum, L-
glutamine (2 mM), penicillin (100 pg/mL), and streptomycin (100 pg/mL). The cells were
maintained in a humidified environment at 37 °C and 5% CO; and cultured in 25 mL polystyrene
culture flasks (Corning Cell Culture Treated, Fisher Scientific). Cells were passaged every 2—3
days. All experiments were scheduled to ensure that the cell density would be approximately 10°

cells/mL immediately prior to labeling.
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2.2.3 Sample preparation
LPS stimulation and iNOS inhibition

LPS, or lipopolysaccharides, are a class of molecule that are the major constituent of the
outer membrane of gram-negative bacteria. LPS is known to stimulate the expression of iNOS
via toll-like receptor 4 (TLR4)-mediated signaling and is commonly used for this purpose in
studies of the inflammatory response.* In this study, Jurkat cells were stimulated using purified
LPS at a rate of 3 uL of 1 mg/mL LPS per milliliter of cell suspension at a density between
1x10° and 1x10° cells/mL. Cells were incubated with LPS at 37 °C and 5% CO- for 3 hours prior
to loading with DAF-FM DA and 6-CFDA.

For iNOS inhibition experiments, 1400W dihydrochloride was used. 1400W
dihydrochloride is a potent inhibitor and is selective for iINOS over the other NOS isoforms,
namely nNOS and eNOS.**" Inhibition occurs through modification of the heme cofactor and
destabilization of the iNOS homodimer rendering the iNOS monomers inactive.*’ In
experiments, Jurkat cells were co-treated with 1400W dihydrochloride (100 uM) and LPS using

the same concentration and incubation conditions as the stimulation experiments.

Loading of cells with DAF-FM DA and 6-CFDA

Native, stimulated, and inhibited cells were labeled using the same procedure and similar
to that reported previously.?® A stock solution of the fluorogenic NO probe, DAF-FM DA,
(approx. 1 mM) was prepared by dissolving the contents of single pack in 100 uL of DMSO. A
separate stock solution of internal standard, 6-CFDA (3.74 mM), was also prepared using
DMSO. To prevent the efflux of the anionic dyes probenecid, a commonly used inhibitor of

MRP1*¢, was used. Stock solution of probenecid was prepared by dissolving 77 mg in 1 mL of
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PBS yielding a final concentration of 250 mM. An amount of 1 mL of cell suspension was
aliquoted into a 1.5 mL Eppendorf tube and then centrifuged at 125xg (Marathon 8K, Fisher
Scientific, Pittsburgh, PA) for 5 min. The supernatant was removed from the pellet and
discarded. Cells were resuspended in a mixture containing 1.1 pL of 6-CFDA stock solution, 15
pL of DAF-FM DA stock solution, 1 pL of probenecid stock solution and 82.9 uL sterile PBS
(100 pL total) and incubated for 30 min at 37 °C on a heat block. The labeled cells were then
diluted to 1 mL with sterile PBS prewarmed to 37 °C and centrifuged at 125xg for 5 min, and the
supernatant was then discarded. These rinsing steps were repeated twice more with 1 mL
portions of sterile PBS followed by a final resuspension in 1 mL of sterile PBS containing 2
mg/mL BSA and 2.5 mM probenecid.
2.2.4 Device design and working principles

The working principles and operation of the microfluidic device, integrated soft
lithographic pumps, and integrated optical fiber detection were described in depth previously.® 3
A diagram of the fluidic (black) and pumping (red) manifold for the device is shown in Figure
2.1. Labeled cells are loaded into the sample reservoir (labeled S) and drawn to the lysis
intersection via hydrodynamic flow generated by the on-board peristaltic pumps (shown in red).
A diagram illustrating the processes of cell transport and lysis is shown in Figure 2.2.
Fluorophores within the intact cells are excited as they pass underneath the cell detection point

(labeled CDP). The emission is then transmitted back through the fiber to the photomultiplier
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Figure 2.1 Diagram of the single cell pCE-LIF device; Pneumatic inlets for the peristaltic

pumps are numbered 1-4. HV electrodes connected to the positive voltage source and
ground are placed into the +V and GND reservoirs, respectively. The Waste, GND, +V,
auxillary buffer (AB) reservoirs are filled with electrophoresis buffer. Cells are loaded into
the sample (S) reservoir. Locations for both ends of the optical fiber are shown as the cell
detection point (CDP) and the lysate detection point (LDP).

tube (PMT) resulting in a sharp emission spike, labeled as intact cell in the electropherogram in
Figure 2.3. Upon entry into the lysis intersection, the cells experience a high electric field (800-
1100 V/cm). This electric field rips the cell membrane away from the charged intracellular
contents, lysing the cell. As lysis occurs, the cell membrane and other debris continue with the
hydrodynamic flow toward the pumps and waste reservoirs (labeled Waste). Simultaneously, the

charged analytes are automatically injected toward the oppositely charged electrode (in the
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diagram example it is the anode) and the downstream lysate detection point (labeled LDP)

resulting in emission spikes from separated fluorescent analytes (shown in Figure 2.3).

Fiber
PDMS
( i RI Gel
——Buffer
N A/’L(Jlass
Excitation” “Emission

Figure 2.2 3D render of the SCA device with integrated fiber bridge. (Lower left) A
diagram of the cell transport and lysis processes; The red dotted arrows represent the
electrophoretic flow and the solid blue arrows represent the hydrodynamic flow
direction. (Lower right) A diagram showing the optical path that the excitation (blue)
and emission (green) light travels, and the application of the R1 gel to the fiber-

membrane interface.
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Figure 2.3 A series of single-cell electropherograms. The intact signal and separated lysate

contents are labeled for the first cell, and subsequent cells are indicated by the dotted

rectangles.

Our device has a few key features that set it apart from other microfluidic SCA systems.
The integrated peristaltic pumps allow for simple and precise control of flow rate within our
device. Our pumping manifold consists of 3 parallel pumping channels. Each pumping channel is
a 3-valve peristaltic pump modeled after designs reported by the Quake group.?? Individual
pumping units consist of 3 Quake-style valves in series along a fluidic channel. Flow is
generated by actuating each of the valves 120° out of phase with each other generating net fluid
movement in one direction. A single-channel pump can generate flow rates up to 3 nL/s, but the
flow is pulsatile. By integrating 3 pumping channels actuated 120° out of phase with each other,
our device can generate smooth flow at rates up to 9.2 nL/s. The rate at which the cells flow into

the injection intersection may be controlled by adjusting the actuation pressure of the valves
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using a regulator. Details regarding the assembly and working principles of the on-board
peristaltic pumps and the peripheral pneumatics were described in depth previously.!
Additionally, the integration of the optical fiber enables fluorescence detection at two
locations simultaneously without the addition of a second objective, detector, or additional
optics. Placing the second detection spot prior to the injection intersection results in a signal just
before cell lysis. By measuring the time between the intact cell signal and lysate signal the
absolute migration time of separated species may be determined. This capability is important

when multiple analyte signals must be identified and quantified.

2.2.5 Device fabrication

The microfluidic SCA device consisted of 2 layers, a fluidic layer and a pumping layer,
and was fabricated using standard photolithography to make silicon wafer master molds (SWMs)
for subsequent multilayer soft lithography using techniques reported previously and detailed

below.!

Photolithography

The photomasks used to generate the desired channel patters were first drawn using
AutoCAD 2018 (Autodesk, San Rafael, CA). The drawings were then sent to a laser
photoplotting company (Fineline Imaging, Colorado Springs, CO) to be printed at a resolution of
40 kdpi. The fluidic layer pattern was printed with dark features and a clear background and the
pumping layer pattern was printed clear with a dark background.

The fluidic layer SWM was fabricated by spin coating (Laurell Technologies, North

Wales, PA) positive tone photoresist AZ P4620 onto a clean, chrome coated, silicon wafer (1000
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rpm for 18 s) yielding a film thickness of 18-20 um. The coated wafer was then soft baked on a
hot plate using a multistep baking process beginning with 65 °C for 2 min, followed by a quick
ramp in temperature to 95 °C (approx. 30 °C/min) and held there for 2 min, and then a final
quick ramp to 120 °C (approx. 30 °C/min) and held for 4 min. The baked wafer was then
removed from the hotplate and placed in a laminar flow hood to cool for 20 min. The photomask
with the fluidic layer features was then placed carefully onto the coated wafer and a quartz block
(47x47x0.5”) was placed on top. The assembled wafer, photomask and quartz block were then
placed in a UV flood exposure system (ThermoOriel, Stratford, CT) and exposed to UV light for
the proper duration that is calculated using the prescribed UV energy dose for 20 pum film
thickness (630 mJ/cm?) and the measured output power of the mercury arc lamp. Following
exposure, the quartz block and photomask were removed from the wafer and the wafer sat in the
laminar flow hood for 10 min. The wafer was then placed into a crystallization dish filled with
the AZ developer (1:4) and developed by gently swirling the developer to remove any uncured
AZ. Following development, the wafer was then rinsed carefully with ultrapure water and then
carefully dried using a nitrogen blowgun (< 50 kPa pressure). The wafer was then placed back
onto a hotplate and baked at 120 °C for 4 min and then removed from the hotplate and allowed to
cool for storage until use.

The pumping layer SWM for the upper layer of the device was fabricated using negative
tone photoresist, SU-8 2010. The photoresist was spin coated onto a bare silicon wafer (1000
rpm for 20 s) yielding a film thickness of 20 um. The coated wafer then underwent soft baking
on the first hot plate at 65 °C for 2 min and then the second at 95 °C for 4 min. The coated wafer
was then removed from the hotplate and allowed to cool for 10 min in a laminar flow hood. The

photomask containing the valve manifold pattern for the upper layer was placed on top of the
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coated wafer followed by the quartz block and subsequently exposed for a duration calculated
using the required dose for the film thickness (145 mJ/cm?) and the measured output power of
the mercury arc lamp. The photomask and quartz were then removed, and the wafer was then
immediately hard baked (using same temperatures and times as soft baking step) and allowed to
cool. Then the wafer was placed into a crystallization dish containing SU-8 developer (2-(1-
methoxy) propyl acetate) and developed by gently swirling the developer to remove any uncured
polymer. Complete development was verified by removing the wafer from the developer and
carefully squirting a small amount of isopropanol onto the pattern. Development was complete
when no white streaks appeared upon contact with isopropanol. The wafer was then carefully

dried using the nitrogen blowgun as described before.

Multilayer soft lithography

3 aliquots of PDMS with varying ratios of elastomer base to curing agent (approximately
30:1, 5:1, 10:1) were individually measured out, thoroughly mixed, and degassed in a vacuum
desiccator. Both the fluidic and pumping SWMs were pretreated with a releasing agent (1:1 (v/v)
HMDS:Xylenes). The fluidic layer was made by spin coating a 50 um thick layer of PDMS onto
the fluidic SWM. The pumping layer was made by pouring PDMS into a 5 mm thick plexiglass
frame aligned on top of the fluidic SWM. Both layers were placed into an oven at 80 °C to cure
for 90 min. Once cured, the layers were removed and allowed to cool. The pumping layer was
then peeled off the pumping SWM and holes for compressed air inlets and the optical fiber were
punched using a custom plexiglass jig as a guide. The pumping layer was placed on top of the
fluidic layer by aligning the optical fibre holes with the fluidic channels for the cell detection

point (CDP) and the lysate detection point (LDP) as shown in Figure 2.1. The assembled layers
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were placed back into the 80 °C oven for an additional 90 min. Once fully cured and cooled, the
chip was then peeled off the fluidic SWM, and 3 mm diameter reservoir holes were punched out

using a disposable biopsy punch.

2.2.6 Device setup and operation
Setup of the microfluidic device

The underside of the microfluidic device (where the fluidic channels are located) was
gently but thoroughly rinsed with ultrapure water for 20-30 s. The device was then dried using a
nitrogen blowgun (P< 50 kPa) and placed channel side up into a laminar flow hood. Any
remaining debris was removed by carefully allowing a length of Scotch Magic Tape to adhere to
the channel side of the device and then it was carefully peeled away. Both sides of a microscope
slide (75x50x1.0 mm) (Fisher Scientific, Pittsburg, PA) were cleaned using glassware soap and
thoroughly scrubbed with a cleanroom swab (TX714MD, Texwipe, Kernersville, NC). The slide
was then thoroughly rinsed for 20-30 s with ultrapure water and dried using a nitrogen blowgun.
In the laminar flow hood, the microfluidic device was assembled by carefully layering the device
atop the cleaned glass slide and air bubbles were avoided by slowly laying the device down left
to right allowing the device to conform to the glass surface creating a reversible seal. Any dust or
debris on the top of the device was then removed using Scotch Magic Tape to ensure minimal
light scattering.

The device was then placed into the 3D printed chip holder and secured into the 3D
printed microscope stage plate and placed in the xy translation stage of the microscope. The
channels were allowed to fill passively by filling the GND reservoir with 30 uL of prewarmed

electrophoresis buffer (37 °C). The composition of the electrophoresis buffer was similar to that
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reported previously.! The buffer consisted of 0.2% Tween20, 20% (v/v) Acetonitrile, 20 mg/mL
BSA, 2 mM SDS and 25 mM sodium borate. Once all fluidic channels were filled with
electrophoresis buffer, all reservoirs were filled with 30 pL of electrophoresis buffer.

Once the device was filled, the high voltage (HV) wires (39x2215,22 AWG, Allied
Electronics inc., Fort Worth, TX) with a short length of platinum wire (approx. 2 cm) soldered to
one end were press fit into the wire slots on the chip holder with the platinum wire in the GND
and +V reservoirs. The HV wire in the GND reservoir was connected to ground and the +V
reservoir was connected to the output of the HV power supply (Spellman CZE1000R, Spellman
High Voltage Electronics, Hauppauge, NY).

The on-board peristaltic pumps were actuated using 4 mounted solenoid valves
(LHDA1221111H, The Lee Company, Westbrook, CT) mounted on a manifold
(LFMX0510538BE, The Lee Company, Westbrook, CT) connected to a compressed air regulator
(Norgren inc., Littleton, CO) which was connected to the building compressed air (120 psi) and
regulated to deliver pressures between 0 and 2 bar. The actuation pattern of the solenoid valves
was controlled by a microcontroller (pro trinket 5V, Adafruit, New York City, NY) programmed
with in-house written code. The control program may be found in Appendix C. The voltage of
the digital control signals from the microcontroller (5 V) was stepped up to the actuation voltage
of the solenoids (12 V) using the L298N H-bridge (Elegoo inc., Shenzhen, China). The
compressed air outlets of the manifold were then connected to the appropriate inlets on the

device, labeled 1-4 in Figure 2.1.

Setup of the optical fiber and LIF detection
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As an improvement on the previously published optical fiber detection system,? the
tapered plastic nozzles for fiber-chip coupling were replaced with straight metal tubes fashioned
from the barrels of hypodermic needles. These metal fiber couplers (MFCs) were fabricated by
cutting off the bevel and hub of 23-gauge hypodermic needles using a rotary tool equipped with
a heavy-duty cut-off wheel (Dremel, Mount Prospect, IL). The MFCs not only have a smaller
footprint compared to the plastic nozzles but also firmly hold the optical fiber perpendicular to
the microfluidic device and in line with the LIF optics.

The MFCs were prepared by applying a small amount of refractive index matching gel
(RI gel) to one end and inserting that end into their respective fiber optic access holes. Both ends
of the MMF (105/125 pum core/cladding, Thorlabs FG105UCA, N.A. = 0.22) were then prepared
by stripping the coating material near the ends and cleaning the fiber surfaces with an optical
wiping tissue wet with isopropanol. The fiber ends were then cleaved using a mechanical fiber
cleaver (FC-6S, Sumitomo Electric Lightwave Corp., Raleigh, NC) and inserted into the

prepared MFCs. The fiber was bridged between the CDP in the cell handling channel and the

Figure 2.4 (A) Photograph of the fully assembled microfluidic SCA device with custom 3D
printed stage plate and optical fiber manipulators. (B) Photograph showing the fiber-

membrane interface with R1 gel (20x).
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LDP in the separation channel. Photographs showing the fully assembled system and the fiber-
membrane interface with RI gel is shown in Figure 2.4.

The excitation source was a 488 nm laser diode (Oxxius- LBX-488-100-CSB-PP). As
illustrated in our previous publication,* several optical elements (i.e. elliptical mirrors and an iris
diaphragm) were used to direct the beam into the rear port of a commercial inverted Nikon TS-

100-F microscope (Nikon Instruments, Inc., Melville, NY) equipped with a fluorescence filter

PMT

Optical SCA

fiber g device

Emission

—

Excitation source

Fluorescence filter cube
Figure 2.5 A diagram of the fluorescence detection optics setup. Excitation light from a

solid-state diode laser is directed toward the objective through a fluorescence filter cube
with a dichroic mirror. Fluorescence emission is collected through the objective and is

directed toward the photomultiplier tube.

cube (XF115-2 FITC, Omega Optical, Brattleboro, VT). A 20x microscope objective (NA =
0.45) and Z-axis control (i.e. focusing knob) were used to control the spot size of a laser beam.
The fluorescence signal was detected by a PMT (R-928, Hamamatsu Instruments, Bridgewater,
NJ) with an 800 um diameter pinhole. A diagram showing the fluorescence detection setup and

optics is shown in Figure 2.5.
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Data collection and analysis

The signal current from the PMT was amplified (1 or 5 pA/V) and filtered (30 Hz, low-
pass) using a low-noise current preamplifier (Stanford Research Systems, Sunnyvale, CA). Data
was collected using a differential analog input of a USB data acquisition device (USB-6002) and
a program written in-house using LabVIEW (National Instruments, Austin, TX). Data

visualization and analysis was performed using IgorPro (WaveMetrics, Portland, OR).

2.2.7 Single-cell analysis experiments

For experiments, 30 pL of labeled cell suspension was loaded into the sample reservoir,
while the remaining cell suspension remained on the heat block (Fisher Scientific, Pittsburg PA)
at 37 °C until more cell suspension was needed. Operation of the device began by turning on the
on-board peristaltic pumps and setting the actuation pressure to result in a modest flow rate (< 1
bar). Verification of cell movement and sufficient fluorescence labeling was done through visual
inspection. The electric field was then applied to the separation channel (850 V/cm).
Adjustments to the actuation pressure were made by observing cell lysis at the intersection and
determining whether the cells are moving too fast (i.e. a large portion of intracellular
fluorescence continues on to the waste channel) or too slow (i.e. the entirety of the cell contents
along with the membrane are injected down the separation channel). Typical flow rates for
efficient lysis in our system fall in the range of 2-4 nL/s. The optimal electric field magnitude
and flow rate must be found experimentally and varies between different cell lines and buffer
composition and conductivity. It is crucial that the electric field be of sufficient strength to

generate cellular lysis. In general, the lower limit of field strength is determined by the resulting
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flow rate of the lowest actuation pressure at which reasonable cellular movement occurs. The
upper limit is determined by the device’s capability to dissipate power (between 5 and 10 W/m
generally).®

Once the conditions for lysis were optimized, the objective was then directed toward the
downstream end of the optical fiber at the LDP and the optical path was switched from the
eyepiece to the PMT. Successful alignment of the fiber and optimal lysis will result in an

electropherogram resembling that shown in Figure 2.3.
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Figure 2.6 Representative electropherograms from the native, inhibited and stimulated

experiments.

Changes in intracellular NO levels were quantified for native, stimulated, and inhibited
cells. These changes were measured by computing the ratio of the fluorescence peak areas of
DAF-FM T to those of 6-CF for each cell. An overlay of representative single-cell
electropherograms from each of the 3 runs is shown in Figure 2.6. A summary of the results

from the experiments is shown in Table 2.1.
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Table 2.1 The average ratios (DAF-FM T/6-CF + standard deviation) of the peak area and
peak height for native, stimulated and inhibited cells.

peak area ratio DAF FM T/6-CF no. of cells
native cells 0.31+0.15 53
stimulated cells 0.68+0.29 44
inhibited 0.37+0.17 66

peak height ratio DAF FM T/6-CF no. of cells
native cells 0.067+0.031 53
stimulated cells 0.18+0.08 44
inhibited 0.11+0.05 66

2.2.8 Characterization of optical fiber signal improvement

For the signal improvement experiments, we applied small amounts of a RI gel to both
ends of the optical fibre bridge before inserting them into the microfluidic device. To compare
the transmission efficiency of the optical fiber with and without the RI gel, we loaded a sample
of fluorescent 10 um diameter polystyrene microspheres into the sample reservoir and pulled
them past the CDP using the on-board pumps and measured the emission at the LDP. Plots
showing a series fluorescence peaks both with and without RI gel is shown in Figure 2.7. The

average fluorescence signals for both conditions are shown in Table 2.2.
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Figure 2.7 Fluorescence signal from 10 pm fluorescent polystyrene microspheres with RI
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Table 2.2 Average intensity and 95% confidence interval of fluorescence signals from 10

um fluorescent microspheres with and without the application of RI gel to the optical fiber

faces.
Average
n Intensity
(a.u.)
Without gel 80 0.48+0.03
With gel 80 1.43+0.09
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2.3 Discussion and results

2.3.1 Measurement of changes in NO production

Difficulties in detecting sufficient intact cell and DAF-FM T arose in early experiments.
Each of these issues were caused by two separated and independent phenomena. Issues with
detecting the intact cell signal seemed to have been due to issues in the detection optics. One
possible explanation is that the face of the optical fiber is further away from the objective than
the fluidic channel, and therefore, may be slightly out of focus when the fluidic channel is in
focus. Therefore, the position of the objective had to be adjusted until intact cell signal was
observed when the optical path was switched from the eyepieces to the PMT. The difficulty in
detecting DAF-FM T signal in the cell lysate was not due to issues with the detection optics.
During initial experiments, the flow rate was adjusted until cells were observed flowing through
the device and appeared to be completely lysed. However, when collecting the
electropherograms, only a peak for 6-CF was observed in the lysate for each cell. We determined
that this was likely due to hydrodynamic flow pulling the less mobile DAF-FM T toward the
pumps while allowing the more highly mobile 6-CF to travel down the separation channel. This
was confirmed when the actuation pressure of the pumps was reduced, and the DAF-FM T peak
signal began to appear.

Changes in NO production in single Jurkat cells in the presence and absence of LPS
stimulation have been reported previously by our group.? In that study, changes in NO
production were measured by calculating changes in the ratio of peak areas and peak heights of
DAF-FM T and 6-CF. It was concluded that the change in peak area ratio and peak height ratio
indicated a 2-fold increase in NO production in stimulated cells. Both the increase in peak area

ratio and peak height ratio were found to be statistically significant. Given that both the peak
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area ratio and peak height ratios were in agreement in the previous study, we believe that it is
appropriate to consider peak area ratios alone. Peak areas are considered to be more reliable in
quantitation because the values do not change significantly if peak shapes are not Gaussian. This
will minimize error in quantitation due to potential differences in band broadening between the
separated species. Table 2.3 shows the calculated percent differences between each of the

experimental conditions and the statistical significance (p-value) of each difference.

Table 2.3 Percent difference and associated p-values for the peak area ratios for each

experimental condition.

% difference p-value

Native — Stimulated +135% < 2x1071°
Stimulated — Inhibited -49% <2x101?
Native — Inhibited +21% <0.04

In the previous study, an increase in peak area ratio of 85% was observed between the native and
LPS stimulated conditions. The larger increased in NO production observed in this work can
most likely be attributed to the higher concentration of LPS used in stimulation experiments.
Unfortunately, the previous study did not verify whether the analysis performed was capable of
measuring a decrease in NO production through the addition of a selective iNOS inhibitor. To
demonstrate this capability, we chose to treat cells simultaneously with LPS and a known potent
and selective inhibitor of INOS (1400W dihydrochloride). A decrease in NO production of 49%
was observed between the stimulated cells and the inhibited cells. This demonstrates the
potential for the SCA device to be used in pharmaceutical development applications for testing
and characterizing the efficacy of new potential anti-inflammatory therapeutics. NO production

in inhibited cells was observed to be slightly higher (+21%) than native cells, however it should
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be noted that the statistical significance of this increase is much lower than the other measured
differences. It is also important to mention that better quantitation of NO in this study was
achieved due to the absence of an extra internal standard peak that was present in our previous
publication.?® In the previous report it was suggested that the extra peak observed was due to the
presence of partially hydrolyzed 6-CFDA. However, experiments to confirm this were not
performed, and therefore, the possibility of contamination cannot be ruled out. While the extra
peak did not seem to have significantly influenced quantitation, its absence in these experiments
is worth noting. In future studies, we hope to add additional fluorescent probes to measure other
inflammatory markers and having an extra contaminant peak could potentially increase the

chances of fluorescent peak overlap, and therefore, make quantitation difficult.

2.3.2 Optical fiber signal improvement

One limitation to the optical fiber bridge that was discussed in its initial reporting was the
loss of signal due to fiber coupling inefficiency.® There are several possible causes of light loss
in the optical fiber setup, including attenuation loss due to the bending of the fiber, scattering
from imperfections in the PDMS membrane, or surface reflection at the fiber-PDMS junctions.
Attenuation from fiber bending can be minimized by cutting the MMF longer, thereby
maximizing the radius of curvature. Both the scattering at the PDMS membrane and surface
reflection at the fiber-PDMS junction can potentially be solved simultaneously. Signal loss from
reflection can be attributed to Fresnel reflection at the fiber-membrane interface due to the
presence of small air gaps between the optical fiber face and the PDMS membrane. Similarly,
surface imperfections in the PDMS membrane can be described as small air gaps in scratches

and grooves in the soft PDMS. The scattering and reflection are caused by the step change in
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refractive index between the PDMS membrane, air, and the fiber face. In the telecommunications
industry a refractive index matching liquid or gel is commonly used for fiber couplings to
mitigate similar issues that occur at fiber junctions. With the applied RI gel, we observed a 200%
improvement in signal. Previously, to reliably detect the intact cell signal we had to compensate
for the limitations in the sensitivity of the optical fiber bridge by increasing the concentration of
the internal standard in the loading solutions. For accurate quantitation, the signal intensity of the
internal standard peak must fall within the linear range of the current pre-amplifier output. By
improving the sensitivity of the optical fiber bridge, we hope to minimize the concentration of
internal standard necessary for intact cell signal detection, and therefore, be able to detect lower

concentration analytes by increasing the signal amplification setting on the current pre-amplifier.

2.4 Concluding remarks

Herein we have fully described the design, fabrication, and operation of our uCE-LIF
system for the analysis of single cells. As a demonstration of the utility of our system, we applied
it to the analysis of intracellular NO in T-lymphocytes under native, LPS stimulated, and
inhibited conditions. As expected, we observed a marked increase in NO levels upon stimulation
with LPS in comparison with the native cells and a decrease in NO with the addition of the INOS
inhibitor 1400W dihydrochloride. It is important to note that this is the first time we are reporting
the use of our device to measure the effects on an inhibitor on the production of intracellular NO.
This demonstrates the potential applicability of our system for the study of the effects of novel
pharmaceutical agents for the treatment of diseases associated with inflammation, such as

Alzheimer’s, Parkinson’s, cardiovascular disease, and cancers 2'.
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The system presented in this chapter is the result of many years of work done by several
researchers. We believe that we have reached the point where our system is robust enough to be
used for the analysis of a variety of enzyme activities at the single cell level. It is our hope that
the information in this chapter may help other research groups to directly use, or adapt for their

purposes, our single-cell analysis device.
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Chapter 3 - Single-cell analysis of nitric oxide in SIM-A9 microglial

cells

3.1 Introduction

Current treatment strategies are largely ineffective for neurodegenerative diseases like
Alzheimer’s disease (AD), Parkinson’s disease (PD), and chronic traumatic encephalopathy
(CTE).5%%2 These diseases are characterized by accumulations of misfolded proteins in the brain
which trigger a prolonged inflammatory response ultimately leading to neuronal death and a
decline in cognitive or motor functions.>® Microglia, being the resident immune cells in the brain,
are responsible for the sustained inflammatory environment. Several reviews have cited studies
that implicate microglia as playing a central role in the progression of these diseases and other
brain pathologies.>*-

Microglial phenotypes can be described as resting/surveilling (MO0), “classically”
activated/pro-inflammatory (M1), or “alternatively” activated/anti-inflammatory (M2).%® Under
normal conditions, the microglial response to neurological insults in the central nervous system
consists of a balance between the M1 and M2 phenotypes. A growing body of evidence suggests
that microglia in aged brains become “hypersensitive” leading to exaggerated inflammation in
response to the protein aggregates present in AD, PD, CTE and other pathologies.®® Researchers
have found that under these chronic inflammatory conditions, M1 activated microglia become
neurotoxic causing accelerated neuronal death.®® Upon M1 activation, microglia undergo
changes in morphology and motility as they secrete pro-inflammatory cytokines like tumor
necrosis factor alpha (TNF-o) and interleukin one beta (IL-1pB), and other signaling molecules.*®

%0 One class of inflammatory signaling molecules produced by activated microglia are reactive
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nitrogen and oxygen species (RNOS). Among the RNOS produced, nitric oxide (NO) has
received a lot of attention not only due to its involvement in several physiological processes but
also because of its potentially harmful reactivity.®* NO exists as a dissolved gas in vivo produced
by a family of enzymes called nitric oxide synthases (NOSs). Inducible NOS (iNOS) is the
isoform of NOS that is associated with the inflammatory phenotype of microglia. Excessive
levels of NO can lead to nitrosative stress which can result in the induction of neuronal apoptosis
thus accelerating the progression of neurodegeneration.®? For this reason iNOS has become a
potential therapeutic target for the treatment of neurodegenerative diseases.®® Measuring NO
production in microglial cells can help in evaluating the efficacy of novel therapies and may also
serve as a means of studying the dynamics of microglial inflammation. However, it is difficult to
obtain an accurate picture of NO levels in microglial cell populations not only due to its short
half-life but also because most methods measure extracellular NO levels and are unable to
account for cell-to-cell variations.®4%°

As discussed in the previous chapter, we developed a microfluidic single cell analysis
(SCA) device and applied it to the measurement of NO production in an immortalized T
lymphocyte cell line (Jurkat).* 2° Thus far, the SCA device has only been used for the analysis of
Jurkat cells which are cultured in suspension, whereas the majority of vertebrate-derived cells are
adherent. Furthermore, Jurkat cells are not an appropriate model cell line for the study of
neurodegenerative diseases. Therefore, it was important that we demonstrate the application of
this device to the measurement of a pathologically relevant biomolecule within a cell-type
derived from the organ of interest. In this chapter, we report the application of our SCA device
for the analysis of NO in single microglial cells. As an in vitro cell line model, we chose the

recently discovered spontaneously immortalized line of mouse microglial cells, SIM-A9.%¢ SIM-
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A9 cells are potentially of greater biological relevance as compared to other immortal cell lines
available. Cell lines can become immortalized as a result of cancer-related mutations, retroviral
genetic modification, or a spontaneous mutation occurring naturally. In the case of SIM-A9 cells,
their immortalized characteristics originates from a spontaneous mutation. Therefore, it is
reasonable to assume that their behavior more closely resembles their primary counterparts, apart
from the mutation that imparted immortalization, compared to cells immortalized by other
means. The researchers that discovered this cell line confirmed this by comparing SIM-A9 cells,
primary microglia, and another immortal line of microglia (BV-2) in terms of inflammatory
response and phagocytic capacity. They concluded that SIM-A9 cells resemble primary
microglia as well as, if not better than the BV-2 cells. Additionally, SIM-A9 cells are relatively
low-cost and readily available making them an ideal alternative to primary cells for in vitro
studies of microglia. In this chapter we report the measurement of intracellular NO in single
SIM-A9 microglia under native conditions, and co-stimulation with lipopolysaccharides (LPS)
and interferon gamma (IFN-y) with and without a potent iNOS inhibitor (1400W
dihydrochloride). Statistical analysis was performed on the fluorescence data for each cell
population to characterize the shape of the population distribution, which highlights the

usefulness of acquiring measurements with single-cell resolution.

3.2 Materials and methods

3.2.1 Reagents and materials
SIM-A9 microglial cells (mouse, ATCC CRL-3265) and Dulbecco’s phosphate buffered
saline (D-PBS, 1x ATCC 30-220) were purchased from American Type Culture Collection

(Manassas, VA, USA). Dulbecco’s Modified Eagle Medium/Nutrient Mixture F-12 (DMEM:F-
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12) was purchased from Thermo Fisher Scientific (Waltham, MA, USA). 4-Amino-5-
methylamino-2',7'-difluorofluorescein diacetate (DAF-FM DA) was also purchased from
Thermo Fisher Scientific in 50 ug packs. Sodium borate, lyophilized bovine serum albumin
(BSA), Tween-20, xylenes (Certified ACS), acetonitrile (HPLC grade), and premium fetal
bovine serum (USA origin, heat inactivated) were all obtained from Fisher Scientific (Pittsburgh,
PA, USA). Sodium dodecyl sulfate, anhydrous dimethyl sulfoxide, 99.9% (DMSQO), horse serum
(USA origin, heat inactivated), and lipopolysaccharides (LPS) from Escherichia coli line
0111:B4 were purchased from Sigma-Aldrich (St. Louis, MO, USA). Lyophilized interferon
gamma (IFN-y) (Mouse) was purchased from GenScript (Piscataway, NJ, USA). 6-
Carboxyfluorescein diacetate, single isomer (6-CFDA) and probenecid sodium salt were
purchased from Biotium Inc. (Fremont, CA, USA). The iNOS inhibitor, 1400W dihydrochloride,
was purchased from Tocris (Minneapolis, MN, USA). Negative tone photoresist SU-8 2010 was
purchased from MicroChem Corp. (Newton, MA, USA). The SU-8 developer, 2-(1-methoxy)
propyl acetate (99%), was obtained from Acros (Morris Plains, NJ, USA). AZ P4620 positive
tone photoresist and AZ 400K developer (1:4) were obtained from AZ Electronic Materials
(Branchburg, NJ, USA). Silicon wafers (100 mm diameter, single-side polished, mechanical
grade or better) were purchased from Silicon, Inc. (Boise, 1D, USA). Chrome coated (500 A)
silicon wafers (100 mm diameter, single-side polished, test grade) were purchased from WRS
Materials (San Jose, CA, USA). (1,1,1,3,3,3-Hexamethyldisilazane (98%) (HMDS) was
purchased from Gelest (Morrisville, PA, USA). Sylgard 184 PDMS prepolymer and curing agent
were purchased from Dow Corning (Corning, NY, USA). Ultrapure water was generated from a

Barnstead E-pure system (Dubuque, 1A, USA). Multimode optical fiber (0.22 NA, core @105

64



pm) and refractive index matching gel (G608N3) were obtained from Thorlabs Inc. (Newton,
NJ, USA).
3.2.2 Device fabrication and setup

The multi-layer microfluidic device was fabricated using photolithography and multi-

layer soft lithography and setup in the same manner as described in Chapters 2 and 3.

3.2.3 Tissue culture

SIM-AQ cells were cultured lying flat in T75 polystyrene flasks (Fisher Scientific,
Waltham, MA, USA) in a humidified environment at 37 °C and 5% CO: in Dulbecco’s Modified
Eagle Medium/Nutrient Mixture F-12 (DMEM:F-12) supplemented with heat inactivated fetal
bovine serum (10% v/v), heat inactivated horse serum (5% v/v), and streptomycin (100 pg/mL).
Once the cells reached 80% confluency, they were passaged. SIM-A9 cultures contain a mixture
of adhered and suspended cells. Passaging begins by first scraping the attached cells using an in-
house made glass scraper. Scraped cells and suspended cells were then mixed by pipetting and
transferred to a 15 mL conical vial and centrifuged at 1000 rpm (or 125 x g) for 5 min. The
supernatant was then discarded, and the cell pellet was resuspended in fresh media and split into
flasks at a subcultivation ratio between 1:3 and 1:6 with a total culture volume of 15 mL.
3.2.4 Sample preparation

Intracellular NO levels were measured by co-labelling cells with DAF-FM DA and
internal standard 6-CFDA following a similar procedure described previously in Chapter 3.4
Stock solutions of DAF-FM DA (approx. 1 mM) and 6-CFDA (3.74 mM) were prepared in
anhydrous DMSO and were aliquoted and stored frozen at -20 °C until ready for use.

Additionally, to minimize dye efflux by MRP1 a 250 mM stock solution of probenecid, an
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MRP1 inhibitor,*® was prepared in PBS. A labelling solution containing 6-CFDA (40uM), DAF-
FM DA (150 uM) and probenecid (2.5 mM) was prepared fresh for each experiment in PBS. The
experimental procedure for treatment and preparation of cells is illustrated in Figure 3.1. Once
the cells were ready for NO measurements, native, stimulated, and inhibited cells were all treated
in the following manner. Cells were first scraped and mixed as described above. A sample of the
cell suspension (1 mL) was then transferred into a 1.5 mL Eppendorf tube and centrifuged (1000
rpm for 5 min). The supernatant was then removed, and the pellet was resuspended in 100 pL of
the labelling solution and incubated for 30 min at 37 °C on a dry bath heating block. Following
labelling, the cells were diluted to 1 mL with prewarmed PBS (37 °C) and centrifuged (1000
rpm, 5 min). The supernatant was then discarded, and the cells were resuspended again in 1 mL
of prewarmed PBS. The cells were spun down and resuspended twice more, but the final

resuspension solution was 1 mL of PBS containing 2 mg/mL BSA and 2.5 mM probenecid.

Native
1 mL 2%
= Final
1. Incubate 4 hrs ’ 1. Centrifuge 1. Centrifuge s
m ] — ., — | suspension in
LPSV+117F;N- 2. Harvest \/ 2. Load 30 min. \/ 2. Resuspend |/ PBS w/ BSA
! - DAF-FMDA ~ in ~ + Probenecid
: PBS
ﬁ 6-CFDA
LPS + [FN-y +
1400W 2HCI

Figure 3.1 A scheme illustrating the procedure used to prepare cells for NO measurements.

Created using Biorender.com.
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3.3 Results and discussion

Over the years, our research group has published several reports on the continued
development of this high-throughput microfluidic single cell analysis technology.t 34 2949
However, this is the first demonstration of our system being used for the analysis of an adherent
cell type and examining the effects of the addition of stimulators in combination with inhibitors
on the etiologically relevant response of cells that originate from the corresponding parenchyma.

3.3.1 Measurement of NO production

SIM-AQ cells are a recently isolated spontaneously immortalized cell line, and as such,
there are relatively few studies available for comparing results. However, initial comparisons
between SIM-A9 cells and their primary counterparts indicate that they behave similarly in
response to inflammatory stimuli.®®

For stimulation experiments, cells were co-stimulated with LPS and IFN-y for 4 hr to
elicit an inflammatory response which is characterized, in part, by elevated levels of NO
production. For inhibition experiments, cells were incubated with the same levels of LPS and
IFN-y for the same period of time but in the presence of the potent and selective iNOS inhibitor
1400W dihydrochloride. Cells for native, stimulated, and inhibited experiments were then all
treated in the same manner prior to analysis, shown as a workflow in Figure 3.1. Cells were
incubated in a loading solution containing the fluorogenic NO probe, DAF-FM DA, and an
internal standard, 6-CFDA. 6-CFDA has been used as an internal standard for similar analyses
previously.?® %7 Once inside the cell, both DAF-FM DA and 6-CFDA are hydrolyzed by non-
specific esterases to form DAF-FM and 6-CF, respectively. This allows us to account for cell-to-

cell variability in cell volume, esterase activity and viability.
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The optical fiber detection was set up such that the CDP was just below the lysis
intersection and LDP was 2 mm down the separation channel. The on-board pumps were then
turned on to draw the cells to the lysis intersection. An electric field strength of 850 VV/cm was
applied across the separation channel providing a means of lysis and subsequent electrophoretic
separation of the intracellular contents. The flow rate, driven by the pumps, was adjusted at the
beginning of each experiment to achieve optimal cell lysis and injection efficiency. The
conditions for maximum injection efficiency were determined by visually observing lysis and
adjusting the flow rate up or down such that ~100% of the lysate travels down the separation
channel and the cell debris travels toward the waste reservoirs.

As cells flow underneath the CDP, a short and narrow peak is observed followed shortly
by a set of peaks corresponding to 6-CFDA, DAF-DHA and DAF-FM T as they pass the LDP. A

representative excerpt showing a series of single cell electropherograms is shown in Figure 3.2.
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Figure 3.2 A representative excerpt of fluorescence data for single cell analysis of NO in
SIM-A9 microglia. Each cell produced a total of 4 peaks: intact cell, 6-CF, DAF-DHA and
DAF-FM T.
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Intracellular NO production was calculated for each cell using the ratio of the peak area
of DAF-FM T (Abar) to the peak area of the internal standard 6-CF (Acr). The population
distributions of NO production for each experiment were visualized using histograms shown in
Figure 3.3. Upon inspection of the distributions, it was apparent that they did not fit a normal
distribution. Non-normal distributions violate the assumptions that must be made when
performing statistical tests such as a t-test for the comparison of means. It is possible to perform
non-parametric statistical tests on non-normal data, however, statistical power and significance
are reduced in this case. In order to perform parametric statistical tests, the distribution shape
needs to be characterized. The shape of each distribution was characterized by computing the
skewness and subsequently testing for normality using a Shapiro-Wilk test.% The skewness
values for all three distributions were significantly positive indicating that the majority of cells
fall in the lower end of the distribution with the presence of a tail toward higher values (shown in
Table 3.1). Skewness is helpful in initial characterization of distribution shapes because it
provides a quantitative metric for the degree and direction of the asymmetry in a distribution. By
considering the skewness and doing a visual comparison we hypothesized that the distributions
fit a log-normal shape. To determine whether the data fit another common distribution shape, a
Shapiro-Wilk test was used. The Shapiro-Wilk test was chosen because it is parametric and
because of its statistical power when compared to other tests for normality.®® The Shapiro-Wilk
test p-values confirmed that the distributions could not be described as normal (o = 0.05). These
results initially precluded the use of a one-tailed t-test for the comparison of means of

independent samples because the assumption of normality was not met. However, given the
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positive skewness and the absence of negative values, we theorized that the data may fit a
lognormal distribution. To test the data for lognormality, a log transformation was performed on
each dataset (using the natural logarithm), and the skewness and Shapiro-Wilk test were

repeated. The skewness of the log transformed data was significantly reduced, and the Shapiro-

Table 3.1 Skewness and Shapiro-Wilk p-values for untransformed and log transformed
datasets for native, stimulated, and inhibited conditions.

Wilk test confirmed that the log transformed data were normally distributed (o = 0.05).
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Figure 3.3 Histogram plots of the peak area ratios for native (A), stimulated (B), and
inhibited (C) conditions. The insets in A-C are histogram plots for the log
transformed datasets. The traces are lognormal fits for the main plots and gaussian

for the inset plots.
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2 Skewness values are calculated using Equation 3.1. ® Shapiro-Wilk test statistics p-values
are calculated using a plugin for Microsoft Excel.

(n—l)n(n—Z)Z(xig_)_() (3.2)

The mean values of the log transformed datasets could then be compared using a one-

Untransformed Transformed
Shapiro-Wilk Shapiro-Wilk
Skewness p-value ° Skewness ? p-value ®
Native 4.43 4.5x101 0.083 0.25
Stimulated 2.99 1.72x10°%° 0.41 0.28
Inhibited 1.63 1.12x10°%8 -0.31 0.39

tailed t-test for the comparison of means of independent samples. First, the standard deviations
for the transformed native, stimulated and inhibited datasets were compared using an F test to
determine which form of the t-test was appropriate. The calculated F statistics (Fcac) for each
comparison concluded that the standard deviations were not significantly different (o = 0.05).
The means of the transformed data sets were then compared, and the calculated t values indicated
that the differences were statistically significant. The p-values for each comparison are listed in

Table 3.2.
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Table 3.2 Calculated percent differences in the peak area ratios between each experimental
condition. The p-values listed correspond to the one-tailed tOtest for the comparison of
means of independent samples performed on the log transformed datasets.

% difference p-value

Native — Stimulated +135% < leo'ls

Stimulated — Inhibited -49% <2x10_12
Native — Inhibited +21% <0.04

While confidence intervals for normal distributions are symmetrical about the arithmetic
mean, lognormal distributions are better represented using the geometric mean with an
asymmetrical confidence interval based on the multiplicative standard deviation. The geometric
mean (x*) and multiplicative standard deviation (s*) are determined by “back-transforming” the

mean (X) and standard deviation (s) of the transformed data:?

X*=eX s*i=eS 4.2)

Table 3.3 Arithmetic and geometric summary statistics for native, stimulated, and
inhibited datasets; 2 The */ for geometric statistics is analogous to the * for arithmetic

statistics. The lower and upper bounds of the 95% confidence interval are: x* + s*? and

i* X 8*2.2

n X*s X* X/ g2 ~905% C.1.2




Native 97 0.10+0.08 0.0857/1.83 0.025-0.28
Stimulated 60 0.16+0.13 0.133%/1.86 0.038-0.46
Inhibited 105 0.088+0.063  0.070*/2.02 0.017-0.28

Table 3.3 shows the summary statistics for the native, stimulated and inhibited
experiments and includes both the arithmetic mean and standard deviation as well as the
geometric mean and multiplicative standard deviation. An overlay of representative single cell
electropherograms for the native, stimulated, and inhibited experiments is shown in Figure 3.4.
The fluorescent peak heights were adjusted according to the internal standard, 6-CF, to allow for
a direct comparison of cells. To compare the change in NO production across the cell
populations, the percent difference between each experimental condition (shown in Table 3.2)
was calculated using the geometric mean values (shown in Table 3.3). It is worth noting that
despite the fact that the NO levels are not being measured in units of concentration, this method
still produces a numerical measure that will enable researchers to quantitatively study the impact

of various pharmacological agents on cellular populations.
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When comparing the various conditions, we observed a 56%(p<0.00001) increase in NO
production between the native and stimulated experiments and a 47%(p<2x10%) decrease in NO
production when cells were simultaneously treated with iNOS agonists (LPS and IFN-y) and the
INOS inhibitor (1400W dihydrochloride). We also observed a modest decrease in NO production
(approx. 18%, p<0.02) in the inhibited cell population as compared to the native cell population.
It is likely that during the course of the cell harvesting and loading processes an acute
inflammatory response was elicited as a result of incidental cellular stress and damage. In future
studies more gentle handling and loading techniques will be investigated to minimize their
impact on measurements of inflammatory markers. It is also possible that the iINOS enzyme
could produce more NO to compensate for the NO that was consumed by the reaction with DAF-
FM. This would result in a gradual increase in DAF-FM T signal over the course of an

experiment. Fortunately, we did not observe this phenomenon under any of the experimental

conditions.
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Figure 3.4 An overlay of single-cell electropherograms for native, stimulated, and inhibited
cells. Fluorescence intensities have been scaled according to the internal standard peak

signal.
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One potential downside to measuring NO using diaminofluorescein species, discussed in
our previous publication,?® is the formation of fluorescent derivatives when reacted with
dehydroascorbate (DHA), the oxidized form of ascorbic acid (AA). AA interference is of
particular concern when measuring NO production in microglia because AA concentrations in
the brain parenchyma (2-10 mM) are among the highest in the body.’® Comparing our
electropherograms to those reported previously, we believe that the second peak is a DAF-DHA
derivative (Figure 3.2 and Figure 3.4).6” Some studies have suggested that AA levels may play a
role in chronic neuroinflammation associated with neurodegenerative pathologies.”*"? In future
experiments, we may exploit the formation of DAF-DHA derivatives as a means to measure
intracellular AA levels and its impact on inflammation.

3.3.2 Single vs bulk cell analysis

Without the benefit of a large number of studies, it is difficult to compare our results to
any published reports. Additionally, all NO analyses reported for SIM-A9 microglia thus far
were bulk cell measurements of extracellular NO levels using the Griess reaction.%® Using DAF-
FM DA instead of the Griess reaction not only provides greater sensitivity, but allows for the
quantitation of intracellular NO production at the single cell level which can yield more detailed
information about how a population of cells respond to pro-inflammatory stimuli. In bulk-cell
studies, the population average values measured are not capable of determining the shape of the
distribution of cellular response. Recent studies show that measuring cellular response at the
single-cell level can help to better characterize the regulatory roles that signalling enzymes and
molecules play.”®"* Mapping the different regulatory roles of signalling components in a cascade
may help to better understand how normal cellular function is disrupted, especially in

neurodegenerative pathologies. With this information, novel treatment strategies may be
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developed to combat the disruptions more specifically. Furthermore, the efficacy of the new
treatment strategies can be evaluated using the same single-cell analysis technologies used to

study the signalling cascades.?

3.4 Conclusion

Measuring intracellular NO in single microglia will enable researchers to study not only the
average effect of a potential pharmaceutical on a cell population but increases the depth of
information collected. Here we used our microfluidic device to measure changes in NO levels in
SIM-A9 microglial cells under native, stimulated, and inhibited conditions using a fluorogenic
probe and an internal standard. Following a 4-hr stimulation with LPS and IFN-y, a 56% increase
in NO production was observed as compared to native cells. The effects of a selective iINOS
inhibitor, 1400W dihydrochloride, were measured by treating cells with both the inflammatory
stimulants and the inhibitor. Not only were NO levels lower than stimulated conditions by
approximately 47%, but inhibited cells produced 18% less NO compared to native cells. In
addition to quantitation, the electrophoretic separation allowed us to distinguish between
fluorescence from DAF-FM T and the interfering DHA derivatives. We also observed that the
population distributions for all three experimental conditions exhibited lognormal characteristics.
Further characterization of cell-to-cell variability in the expression and production of
inflammatory markers may help to better understand the impact aging has on the immune
system. It is worth noting that this is the first report of single cell analysis being performed on
SIM-A9 microglial cells. This report marks the first instance of our device’s application for the
analysis of an adherent cell line since the beginning of its development in 2003.” In future

studies, we would like to investigate the relationship between distribution shape and enzymatic
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regulation or dysregulation. Arginine is the sole substrate for iINOS, therefore, arginase is a direct
antagonist for iNOS because it reduces the amount of arginine available for NO production.
Studies have shown that exposure of microglia to oligomeric amyloid beta (Ap), a protein that is
known to aggregate and form plaques in AD brains, results in an improperly regulated
inflammatory response.’® One study also observed a decrease in Argl (the gene that encodes the
protein arginase) expression in primary microglia upon exposure to AB.”” Furthermore, exposed
microglia exhibited decreased phagocytic function which is necessary for the clearance of A3
plaques in AD brains. In future studies, we may investigate whether there is a characteristic shift
in population distribution shape by inhibiting or stimulating arginase in the presence of LPS and
IFN-y. Additionally, We hope to further expand the application of our device to the analysis of
other cell types relevant to other brain diseases, such as U-87 glioblastoma cells. Future work
will be directed toward studying how glioblastoma cells modulate nearby immune cells to
promote tumour growth and survival. We will also work toward incorporating additional
fluorescent reporters for other reactive oxygen and nitrogen species including peroxynitrite and

superoxide to gain a more comprehensive picture of the effects of chronic neuroinflammation.
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Chapter 4 - Efforts toward developing applications of integrated
dielectric elastomer actuator (IDEA) technology in microfluidics and

cellular analysis

4.1 Introduction

One of the more appealing aspects of microfluidic-based analysis is the small laboratory
footprint of microfluidic devices. However, it is common for the advantage offered by the small
footprint of these devices to be essentially negated by the relatively bulky footprint of the
peripheral equipment and accessories necessary for the operation of the device. A great deal of
microfluidic research is dedicated to the goal of minimizing the footprint of that peripheral
equipment by developing smaller, cheaper, and equally effective alternatives. Many of the
operations carried out in microfluidic devices (e.g. fluid control, pumping, mixing, cell handling)
are driven by some type of actuation or moving component. Pneumatic actuation is the most
common modality for actuation in microfluidics because it is low-cost, robust, and fabrication of
integrated pneumatically driven components is relatively facile in PDMS devices. However,
pneumatic control systems are relatively bulky because they require a compressed air source, air
filters, tubing, external valves, and a pressure regulator. Efforts to incorporate direct, on-board
actuation mechanisms have been made including using a tactile braille text display with
vertically moving pins to deform elastomeric channels,’® or using a piezoelectric transducer
operated at high frequencies to induce fluid flow via acoustic waves.”® However, on-board
actuation mechanisms such as these are either rather bulky, in the case of the braille display, or

require expensive piezoelectric substrates and sophisticated equipment for operation.®® There is
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an ongoing effort in the field of microfluidics to develop a compact, inexpensive, easily-
integrated, and highly modular means of actuation.
4.1.1 Dielectric elastomeric actuators

Recently, attention has been directed toward novel applications of a class of materials
called “smart materials”. Smart materials are broadly defined as a material that changes a
physical property in response to an environmental change. Piezoelectric materials are one such
example as they change physical dimension upon application of an electrical potential. While
piezoelectric materials are effective at producing mechanical actuation, they are expensive and
not as simple to shape or pattern as other smart materials. One class of smart material that is
worth exploration are dielectric elastomers (DEs). DEs are a specific type of smart material
under the category of electroactive polymers. DEs, specifically, are electrically insulating
polymers (dielectric) that are highly compliant polymers (elastomeric). Like piezoelectric
transducers, dielectric elastomer actuators (DEAS) are responsive to external electric fields. A

generic diagram of a DEA is shown in Figure 4.1.

A

Electrode

Electrode

Figure 4.1 A diagram illustrating a generic DEA and its actuation. (A) A DE layer is
sandwiched between two compliant electrodes with no electric field applied. (B) An
electric field is applied causing compression in the z direction (green arrows) and

expansion in the xy-plane (red arrows).
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In general, a DEA unit is made by placing a thin (20-200 um) DE layer between two
electrodes. Upon application of an electric field across the dielectric layer, the attractive force
between the oppositely charged electrodes induces Maxwell stress and causes the DE layer to
compress in the z-direction and simultaneously stretch in the xy-plane due to the
incompressibility of the DE layer material and the repulsion between like charges at the
compliant electrode surfaces.8! The compression in the z-direction and the stretching in the xy-
plane are mechanically coupled, and therefore, a single effective actuation pressure (p) can be

described using Equation 4.1 derived by Pelrine et al.®
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Where & is the permittivity of free space, & is the relative permittivity of the dielectric
(sometimes written as dielectric constant «), Ecap is the applied electric field across thickness zo,
and V is the applied voltage. It is worth noting that the Maxwell stress in a DEA with compliant
electrodes is twice that of a parallel plate capacitor with rigid ones. This is due to the direct
mechanical coupling of the z-direction compression and the xy-plane stretching mentioned
above. The strain (S) induced in the DE layer in response to the Maxwell stress (p) can be
described using Equation 4.2:82

2
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Where s is the compliance of the dielectric elastomer which is equal to the inverse Young’s
modulus (Y). The negative sign indicates that the strain is compressive as opposed to tensile
(elongation). This relationship between S and p, also called the Hookean Model, holds true for
strains of up to 10%, but breaks down above that threshold due to the change in Young’s

modulus as a function of strain.®2 The relationship between stress and strain at strains above 10%
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is better described by the Neo-Hookean or Mooney-Rivlin models that accounts for this change
using additional physical constants specific to each material that must be determined
experimentally.®® While inaccurate at higher strains, Equation 4.1 still illustrates that the key
properties of the dielectric material in determining actuation performance are the dielectric
constant and the elasticity. The upper limits of these parameters are determined by the
requirements for actuator performance in the final application. Higher strains may be achieved
by increasing the compliance of the polymer; however, this limits the response frequency, which
may prove to be an issue in higher frequency applications such as peristaltic pumping (~100 Hz).
Similarly, increasing the dielectric constant of the material may improve actuator performance to
a degree, but as the dielectric constant is increased the dielectric strength is decreased. Dielectric
strength determines the maximum electric field that a material functions as an insulator before
undergoing dielectric failure or dielectric breakdown. A photograph of a dielectric film that has

undergone dielectric failure is shown in Figure 4.2.

Figure 4.2 A photograph of dielectric breakdown of a 40 pm PDMS film. As dielectric
breakdown occurs, high energy electrons burn a hole through the film and a visible

electrical arc can be observed.
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4.1.2 DEA applications and potential

DEAs have recently increased in prevalence and are used in a wide variety of
applications including tunable optical components, soft robotics, biomedical applications, energy
harvesting, sensing, and microfluidics.®*

In the field of microfluidics, DEA is an attractive modality for actuation as an alternative to
pneumatic actuation for several factors. DEA actuation only requires a voltage source and
control electronics, both of which are already required in microfluidic applications that use
electrophoresis as a separation method. Furthermore, microfluidic channels are typically filled
with a conductive buffer solution and connected to high voltage electrodes, therefore, the
microfluidic channels may be used as one of the compliant electrodes in the DEA unit. This style
of integrated dielectric elastomeric actuator (IDEA) was demonstrated by the Culbertson group
previously and was used to produce unbiased hydrodynamic injections for microfluidic
electrophoretic separation, as well as a means of inducing mixing of 2 solutions within a
microfluidic channel %€ The devices described were fabricated using PDMS which, in addition
to being a commonly used material for microfluidic device fabrication, is a dielectric elastomer.
PDMS is well-suited for use in DEA applications because it is relatively inexpensive, visibly
transparent, biocompatible, has tunable flexibility, and is easily processed as a thin film (tens of
microns thick) via spin coating.

This chapter will discuss efforts and progress toward developing two applications of
integrated dielectric actuators. The first part will focus on work toward developing a solid-state
dielectric actuation-based valve to replace quake valves. Simple model devices were designed
and fabricated to evaluate the performance of the dielectric valves. Initial results are reported as

images taken from video recordings of valve actuation as well as image analysis to measure
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changes in valve deformation. The second part will detail early efforts to utilize the precision of
dielectric actuation to control the deformation of a flexible substrate. Ultimately, cells will be
seeded onto a flexible PMDS substrate, and upon actuation cells will be mechanically stretched.
Future studies will investigate the potential mechanosensitivity of cells derived from
glioblastoma multiforme (GBM) by monitoring for signs of anoikis, which is a specialized type
of apoptosis that can be triggered by mechanical stimulation. Initial work in this application aims
to perform surface modification of PDMS substrates so that they may be a more suitable
substrate for anchorage dependent cell culture while minimally impacting cellular characteristics.
These substrates will then be integrated into a microscale culture device that incorporates a
dielectric actuator. Preliminary results are reported as cell culture images to confirm normal cell
growth and attachment, contact angle measurements, and videoframes showing cell potential

actuation induced cell movement.

4.2 Materials and methods

4.2.1 Reagents and materials

Negative tone photoresist SU-8 2010 was purchased from MicroChem Corp. (Newton,
MA). The SU-8 developer, 2-(1-methoxy) propyl acetate (99%), was obtained from Acros
(Morris Plains, NJ). AZ P4620 positive tone photoresist and AZ 400K developer (1:4) were
obtained from AZ Electronic Materials (Branchburg, NJ). Silicon wafers (100 mm diameter,
single-side polished, mechanical grade or better) were purchased from Silicon, Inc. (Boise, ID).
Chrome coated silicon wafers (100 mm diameter, single-side polished, test grade) were
purchased from WRS Materials (San Jose, CA). (1,1,1,3,3,3-Hexamethyldisilazane (98%)

(HMDS)) was purchased from Gelest (Morrisville, PA). Sylgard 184 PDMS prepolymer and
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curing agent were purchased from Dow Corning (Corning Inc., Corning, NY). Ultrapure water
was generated from a Barnstead E-pure system (Dubuque, 1A). SIM-A9 microglial cells (mouse,
ATCC CRL-3265) and Dulbecco’s phosphate buffered saline (D-PBS, 1x ATCC 30-220) were
purchased from American Type Culture Collection (Manassas, VA, USA). Dulbecco’s Modified
Eagle Medium/Nutrient Mixture F-12 (DMEM:F-12) was purchased from Thermo Fisher
Scientific (Waltham, MA, USA). Indium tin oxide (ITO) coated glass slides (50 x 75 mm, 8-12

Q-cm) were purchased from SPI supplies (West Chester, PA, USA).

4.2.2 Microchip design and fabrication for valve device

The IDEA device was fabricated using two layers of patterned PDMS, the bottom layer
consisting of the fluidic manifold and the top containing a manifold of Quake valves (valve
layer). The device is fabricated using standard photolithography to make silicon wafer master
molds (SWMs) for subsequent multilayer soft lithography in a manner similar to that described
in Chapter 2 and reported previously.! The 2-layer device was then placed atop an etched indium
tin oxide (ITO) coated slide that has a thin film of PDMS covering the electrode surface. ITO
was chosen as the electrode conductor because it is visibly transparent and is easily patterned
using photolithography or tape masking, followed by hydrochloric acid etching. Other electrode
materials (e.g. gold) tend to be more expensive, less visibly transparent, and require harsher
chemicals for patterning.
Photolithography

Device fabrication began with a similar photolithography procedure described previously
in Chapter 2 to generate 2 silicon wafer master (SWM). Briefly, the fluidic SWM was fabricated

using the positive tone photoresist, AZ P4620, spin-coated onto a chrome coated silicon wafer
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(1000 rpm for 18 s), yielding a film thickness of 18-20 um. The subsequent soft and hard baking
steps as well as exposure, development, and other finishing steps were performed exactly as
described in Chapter 2.

The valve layer SWM was fabricated using the negative tone photoresist, SU-8 2010,
also following a procedure previously described in Chapter 2. The SU-8 was spin-coated onto a
bare silicon wafer (10000 rpm for 20 s) yielding a film thickness of 20 pm. Similarly, the baking,

exposure, development and other finishing steps were also performed as described in Chapter 2.

Soft lithography

The 3-layer IDEA device for testing valve configurations was fabricated using a multi-
layer soft lithography described in Chapter 2 and reported previously.! Briefly, 3 aliquots of
PDMS with varying ratios of elastomer base to curing agent (approximately 30:1, 5:1, 10:1) were
individually measured out, thoroughly mixed, and degassed in a vacuum desiccator. Both the
fluidic and valve SWMs were pretreated with a releasing agent (1:1 (v/v) HMDS:Xylenes). The
fluidic layer was made by spin coating a 50 pm thick layer of PDMS onto the fluidic SWM. The
valve layer was made by pouring PDMS into a 5 mm thick plexiglass frame aligned on top of the
valve SWM. Both layers were placed into an oven at 80 °C to cure for 90 min. Once cured, the
layers were removed and allowed to cool.

The valve layer was then peeled off of the valve SWM and filling access holes were
punched using an 18-gauge needle with the bevel cut off and sharpened. The valve layer was
then cleaned and aligned atop the fluidic SWM being careful not to trap air between the layers.
Excess 10:1 PDMS was then poured around the edge of the device to aid in device removal in

the final step. A thin layer of 10:1 PDMS (40 um) was fabricated on an ITO coated glass slide(50
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X 75 mm) by pouring the remaining 10:1 PDMS onto the slide and spin coating at 2000 rpm for
45s. A piece of tape was placed onto the ITO slide prior to spin-coating for later removal to
allow a small area of conductive ITO to be exposed for electrical contact. The assembled layers
and PDMS coated slide were then placed into the 80 °C oven for a 90 min. Once fully cured and
cooled, the 2-layer chip was then peeled off the fluidic SWM, and 3 mm diameter reservoir holes
were punched out using a disposable biopsy punch. The 2-layer chip was then placed on top of

the PDMS coated ITO slide to complete the fluidic channel.

4.2.3 Tissue culture

SIM-AQ cells were cultured lying flat in T75 polystyrene flasks (Fisher Scientific,
Waltham, MA, USA) in a humidified environment at 37 °C and 5% CO3 in Dulbecco’s Modified
Eagle Medium/Nutrient Mixture F-12 (DMEM:F-12) supplemented with heat inactivated fetal
bovine serum (10% v/v), heat inactivated horse serum (5% v/v), and streptomycin (100 pg/mL).
Once the cells reached 80% confluency, they were passaged. SIM-A9 cultures contain a mixture
of adhered and suspended cells. Passaging begins by first scraping the attached cells using an in-
house made glass scraper. Scraped cells and suspended cells were then mixed by pipetting and
transferred to a 15 mL conical vial and centrifuged at 1000 rpm (or 125 x g) for 5 min. The
supernatant was then discarded, and the cell pellet was resuspended in fresh media and split into
flasks at a subcultivation ratio between 1:3 and 1:6 with a total culture volume of 15 mL.
Detailed protocols for the cryopreservation, resuscitation and culture of SIM-A9 cells may be

found in Appendix A.
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4.2.4 Testing of valve device

Figure 4.3 A diagram showing the general layout of the valve layer(light blue) and the
fluidic layer (gray) atop the etched ITO electrode. The enlarged region (right) shows is a
cartoon representation of the IDEA actuation unit. The red arrows indicate the direction of

the compressive force generated upon actuation.

Actuation performance of the IDEA valve device (Figure 4.3) was performed by filling
the fluidic channel with a solution of rhodamine B (50 pm) dissolved in an aqueous buffer
solution of sodium borate (25 mM). Sodium borate was chosen to mimic the conditions of
implementing IDEA valving in a microchip electrophoresis device, as borate buffers are a
commonly used buffer system for electrophoretic separations. The valve layer was filled with
borate solution without fluorophore to serve as the compliant electrode.

Actuation of the IDEA valve was driven by a high voltage power supply controlled using
an in-house written LabVIEW program and a USB digital-to-analog converter (National
Instruments, USB-6002). Electrical contact with the valve layer was made by inserting a
platinum electrode wire into one of the two access holes. Contact with the ITO slide was made

by adhering high voltage wire to the slide using a silver conductive epoxy. Actuation
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performance of the device was monitored using a Nikon Eclipse TE2000-U inverted microscope
equipped with a epi-luminescence system consisting of a mercury arc lamp and a G-2A
fluorescence filter cube with a 535 nm bandpass filter for the excitation wavelength and a 590
nm long-pass emission filter. Video of IDEA device performance was captured using a Sony
CCD color video camera mounted on the side port of the microscope. Video footage was
analyzed by taking individual frames and importing them as images into ImageJ software. The
software converts the color image to grayscale, so the light intensity of each pixel may be
represented as a gray value. The device was actuated by applying voltages from 1.5 kV to 4 kV.
4.2.5 Mechanical stretching device fabrication, setup, and testing
PDMS surface modification testing

Ultimately, the PDMS surface will be modified with a biomolecule that is representative
of the in vivo extracellular matrix for the cells. This will be done via covalent attachment of
hyaluronic acid to the PDMS surface. To perform covalent attachments to a PDMS surface, the
surface must first be activated. This is typically done using oxygen plasma treatment to generate
surface silanol (Si-OH) groups. Unfortunately, our lab does not currently have oxygen plasma
treatment capabilities. Instead we pursued an all wet chemical surface modification strategy. Not
only is this strategy likely to be less expensive, but similar methods have produced surface
modifications that last longer than those generated via oxygen plasma.8” The process begins with
treating PDMS with piranha solution (hydrogen peroxide:sulfuric acid, mixed 2:3) for 15 min
follow by a rinse and then treatment with 1 M KOH solution. PDMS test substrates were treated
according to the procedure from Maji et al. and contact angle measurements were performed to
confirm the Si-OH formation indicated by an increase in hydrophilicity (or decrease in water

contact angle). Contact angle photographs were taken using a camera (Sony alpha-6400)
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equipped with a macro lens. Contact angle calculations were performed using ImageJ image
analysis with a contact angle plugin.

Alongside efforts toward covalent attachment of biomolecules, a faster but less stable
surface modification strategy was investigated to optimize culture conditions so that initial
testing of the stretching device may proceed as soon as possible. Physisorption of molecules,
such as poly-D-lysine, onto PDMS is a common strategy and has been reported previously.?°
Surface modification was tested using 24-well plates lined with 10:1 PDMS on the bottom.
Surfaces were treated using a 0.2 mg/mL solution of poly-D-lysine (PDL) in PBS. Treatment
was carried out by incubating the surfaces in the refrigerator (4 °C) overnight. The surfaces were
then rinsed with PBS and cells were seeded at various densities. Proper monolayer growth was
monitored by taking pictures using a camera mounted to a microscope.

Cell stretching device fabrication

A cartoon representation of the proposed design and working principles for the cell
stretching device are shown in Figure 4.4. Fabrication begins with etching of the ITO slide to
achieve the desired electrode pattern. The etched pattern on each ITO slide allows for 6

individual cell stretching devices.
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Figure 4.4 A cartoon of the proposed cell stretching device (left) and working principles of
cell stretching (right); The electric field is applied across the PDMS membrane between the

electrically conductive growth medium (GND) and the patterned ITO electrode (+V).

The ITO slide is prepared for patterning by spin coating a thin layer of positive tone
photoresist AZ-P4620 at 2000 rpm for 17 s to achieve a thin layer. The photoresist coated slide is
then baked following the same procedure mentioned in Section 2.2.5. Once baked, the AZ
coated slide is left to cool and rehydrate for an hour. A photomask with the desired features is
then placed on top of the AZ coated slide and the slide is then exposed according to the
photoresist manufacturers recommended dosage (also mentioned previously in Section 2.2.5).
The remaining steps of photoresist development and hard baking are the same as above. Once the
AZ has been developed and baked, the undesired ITO may then be etched away by immersing
the slide in a bath of 1 M hydrochloric acid for 30 min. Once the ITO has been etched, the
remaining photoresist may be removed using a series of rinses, first with acetone, followed by
isopropanol and finished with DI water.

Once the ITO has been etched in the desired grid pattern, it is then coated with a thin

layer of 10:1 PDMS by spin coating at 1000 rpm for 45 s, yielding a membrane thickness of
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approx. 40 pm. Scotch tape is placed over regions of the ITO prior to spin coating to allow easy
removal of PDMS in the final steps for electrical contacts. The coated slide is then baked for 90
min at 80 °C. Once cured, 6 short lengths (~8 mm) of 5 mm i.d. glass tubing are placed atop the
membrane each aligned with a grid patterned electrode to create reservoirs. The reservoirs are
sealed in place by pouring 10:1 PDMS coating the remainder of the slide. The coated slide with
reservoirs in place is then placed back into the 80 °C oven for a final 90 min curing period. Once
cured, the PDMS over the tape covered areas is then cut using a scalpel and the tape is carefully

removed to expose ITO to allow for electrical connection.

4.3 Results and discussion

4.3.1 Video analysis of valve actuation

The goal for IDEA actuation tests was to observe an open-to-close action of the valve. A
decrease in the fluidic channel height would be indicated by seeing a decrease in fluorescent
intensity upon actuation. However, following analysis of still frames taken during video
recording of the IDEA actuation, it was observed that the fluorescent intensity increased rather
than decreased. Photographs showing the location of the line scan used to measure the
fluorescent intensity of the “Off” and “On” states and the accompanying data are shown in
Figure 4.5. The actuation was characterized by subtracting the “Off” state fluorescent intensity
line scan from that of the “On” state. The change in fluorescent intensity was directly

proportional to the applied electric field. This is the opposite of the desired outcome.
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Figure 4.5 IDEA valve actuation data from video frame analysis using ImageJ software; (left)

video stills of the off and on states of the IDEA, the yellow lines indicate where intensity data
were measured; (right) change in fluorescent intensity between the on and off actuation states.

It is possible that the conductivity of the solution within the fluidic channel is impacting
the ability of the IDEA to function as an open-to-close valve. This hypothesis was tested by
leaving the fluidic channel empty and applying the same electric fields. This appeared to result in
the desired action, however we cannot confirm this using the same method as the fluorescent
solution is no longer there to aid in visualization. If the valve is indeed closing with no fluid in
the fluidic channel, then the current configuration for the IDEA valve is not suitable for

applications in microfluidics.

4.3.2 Development of mechanical stretching device
PDMS surface treatment with piranha and KOH

Ideally the surface of the PDMS should be modified to resemble the extracellular matrix that
corresponds to the cells’ organ of origin. In the case of glioblastoma multiforme (GBM),

hyaluronic acid (HA) is not only present in the brain, but also plays a potential role in the

92



invasiveness of gliomas.® Additionally, it is important that the surface modification be stable
enough to remain relatively unchanged during the course of mechanical stimulation. Initial
efforts have been aimed toward optimizing the wet chemical pre-treatment of PDMS substrates
using the piranha:KOH solution procedure. Contact angle photographs of the native and

modified PDMS substrates are shown in Figure 4.6.
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Figure 4.6 Contact angle measurements of native (left) and modified (right) PDMS

substrates; Native PDMS contact angle was measured at 110°, modified PDMS contact

angle was measured at 66.4°.

Successful improvement of surface wettability was indicated by a substantial decrease in
water contact angle from 110° to 66.4°. While this is promising, falls well short of the
improvements reported by Maji.8” Additionally, the surface modification was tested on thinner
PDMS membrane substrates (approx. 40 um) to test its suitability for use in the cell stretching
device which requires a thin membrane to achieve actuation. Unfortunately, the membrane was
too weak to withstand the harsh chemical treatment. Future efforts will be directed toward
reaching the same low contact angle of 27.0° reported by Maji. Once that is optimized, we will

confirm the presence of surface Si-OH groups using FTIR or by covalently attaching a
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fluorescent reporter enabling visualization of successful surface attachment. We will also
optimize the membrane thickness such that it is substantial enough to withstand the harsh
treatment but is also able to produce sufficient strains to mechanically stimulate the cells. To
continue with the covalent attachment of hyaluronic acid, it is also important to consider the
solvent compatibility of PDMS. PDMS will swell when exposed to many common organic
solvents, and the PDMS may retain some small amount of organic solvents that could potentially
leech out during experiments where cells are seeded on the substrate resulting in inadvertent cell

death. Continuing efforts are being made to device an aqueous covalent attachment strategy.

Treatment of PDMS surfaces for tissue culture suitability

PDL is a common surface modifier for cell attachment and is ideal for cells of glial
origin, as they prefer positively charged surfaces.®® For surface treatment experiments, SIM-A9
microglia serve as the model cell line. SIM-A9 microglia are a spontaneously immortalized
mouse cell line. The line was discovered in 2014 when a sub-population of primary microglia
isolated from postnatal murine cerebral cortices was observed to continue to proliferate after 14
days.%® This particular line was chosen because it may be cultured in our BSL-1 facilities, and
because it is from the same organ of interest as GBM and, therefore, any surface treatments
developed will likely produce similar results with GBM cells. Photographs of cells on native
PDMS and PDL treated PDMS are shown in Figure 4.7. Cells grown on native PDMS tended to
grow in clumps instead of a neat monolayer that is observed on the PDL surface. The cell
monolayer was stable for at least 48 hours under culture conditions (37 °C, 5% COy). This
surface treatment appears to be sufficient to support cell attachment for the duration of the

mechanical stretching experiments.
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Figure 4.7 Photographs taken 24 after cells seeded on native (left) and PDL treated
(right) PDMS substrates.

4.4 Concluding remarks

The development of IDEA technologies for applications in microfluidic in our lab is still
in its infancy, however, we believe that these efforts are worthwhile in the pursuit of truly
standalone miniaturized lab-on-a-chip technologies. An initial IDEA-based valve configuration
was fabricated, and its performance was evaluated by attempting actuation at voltages from 1.5
to 4 kV. If open-to-close actuation was achieved, this would have been indicated by a decrease in
fluorescence intensity in the fluidic channel. The degree of the decrease in fluorescence intensity
was expected to correlate with the voltage applied. Unfortunately, we observed an increase in
fluorescence intensity which suggests that the fluidic channel is expanding or dilating. It appears
as though this was caused by the conductivity of the solution within the fluidic channel. Future
efforts will be directed toward developing an IDEA-based valve configuration that circumvents
this issue.

Early efforts in applying IDEA actuation to the mechanical stimulation of adherent cells
are currently underway. Thus far we have seen promising results in developing surface pre-

treatment strategies to modify the PDMS surface to be more amenable to normal cell growth. We
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will be continuing development of a more robust and stable surface treatment by working toward
a wet chemical covalent modification strategy. Preliminary contact angle measurements
following the first step of the surface modification are encouraging but will require further
optimization. Additionally, we have begun work on fabricating the grid electrode IDEA cell
stretching device (pictured in Figure 4.4). A series of grid patterned electrodes have been etched
into ITO coated glass using photolithographic patterning followed by HCI etching of the
electrode. Photographs of the initial electrodes may be found in Appendix B. The actuation
performance of the grid electrode IDEA cell stretching device will be characterized either by
video analysis or possibly by shining a laser onto the surface and seeing if a diffraction pattern is
generated due to the change in the surface topology of the PDMS membrane.

Our ultimate goal is to develop a benchtop microfluidic analytical system that only
requires a power outlet to function and eliminating the need for bulky external compressed air

sources will significantly move our efforts forward.
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Chapter 5 - Future direction

The projects described previously can be separated into 2 major project areas:
microfluidic single-cell analysis of NO levels and development of applications for IDEA
technology for microfluidics and cellular analysis.

Major developments in the single-cell NO measurement project was shown in the
progression from Chapter 2 to Chapter 3, however there are still characteristics and capabilities
that we plan to explore. The next steps of the project will focus on 2 major aspects of the
analysis: 1. Factors that impact the distribution of NO levels in cell populations (e.g. cell-type,
organ of origin, method of immortalization, passage number/age, media composition, ascorbic
acid levels, inhibition of regulatory mechanisms). 2. The capability of the analysis strategy for
screening of potential iNOS inhibitors and characterizing their performance in terms of overall
efficacy as well as insight into the mechanism of action by analyzing the population data. By
pursuing these 2 branches of the project, we hope to gain a deeper understanding of the
important factors that influence our analysis while also demonstrating the powerful potential of
this type of measurement strategy for applications in the in vitro stages of pharmaceutical
development.

Future efforts on the valve portion of the IDEA project will be aimed at exploring other
valve configurations that are compatible with DEA actuation. Potential strategies that will be
explored include incorporating flexible electrode materials (ionic liquids, conductive polymers
and gels) as well as exploring other dielectric materials (acrylic polymers, modified PDMS,
dielectric liquids). As for the mechanical stimulation portion of the IDEA project, future efforts
will be directed toward continuing the development of a device capable of mechanically

stimulating cells for an extended period of time. While we are working on developing an IDEA-
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based device for mechanical stimulation, we will also be exploring the use of ultrasound as a
source of mechanical perturbation. The ultimate goal is to develop the device into a form that can
be easily coupled to the microfluidic single-cell analysis device. Once coupled, a cell population
may then be mechanically stimulated for a prescribed period of time, then the cells can treated
with fluorogenic probes or tagged peptide substrates before being drawn into the SCA device
where the cells can be lysed and the contents can be separated and quantified. Once this has been
achieved, we will study the mechanosensitivity of cancer cells such as B35 rat neuroblastoma
cells or C6 rat glioma cells. We hope to eventually measure a set of biomarkers and enzyme
activities associated with mechanically induced apoptosis to better understand this behavior to

aid in the development of a cancer treatment strategy that exploits this phenomena.
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Appendix A - Protocols

SIM-A9 Cryopreservation protocol
(adapted by Jay Sibbitts from ATCC.orqg)

READ THE ENTIRE PROTOCOL BEFORE BEGINNING. CERTAIN STEPS ARE

TIME SENSITIVE

Materials and equipment:

-DMEM F-12 with 10% DMSO (b/w 17-25 °C)
-DMEM F-12 for media replenish 24 hours prior
-1.0 mL Nunc vials

-Mr. Frosty freezing container with enough fresh isopropanol

Preparation procedure (to be done 24 hours prior to cryopreservation):

1. Ensure that you have the following ready:
a. Fresh freeze medium (complete DMEM F-12 with 10% DMSO)
b. Nalgene freezing container with isopropanol
c. Ensure that the liquid nitrogen level in the dewar is at 18 cm (this will allow for 2
vials in each cane to be stored in the vapor phase)

2. Prepare the cells for cryopreservation by first verifying 60-70% confluency and >95%
viability using trypan blue and the hemocytometer (Only perform a viability count if
uncertain because this requires scraping the adherent cells). Postpone cryopreservation if
cells are at 80% confluency and passage them at a ratio of 1/3

3. Replenish the media in the flask by removing the supernatant and suspended cells and
transferring them into a 15 mL conical vial and then centrifuge at 1000 rpm for 5 min.

4. While the cells are spinning, add 10 mL of fresh DMEM F-12 to the flask (without
DMSO) * (assuming culturing in 75 cm? flask with a total volume of 15 mL) *

5. Once the cells have been spun down, wipe the vial down with 70% ethanol and bring the
vial back into the biosafety cabinet.

6. Remove and discard the supernatant and resuspend the pellet with 5 mL of fresh DMEM
F-12 (without DMSQO). Then transfer the cells back into the flask and place the flask
back into the incubator.

Cryopreservation procedure:
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6.

7.

Inspect the flask(s) that are to be used for cryopreservation and verify 80% confluency.
Remove freezing media from the refrigerator and allow it to warm up to at least 17°C
Scrape and remove the cells from the flask following the subculture protocol but remove
15-30pL of cell suspension before spinning the cells down.

While the cells are in the centrifuge, perform a quick density and viability count using the
standard hemocytometer protocol. Calculate the total number of cells in the vial.
Resuspend the cells in freezing media to yield a density of approximately 2 x 10°
cells/mL using the density determined previously. Note: Try to round the resuspension
volume to the nearest whole mL volume. (Start a timer as soon as the cells are
resuspended in the freezing media. This timer must not exceed 10 minutes before the
cells are placed into the -80°C freezer)

Transfer 1.0 mL of the resuspended cells into the Nunc vials, cap and label the vials if not
previously labeled and set inside the Nalgene freezing container.

Once the timer started in step 3 has reached at least 5 minutes, place the freezing
container with the cells in the -80 °C freezer and allow them to cool for > 4 hours

Then immediately transfer them to the cryo canes and place them in the LN dewar for storage in

LN vapor.
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Protocol for Resuscitation of Frozen Cell Line
(adapted by Jay Sibbitts from information from ATCC.orq)

Materials and equipment:

-Long forceps
-Face shield and cryo-gloves
-Complete media for cells used (enough to resuspend cells to the desired density + 9 mL for

removal of cryoprotectant)

Note: all media used must be preconditioned in the incubator for at least 15 minutes to

avoid excessive alkalinity.

-2x15 mL conical vial
-Water bath (preheated to 37 °C)

-Timer

Procedure:
*indicates steps that require the use of the following additional safety equipment: Face shield and

cryo gloves

1. Place a flask containing the media to be used in the incubator at 5% CO2and 37 °C for at

least 15 minutes to avoid excess alkalinity of the medium during this procedure.

Ensure that the water bath has been turned on and has reached 37 °C

Follow the standard setup protocol for tissue culture

4. Wipe a 15 mL conical vial with 70% ethanol and bring it into the hood and label it as
“wash”

5. Take the preconditioned media from the incubator and bring it into the hood. Transfer 9
ML of media into the “wash” vial

6. *Wearing the proper safety equipment, open the biocane dewar and retrieve the cane with
the desired vial of cells and remove the vial while wearing the cryo-glove. Replace the
cane in the dewar and be sure to replace the Styrofoam isolation plug before closing the
lid of the dewar.

w N
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10.
11.

12.
13.

14.

*Using the forceps (you may take off the cryo-gloves once you have secured the vial in
the forceps), lower the vial into the preheated water bath and start the timer. The time
should not exceed 2.5 min. Note: Hold the vial such that the cap remains above the liquid
level to minimize chances of contamination.

As soon as the vial has thawed, wipe the vial with 70% ethanol and bring it into the hood.
Using a Kimwipe soaked with 70% ethanol, loosen the cap of the vial to release any
pressure.

Carefully transfer the 1 mL from the vial dropwise into the “wash” media.

Centrifuge the vial at 800 rpm for 5 minutes. While the cells are centrifuging, prepare the
flask(s) into which you will be transferring the cells. (follow instructions specific to each
cell line)

After centrifugation, wipe the vial with 70% ethanol and bring it into the hood.

Remove the supernatant being careful not to disturb the pellet and dispose of the “wash”
media into an empty 15 mL conical vial.

Resuspend the cells in the volume of preconditioned media specified by the specific
instructions for the cell line.
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SIM-A9 Culture protocol
(adapted by Jay Sibbitts from subculture method on ATCC.orq)

Materials and equipment:

-DMEM F-12 supplemented with 10% heat inactivated FBS and 5% heat inactivated horse
serum, and 1x pen strep.

Note: A normal feed and a backup (i.e. 1/3 and 1/5 will require 32 mL of complete media)
-15 mL conical vial

-Glass cell scraper

-Squirt bottle with 70% ethanol

-2X T-75 culture flasks

CULTURE LAYING FLAT!

For one 75 cm? and one backup 75 cm? flask:

1. Follow standard setup protocol for tissue culture. Be sure to clean the glass scraper with
70% ethanol and carefully dry using a kimwipe.

2. Refer to the table below for the volume of media required for the desired split ratios in
both the main split and the backup flask and label the empty flasks accordingly

3. Remove the previous feed from the incubator and visually inspect the cell layer to
confirm approx. 80% confluency. (You may need to use the microscope. Be sure to wipe
down the stage with 70% ethanol before)

4. If the cells are up to confluency, carefully scrape the cell layer, re-cap the flask and
carefully slide the flask back and forth such that the scraped area is rinsed.

5. Transfer the entire volume of the flask into a sterile 15 mL conical vial, be sure to note
the total volume, then centrifuge at 1000 rpm for 5 minutes. (1000 rpm results in 125xg
using the Marathon 8k centrifuge, recalculate if you are using a different centrifuge,
found in operating manual). While the cells are spinning down, dispense the previously
determined volumes of fresh media into the new flasks.

6. Once the centrifuge has stopped, remove the conical vial, wipe with 70% ethanol and
bring it back into the biosafety cabinet. Remove the supernatant and discard into the
original flask.

7. Resuspend the pellet in fresh medium using 1/3 of the volume noted in step 4. This will
make a 3x cell suspension solution (e.g. if the original vol. was 12 mL then resuspend in
4 mL of fresh media)
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Refer again to the table below and find the volume of 3x cell suspension required for the
desired split ratio and deliver the appropriate volumes of 3x cell suspension into their
respective flasks and place the new splits back into the incubator LAYING FLAT.
Follow standard cleanup and log sheet procedures to finish.

REMEMBER: Cell suspension is 3x concentrated

Split Ratio 75 cm? Flask Vior = 15 mL 25 cm? Flask Vior = 5 mL
(1/x) Cell susp. (mL) | Media (mL) | Cell susp. (mL) | Media (mL)
1/3 1.7 133 0.56 4.44
1/4 1.25 13.75 0.42 4.58
1/5 1.00 14.00 0.33 4.67
1/6 0.8 14.2 0.28 4.72
1/7 0.7 14.3 0.24 4.76
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Appendix B - Photographs of etched ITO grid electrodes

Photographs of initial attempts at etching of ITO grid electrodes. Line-widths and

characteristic dimension of the squares for A, B, and C are 200 pm, 100 pm, and 50 pm,
respectively.
Note: the defects in the S0 pm grid electrode pattern are likely caused by complications

relating to expiring photoresist.
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Appendix C - Arduino code for pumping control

int valvePins|[] = {2,3,4,5}di;

// The first element of an array is index 0.

// We've put the value "2" in index 0, "3" in index 1, etc.
// The final index in the above array is 7, which contains
// the wvalue "9".

// We're using the values in this array to specify the pin numbers

// that the 4 H-bridge inputs are connected to. H-bridge input 0 is connected
to

// pin 2, H-bridge input 1 is connected to pin 3, etc.

void setup ()

{

int index;

for(index = 0; index < 4; index++)

{
pinMode (valvePins[index], OUTPUT) ;
// valvePins[index] is replaced by the value in the array.
// For example, valvePins[0] is 2

}

void loop () {
oneAfterAnotherNoLoop () ;
}// put your main code here, to run repeatedly:
void oneAfterAnotherNoLoop ()
{
int delayTime = 10; // time (milliseconds) to pause between LEDs
// make this smaller for faster switching

// turn all the LEDs on:

digitalWrite (valvePins[0], HIGH); //Turns on valve #0 (pin 2)
digitalWrite(valvePins[1], LOW); //Turns on valve #1 (pin 3)
digitalWrite (valvePins[2], HIGH); //Turns on valve #2 (pin 4)
digitalWrite (valvePins[3], HIGH);

delay(delayTime) ; //wait delayTime milliseconds

0], HIGH); //Turns on valve #0 (pin 2)
digitalWrite(valvePins[1], LOW); //Turns on valve #1 (pin 3)
digitalWrite (valvePins[2], LOW); //Turns on valve #2 (pin 4)
digitalWrite(valvePins([3], HIGH); //Turns on valve #3 (pin 5
//wait delayTime milliseconds
delay(delayTime) ;
digitalWrite (valvePins[0
[
[

digitalWrite (valvePins[0]
1
2
3 )
HIGH); //Turns on valve #0 (pin 2)

1,
1], HIGH); //Turns on valve #1 (pin 3)
2], LOW); //Turns on valve #2 (pin 4)

digitalWrite (valvePins
digitalWrite (valvePins
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digitalWrite (valvePins[3], HIGH); //Turns on valve #3 (pin 5)
delay (delayTime) ; //wait delayTime milliseconds

digitalWrite (valvePins[0], LOW); //Turns on valve #0 (pin 2)
digitalWrite(valvePins[1], HIGH); //Turns on valve #1 (pin 3)
digitalWrite (valvePins[2], LOW); //Turns on valve #2 (pin 4)
digitalWrite (valvePinsins[3], LOW); //Turns on valve #3 (pin 5)

//wait delayTime milliseconds

delay (delayTime) ;

digitalWrite (valvePins|

0 LOW); //Turns on valve #0 (pin 2)
digitalWrite (valvePins|

[

[

], HIGH); //Turns on valve #1 (pin 3)
digitalWrite (valvePins[2], HIGH); //Turns on valve #2 (pin 4)
digitalWrite (valvePins[3], LOW); //Turns on valve #3 (pin 5)
//wait delayTime milliseconds

delay(delayTime) ;

digitalWrite (valvePins [0

digitalWrite (valvePins|[
[
[

]
1
2
3

, LOw); //Turns on valve #0 (pin 2)
], Low); //Turns on valve #1 (pin 3)
digitalWrite (valvePins[2], HIGH); //Turns on valve #2 (pin 4)
digitalWrite (valvePins[3], LOW); //Turns on valve #3 (pin 5)

//wait delayTime milliseconds
delay(delayTime) ;

]
1
2
3
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